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Scattering) data analysis. He was appointed director at CNRS in 2001, and in 2004 moved to LPS (Laboratoire de
Physique des Solides), Université Paris XI in Orsay, to develop the characterisation of pathological calcifications
(PCs) such as kidney stones. To characterise the first steps in the pathogenesis process and to develop
new diagnostic tools, several techniques including scanning electron microscopy, Fourier transform infrared
spectroscopy, as well as techniques specific to synchrotron radiation such as XAS or micro X-Ray diffraction
(µXRD) were applied. In 2012 he moved to LCMCP (Laboratoire de Chimie de la Matière Condensée de Paris)
at the Collège de France to develop the application of soft chemistry concepts, developed by Prof. J. Livage, to
advance understanding of PC physicochemistry. Finally in 2018 he moved to the Institute of Physical Chemistry
at Université Paris Saclay to develop PC characterization using nanoIR spectroscopies such as AFMIR (a
combination of atomic force microscopy and IR spectroscopy) and OPTIR (Optical PhotoThermal IR). His
current research interests include the different kinds of PC occurring in kidney, prostate, breast, thyroid, and
skin. Rationalising this diversity of origin is of primary importance in understanding details of the relevant
pathogenic mechanisms and their relationship to either homogeneous or heterogeneous nucleation. All this
research is underpinned by close collaboration with clinicians, resulting in several new medical diagnostic
tools, for example in primary hyperoxaluria and kidney infection diseases.

Dominique Bazin est directeur de recherche au CNRS à l’Institut de Chimie Physique d’Orsay situé sur le
campus de l’université Paris Saclay. Il a étudié la physique des solides à l’université Paris XI où il a passé sa thèse
de troisième cycle en 1985. Le sujet de la thèse portait sur la caractérisation d’agrégats métalliques de dimension
nanométrique. En 1985, il est nommé chargé de recherche au CNRS au laboratoire LURE (Laboratoire pour
l’Utilisation du Rayonnement Electromagnétique) au sein du groupe de physique des solides pour développer la
caractérisation in situ par spectroscopie d’absorption X d’agrégats métalliques supportés utilisés dans différents
processus industriels comme le reformage, la synthèse Fischer–Tropsch ou la postcombustion automobile. En
1991, il effectue un stage postdoctoral de 14 mois dans le groupe du Prof. Dale Sayers à l’université d’état de
Caroline du Nord à Raleigh pour développer l’analyse des diagrammes de diffraction anomale aux grands angles.
Il a été nommé directeur de recherche CNRS en 2001 et en 2004 il est affecté au LPS (Laboratoire de Physique
des Solides) à Orsay sur le campus de l’université Paris XI pour développer la caractérisation physicochimique
de calcifications pathologiques (CP). Pour décrire les premières étapes de leur pathogénèse et pour définir
de nouveaux outils de diagnostic médicaux, différentes techniques de caractérisation comme la microscopie
électronique à balayage, la spectroscopie InfraRouge (IR) à transformée de Fourier ou des techniques spécifiques
au rayonnement synchrotron comme la spectroscopie d’absorption X ou la microdiffraction sont mises en oeuvre.
En 2012, il est affecté au LCMCP (Laboratoire de Chimie de la Matière Condensée de Paris) au collège de France
pour projeter les concepts de chimie douce développés par le Prof. J. Livage dans le domaine des CP. Finalement,
il est nommé en 2018 à l’institut de Chimie Physique sur le campus de l’université Paris Saclay pour développer
la caractérisation des CP par les spectroscopies nanoIR que sont l’AFMIR (microscope à force atomique couplé
à un laser IR) et OPTIR (une source de lumière visible couplée à un laser IR). Ses recherches actuelles portent
sur différents types de CP présentes au niveau du rein, de la prostate, des glandes mammaires, de la thyroïde et
de la peau. Prendre en compte cette ubiquité est primordial si l’on veut comprendre en détails les processus de
pathogénèse de ces CP qui peuvent être associées à des processus de nucléation soit homogène soit hétérogène.
Cette recherche effectuée en collaboration étroite avec des cliniciens a permis l’élaboration de nouveaux outils
de diagnostics mis en oeuvre à l’hôpital. À titre d’exemple, certains concernent l’hyperoxalurie primaire et les
infections urinaires.

Michel Daudon graduated as a pharmacist (with a minor in biology) from the University of Paris XI.
In 1976, he began working on renal lithiasis pathologies in the CRISTAL Laboratory (Centre de Recherches
et d’Information Scientifique et Technique Appliquées aux Lithiases), created by Dr. René Jean Réveillaud.
He took over the management of that laboratory in 1986. He obtained a State Doctorate in Pharmaceutical
Sciences in 1988 with the Thesis Prize of Biochemistry of the Paris XI University for his work entitled “Con-
tribution of the physico-chemical analysis of stones and urinary crystals to the etio-pathogenesis of lithiasis
disease: study of a model, calcium oxalate” where a new morpho-constitutional classification of urinary stones
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and a calcium oxalate crystallization nomogram for the management and follow-up of patients are described.
At the CRISTAL Laboratory, then in the Department of Biochemistry of the Necker Hospital, he developed the
concept of morpho-constitutional analysis of calculi by optical examination of the structure of stones and se-
quential infrared analysis to determine the morphological type and the precise crystalline composition whose
numerous and sometimes very specific relationships to the pathology have gradually been established and
are now a very effective way to understand the aetiology of lithiasis pathologies. After passing the competitive
examination to become a hospital practitioner in 1990, he joined the Biochemistry Department A of Profes-
sor Michel Bailly at Necker Hospital to develop the exploration of lithiasis pathologies based on the morpho-
logical and infrared analysis of stones, the study of crystalluria and the metabolic exploration of stone form-
ers, in partnership with clinicians, and especially Professor Paul Jungers, nephrologist passionate about un-
derstanding the pathological processes responsible for kidney diseases including nephrolithiasis. From 1989
to 1996, he led the research team on renal crystalline pathologies within the INSERM U90 Unit led by Profes-
sor Tilman Drueke. In 2011, he joined the Laboratory of Multidisciplinary Functional Explorations of the Tenon
Hospital, directed by Professor Laurent Baud and then by Professor Jean-Philippe Haymann, to develop this
specialized activity oriented towards the physical analysis of urinary stones and crystals. He was attached to
a research group on renal pathologies within the INSERM Unit UMRS 1155 of Tenon Hospital created by Pro-
fessor Pierre Ronco. Since 1986, Michel Daudon has been responsible for Quality Controls on the Analysis of
Stones and Urinary Crystals to which most laboratories trained in those techniques and in the diagnosis of
lithiasis pathologies adhere. Co-founder in 2000 of the European Urolithiasis Society (EULIS), now part of the
European Association of Urology, he participated in the establishment of collaborations between nephrolo-
gists and urologists in the field of lithiasis. In 2001, he created the University Diploma of Urolithiasis, initially
issued by the Paris-XI University and then taken over by the Pierre and Marie Curie University, now integrated
into Sorbonne Universities. In 2011, EULIS awarded him an award for his involvement in the study of stones
and lithiasic pathologies and in 2014, the French Association of Urology awarded him the Félix Guyon Medal
for all his activities in the field of lithiasis. In 2015, the acquisition of two Spotlight 400 infrared imagers as
part of a research project funded by the Île-de-France made it possible to develop the diagnosis of crystalline
pathologies by infrared identification of intratissular crystals on biopsies from kidneys, but also from other or-
gans where crystals can be deposited. This has made it possible to make or correct many diagnoses and, in
the case of renal pathologies, to stabilize or restore the deteriorating function of kidneys or grafts due to their
invasion by crystals often linked to undiagnosed genetic diseases. A close collaboration with physicists, estab-
lished thanks to Dominique Bazin over the past twenty years, has made it possible to carry out numerous re-
search projects based on the use of physical analysis techniques, such as X-ray diffraction, X-ray fluorescence,
scanning electron microscopy and techniques available on large instruments such as the SOLEIL synchrotron
or the Saclay nuclear reactor. Those research projects allowed, thanks to the competence and involvement of
many researchers such as Armel Le Bail, Paul Dumas, Christophe Sandt, Matthieu Réfrégiers, Solenn Réguer,
Dominique Thiaudière, Stéphan Rouzière, Gilles André, Guy Matzen to name but a few, to establish or sup-
plement by X-ray diffraction crystal structures of compounds involved in lithiasis, to show the role of bacte-
ria in the development of certain stones whose composition did not orient towards that etiology, to establish
that, for a given crystalline species, there was a relationship between the shape of the crystals, their mode of
aggregation and the macroscopic morphology of the stone, therefore the pathology responsible, to measure
the size of the nanocrystals engaged in the lithogenic process with differences according to the etiological con-
text, or to specify the potential relationships between the presence of heavy metals and the crystalline phases
identified in the stones. During his career, Michel Daudon has been the author or co-author of several hun-
dred scientific articles and five books dedicated to urolithiasis or spectroscopic analysis techniques of calculi.

Michel Daudon est pharmacien de formation (option biologie), diplômé de l’Université Paris XI. Dès 1976, il a
commencé à travailler sur les pathologies lithiasiques rénales dans le Laboratoire CRISTAL (Centre de Recherches
et d’Information Scientifique et Technique Appliquées aux Lithiases, créé par le Docteur René Jean Réveillaud. Il
a pris la direction de ce laboratoire en 1986 Il a obtenu un Doctorat d’État ès Sciences Pharmaceutiques en 1988
avec le prix de thèse de Biochimie de l’Université Paris XI pour son travail intitulé « Contribution de l’analyse
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physico-chimique des calculs et des cristaux urinaires à l’étio-pathogénie de la maladie lithiasique : étude d’un
modèle, l’oxalate de calcium » où sont décrits une nouvelle classification morpho-constitutionnelle des calculs
urinaires et un nomogramme de cristallisation oxalocalcique pour la prise en charge et le suivi des patients.
Au Laboratoire CRISTAL, puis dans le Service de Biochimie de l’Hôpital Necker, il a développé le concept d’analyse
morpho-constitutionnelle des calculs par examen optique de la structure des calculs et analyse séquentielle in-
frarouge pour en déterminer le type morphologique et la composition cristalline précise dont les nombreuses et
parfois très spécifiques relations à la pathologie ont peu à peu été établies et s’imposent aujourd’hui comme un
moyen très efficace pour appréhender l’étiologie des pathologies lithiasiques. Après avoir réussi le concours de
praticien hospitalier en 1990, il a été intégré à l’Hôpital Necker dans le Service de Biochimie A du Professeur Mi-
chel Bailly pour y développer une activité d’exploration des pathologies lithiasiques fondée sur l’analyse mor-
phologique et infrarouge des calculs, l’étude de la cristallurie et l’exploration métabolique sanguine et urinaire
des patients lithiasiques, en partenariat avec les cliniciens, et tout particulièrement le Professeur Paul Jungers,
néphrologue passionné par la compréhension des processus pathologiques responsables des maladies rénales et
notamment des lithiases. De 1989 à 1996, il a dirigé l’équipe de recherches sur les pathologies cristallines ré-
nales au sein de l’Unité INSERM U90 dirigée par le Professeur Tilman Drueke. En 2011, il a rejoint le Laboratoire
d’Explorations Fonctionnelles Multidisciplinaires de l’Hôpital Tenon, dirigé par le Professeur Laurent Baud puis
par le Professeur Jean-Philippe Haymann, pour y développer cette activité spécialisée orientée vers l’analyse phy-
sique des calculs et des cristaux urinaires. Il a été rattaché à un groupe de recherches sur les pathologies rénales
au sein de l’Unité INSERM UMRS 1155 de l’Hôpital Tenon créée par le Professeur Pierre Ronco. Depuis 1986,
Michel Daudon est responsable des Contrôles de Qualité sur l’Analyse des Calculs et des cristaux urinaires aux-
quels adhèrent la plupart des laboratoires formés à ces techniques et au diagnostic des pathologies lithiasiques.
Co-fondateur en 2000 de l’European Urolithiasis Society (EULIS), intégrée aujourd’hui à l’European Association
of Urology, il a participé à la mise en place de collaborations entre néphrologues et urologues européens dans
le domaine de la lithiase. En 2001, il a créé le Diplôme Universitaire de Lithiase Urinaire, délivré initialement
par l’Université Paris-Sud et repris ensuite par l’Université Pierre et Marie Curie, intégrée aujourd’hui au sein
de Sorbonne Universités. En 2011, l’EULIS lui a décerné un award pour son implication dans l’étude des cal-
culs et des pathologies lithiasiques et en 2014, l’Association Française d’Urologie lui a décerné la médaille Félix
Guyon pour l’ensemble de ses activités dans le domaine de la lithiase. En 2015, l’acquisition d’imageurs infra-
rouge dans le cadre d’un projet de recherche financé par l’Ile de France a permis de développer le diagnostic des
pathologies cristallines par identification infrarouge des cristaux intratissulaires sur des biopsies rénales, mais
aussi provenant d’autres organes où des cristaux peuvent se déposer. Cela a permis de faire ou de redresser de
nombreux diagnostics et, dans le cas des pathologies rénales, de stabiliser ou de restaurer la fonction de reins ou
de greffons en cours de détérioration à cause de leur envahissement par des cristaux souvent liés à des maladies
génétiques non diagnostiquées. Une étroite collaboration avec les physiciens, établie grâce à Dominique Bazin
depuis une vingtaine d’années, a permis de réaliser de nombreux travaux de recherche fondés sur l’utilisation de
techniques physiques d’analyse, comme la diffraction des rayons X, la fluorescence X, la microscopie électronique
à balayage et des techniques disponibles sur les grands instruments comme le synchrotron SOLEIL ou le réac-
teur nucléaire de Saclay. Ces travaux ont permis, grâce à la compétence et l’implication de nombreux chercheurs
comme Armel Le Bail, Paul Dumas, Christophe Sandt, Matthieu Réfrégiers, Solenn Réguer, Dominique Thiau-
dière, Stéphan Rouzière, Gilles André, Guy Matzen. . . pour n’en citer que quelques-uns, d’établir ou de compléter
par diffraction des rayons X des structures cristallines de composés impliqués dans les lithiases, de montrer le rôle
de bactéries dans le développement de certains calculs dont la composition n’orientait pas vers cette étiologie,
d’établir que, pour une espèce cristalline donnée, il existait une relation entre la forme des cristaux, leur mode
d’agrégation et la morphologie macroscopique du calcul, donc la pathologie responsable, de mesurer la taille
des nanocristaux engagés dans le processus lithogène avec des différences selon le contexte étiologique, ou encore
de préciser les relations potentielles entre la présence de métaux lourds et les phases cristallines identifiées dans
les calculs. Au cours de sa carrière, Michel Daudon a été l’auteur ou le co-auteur de plusieurs centaines d’articles
scientifiques et de cinq livres dédiés à la lithiase urinaire ou aux techniques d’analyse spectroscopique des calculs.
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Emmanuel Letavernier, born in 1975, is professor of physiology at Sorbonne University and nephrologist
at Tenon Hospital, Paris, France. He obtained his MD in 2004 and his PhD in 2008. He was appointed
assistant professor in 2011 and professor in 2014 at Sorbonne University. He first dedicated his research
program to inflammatory processes involved in kidney disease and tissue repair. Since 2008, he has developed
original research programs dedidacted to biomineralization and more specifically kidney stones and kidney
tissue mineralization, with a bench to bedside approach mixing experimental murine models, collaboration
with physicists and chemists and clinical studies. This approach allowed to file patents and to identify new
compounds as potential treatments against kidney stones, decreasing urine oxalate excretion and leading to
ongoing clinical trials. An important part of the research program is the identification of factors leading to
the formation of Randall’s plaque, the very first step of stone formation in the kidneys. Among these factors,
pyrophosphate deficiency seems a relevant target, as evidenced by clinical and experimental models. He also
studied murine models of cystinuria, hyperoxaluria and other genetic diseases and focuses his research on
factors regulating uric acid renal excretion and on new mechanisms causative for infection-related stones.
Another promising field of research is the identification of factors involved in vascular calcification induced
by chronic kidney disease. Most of that research program is based upon international collaborations with
physicists, chemists, biologists and physicians.

Emmanuel Letavernier, né en 1975, est professeur de physiologie à Sorbonne Université, néphrologue de
formation et praticien hospitalier à l’hôpital Tenon à Paris (Assistance Publique des Hôpitaux de Paris). Il a
obtenu sa thèse de médecine en 2004 et sa thèse de sciences en 2008. Il a été nommé MCU-PH en 2011 et
PU-PH en 2014 à Sorbonne Université. Il a dédié ses travaux de recherche aux mécanismes impliqués dans
l’inflammation et la réparation rénale puis depuis 2008 s’est intéressé aux processus de biominéralisation,
notamment rénale et vasculaire. Il a développé une approche transversale combinant la mise au point de
nouveaux modèles murins de maladie lithiasique, avec des travaux basés sur la caractérisation physicochimique
des calcifications pathologiques et des études cliniques. Cette approche a permis de déposer des brevets et de
lancer des études cliniques actuellement en cours sur de nouveaux composés permettant de réduire le risque
de maladie lithiasique, notamment l’hyperoxalurie. Des travaux récents ont aussi mis en évidence le rôle clé
du déficit en pyrophosphate dans le développement des calcifications rénales. Il s’intéresse actuellement aux
processus de calcifications vasculaires, à l’homéostasie de l’acide urique et aux calcifications rénales induites
par les bactéries. Cette recherche est possible grâce à des collaborations internationales avec des physiciens, des
chimistes, des biologistes et de médecins.

Vincent Frochot, is a medical biologist, former intern and university hospital assistant at the Paris hospitals
and the Pierre and Marie Curie Faculty of Medicine (Paris 6), graduated from the University of Paris V. In
2011 he obtained his University Thesis (“HNF-4a: a key player in the intestinal transfer of fatty acids”) in the
INSERM UMRS 872 unit of Professor Chambaz. From 2011, he started to work on renal lithiasis pathologies
in the biochemistry laboratory of the Necker-Enfants malades hospital; in 2015, he joined the Laboratoire
d’Explorations Fonctionnelles Multidisciplinaires of the Tenon Hospital, directed by Professor Laurent Baud
and then by Professor Jean-Philippe Haymann, and where Doctor Michel Daudon works to develop this
specialised activity oriented towards the physical analysis of urinary stones and crystals. He was attached to
a research group on renal pathologies within the INSERM UMRS 1155 unit at the Tenon Hospital created by
Professor Pierre Ronco. In 2015, the acquisition of infrared imagers within the framework of a research project
financed by the Île-de-France region allowed the development of the diagnosis of crystalline pathologies by
infrared identification of intra-tissue crystals on renal biopsies, but also from other organs where crystals can
be deposited. This has made it possible to make or correct many diagnoses and, in the case of renal pathologies,
to stabilise or restore the deteriorating function of kidneys or transplants due to their invasion by crystals often
linked to undiagnosed genetic diseases.

Vincent Frochot est biologiste médical, ancien interne et assistant hospitalo-universitaire des hôpitaux de
Paris et faculté de médecine Pierre et Marie Curie (Paris 6) diplômé de l’Université Paris V. En 2011 il obtient
sa Thèse d’Université : « HNF-4a : un acteur clef du transfert intestinal des acides gras » dans l’unité INSERM
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UMRS 872 du Professeur Chambaz. À partir de 2011, il a commencé à travailler sur les pathologies lithiasiques
rénales dans le laboratoire de biochimie de l’hôpital Necker-Enfants malades ; en 2015, il a rejoint le Laboratoire
d’Explorations Fonctionnelles Multidisciplinaires de l’Hôpital Tenon, dirigé par le Professeur Laurent Baud puis
par le Professeur Jean-Philippe Haymann, et où le Docteur Michel Daudon exerce pour y développer cette activité
spécialisée orientée vers l’analyse physique des calculs et des cristaux urinaires. Il a été rattaché à un groupe
de recherches sur les pathologies rénales au sein de l’Unité INSERM UMRS 1155 de l’Hôpital Tenon créée par
le Professeur Pierre Ronco. En 2015, l’acquisition d’imageurs infrarouge dans le cadre d’un projet de recherche
financé par l’Île-de-France a permis de développer le diagnostic des pathologies cristallines par identification
infrarouge des cristaux intra tissulaires sur des biopsies rénales, mais aussi provenant d’autres organes où des
cristaux peuvent se déposer. Cela a permis de faire ou de redresser de nombreux diagnostics et, dans le cas des
pathologies rénales, de stabiliser ou de restaurer la fonction de reins ou de greffons en cours de détérioration à
cause de leur envahissement par des cristaux souvent liés à des maladies génétiques non diagnostiquées.
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Originally from a modest family in Lorraine, he
said that from a very young age he learned a culture
of work and dignity.

“My vocation was inspired by the enthusiasm I
had felt for Pasteur’s brilliant discoveries, during nat-
ural science classes in the final years of high school.
I was fascinated by the logic that demonstrated the
inanity of the theory of spontaneous generation, and
by the discovery of the principles of immunity and
their application to vaccination. I admired Pasteur’s
willingness to devote his discoveries to the service of
mankind and the courage it had required of him to
take the risk of vaccinating, thereby defying all con-
ventions and prohibitions... Pasteur represented for
me a model of scientific requirement, and passion
for caring, that corresponded to my aspirations; this
confirmed my vocation to undertake medical stud-
ies.”

Having graduated Major of the PCB of Nancy, he is
admitted as a scholarship holder to the Cité Univer-
sitaire and begins his medical studies in Paris.

“During my first two outpatient internships in
the surgical departments of the Necker Hospital, I
took advantage of the proximity of Professor Ham-
burger’s department to follow his wonderful weekly

∗Corresponding author.

visit, where his scientific and humanistic approach to
medicine influenced me deeply.”

“It was my good fortune to be accepted as an in-
tern from the outset, then as clinic head (1961–1970),
and finally as an associate. I had the privilege of
living through all the stages of the nephrology ad-
venture, from the advent of medical resuscitation to
the beginnings of acute renal failure treatment by
the artificial kidney, chronic renal failure by periodic
hemodialysis, and finally to the continuous improve-
ments in the conservative treatment and prevention
of chronic renal failure.”

During his 40 years at Necker Hospital, Paul
Jungers developed an eclectic research programme.
He published numerous books and books’ chapters
and more than 300 publications in the most presti-
gious journals. His dynamism was contagious: it ben-
efitted several generations of interns, clinic heads,
doctors in the process of specialization, residents
from all parts of the world, and doctors from asso-
ciated dialysis centres: as soon as he spotted good
will and expertise he initiated scientific collaborative
work.

The common thread of this monumental labour?
“To benefit patients without delay by applying cut-
ting edge therapeutic advances as and when they are
made.” Most studies have led to tangible therapeutic
applications. Among the main therapeutic topics ad-
dressed are:
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• Hepatitis B. Paul Jungers described the epidemi-
ology of hepatitis B incidence in patients and care-
givers in haemodialysis units, and coordinated the
national randomized trial of an Institut Pasteur vac-
cine. Colleagues had to be convinced of the need for
a prospective randomised trial, which by definition
puts half of the participating subjects at risk of con-
tamination without treatment. The national ethics
committee convened on this occasion validated the
principle of the trial, attracting unanimous support.
From 1981, vaccination enabled the gradual eradica-
tion of hepatitis B in dialysis and resuscitation units,
and its prevention in the general population.

• Treatment of severe forms of lupus nephropa-
thy. In an evaluation (led by JF Bach) in 32 patients,
supplementation of corticosteroids with cyclophos-
phamide significantly improved the remission rate of
severe forms of lupus nephropathy.

• Pregnancy in lupus patients. Epidemiological
studies, conducted with Maxime Dougados, François
Tron, Frédéric Lioté and Pascal Houillier, established
the conditions necessary for favourable foetal and
maternal pregnancy outcomes in women with lupus
nephropathy. Collaboration with the Necker Hospital
endocrinology department defined the principles of
hormonal contraception so as to avoid exacerbation
of the disease.

• Pregnancy issues in women with nephropathy.
Pregnancy was not recommended at the time in
women with kidney disease. Considering that the as-
piration of motherhood is legitimate for any woman,
and that this (in effect) prohibition was not based
on rigorous proof, Paul Jungers undertook an epi-
demiological study, with the help of Pascal Houillier
and Dominique Forget, in more than a thousand pa-
tients, pregnant or not, with kidney diseases of all
types. This study established the optimal conditions
of planned pregnancy leading to successful live birth
without exacerbating maternal nephropathy. In ad-
dition, a case-control study of 360 women with dif-
ferent types of primary glomerulonephritis demon-
strated that pregnancy by itself does not increase the
risk of progression to renal failure when kidney func-
tion is initially normal or close to normal. These stud-
ies, the findings from which have been universally
confirmed and adopted, have enabled many women
to fulfil their desire for motherhood.

• Treatment of chronic uremia by keto-analogues.
From 1982 the possibility of slowing the progression

of uremia by using a preparation of essential amino
acids lacking their alpha-amino groups was inves-
tigated with Philippe Chauveau. This approach en-
abled a substantial delay in the initiation of replace-
ment dialysis in many patients, an important objec-
tive at a time when the number of dialysis stations
was still very inadequate. This nutritional approach,
restrictive and difficult to comply with, was aban-
doned in France when sufficient dialysis stations be-
came available, but was made available again a few
years ago.

• Highlighting and contrasting the adverse conse-
quences, in patients with chronic renal failure, of late
initiation of dialysis management, with the benefits
of early nephrological follow-up.

• Evaluation of the respective indications, for re-
placement dialysis or conservative treatment, and
their consequences, in very elderly subjects with ad-
vanced renal failure.

• Highlighting, with Philippe Chauveau and Malik
Touam, the atherogenic role of hyperhomocysteine-
mia in chronic renal failure, and the possibility of cor-
recting it with oral folic acid (with the complemen-
tary benefit of enhancing erythropoiesis).

• Study of immune dysregulation induced by the
uremic state, in particular highlighting the increase
in the plasma level of pro-inflammatory cytokines
(TNFα and IL-1β) and advanced oxidation proteins
products (AOPP) responsible for oxidative stress con-
tributing to atherogenesis, with Béatrice Descamps-
Latscha and Lucienne Chatenoud.

• Epidemiological demonstration of a threefold
higher incidence of atherothrombotic accidents in
dialysis and predialysed renal insufficiency, charac-
terizing accelerated atheroma, and analysis of risk
factors for atheroma in uremics, leading to the con-
cept of the importance of cardioprotection in these
patients, with NK Man, Ziad Massy, Thao Nguyen-
Khoa and Gérard London.

• Comprehensive epidemiological survey on the
incidence of end-stage renal failure treated with re-
placement dialysis in Ile de France in 1998, which
served as a pilot study for the development of the na-
tional “REIN” programme (Epidemiology and Infor-
mation in Nephrology Network).

• Complete revision, with Michel Daudon, of the
concepts around the exploration and medical treat-
ment of urolithiasis, both in its common and severe
hereditary forms, and development of new practical
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rules adopted since by the entire uro-nephrological
community. Paul Jungers was very early interested
in the concept that among the common chemical
compounds of kidney stones, namely calcium ox-
alate, calcium phosphate or uric acid, crystalline
phases within the same chemical species were more
important to take into account to understand the
cause of the stones. He was always eager to under-
stand the precise causes of lithiasic pathologies to
propose the most suitable treatment for each pa-
tient. With regard to calcium oxalate, which is the
most common chemical species of kidney stones,
Paul Jungers was quickly convinced of the clinical in-
terest of distinguishing between crystalline species
and pathology and in particular of the privileged
links between whewellite and urinary oxalate on the
one hand and weddellite and urinary calcium on
the other. He was a strong advocate of the morpho-
constitutional analysis of urinary calculi by physi-
cal methods at a time when chemical analysis was
still very widespread. Very attentive to detect as
early as possible the causes of lithiasis, especially
from genetic origin, likely to have deleterious con-
sequences on kidney function, he has greatly con-
tributed to raising awareness in the urological com-
munity of the importance of exploring lithiasic pa-
tients very early from the first stone manifestation.
Thanks to his unwavering commitment, practices
have gradually evolved for the benefit of patients.
Paul Jungers also understood early on that two cal-
culi of the same crystalline composition could have
very different structural characteristics, therefore dif-
ferent morphologies that signed in an even more
specific way the pathology involved in the lithia-
sic process. This approach has proven to be par-
ticularly effective for the early diagnosis of genetic
pathologies such as primary hyperoxaluria or dis-
tal tubular acidosis or acquired diseases such as
Sjögren syndrome. This relationship between pre-
cise (non-dietary) cause and stone morphology was
then extended to other clinical contexts such as
inflammatory bowel diseases, bariatric surgery or
chronic diarrhoea sometimes responsible for very
active lithogenic processes that can impair kidney
function.

Paul Jungers was also a remarkable, passionate
and captivating teacher. His didactic works on lithi-
asis, Chronic Kidney Disease, and dialysis, regularly
republished and updated, have trained and continue

to train generations of French-speaking nephrolo-
gists.

Respected and admired, but far from intimidating,
Paul Jungers was very close to the nursing staff, as
well as an empathetic clinician, truly listening to pa-
tients during his consultations and during hospital-
izations. Ahead of his time, he understood the impor-
tance of comprehensive and not exclusively technical
patient care for kidney disease.

“Starting from the principle that it is not only up to
the patient to adapt to the treatment, but also for the
treatment to adapt to the patient, it seemed essential
to me to individually adapt therapeutic prescriptions
to conditions of lifestyle and activity, family context,
and patient age, and to pay the greatest attention to
their morale and concerns. My greatest reward was to
see many patients, who approached our consultation
with reserved and anxious faces, leave with a smile,
assured that all possible measures were implemented
to delay the deadline for dialysis and allow them to
lead as normal lives as possible.”

An accomplished researcher, teacher and physi-
cian, Paul Jungers was a role model for many. Those
who had the chance to work alongside him loved
this enthusiastic man, teeming with ideas, insightful,
tenacious, and upright and demanding certainly, but
also warm, attentive and available.

In 2012, Paul Jungers received with emotion the
Jean Hamburger Medal of the Society of Nephrol-
ogy. These words bring together the French and
French-speaking nephrology family to pay tribute
to him.

Our thoughts are with his widow, Mrs. Suzanne
Jungers, his children Mr. and Mrs. Olivier Jungers,
Mr. and Mrs. Pierre-Yves Jungers, and his grandchil-
dren, Pierre, Victoire, Bryan, Lara, and Nicolas.

Dominique Joly

Michel Daudon
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Abstract. This contribution underlines the key role of physicochemical characterisation techniques in
the area of medical research. The starting point centres on the Mid-InfraRed platform located at the
Tenon hospital and dedicated to multidisciplinary functional investigations. In the last two decades,
we have enhanced this platform by creating a network combining researchers from varied disciplines
such as physicists, chemists, and clinicians. The resultant research dynamism is underscored by
metrics such as 71 references in Pubmed and 129 in Web of Science, and the high impact of the journals
in which we have published (New England Journal of Medicine, Kidney International, Chemical
Review. . . ). It is of paramount importance to disseminate these physicochemical techniques among
young doctors, and to establish collaborations with appropriate private companies.
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1. Introduction

Among crystalline pathologies, urinary lithiasis (from
the Greek lithos,) was widespread in ancient pop-

∗Corresponding author.

ulations [1,2]. In fact, crystalline pathologies [3–11]
(Figure 1) can affect all human organs and encom-
pass several major diseases such as cancer [12–
19], cardiovascular [20–23], infection [24–31], genetic
[32–37] and neurodegenerative disorders [38,39] and
rheumatological diseases [40]. The pathogenesis of
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Figure 1. Schematic representation of crystalline pathologies; we can distinguish two different families
according to the origin of the abnormal deposit.

calcifications can be observed in the case of new pub-
lic health problems such as the one related to Zika
virus, in which the presence of cerebral calcifications
has been emphasized [41–43].

At this point, it is worth underlining that some
of these pathologies are highly prevalent; urolithia-
sis affects 10% of the population [44] while the preva-
lence of osteoarthritis is approximately 10% in men
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and 13% in women among adults 60 years of age or
older [40].

The complexity of such research also arises from
the multiple origins of the pathologies. Figure 1
gives a schematic representation of some crystalline
pathologies. We distinguish the ones in which the ab-
normal deposits are generated inside the body with
physiological participation, while in the second fam-
ily it is the introduction of foreign chemical com-
pounds which initiate the disease. For example, pri-
mary hyperoxaluria leads to the formation of cal-
cium oxalate kidney stones from endogenous cal-
cium and oxalate in the human body [45,46] while in
some cases of sarcoidosis, it is the insertion of silica
in the skin which induces the formation of cutaneous
granuloma [47–54]. Note that in sarcoidosis the pres-
ence of calcium carbonate calcifications from en-
dogenous calcium and carbonate has also been em-
phasised [53]. Recently, we have considered the case
of tattoos [55] for which the number of organic and
inorganic compounds inserted in the skin is huge [56,
57]. Iatrogenic disease is the third component lead-
ing to abnormal deposits of exogeneous origin that
we have considered [58–66]. In fact, exogenous and
endogenous factors often may be intertwined in a
calcification process (for example, in the case of JJ
stent encrustation, the foreign body promotes het-
erogeneous nucleation in patients with hypercalci-
uria and/or urinary tract infection). The endogenous
as well as the exogenous origin of the pathological
calcifications explains their broad chemical diversity.

What is the exact relationship between the calcifi-
cation and the pathology? The answer is quite com-
plex. Sometimes the calcification is classified as be-
nign by the clinician, as in the case of breast calcifi-
cations composed of calcium oxalate dihydrate. Such
type I microcalcifications are found only in benign
cysts and are not associated with carcinoma or ep-
ithelial hyperplasia [67]. By contrast, breast calcifi-
cations made of calcium phosphate may be, but are
not always, associated with tumor processes [67–69].
Regarding the urinary tract, there is evidence link-
ing the formation of kidney stones containing stru-
vite to urinary tract infection [70–74]. In contrast, the
calcification processes of some bacteria induced by
a serum calcification factor may be a component of
the vertebrate immunological response against bac-
terial infections [75]. Finally, recent publications in-
dicate that ectopic calcification is an active biologi-

cal process and may induce a modification of cellu-
lar phenotype [76].

In this contribution, we would like to discuss and
highlight the different kinds of research we have per-
formed around the processes of biological mineral-
ization and, more generally, on the presence of ab-
normal deposits in tissues. Some well-chosen exam-
ples will show that, despite a number of significant
publications in this field, many experiments still re-
main to be performed to describe their pathogenesis
precisely.

2. On the definition of crystalline pathologies

A classic definition of the chemical composition of
abnormal deposits in the human body is “the accu-
mulation of calcium salts in a tissue”. Such a def-
inition is completely inadequate. In the kidney for
instance many chemical compounds without cal-
cium have been identified (Figure 2). Field Emission
Scanning Electron Microscopy (FE-SEM) offers the
opportunity to observe them at the submicrometer
scale [77–80].

Figure 2 exemplifies some of them more pre-
cisely: dihydroxyadenine crystals (Figure 2A) related
to the genetic disease adenine phosphoribosyltrans-
ferase (APRT) deficiency [81–86], uric acid (Figure 2B)
as a consequence of metabolic syndrome and de-
rangement of renal acid–base metabolism, resulting
in a lower urine pH and an increased risk of uric
acid stone disease [87–91], cystine (Figure 2C) ac-
counting for 1–2% of all cases of urolithiasis [92–
96] and related to cystinuria, an autosomal reces-
sive disorder resulting in a transport defect of diba-
sic aminoacids through the tubular membrane of
the nephron, and struvite (Figure 2D) considered as
a marker of urinary tract infection by urea-splitting
micro-organisms [25,70–74]. Furthermore, in exam-
ples of iatrogenic pathologies, several compounds
corresponding to drugs and their metabolites have
been reported [58–66].

Other compounds without calcium have been
identified in other organs as well [97–102]. Among
them, we can mention cholesterol in gall blad-
der [98,99], or monosodium urate causative for gout
in joints [101,102]. Finally, some chemical com-
pounds contain calcium but are amorphous, as in



14 Dominique Bazin et al.

Figure 2. Examples of chemical compounds without calcium identified in the kidney. (A) 2,8-
dihydroxyadenine (6-Amino-1H-purine-2,8(7H,9H)-dione, C5H5N5O2; (B) Uric acid (7,9-dihydro-1H-
purine-2,6,8(3H)-trione, C5H4N4O3) (C) L-cystine (2-amino-3-(2-amino-2-carboxy-ethyl)disulfanyl-
propanoic acid, L–C6H12N2O4S2); (D) Struvite (Magnesium ammonium phosphate, MgNH4PO4 ·6H2O);
(E) kidney stone containing a mixture of calcium oxalate monohydrate, calcium oxalate dihydrate and
carbonated apatite.



Dominique Bazin et al. 15

the case of amorphous carbonated calcium phos-
phate which has been identified in different or-
gans like breast [13,103], thyroid [104–106] and kid-
ney [3,107]. “Crystalline pathology” is thus not really
an appropriate definition and “pathologies related to
abnormal deposits” may be a better one. However,
it is a fact that numerous pathological deposits are
composed of calcium salts. Today, as illustrated in
Figure 2E, the majority of kidney stones is made of
a mixture of calcium oxalates and calcium phos-
phates [108–110].

3. Characterization by physicochemical tech-
niques

Chemical compounds may be present in ab-
normal deposits as different crystalline phases
that may be related to different biological condi-
tions [1–10]. Moreover, as well demonstrated for uri-
nary stones [111–120], the morphological character-
istics of these concretions may be a marker of spe-
cific pathological conditions regardless of the crys-
talline phase. Finally, a large diversity of molecules
may be involved in crystalline pathologies. For ex-
ample, more than 105 compounds have been iden-
tified in kidney stones [121] and more than 25 com-
pounds have been identified by µFTIR spectroscopy
in kidney biopsies [64,122,123].

Taking into account this broad chemical diver-
sity of abnormal tissue deposits, conventional hospi-
tal staining procedures cannot be considered to pre-
cisely determine their chemical composition [124].
In fact, however, characterization by techniques such
as FT-IR spectroscopy has been routinely used at the
hospital for several decades for determination of kid-
ney stone composition [125–129]. Figure 3 shows the
four experimental devices routinely used at the “Ser-
vice des Explorations Fonctionnelles” at the Tenon
Hospital.

Using this platform, more than 85,000 kidney
stones have been analysed by FTIR spectroscopy, as
well as more than 2000 biological tissues, including
more than 1600 kidney biopsies. Such investigations,
involving several public or private analytical labora-
tories, are accepted by the French social security sys-
tem. Surprisingly, this is discussed as being only a fu-
ture reality in a recent article on the subject “is in-
frared spectroscopy ready for the clinic?” in a journal
dedicated to analytical chemistry [130].

Figure 4 shows different techniques used in our re-
search on predominantly human samples [131–135].
Some of them are “classics” i.e. Raman and Infra-Red
spectroscopies [136–139], Second Harmonic Genera-
tion (SHG), Scanning and Transmission Electron Mi-
croscopy (SEM and TEM) [80,140–142], µX-ray fluo-
rescence [143–147], µ X-ray diffraction [148–153] or
Nuclear Magnetic Resonance (NMR) [154–159].

Other techniques, implemented in a synchrotron
radiation centre [131–135], include X-ray absorption
spectroscopy (Diffabs beamline) [160–165], µX-ray
diffraction (Proxima and Cristal beamlines) [166,
167], nanotomography (Nanoscopium beam-
line) [168], and µ FTIR (SMIS beamline) [123]. We
have also performed experiments on location at a nu-
clear research reactor [90,93,131,169,170], as well as
at the European Synchrotron Radiation Facility [147].
All these physicochemical techniques complement
the conventional ones implemented at the hospital
such as histochemistry, staining and genetic analysis.

We may distinguish several stages in this research
(Figure 5). The starting point (Figure 5A) is based on
optical microscopic and FTIR spectroscopic observa-
tions, leading to a morphoconstitutional model [111–
122].

From there, we proceed to micrometer scale char-
acterization, including determination of trace ele-
ments in order to assess their role in the pathogenic
process [134,135]. Currently we also use characteri-
zation techniques to describe the pathological calci-
fications at the nanometer scale. We are able to as-
sess not only the morphology but also the chem-
istry of pathological calcifications either by deter-
mining the elements which constitute the abnormal
deposit [141,142] or by an identification of specific
chemical compounds at the nanometer scale [171,
172]. To achieve this, we have combined atomic
force microscopy and IR lasers (AFMIR) [173,174],
TEM integrated with electron energy loss spectromi-
croscopy [175], and synchrotron radiation-induced
nano X-ray fluorescence [176].

We have already investigated biological sam-
ples from different organs and parts of the human
body, namely kidney [177–183], prostate [184,185],
breast [13,103], thyroid [104–106], cartilage [186–
193], bone [194–197], tooth [198], pancreas [199],
skin and hairs [53–55,147,165,168,200–203] and car-
diovascular system [140,204,205]. We have also in-
vestigated cells [206], mice [207–210], and med-
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Figure 3. Experimental devices used at the service des explorations fonctionnelles at the Tenon Hospital.
(A) Stereomicroscopy for morphological analysis of stones, (B) optical microscope with polarized light for
examination of crystals in tissue, (C) and (D) Fourier transform infrared spectrometer Vector 22 (C) and
Invenio (D) from Bruker Optics for identifying crystalline phases of stones, (E) and (F) µFTIR Spotlight
400 imager from Perkin–Elmer for identifying crystals observed in tissue biopsy slices.
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Figure 4. Schematic of our pathological calcification research axis. While some in-lab characterization
techniques can be considered as diagnostic tools, access to those associated with large scale instruments
is governed by committee which makes rapid clinical applications difficult.

ical devices [211,212], as well as chemical com-
pounds identified in kidney stones synthesised using
microfluidics [213]. Investigations of such diverse

biological samples requires collaboration between
physico-chemists and the medical community and
leads smoothly to the establishment of efficient net-
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Figure 5. Different stages in pathological calcification characterization. (A) Morphoconstitutionnal anal-
ysis of kidney stones by optical microscopy and FTIR spectroscopy (B) Micrometer scale analysis,
(B1) SEM imaging, (B2) 3D micrometer scale tomography, (B3) Chemical mapping via µFTIR spec-
troscopy, (C) Nanometer scale analysis, (C1) TEM observations, (C2) X-ray fluorescence mapping (data
collected on the Synchrotron Soleil Nanoscopium beamline), (C3) Nanometer scale IR data collected in
AFMIR configuration (Spatial resolution of 50 nm).

works. Regarding the analysis procedure, it is worth
emphasizing that all these data are analysed taking
into account the soft chemistry concepts introduced
by Professor J. Livage (Collège de France), as well as
those rooted in surface science (Figure 4).

Finally, we have recently complemented our re-
search via theoretical Density Functional Theory
(DFT) approaches [214–217], an efficient approach

to predict and elucidate the crystallographic struc-
ture of compounds such as whitlockite [215] or cal-
cium oxalate polyhydrates [216]. Particular effort
has recently been devoted to modelling the inter-
action between proteins and calcification processes.
For this purpose, we simplify interactions by mod-
elling calcification components as nanometer scale
metallic clusters and the proteins as simple diatomic
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Figure 6. Letter of J. Friedel regarding the interaction between NO and a nanometer scale metallic cluster.

molecules [218,219]. Even though this is a drastic
simplification, the parameters which determine the
differences between molecular, and dissociative, ad-
sorption, such as temperature, the geometrical and
the electronic nature of the surface, and the adsorp-

tion site are not well understood [220,221]. Figure 6
shows a letter from Professor J. Friedel supporting
this hypothesis based on which such investigations
have to be performed. Although simplified, much can
be learnt from this system.
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Figure 7. Some fundamental aspects of the adsorption process.

Figure 7 shows the initial state (nanometer
scale metallic particle, and a NO molecule), and
subsequent possibilities for mutual interaction
[222–224].

Dissociative adsorption of NO on the metallic
cluster leading to the formation of an oxide and the
desorption of N2 [225] is the first possibility. The
second is physisorption of the NO on the metallic
cluster, which can induce a significant growth of the
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nanometer scale cluster [226,227]. What can we learn
from these alternative possibilities? In the first case,
we have a significant modification of the chemistry
of the nanometer scale cluster (from metallic to
an oxide) and a significant modification of the ad-
sorbed molecule (dissociation process). Returning
to our model in which the metallic cluster repre-
sents the calcification and the NO molecule the
protein, it is clear that the final character of the
calcifications, and by analogy with NO, the pro-
tein, can differ considerably from the initial. Such
a fundamental approach is a necessary step in un-
derstanding precisely how molecules interact with
nanocrystals and possibly modify their morphology
[228–232].

As a preliminary conclusion, the characterization
of pathological calcifications beyond observations
initiated from routine clinical observations [111–122]
and performed at the hospital (optical microscopy
and µFTIR spectroscopy) has led to many significant
breakthroughs based on more cutting edge physic-
ochemical characterization techniques. A complete
set of results provides more precise information
about the relationship between calcification and dis-
ease, and the development of new diagnostic tools.
All these data have been published in major medical
and chemistry journals such as New England Jour-
nal of Medicine [35,36], Chemical Review [3], ACS
Nano [142], Arthritis Rheumatology [186,187], J. Am.
Soc. Nephrol. [62,207], Kidney International [233,234]
and JAMA [200].

4. Diversity in the very first pathogenic stages

Recently, we have overviewed the various different
mechanisms described for the nucleation of patho-
logical calcifications [10]. Nephrolithiasis is generally
the result of crystal formation, aggregation and re-
tention in the kidney and is thus related to homo-
geneous nucleation (Figure 8) in supersaturated so-
lutions [235–238]. Note that Randall’s plaque [239,
240] plays a key role in the pathogenesis of kidney
stones [241–244]. Kidney stones may also be initiated
from tubular plugs which are a frequent finding in
human distal tubules [244,245].

As illustrated in several publications, the nature of
the deposit may differ according to the specific area
of the organ where it was observed, underlining the
close relationship to the local tissue physiology [3,

123]. In other pathological conditions like metabolic
syndrome and/or diabetes mellitus, multiple super-
saturations of both calcium oxalate and uric acid may
favour crystallization of one species (for example uric
acid) and only secondarily of the second (for exam-
ple calcium oxalate), explaining why patients suffer-
ing these diseases may form mixed stones containing
alternating layers of these two compounds. In other
cases, the two crystalline species are closely mixed.
Notably, uric acid stones also contain calcium ox-
alate in more than 63% of cases. These two chemi-
cal species can crystallize in urine and form aggre-
gates by heterogeneous nucleation or by epitaxial
processes [10]. About one third of urine samples con-
taining uric acid crystals also contain those of cal-
cium oxalate.

Heterogeneous nucleation is another mechanism
involved in the formation of other pathological cal-
cifications. DNA [246] and elastin [247] have been
identified as organic scaffolds. The role of other pro-
teins may be more complex. For example, Cerini et
al. [248] have studied the promotion of calcium ox-
alate crystallization by albumin, with specific favour-
ing of the dihydrate form. The authors conclude that
due to rapid nucleation of small crystals, saturation
levels fall, and thus albumin might be protective.

Thanks to nanometer scale structural descrip-
tions, another mechanism, via extracellular matrix
vesicles (MV) containing a high level of alkaline
phosphatase, has been identified in the induction of
de novo mineral deposition in cartilage, bone, and
dentin [249]. The presence of MV in kidney [141,142,
250] as well as vascular smooth muscle [251] has also
been reported.

5. Calcifications versus tissues—How calcifica-
tions may alter tissues?

In the case of Randall’s plaque, we know that ec-
topic calcifications made of calcium phosphate ap-
atite may pass through the tissue and appear at
the surface of the papillary epithelium where they
play a crucial role in the pathogenesis of kidney
stones [239–244]. In fact, such major tissue alteration
occurs in other pathological processes. In the case of
epidermal necrolysis, i.e., Stevens Johnson syndrome
and toxic epidermal necrolysis, atypical healing re-
tardation with calcinosis cutis, may be explained by
the presence of calcification. Lastly, a simple change
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Figure 8. (a) Homogeneous nucleation. When the patient has a chronic high number of crystallites in
urine (a1), a kidney stone is generated (a2). In the case of heterogeneous nucleation, part of the DNA
may serve as a nucleus (b1) alizarine staining to reveal the calcification and (b2) immunostaining to
visualise DNA). In the case of a Randall’s plaque, crystallites generated through homogeneous nucleation
are trapped by a calcification present on the tissue (white spots on c1) and a kidney stone with a RP
is generated (white spots on c2). Finally, the presence of vesicles containing calcium salts (phosphate
and/or carbonate) has been noted in the kidney (d).

in wall composition (medial calcium overload of elas-
tic fibers) can decrease aortic elasticity. Elastocalci-
nosis can induce destruction of elastic fibers, leading
to arterial stiffness, which has been associated with
the development of left ventricular hypertrophy in a
normotensive model [252].

Similar pathological processes may occur in other
parts of the human body. For example, in breast can-
cer, Ductal carcinoma in situ (DCIS) is considered as
a non-invasive or pre-invasive breast cancer and is
associated with cast-type calcifications. It is possible
that these pathological calcifications may break the
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milk ducts leading to cancer cells spreading into sur-
rounding breast tissue.

6. Presence of pathological calcification and
loss of the renal function

An interesting clinical and physicochemical question
is raised by the relationship between the presence
of pathological kidney calcification and loss of renal
function.

Are pathological calcifications responsible for re-
nal dysfunction?

We can open the discussion with the case of kid-
ney stones. The obstruction of one or both ureters
prevents urine passing into the bladder and out of the
body. If not treated rapidly, kidney damage may en-
sue, in severe cases leading to kidney failure, sepsis
(life-threatening infection), or ultimately death. Such
obstructions don’t depend on the chemical phase of
the stone.

Intratubular crystalline precipitation can also
lead to acute renal insufficiency. For example, resul-
tant blockage of urine flow can also be associated
with the presence of plugs composed of apatite or
other crystalline phases. These cases involve the
collecting duct(s). Some genetic diseases such as
APRT deficiency, a rare autosomal recessive disorder,
may cause 2,8-dihydroxyadenine stones, and, sec-
ondarily, renal failure due to intratubular crystalline
precipitation. Repeated obstruction of tubules and
interstitial deposits by 2,8-dihydroxyadenine crys-
tals may result in irreversible loss of kidney func-
tion [34,253,254] and sometimes end-stage renal
failure [255–258]. Finally, several medications, no-
tably acyclovir, sulfonamides, methotrexate, indi-
navir, and triamterene, are associated with the pro-
duction of crystals that are insoluble in human
urine [61–64,259].

This all raises a major question: Is it simply the
obstruction which leads to renal insufficiency, or is
it in fact tissue inflammation induced by the pres-
ence of crystals? Recent studies suggest the likeli-
hood that inflammatory processes act together with
obstruction to promote renal damage [86], a pro-
cess which has been discussed in detail in 2,8-
dihydroxyadenine nephropathy [86], and develop-
ment of Randall’s plaques [260].

Besides this, the presence of only very few crystal-
lites in a biopsy may reveal a pathological condition.

In a kidney biopsy in which only a single crystallite
of calcium oxalate was observed, UV–visible spec-
troscopy experiments clearly showed a significant
oxalate signal in numerous surrounding cells, sug-
gesting that the presence of even one crystal is an
indicator of local supersaturation. Thus it seems
that this supersaturation leading to pathogenic
crystals also significantly affects neighbouring
cells.

7. A specific example: the effect of plant ex-
tracts on kidney stones

We should highlight the effects of plants in our
urolithiasis research [261]. For example, we have
used FE-SEM to assess the ability of plant extracts,
namely Arenaria ammophila (leaves and stems),
Parietaria officinalis (leaves, and flowers, studied
separately), Paronychia argentea (flowers), to dis-
solve cystine stones in vitro. All these plants are
widely claimed to treat or prevent urolithiasis [262]
in traditional medicine.

Recently, we have also studied the effect of
green tea infusions in hypercalciuric renal stone
patients [263]. It is well known that excessive con-
sumption of plants such as rhubarb containing high
levels of oxalate may lead to significant quantities of
calcium oxalate monohydrate in kidney tissues lead-
ing to a loss of kidney function [264,265]. By contrast,
in the case of tea, an oxalate-rich plant, tea extracts,
particularly of green tea, may have beneficial clinical
effects due to the presence of antioxidant polyphe-
nol compounds such as catechins. In our study, the
data showed no evidence for increased stone risk
factors or oxalate-dependent stones in daily green
tea drinkers [266]. Also, it is worth emphasizing that
other studies have been devoted to tea due to the
presence of aluminium and other toxic elements in
the leaves [267].

Finally it is noteworthy that absorption of large
quantities of caffeine may lead, combined with
other factors, to the formation of kidney stones; in
a recent publication, 1-methyluric acid nephropa-
thy has been identified in three kidney biopsies
[268].
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Figure 9. (a1) TEM image of the Au25(4ATP)18 cluster: Spatial repartition of different elements, namely Zn (a2)
and Au (a3), obtained using the intensity of the corresponding X-ray fluorescence emission lines (QR-AuQDs
exposed rat kidney embedded in paraffin) as contrast image (map: 13.7 mm×19.3 mm, 30µm resolution, 20 ms
acquisition time). (b1) and (b2): Spatial repartition of Zn and Pt in a kidney biopsy collected on a patient treated
with Pt anticancer drugs. (c1 to c4): Tissue sections of 5 µm thickness were stained with HES. Portal tract and
centrilobular vein are present on the section of normal liver (patient #3) (upper image). WD liver (patient #46)
exhibits nodules surrounded by fibrosis (lower image). Synchrotron radiation XRF spectra were acquired on
the area delimited by the black squares. Representative XRF spectra acquired on tissue sections from normal
liver and WD showing peaks characteristic of the composite elements.
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8. Beyond pathological calcifications

Note that our research is not limited to patholog-
ical calcifications. We also participate in other re-
search fields (Figure 9), namely the nephrotoxicity
of Pt anticancer drugs [269,270], the vectorisation of
drugs through “quantum rattle-gold quantum dots”
(QR-AuQDs) [271], Wilson’s disease (WD) which is
a result of copper accumulation [272], urothelial
carcinoma grades [273], and TiO2 particles at hair
surfaces [168]. In this research, we take advantage
of our previous investigations using µX-ray fluores-
cence on trace elements in kidney stones and in
tissues.

In the case of Pt anticancer drug nephrotoxi-
city [269,270], we have investigated mice as well
as patients, the ultimate goal being to prove that
such X-ray fluorescence measurements can find a
place in clinical practice. Indeed, as we can see
in Figures 8 b1 and 8 b2, it is possible to confirm
the presence of platinum in patient kidney biopsy.
Such data can form part of the patient clinical file
and help the clinician to assess the loss of kidney
function.

The first example concerns nanometer-scale sys-
tems developed recently for the treatment of various
severe pathologies [274,275]. The characterization of
such nanomaterials, which can contribute to both
diagnosis and therapy, can be easily performed us-
ing synchrotron radiation-specific techniques [276–
284], in order to determine their size [276–279], their
morphology [280,281], the modification of their elec-
tronic state during the growth process [282,283], or
the adsorption process of molecules at their sur-
face [284,285]. Here, using a completely new tech-
nology, the “flyscan” mode, it was possible to as-
sess the presence of QR-AuQDs in various rat or-
gans [271]. Such observations constitute a significant
breakthrough opportunity to test new nanomaterials
with potential medical uses.

The last example focuses on Wilson’s disease, also
known as hepatolenticular degeneration, which is a
severe disorder of copper homeostasis [272]. Several
excellent physicochemistry based studies have been
performed on liver [286,287]. As shown in Figure 8c,
X-ray fluorescence is a more efficient technique than
the classical staining currently used in the clinic to
confirm the presence of copper.

9. Building a national and international net-
work

The different selected examples discussed in this
contribution show the complexity of pathological
calcification research. The dynamism of our research
is proven by some standard publication indicators,
such as 135 results on Web of Science for 2119 cita-
tions, or 71 results on PubMed.

At the national level, our research involves col-
laborations among several hospitals, namely Tenon,
Bichat, St Louis, Lariboisière, Rothschild, Ambroise
Paré in the Paris area and other hospitals in various
French regions (CHU of Lille, Toulouse, Nantes, CH
of Pontoise. . . ).

At the international level, numerous strong col-
laborations with research groups in different coun-
tries have been established and resulted in sev-
eral publications. Among them we can cite Dr. A.
Pozdzik (Department of Nephrology, Dialysis and Re-
nal Transplantation, Brugmann Hospital, Université
Libre de Bruxelles, Brussels, Belgium), Professor F.
Tielens (Free University of Brussels, Belgium) , Pro-
fessor J. C. Williams (Department of Anatomy and
Cell Biology, Indiana University School of Medicine,
Indianapolis, Indiana, USA) [287,288], Professor M.
Duer and Dr. D. Reid (Department of Chemistry,
University of Cambridge, Great Britain), Dr. F. Preit-
ner (Mouse Metabolic Facility of the Cardiomet Cen-
ter, University Hospital, Lausanne, Switzerland), Dr.
J. Bertazzo (Department of Materials, South Kens-
ington Campus, Imperial College, London, Great
Britain), and Dr. X. Keller [289] (Zurich hospital,
Switzerland).

10. Knowledge transfer

Our collaborations between physicists and physi-
cians provides the opportunity for young doctors
from different medical specialties (cardiology, der-
matology, nephrology, otorhinolaryngology, rheuma-
tology, urology) to receive training and insights in
physicochemical characterization techniques and
possibilities.
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11. Perspectives on the synchrotron soleil up-
grade (In collaboration with Dr. E. Boudel-
ique, Dr. H. Colboc, Dr. E. Esteve)

As previously shown [290–292], synchrotron radia-
tion plays a pivotal role in our research. Experiments
have been performed on seven different beamlines
at soleil (SMIS, AILES, DISCO, CRISTAL, PROXIMA,
NANOSCOPIUM, DIFFABS), one on ESRF, and one
on another large instrument, the LLB (G4.1), where
we have used neutrons as a probe, in very diverse re-
search related to urology, nephrology, rheumatology,
and dermatology.

In this research, the role of the beamline scientists
is clearly of major significance, and numerous fruit-
ful discussions regarding the information yielded by
each technique as well as sample preparation pro-
tocols have taken place. Thanks to the SMIS beam-
line, the first set of µFTIR experiments on 15 kidney
biopsies served to initiate a research project which
was accepted and funded by the CORDDIM, allow-
ing a platform to be created consisting of two µFTIR
imagers, on which more than 1600 human kidney
biopsies have been performed. The technology al-
lowing this transfer is of prime importance for the
clinician.

Following various discussions around the upgrade
of the synchrotron Soleil, we have defined some pri-
orities for analysis of tissue at a very small scale.
It is of primary importance to be able to precisely
know the position of the micro or nano probe on
the sample. For exemple, in the case of kidney, the
nephron is constituted of different elements, namely
the glomerulus, the proximal tubule, the loop of
Henle, and the distal tubule, in each of which the
biochemical environment (pH, calcium concentra-
tion, etc. . . ) can be very different. Calcifications may
also take place in the interstitium in the cortex and
the medulla, and also in the papilla where we can
find Randall’s plaques. A comparison between the
chemical composition of pathological calcifications
and the normal physiological environment is clearly
a key to understand the disease. In a perfect world,
the kidney would be placed under the synchrotron
beam in such a way that the clinician would be
able to position the nanometer probe on a specific
organ structure such as a glomerulus, or a proxi-
mal or distal tubule. We thus would like to have
a functional optical device comparable to those in

the hospital (magnification ×100), and be able to
know the exact position of the beam on the sam-
ple via an optical laser. Also, it will be advanta-
geous to automate rapid sample mounting and de-
mounting, as is already done on various beamlines
[293].

In terms of the acquisition procedure, it is of pri-
mary importance to define experimental parameters
such the size of the map directly onto a touch-
sensitive screen without prior knowledge of the soft-
ware code. Moreover, it must be possible to perform
experiments remotely [294].

It is very convenient for the clinician to carry out
different experiments on the same sample. For exam-
ple, on a beamline such Diffabs, it is possible to col-
lect X-ray diffraction as well as X-ray absorption data
on the same sample. In the case of cartilage this ex-
perimental configuration generates very valuable in-
formation from which trace elements and chemical
composition of pathological calcifications can be de-
duced. Also, it would be advantageous if the sample
support used for synchrotron experiments is com-
patible with other techniques such FE-SEM or µFTIR
spectroscopy. This will require a significant effort to
achieve, particularly for studies at the nanometer
scale where new physical challenges will have to be
solved.

Nanometer scale measurements may yield signifi-
cant information regarding interaction between min-
eral and proteins or between mineral and cells. The
first experiments performed on nanoscopium opens
a major perspective on the 3D distribution of mineral
as well as trace elements such Zn.

12. Conclusion

The quest for characterization techniques to gen-
erate significant information on microcrystalline
pathologies for the clinician is constantly active. In
Figure 10, we present a short list of selected results.
The latest efforts towards this goal are related to the
fact that these biological entities contain organic as
well as inorganic compounds.

This prompted us to perform experiments on hu-
man biopsies using non-linear optical spectroscopy,
namely Second Harmonic Generation (SHG), as well
as fluorescence, in order to assess its potential on ec-
topic calcifications. Non-linear optical spectroscopy
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Figure 10. (A) SEM as a diagnostic tool for primary hyperoxaluria. (B) µFTIR spectroscopy on kidney
tissue as a diagnostic tool, in a case of APRT deficiency. (C) Neutron scattering to assess a drug effect for
the treatment of cystinuria. (D) NanoUV spectroscopy to assess the presence of oxalate in kidney tissue.
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Figure 10. (cont.) (E) Micro X-ray fluorescence performed at ESRF indicating the presence of Al in
kidney stone. (F) SEM illustrating the process of kidney stone growth on RP. (G) SEM as a diagnostic
tool for urinary infection in the absence of clinical symptoms (H) Neutron scattering to define UA crystal
size modifications which occur between metabolic syndrome and diabetes (I) NanoIR indicatinging the
presence of cysteine in intracellular crystals. (J) X-ray fluorescence showing an abnormal quantity of Zn
in RP, indicating an inflammatory process. (K) Xanes spectra collected at Ca K edge of RP (L) NanoX-ray
fluorescence performed on Synchrotron Soleil indicating the presence of Ti on hair.

is a non-invasive technique which enables investi-
gations of different biological tissues based on SHG
spectroscopy [295–298]. Among the different indis-
pensable laboratory techniques allowing characteri-
zation of nanometer scale materials [299] are NanoIR
i.e. AFM-IR [171–174] as well as PTO-IR (Optical Pho-
toThermal IR) [300,301], which should lead to major
breakthroughs in the coming years.

Conflicts of interest

Authors have no conflict of interest to declare.

Acknowledgments

It is a great honour to thank all the people who
have played a significant role in building this in-
terface between physics, chemistry and medicine:
Dr. X. Carpentier (Nice Hospital), Dr. Ch. Chappard
(Lariboisière Hospital), Professor P. Conort (La Pitié-
Salpetrière Hospital), Dr. P. Dorfmüller (La Pitié-
Salpetrière Hospital), Dr. E. Estève (Tenon Hospi-
tal), Professor D. Hannouche (Lariboisière Hospi-
tal), Professor P. Jungers (Necker Hospital), Profes-
sor B. Knebelman (Necker Hospital), Dr. E. A. Ko-
rng (Lariboisière Hospital), Professor F. Liote (Lari-
boisière Hospital), Dr. M. Livrozet (Tenon Hospital),
Professor M. Mathonnet (Limoges Hospital), Profes-
sor P. Méria (Saint-Louis Hospital), Dr. C. Nguyen
(Lariboisière Hospital), Dr. J. Rode (Tenon Hospital),
Professor P. Ronco (Tenon Hospital), Dr. I. Tostivint
(La Pitié-Salpetrière Hospital), Professor O. Traxer
(Tenon Hospital) and Professor J. C. Williams (De-
partment of Anatomy and Cell Biology, Indiana Uni-
versity School of Medicine, Indianapolis, Indiana,
USA) for providing samples and useful discussions.

Also, regarding the physicochemistry, this re-
search could not have been performed without the
scientific advice of Dr. P.-A. Albouy (LPS), Dr. G. An-
dré (LLB), Dr. A. Bianchi (INSERM-U7561), Dr. P.

Chevallier (LURE), Dr. A. Cousson (LLB), Dr. P. Du-
mas (SOLEIL Synchrotron), Professor M. Duer (De-
partment of Chemistry, University of Cambridge,
United kingdom), Dr. E. El Kaim (SOLEIL Syn-
chrotron), Dr. B. Fayard (LPS-ESRF), Dr. E. Foy (Lab-
oratoire Pierre-Süe), Dr. J.-L. Hazemann (ESRF),
Dr. L. Hennet (CEMHTI), Dr. F. Jamme (SOLEIL
Synchrotron), Dr. A. Lebail (Laboratoire des Flu-
orures), Dr. F. Lenaour (Hôpital Paul Brousse),
Dr. O. Mathon (ESRF), Dr. K. Medjoubi (SOLEIL
Synchrotron), Dr. G. Matzen (CEMHTI), Dr. C. Mo-
cuta (SOLEIL Synchrotron), Dr. R. Papoular (CEA),
Dr. P. Reboul, (UMR 7561), Dr. M. Réfrégiers (SOLEIL
Synchrotron), Dr. S. Reguer (SOLEIL Synchrotron),
Dr. D. Reid (Department of Chemistry, University of
Cambridge), Dr. S. Rouzière (LPS), Dr. S. Kaščáková
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Abstract. Since its first use several decades ago, scanning electron microscopy has been used in
numerous investigations dedicated to biological systems. This contribution focuses on observations
on pathological calcifications in order to review several major applications of primary importance to
the clinician. Among these, we highlight such observations as medical diagnostic tools in pathologies
arising from primary hyperoxaluria and urinary infections.
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1. Introduction

The history of the electron microscope dates back to
the first third of the twentieth century when E. Ruska

∗Corresponding author.

and M. Knoll, from the University of Berlin, created
the first instrument in 1931 [1,2]. Basically, scan-
ning electron microscopy (SEM) uses a finely fo-
cused beam of electrons in order to produce a res-
olution image of a sample [3]. In the case of bio-
logical samples, such an experimental setup allows
imaging with a lateral resolution around 200 nm
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without sample preparation (magnification around
45,000).

Several investigations of structures related to kid-
ney stones (KS) were performed as early as over 40
years ago [4–9]. Fujita et al. [5] showed that SEM pre-
cisely describes the three-dimensional architecture
of the endothelial cell. As far as KS are concerned,
Phaneuf-Mimeault and Tawashi [6] showed that the
surface crystals have random axial orientations and
that the gross configuration seems to be determined
by the fibrous organic matrix.

Nowadays, SEM of pathological calcifications [10–
12] is a very active research field. Typical recent pub-
lications include studies on kidney [13–24], salivary
stones [25], breast [26–28], cardiovascular system [29,
30], cartilage [31,32], gallstones [33], prostatic stones
[34,35], thyroid [36], liver [37], ileal [38], or medical
devices [39]. These examples convincingly show that
SEM is an essential laboratory tool that continues to
provide new clues about the pathogenesis of these bi-
ological samples.

This success may be ascribed to the significant re-
cent advances in the various components of a scan-
ning electron microscope, namely the electron gun,
optics, and detectors, enabling entirely new oppor-
tunities [3,40]. For instance, detection at low voltage
(between 0.5 and 2 kV) without the usual surface car-
bon deposition leads to novel breakthroughs regard-
ing pathological calcifications [41,42] as well as tis-
sue alterations [43,44]. Additionally, biological sam-
ples used for nanometer scale observations are com-
patible with other techniques such as Fourier Trans-
form Infra-Red (FTIR), Raman, and Nano-UV spec-
troscopies [45,46].

The aim of this survey is to use selected examples
to illustrate different research applications of SEM.
We show that a precise description of crystallite mor-
phology and surface may be a basis for diagnosis or
deciphering the biomechanism governing the gene-
sis of concretions and ectopic calcifications [47,48].
We define “nanocrystals” and “crystallites” according
to Van Meerssche and Feneau-Dupont, i.e., crystal-
lites (measuring typically some tens of micrometers)
are made of a collection of nanocrystals (measuring
typically some hundreds of nanometers), to describe
the structural hierarchy of pathological calcifications
[49]. We will start by briefly recapitulating the under-
lying physics of SEM.

2. Basic SEM physics

The first component of a SEM is the electron gun [50].
Conventional electron guns use thermal energy to
emit electrons from a cathode. The main disadvan-
tage of this experimental device is related to the sur-
face area of the source which emits electrons. Its di-
mension is rather large (10–30 µm) and the energy
spread spans a few electron volts, because of the ex-
cess thermal energy supplied by heating. A new type
of electron gun was developed in the late twentieth
century. It is based on the tunneling, or Schottky ef-
fect, to produce electrons from a tip, in which case
the source size is less than 10 nm, and the energy
dispersion is now only a few tenths of an electron
volt.

The second key element defining the properties of
the SEM is constituted by a set of detectors. These de-
pend on the fact that the electron beam focused over
a surface (Figure 1) produces various kinds of elec-
trons as well as photons [3], allowing the experimen-
talist to gather information regarding the surface to-
pography and the elemental composition of the sam-
ple at the submicrometer scale [51].

Among these components, a backscatter electron
detector (BSD) detects elastically scattered electrons,
and takes advantages of the fact that higher atomic
number atoms have a higher probability of produc-
ing an elastic collision because of their greater cross-
sectional area [52]. Thus, brightness of the image ob-
tained is directly proportional to atomic number, so
backscatter electron (BSE) images provide an elegant
way to distinguish different chemical phases at the
sample surface. BSE detectors are typically located
above the sample in the sample chamber.

The so called secondary electrons [53] are lower
energy electrons emitted when a solid is irradi-
ated with high energy electrons or other particles;
two kinds of detectors, namely the conventional
Everhart–Thornley type and in-lens detectors, are
usually positioned in the sample chamber. The for-
mer produces images which are more dependent on
the sample topography than the ones obtained by a
BSE detector.

One of the key advantages of modern SEM in-
struments is their spatial resolution [51–54]. By us-
ing electrons instead of photons for imaging sam-
ples, SEM can achieve nanometer spatial resolution
[55–57]. This ability depends on several factors such



Dominique Bazin et al. 39

Figure 1. Schematic representation of the different kinds of particles i.e., electrons (backscattered elec-
trons, secondary electrons, Auger electrons) and photons produced after the irradiation of matter by pri-
mary electrons. The analysis depth is given for the different particles.

as the electron spot size, which is determined by the
way electrons are produced and focused, as well as
the interaction volume of the electron beam with
the sample. Even though they fall short of providing
atomic resolution, some SEMs can typically achieve

resolution between 1 and 20 nm. The distance from
the final pole piece of the lens to the sample, called
working distance, is about a few millimeters. To im-
prove the resolution, working distance, source en-
ergy, and current density are crucial parameters.
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3. Sample preparation

Visualizing biological samples with an electron mi-
croscope is not easy, mostly because of the intrinsic
nature of the electron and matter interactions which
defined the image formation. In order to be able to
collect SEM images, biological samples have to be
placed inside high vacuum. Such experimental con-
ditions usually lead to a quite complex preparation
protocol [58–60].

In the case of pathological calcifications, it is of
primary importance to preserve the physicochem-
ical integrity of the abnormal deposit. Such pri-
ority is associated to the relationship which exists
between the physicochemistry of the calcification
(i.e., the chemical composition and the crystal mor-
phology) and the pathology which induced its for-
mation [61–64]. In the case of KS, there is simply
no preparation. The concretions are directly posi-
tioned under the electron beam. In our case, a field-
effect “gun” microscope, namely a Zeiss SUPRA55-
VP SEM, was used for the observation of microstruc-
ture. High-resolution observations were obtained by
an Everhart–Thornley SE detector. To maintain the
physicochemical integrity of the samples, measure-
ments were taken without the usual deposits of car-
bon at the surface of the sample (Figure 2).

Regarding tissue embedded in paraffin, three to
five micron slices are deposited on low-e microscope
slides (MirrIR, Kevley Technologies, Tienta Sciences,
Indianapolis). The paraffin was then chemically re-
moved (xylene 100% during 30 min to 4 h) in order to
improve the crystal detection under the microscope
(Figure 2).

4. Crystal morphology

It is now well accepted that a relationship exists
between crystallographic structure and morphology,
exemplified by Jean Baptiste Louis Romé de l’Isle’s
discovery of the fact that the various shapes of crys-
tals of the same natural or artificial substance are all
intimately related to each other. More precisely, by
measuring the angles between the faces of crystals,
he established the fundamental principle that these
angles are characteristic for a given substance. This
discovery is known as the law of constant angles [65].

A second important relationship, the law of sym-
metry, established by Haüy [66], states that the edges,

angles, and faces of a crystal form are related by sym-
metry. Thus, for example, when one face of an octa-
hedron is modified by its combination with another
form (for example by truncation), all other faces of
the octahedron should be modified at this point in
the same way.

In fact, according to the Gibbs–Curie–Wulff theo-
rem [67], the equilibrium crystal form will be such
as to minimize the total surface energy for a given
volume. This equilibrium form is defined in vacuum.
Unfortunately, the presence of other compounds
can modify this equilibrium through adsorption pro-
cesses. As recalled by Zhang [68], the shape of a crys-
tal is governed by the relative growth rates of each of
the crystal faces present. The most prominent face
of a crystal is the slowest growing, while the smallest
face is the fastest growing [69]. The interplay between
thermodynamics and kinetics during the growth pro-
cess makes predictions of the final geometry chal-
lenging [70].

5. SEM as diagnostic tool

Some authors have suggested SEM as a fundamen-
tal method for routine urinary stone identification,
which also reveals additional detailed information
unobtainable by other methods, such as the mor-
phology, the size, and the elemental composition
of crystallites present in kidney stones [18]. At this
point, recall that more than one hundred chemical
phases have been identified in kidney stones and
more than 100 different etiologies may be involved
in stone formation [61–64]. Moreover, some chemi-
cal phases, such as whewellite (CaC2O4·H2O) or wed-
dellite (CaC2O4·2·xH2O (with x = 0–0.5) [71] may
correspond to very different morphologies. Accord-
ing to the morphoconstitutional model [61–64,72],
five different morphological aspects of whewellite
stones, namely Ia, Ib, Ic, Id, and Ie, correspond to
five different lithogenic conditions. Also, phase trans-
formations such as the transition of weddellite to
whewellite (for the oxalates) or brushite to apatite
(for the phosphates) occur (Figure 3). Finally, it is
not possible to evaluate the carbonation rate of ap-
atite, an essential parameter related to infection [73],
through SEM. Thus, due to this diversity of chemical
phases, crystal morphology within a single chemical
phase, as well as the possibility of phase transitions,
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Figure 2. (a) Skin biopsies (red arrows) positioned on low-e microscope slides (1, 2, 3) (MirrIR, Kevley
Technologies, Tienta Sciences, Indianapolis) compatible with Fourier transform Infrared Spectroscopy,
an electron gun (4), an Everhart–Thornley SE detector (5). (b) Kidney stones (blue arrows) on their
support (1 to 4), an electron gun (5), an Everhart–Thornley SE detector (6).

SEM cannot replace the gold standard FTIR spec-
troscopy [74–76].

Nevertheless, there are numerous exceptions
where SEM provides detailed information at the mi-
crometer scale, which can be of primary importance
for the clinician (Figure 4).

For example, in the case of primary hyperoxaluria,
the most severe lithogenetic disease, we have shown
that the morphology of whewellite crystallites is dis-

tinctive (Figures 4a and b) from that observed in the
case of dietary hyperoxaluria. Such direct examina-
tion constitutes a simple, rapid, and inexpensive tool
that would suggest early diagnosis of primary hy-
peroxaluria type 1 [41,42]. Recall that multiple de-
fective genes can underlie this disease so the ge-
netic approach to diagnosis can be long and expen-
sive. For calcium oxalate dihydrate, it has been estab-
lished that the presence of dodecahedral crystallites
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Figure 3. (a) SEM observation showing weddellite crystallites displaying their usual bipyramidal mor-
phologies with alteration at their surface induced by a phase transition. (b) SEM observations showing
the transition between acicular brushite and spherical apatite.

(i.e., bipyramidal with a thick zone between the two
pyramids) is indicative of heavy hypercalciuria [77].

Another case where SEM makes a crucial contri-
bution concerns kidney stones related to infection
(Figure 4c). In patients with kidney stones without
struvite, and with negative urine culture results, we
have proposed SEM observations in order to confirm

the possible presence of bacterial imprints [73,78]. Of
note, due to the crystal size such bacterial imprints
cannot be detected in struvite, except in the areas of
the stone that contain apatite crystals.

Regarding the quantitative aspect, such approach
occurs in the case of crystalluria when the number
of crystallites is considered [77], but it is difficult to
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Figure 4. SEM observation of a kidney stone related to (a) genetic primary hyperoxaluria and (b) related
to intermittent hyperoxaluria of dietary origin. (c) SEM observation of bacterial imprints and bacteria
surrounded by calcifications.

have a similar approach in the case of SEM obser-
vations. In the case of kidney stones, only the sur-
face is examined and a significant quantitative deter-
mination of the number of crystallites per unit sur-

face needs numerous observations. From a clinical
practice point of view, FTIR spectroscopy constitutes
a cheaper and quicker method to obtain a quantita-
tive information regarding the chemical composition
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[69–71]. Nevertheless, in the near future, such deter-
mination through SEM observations of the surface of
the kidney stone may be relevant with the help of ma-
chine learning [79].

6. Elucidating the pathogenesis of Randall’s
plaque

Randall’s plaque represents a major issue in urology
[80,81]. Several papers report evidence that Randall’s
plaque (RP) present at the tip of the renal papilla
may initiate whewellite (Figure 5a) and more rarely
weddellite stones [82–91]. Some of these investiga-
tions have been dedicated to the pathogenesis of this
pathological calcification; recent data show clearly
that vitamin D and calcium supplementation accel-
erates the formation of RP in a murine model [91].

Other publications report various RP chemical
compositions. While calcium phosphate apatite (CA)
as well as amorphous carbonated calcium phosphate
(ACCP) are the major components of most RPs (Fig-
ure 5b) [92], other chemical phases such as whitlock-
ite, brushite, and sodium hydrogen urate monohy-
drate (NaUr) [90] have been identified in about 5%
of RP (Figure 5c). Such chemical diversity underlines
the fact that several very different mechanisms may
be related to the pathogenesis of RP.

Note that RP constituted by NaUr appeared to be
sex dependent. NaUr-containing RP was found in
4.3% of stones from male patients and in only 0.6% of
cases in female patients (p < 0.00001). This is consis-
tent with the ratio observed in stones made of NaUr
as the major component. Moreover, RP also exists on
weddellite KS (Figure 5d), although the fact that wed-
dellite crystals are very large may explain why RP is
observed preferentially on whewellite KS.

A striking feature of RP composed of CA is related
to their structure. As we can see in Figure 6, all the RP
present on whewellite KS show the same morphol-
ogy [93,94]. RP are made of a conglomeration of cal-
cified tubules and vessels (vasa recta) reflecting the
morphology of the tip of the papilla. Figure 6e shows
a normal papilla where we can see the tubule exit ori-
fices (yellow arrows).

Higher magnification observations are shown in
Figure 7. Note the calcium phosphate cluster within
one tubular lumen (Figure 7a, yellow arrow), while
other tubules are empty with calcified walls (black
arrow). Figure 7b shows that the walls of the tubules

are constituted by an agglomeration of CA spheres
[95–97]. Finally, in Figure 7c, a plug inside the tubule
is visualized [98].

7. The process of kidney stone growth from RP

We now discuss the growth of a whewellite KS from
RP. Only a few papers discuss this particular point
[93,94,99,100]. According to Sethmann et al. [94], ions
from CaP-supersaturated interstitial fluid may dif-
fuse through porous RP into the urine, where a re-
sulting local increase in whewellite supersaturation
could trigger crystal nucleation and hence initiate
stone formation (Figure 8).

At this point, we must emphasize that calcium
oxalate crystallites are present in urine even in the
case of healthy subjects (7% vs. 40% in stone form-
ers) [101]. It is their high occurrence over time which
is abnormal. In fact, in our case, we observe “clas-
sical” whewellite crystallites (Figure 6). Note that in
some cases we found whewellite crystallites coated
with calcium phosphate as well, which can be due to
simple deposition of urinary calcium phosphate. In
the pathogenesis model we have proposed, large ran-
domly oriented whewellite crystals are trapped on a
phase of CA crystals embedded in proteins acting as
a “glue” [93]. This conjecture is clearly supported by
Figure 8c. Thus, it seems that the hypothesis of epi-
taxy between Ca phosphate (RP) and Ca oxalate (KS)
is not relevant in this case [100]. Note also that the
surface of biological apatite is hydrated [102–104].

The surfaces exposed by the whewellite crystal-
lites are those of the growing crystal in aqueous con-
ditions. The crystal description can be found in our
recent paper [70]. We can see (Figure 7) the (100), (12-
1), and (010) surface of the crystallites, showing the
different (12-1)/(010) surface ratios due to the growth
process.

Theoretically some attempts have been per-
formed to predict and understand oxalate polymor-
phism in the past [70,105]. A very pedagogical paper
on the topic has been written by Millan [105]. Since
that time the chemical computational tools have
been evolved dramatically and we recently revisited
this topic using quantum chemical DFT methods
and molecular dynamic tools. Note that DFT offers
the opportunity to assess adsorption of molecules
and thus the reactivity as well as the morphology of
small crystals [106–108].
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Figure 5. (a) RP made of CA positioned on a whewellite KS. (b) SEM observation of an RP made of CA.
(c) SEM observation of an RP made of NaUr. Microscopic aspect of an RP (areas 1 and 2) composed of a
mixture of NaUr needles and carbapatite attached to a whewellite calculus (area 3). NaUr needles of large
dimension are visible on area 2. (d) RP on a weddellite KS. Note the large size of weddellite crystallites,
which may explain why RP is rarely observed on weddellite stones.

In 2001, Millan [105] suggested carefully that, in
his conclusion, not only the thermodynamics play a
role in the expressed morphology but also the kinet-
ics of the formation of the different surfaces. This re-
sult was clearly confirmed by us recently [70]. More-
over, we showed that the effect on the surface for-

mation kinetics can be expressed by including a cor-
rection factor to the surface energies. This correc-
tion factor, which is purely mathematical, is expected
to be related with the kinetics and can be related
to the reactions taking place in a DFT-Molecular dy-
namics calculation on the growth of a specific sur-



46 Dominique Bazin et al.

Figure 6. (a–d) SEM observations of RP made of CA. (e) Tip of the papilla with tubule exits labeled with
yellow arrows.
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Figure 7. (a–c) SEM observations at high magnification of RP made of CA. (c) Tubular plug in mouse
papilla.

face in aqueous conditions. The predictions on the
effect of the kinetics on the whewellite morphology is
shown in Figure 9, following the discussion reported
in Ref. [70].

However, what is striking is the sintered as-
pect of the (12-1) and (010) surfaces, which is not
seen in aqueous conditions. This might be as-
cribed to the presence of complexing agents such
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Figure 8. (a) Whewellite and (b) weddellite crystallites in urine. (c) Whewellite KS with RP, yellow square
labels the interface between KS and RP. (d) SEM observations of the interface between RP and whewellite
KS.

as citrate ion, which is known to modify the ki-
netics of weddellite polyhydrate nucleation and
crystal growth. The sintering also exerts a rela-

tively high impact on surface degradation, which
parallels the catechin chelation effect on weddel-
lite [70].
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Figure 9. (a) Morphology prediction of COM
crystal with the water molecules, without
(001) face. (b) Same but with a surface en-
ergy correction of −0.1 J·m−2 on the (010)
face. (c) Same but with energy corrections:
−0.03 J·m−2 for (021) and (010) surface ener-
gies. (Figure adapted from [58].)

8. Elucidating the effect of drugs on kidney
stones

In addition to primary hyperoxaluria, several other
genetic abnormalities lead to kidney stone patho-
genesis, such as inherited distal renal tubular acido-
sis leading to the formation of calcium phosphate
stones with a specific morphology [109], or adenine
phosphoribosyltransferase (APRT) deficiency which
results in 2,8-dihydroxyadenine (DHA) crystals [110,
111]. Cystinuria, an autosomal recessive disorder,
presents a similar picture, leading to stone formation
in kidneys and accounting for 1–2% of all cases of
urolithiasis. As underlined by Worcester et al. [112],
cystinuria occupies a unique position among renal
stone diseases due to a high recurrence rate. Also, the
formation of cystine stones is frequently associated
with progression toward chronic kidney disease and
renal failure [113–117].

According to the classification of kidney stones
[61–64], two distinctive morphologies named type
Va (the most common one related to untreated pa-
tients) and type Vb (Figures 10a and b) exist. As we
can see in Figure 10b, a diffuse concentric structure
exists in the periphery of Vb stones with a core of
unorganized agglomerates of cystine crystals. SEM
shows large crystals displaying flat surfaces with well-
defined corners and edges in Va cystine kidney stones
(Figure 10c). When the patient follows a conven-
tional treatment based on urine alkalization, signif-
icant erosion of the cystine crystal surface occurs
(Figure 10d).

Among the results of our investigation [115], it is
worth emphasizing that the surface state of cystine
crystallites depends on the drug taken by the patient.
In a patient treated with tiopronine (Figure 10e), we
observed hexagonal holes which correspond to dis-
solved small cystine crystals, while large ones have
lost their typical hexagonal shape. Such a surface
state is very different from that observed in a patient
treated with captopril (Figure 10e) in which numer-
ous scattered holes, similar to wormholes in a stone,
are observed.

9. Biopsy imaging

Scanning and transmission mode electron mi-
croscopy of biopsies has been performed for sev-
eral decades [118–122]. In our investigations, we
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Figure 10. (a) Va cystine kidney stone. (b) Vb cystine kidney stones. (c) SEM image of a typical Va
cystine kidney stone. (d) SEM image of a Vb kidney stone. (e) Example of impaired surface of cystine
crystals displaying numerous scattered holes similar to wormholes in a stone from a patient treated with
captopril. The bulk of the crystals is not affected by such a treatment. (f) Significant erosion of the surface
of cystine crystals in a patient treated with tiopronine. Note the hexagonal holes which correspond to
dissolved small cystine crystals. Large ones have lost their typical hexagonal shape.
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Figure 11. (a) Topology of the different abnormal deposits in kidney biopsy N292. Agglomeration of
“large” crystallites is observed in the lumen of tubules (c) while agglomerations of “small” crystallites
are located in the tubular cells (b). (d) Radial agglomeration of platelets.

have used FE-SEM on human biopsy tissue coming
from various organs namely kidney [123–126], pan-
creas [127], skin [128–131], hairs [132], breast [26],
thyroid [133,134], or arterial wall [135], but of course
we must stress that such opportunities exist for cells
and mice as well [136–140].

Localization and morphology are two key points
which can be addressed through SEM observations
on kidney biopsies (Figure 11a). For example, with
respect to morphology, small (Figure 11b) and large
(Figure 11c) crystallites as well as a radial agglomer-
ation of platelets (Figure 11d) can be observed. Also,
it is noteworthy that large crystallites are located in
the lumen of tubules (Figure 11c) while “small” ones
are in the tubular cells (Figure 11b). It is well known
that the composition of the tubule fluid depends on
the segment of the nephron. This modulation of the
composition along the nephron in addition to var-
ious pathological conditions for hyperoxaluria may
explain why various configurations can be observed
by SEM.

In the case of breast, SEM offers the opportunity
to define two different kinds of calcification, namely
the well-known plaque easily detected by optical mi-
croscopy (Figure 12a), and micrometer and submi-
crometer spherical entities (Figures 12b and c). Fi-
nally, it was possible to relate these two families
of calcifications. As we can see in Figure 12d, SEM
provides structural evidence that micrometer scale
plaques are the result of agglomeration of submi-
crometer scale spherical calcifications.

Observations at higher magnification underline
diversity in the inner structure of the spherical en-
tities (Figure 13), suggesting diversity in the nucle-
ation/growing processes.

Finally, note that not all the spherical structures in
tissues are always composed of CA (Figure 14). For in-
stance, in skin calcium carbonate has been detected
[128]. It is thus of primary importance to the clini-
cian to precisely identify the chemical composition
of spherical entities through either IR or Raman spec-
troscopies [74,76,141–143].
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Figure 12. (a) FE-SEM observations of sample 13H2606 (Fibroadenoma) showing heavily mineralized
deposits with very small entities invisible at this magnification. (b, c) Submicrometer scale spherules cor-
responding to the black circle of Figure 2a are visualized at higher magnifications. (d) SEM observations
seem to show that “heavily” mineralized deposits are the result of the agglomeration of submicrometer
scale spherules.
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Figure 13. Different internal structures of CA sphericules present in breast (a–d: (a) radial structure;
(b, c) concentric layers; (d) radial structure) and kidney (e, f: without structure).

10. Imaging of medical devices

Finally, we must underline that SEM plays an im-
portant role in the characterization of the surface
of medical devices [39,144–147]. Recently, we have
characterized the surface state and the elastic prop-
erties of a set of JJ stents [39] on which pathological
calcifications were present (Figure 15). It was quite
a surprise for the clinicians that black marks on the
surface of JJ stents to help urologists during the op-
eration, significantly alter the surface and may ulti-
mately serve as nucleation centers. Note that ureteral
replacement devices have also been studied [147].

11. Energy-dispersive X-ray spectroscopy

X-ray fluorescence induced by electron spectroscopy
constitutes a powerful technique which allows el-
emental identification by measuring the num-
ber and energy of X-rays emitted from the bio-
logical sample after excitation with an electron
beam. Even if the detection limit is more impor-
tant than the one related to X-ray fluorescence in-
duced by protons or photons [148,149], such spec-
troscopy can give very interesting information re-
garding the chemistry of pathological calcifications
[18,150–153].
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Figure 14. The sphericules present in the skin
(for a patient affected by sarcoidosis) are made
of calcium carbonate as shown by FTIR spec-
troscopy and energy dispersive X-ray measure-
ments.

For example, Racek et al. [18] have selected a set of
30 samples covering the most common types of hu-
man kidney stones for an investigation through SEM
coupled with energy-dispersive spectroscopy. After
application of standardization, these authors show
that it is possible to obtain a quantitative microanal-
ysis with detection limits of 400 ppm (Mg, P, S, Cl,
K, Ca), 500 ppm (Na), and 1200 ppm (F). Such spec-
troscopy can thus bring information regarding the
presence of light elements such Mg or F, which are
generally not discussed in the case of X-ray fluores-
cence experiments induced by photons [154–156].

Recently, we have investigated a set of kidney
stones containing whitlockite in order to assess the
relationship between this chemical compound and
infection. Whitlockite is a calcium phosphate phase
of crucial interest in several pathologies [157–161]. In
order to confirm its presence in kidney stones, we
have performed EDX measurements. On Figure 16,
SEM observations allow us to underline the presence
of pseudocubic crystallites with a trigonal geome-
try. EDX spectra shows contributions of some of the
elements present in the Wk stoichiometric formula
Ca9Mg(HPO4)(PO4)6, namely O, P, Mg, and Ca (Fig-
ure 16b).

12. Complementarity with other techniques

In our research dedicated to pathological calcifica-
tions, we have tried to take into account the hierar-

Figure 15. Alteration of the surface state of a JJ
stent at black positioning marks.

chical structure as well as the chemical diversity of
such biological entities [10,11]. A precise identifica-
tion of the organic [162] and inorganic parts [163] as
well as of the trace elements [148,149] has thus to
be performed. To attain this goal, in lab characteri-
zation techniques [163–165] as well as ones related
to large scale instruments, such synchrotron radia-
tion [166–172] or neutron [72,78,103,166,173,174] fa-
cilities are needed.

To describe the hierarchical structure, we have
used optical, scanning electron as well as transmis-
sion electron (TEM) and scanning transmission elec-
tron microscopes (STEM) [89,91,92,175]. We have
thus described these biological entities at the mil-
limeter, micrometer, and nanometer scales. If the el-
ementary composition can be given by EDX spec-
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Figure 16. (a) Characteristic pseudocubic
morphology of Wk as seen by FE-SEM and
corresponding EDX spectrum, (b) in which
the contributions of C (Kα = 0.277 keV), O
(Kα = 0.525 keV), Mg (Kα = 1.253 keV), P
(Kα = 2.014 keV), and Ca (Kα = 3.691 keV,
Kβ = 4.012 keV) are clear. Note the presence of
a sum peak (SP) due to the coincidence of two
O Kα photons.

troscopy at submicrometer scale, other X-ray fluo-
rescence spectroscopy which are more sensitive but
associated with less spatial resolution can give com-
plementary information [176,177]. Regarding elec-

tron microscopy, electron energy-loss spectroscopy
can be used to describe the local environment of el-
ements and can be thus considered as a very ex-
citing way to complete information given by EDX
spectroscopy. Recent studies have proved that EELS
can provide highly relevant information concerning
the formation mechanisms of these entities [175,178–
182].

Finally, X-ray absorption spectroscopy [183–185],
which uses synchrotron radiation as a probe, offers
major structural and electronic information regard-
ing the local structure of materials of medical inter-
est encompassing those without long range order
such as Pt anticancer molecules [123,138,186] or
nanometer scale particles [187–190]. In our case, we
have used XAS to describe the local environment of
trace elements present in different pathological cal-
cifications [155,169,191–193], thus obtaining a more
precise chemical description than the one obtained
by EDX spectroscopy but quite similar to the ones
gathered by EELS [175,178–182].

13. A major perspective: environmental SEM

Among the different major developments related to
SEM, we have to underline the one published by
Robinson [194,195], which has modified the vacuum
system of a scanning electron microscope in order
to be able to study hydrated specimens. According
to this pioneer work, such modification has enabled
the observation of biological specimens partially im-
mersed in water at temperatures just above 0 °C with
a spatial resolution of approximately 0.2 µm.

Thanks to several major improvements, environ-
mental SEM now constitutes an indispensable tool
for life and medical sciences [196–198]. Environmen-
tal SEM offers a unique opportunity to image wet and
insulating materials such as bacteria biofilm [199–
201]. At this point, it is worth to underline that special
attention has to be paid to the protocol preparation
in order to avoid effects of irradiation [202,203]. In
some publications, the possibility to collect SEM im-
ages of live cells as well as live bacteria has been un-
derlined and a recent publication has discussed this
possibility [204].

Regarding urology, environmental SEM has been
used to investigate the formation of biofilm on med-
ical device [205,206]. Recently, Fernández-Delgado
et al. [206] have used environment SEM to study the
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pathogenesis of biofilm on the surface of urinary
catheters induced by a human pathogen namely
Proteus mirabilis. Their study shows, for the first
time, the ability of clinical and environmental P.
mirabilis strains to develop contrasting biofilms on
chitin and stainless steel surfaces. In the case of
pathological calcifications, environmental SEM may
play an important role for a better understanding of
the relationship between bacteria and struvite, for
example [207].

14. Conclusion

The selected examples discussed clearly show that
SEM constitutes a major tool used in many research
fields encompassing medical diagnosis, the action of
drugs on concretions (here KS), and the description
of growth processes of pathological calcifications. Ac-
tually, SEM acts at the interfaces between medical
diagnosis and research in addressing challenging is-
sues. However, it is quite probable that SEM devices
will soon be introduced into anatomical pathology
laboratories. Moreover, combined with other charac-
terization and modeling techniques, we can expect
exploration and understanding the origin of calcifi-
cations at the atomic scale. This concerted approach
will enable us to tackle the multi-scale challenge of
linking medical diagnosis with the atomic structure
of the pathology.
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[177] S. Kaščáková, C. M. Kewish, S. Rouzière, F. Schmitt,
R. Sobesky, J. Poupon, C. Sandt, B. Francou, A. Somogyi,
D. Samuel, E. Jacquemin, A. DubartKupperschmitt, T. H.
Nguyen, D. Bazin, J.-C. DuclosVallée, C. Guettier, F. Le Naour,
J. Pathol. Clin. Res., 2016, 2, 175-186.

[178] M. M. Kłosowski, R. J. Friederichs, R. Nichol, N. Antolin,
R. Carzaniga, W. Windl, S. M. Best, S. J. Shefelbine, D. W.
McComb, A. E. Porter, Acta Biomater., 2015, 20, 129-139.

[179] K. Nitiputri, Q. M. Ramasse, H. Autefage, C. M. McGilvery,
S. Boonrungsiman, N. D. Evans, M. M. Stevens, A. E. Porter,
ACS Nano, 2016, 10, 6826-6835.

[180] S. Boonrungsiman, E. Gentleman, R. Carzaniga, N. D. Evans,
D. W. McComb, A. E. Porter, M. M. Stevens, Proc. Natl. Acad.
Sci. USA, 2012, 109, 14170-14175.

[181] V. Srot, B. Bussmann, U. Salzberger, J. Deuschle, M. Watan-
abe, B. Pokorny, I. Jelenko Turinek, A. F. Mark, P. A. van Aken,
ACS Nano, 2017, 11, 239-248.

[182] V. Srot, U. G. K. Wegst, U. Salzberger, C. T. Koch, K. Hahn,
P. Kopold, P. A. van Aken, Micron, 2013, 48, 54-64.

[183] D. E. Sayers, E. A. Stern, F. W. Lytle, Phys. Rev. Let., 1971, 27,
1204-1207.

[184] F. W. Lytle, D. A. Sayers, E. A. Stern, Phys. Rev. B, 1975, 11,
4825-4835.

[185] E. A. Stern, D. E. Sayers, F. W. Lytle, Phys. Rev. B, 1975, 11,
4836-4846.

[186] R. Oun, Y. E. Moussa, N. J. Wheate, Dalton Trans., 2018, 47,
6645-6653.

[187] X. Yang, M. Yang, B. Pang, M. Vara, Y. Xia, Chem. Rev., 2015,
115, 10410-10488.

[188] D. Bazin, D. A. Sayers, J. J. Rehr, J. Phys. Chem. B, 1997, 101,
11040-11050.

[189] D. Bazin, D. A. Sayers, J. J. Rehr, C. Mottet, J. Phys. Chem. B,
1997, 101, 5332-5336.

[190] D. Bazin, J. J. Rehr, J. Phys. Chem. B, 2003, 107, 12398-12402.
[191] D. Bazin, A. Dessombz, C. Nguyen, H. K. Ea, F. Lioté,

J. Rehr, C. Chappard, S. Rouzière, D. Thiaudière, S. Reguer,
M. Daudon, J. Synchrotron Radiat., 2014, 21, 136-142.

[192] C. Nguyen, H. K. Ea, D. Thiaudiere, S. Reguer, D. Hannouche,
M. Daudon, F. Lioté, D. Bazin, J. Synchrotron Radiat., 2011,
18, 475-480.

[193] D. Bazin, X. Carpentier, I. Brocheriou, P. Dorfmuller,
S. Aubert, C. Chappard, D. Thiaudière, S. Reguer, G. Waychu-
nas, P. Jungers, M. Daudon, Biochimie, 2009, 91, 1294-1300.

[194] V. N. Robinson, J. Microsc., 1975, 103, 71-77.
[195] V. N. Robinson, Microsc. Today, 1997, 5, 14-15.
[196] P. Mestres, N. Putz, M. Laue, Microsc. Microanal., 2003, 9,

490-491.
[197] S. Thiberge, A. Nechushtan, D. Sprinzak, O. Gileadi, V. Behar,

O. Zik, Y. Chowers, S. Michael, J. Schlessinger, E. Moses, Proc.
Natl. Acad. Sci. USA, 2004, 101, 3346-3351.

[198] S. Guthrie, “Exploration of the use of ESEM for the study of
biological materials”, PhD Thesis, University of Cambridge,
UK, 2008.

[199] I. B. Beech, C. W. S. Cheung, D. B. Johnson, J. R. Smith,
Biofouling, 1996, 10, 65-77.

[200] J. H. Priester, A. M. Horst, L. C. Van De Werfhorst, J. L. Saleta,
L. A. K. Mertes, P. A. Holden, J. Microbiol. Methods, 2007, 68,
577-587.

[201] L. Bergmans, P. Moisiadis, B. Van Meerbeek, M. Quirynen,
P. Lambrechts, Int. Endod. J., 2005, 38, 775-788.

[202] A. M. Donald, Nat. Mater., 2003, 2, 511-516.
[203] J. E. McGregor, L. T. L. Staniewicz, S. E. Guthrie Neé Kirk,

A. M. Donald, Methods Mol. Biol., 2013, 931, 493-516.
[204] N. de Jonge, D. B. Peckys, ACS Nano, 2016, 10, 9061-9063.
[205] A. Trinidad, A. Ibáñez, D. Gómez, J. R. García-Berrocal,

R. Ramírez-Camacho, “Application of environmental scan-
ning electron microscopy for study of biofilms in medi-
cal devices”, in Microscopy: Science, Technology, Applica-
tions and Education (A. Méndez-Vilas, J. Díaz, eds.), Mi-
croscopy Book Series, Formatex Research Center, Badajoz,
Spain, 2010, 204-210.

[206] M. Fernández-Delgado, Z. Duque, H. Rojas, P. Suárez,
M. Contreras, M. A. García-Amado, C. Alciaturi, Ann. Micro-
biol., 2015, 65, 1401-1409.

[207] E. J. Espinosa-Ortiz, B. H. Eisner, D. Lange, R. Gerlach, Nat.
Rev. Urol., 2019, 16, 35-53.



Comptes Rendus
Chimie
2022, Vol. 25, Special Issue S1, p. 61-72
https://doi.org/10.5802/crchim.89

Microcrystalline pathologies: Clinical issues and nanochemistry / Pathologies
microcristallines : questions cliniques et nanochimie

Using micro computed tomographic imaging for

analyzing kidney stones

James C. Williams Jr∗, a, James E. Lingemanb, Michel Daudon c , d

and Dominique Bazin e

a Department of Anatomy, Cell Biology & Physiology, Indiana University School of
Medicine, Indianapolis, Indiana, USA
b Department of Urology, Indiana University School of Medicine, Indianapolis,
Indiana, USA

c UMR S1155, INSERM/UPMC, 4 Rue de la Chine, 75970 Paris Cedex 20, France

d AP-HP, Hôpital Tenon, Explorations fonctionnelles multidisciplinaires, 4 Rue de la
Chine, 75970 Paris Cedex 20, France

e Université Paris-Saclay, CNRS, Institut de Chimie Physique, 310 rue Michel Magat,
91400 Orsay, France

E-mails: jwillia3@iu.edu (J. C. Williams Jr), JLingeman@IUHealth.org
(J. E. Lingeman), michel.daudon@tnn.aphp.fr (M. Daudon),
dominique.bazin@universite-paris-saclay.fr (D. Bazin)

Abstract. Stone analysis is a critical part of the clinical characterization of urolithiasis. This article
reviews the strengths and limitations of micro CT in the analysis of stones. Using micro CT alone in a
series of 757 stone specimens, micro CT identified the 458 majority calcium oxalate specimens with a
sensitivity of 99.6% and specificity of 95.3%. Micro CT alone was also successful in identifying majority
apatite, brushite, uric acid, and struvite stones. For some minor minerals—such as apatite in calcium
oxalate or calcium salts in uric acid stones—micro CT enables the detection of minute quantities well
below 1%. The addition of a standard for calibrating X-ray attenuation values improves the ability of
micro CT to identify common stone minerals. The three-dimensional nature of micro CT also allows
for the visualization of surface features in stones, which is valuable for the study of stone formation.
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1. Introduction

Urinary stone analysis is an essential part of the
diagnosis and treatment of stone diseases [1–3],
but the laboratory methods used for stone analysis

∗Corresponding author.

have remained largely unchanged for seventy years,
involving the manual dissection of stones followed
by molecular spectroscopy for mineral identification
[4–6]. One technology that remains relatively novel

in the field of stone analysis is micro computed to-
mographic imaging (micro CT) [7–9].

The method was first applied to kidney stones for
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study of the mechanisms of stone breakage by shock
wave lithotripsy [10], and in those studies it became
clear that micro CT could provide exquisite detail
of the structure of urinary stones. It has now been
applied to the analysis of urinary stones for over a
decade [7,11], for different kinds of kidney stones in-
cluding those of calcium oxalate [12–14], apatite [15],
brushite [16], cystine [17], and uric acid [18].

Despite the extensive use of micro CT in imag-
ing urinary stones, little has been published on how
well micro CT performs, by itself, in identifying stone
mineral. The purpose of the present paper is to in-
troduce the technology to those unfamiliar with it, to
present data on the accuracy of stone analyses done
using micro CT alone, to propose a simple method
for standardizing X-ray attenuation values to aid in
identification of mineral type by micro CT, to de-
scribe the characteristics of different minerals as they
appear by micro CT, and to show the potential of
micro CT to accurately report the three-dimensional
structure of stones.

2. Basics of micro CT imaging

The basic operation of a micro CT system is illus-
trated in Figure 1. The process is very much like
the old “step-and-shoot” clinical CT systems [19], ex-
cept that with micro CT the specimen itself is ro-
tated and not the X-ray source/detector. The speci-
men is mounted in the path of a microfocus X-ray
source and the shadow of the specimen is collected
by a high-resolution X-ray camera. After one image is
collected, the specimen is rotated slightly (e.g., 0.7°)
and a new image collected. This is repeated until at
least 180° of rotation is captured. The set of shadow
images can then be converted to tomographic image
slices using the Feldkamp method [20].

The size of specimens for micro CT is generally
limited to a few centimeters in dimension, and to
obtain the high-resolution characteristic of micro
CT, the intensities of X-rays are high and the expo-
sure times are relatively long (typically 15–30 min of
continuous irradiation, which is generally inappro-
priate for living things, although for intermediate-
resolution, it is possible to use micro CT in laboratory
animals [21]).

3. Methods

This paper provides an overview of the method of
micro CT, but also gives results of a study designed
to test how well micro CT can analyze stones by it-
self. Most of the stones analyzed for the present pa-
per were collected as part of an ongoing study of kid-
ney stones, in which patients are consented for study
under the Indiana University Internal Review Board
(under guidelines from the United States Health and
Human Services Office of Human Subjects protec-
tion). The rest of the stones were obtained as de-
identified specimens, in large part as discards from
a stone analysis laboratory (Beck Analytical, Green-
wood, IN, USA), but also as de-identified specimens
provided by other research groups for analysis. Each
stone specimen was rinsed and dried at room tem-
perature. It was then scanned using the Skyscan 1172
Micro CT system (Bruker, Kontich, Belgium), typi-
cally using 60 kVp, 0.5 mm Al filter, and 0.7° rotation
step for final (cubic) voxel sizes of 2–12 µm. Stones
were typically mounted in Styrofoam for scanning, as
that material is remarkably X-ray lucent.

Following micro CT imaging, the minerals present
were tentatively identified by a single investigator
(JCW) using only photographs of the stones and
the micro CT image stacks. Portions of each stone
specimen were then dissected away and analyzed
using conventional Fourier-transform infrared spec-
troscopy (FT-IR, using the KBr pellet method). If the
results of the FT-IR analysis did not account for all the
apparently different minerals seen by micro CT, more
samples were run by FT-IR. The FT-IR results were
used as ground truth for the mineral composition of
each specimen, and the micro CT observations taken
beforehand (i.e., blinded to the FT-IR) were graded as
correct or incorrect.

Standardizing the X-ray attenuation values for
micro CT with stones (e.g., establishing CT num-
bers as Hounsfield units) is extremely problematic
because of the wide range of stone sizes scanned
(over 4 orders of magnitude, from about 0.05 to over
1000 mm3). In general, there is no way to correctly
adjust beam hardening correction during image re-
construction to compensate for such dramatic varia-
tions in sample volume [22]. Additionally, we always
maximize the magnification in the Skyscan 1172 mi-
cro CT system for each specimen to gain the best
resolution possible. While it would be possible to
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Figure 1. Basic scheme of micro CT. (A) The X-ray source shines a cone beam onto the specimen and the
shadow of the specimen is captured using a high-resolution digital camera. The specimen is rotated in
steps and a shadow image (B) collected at each step. The collection of rotation images is then processed
mathematically to yield image slices (C). COM: calcium oxalate monohydrate.

run a comparably sized standard at each magnifica-
tion used for imaging stone specimens, this would
be terribly impractical. To overcome this difficulty,
we recently have been including a stone standard
with the micro CT scan of at least one sample within
each patient specimen. The stone standard is com-
posed of FT-IR-verified calcium oxalate monohydrate
(COM) and uric acid and is about 2 mm in diame-
ter (Figure 2). Inclusion of this standard has allowed
standardization of apparent X-ray attenuation values
within any scan. Apparent attenuation values were

mapped to an arbitrary scale in which the attenua-
tion of the uric acid standard portion was taken to be
4500 and that of COM was 17,500 (to match arbitrary
CT numbers seen in an earlier study [8]).

Three-dimensional (3D) imaging of micro CT im-
age stacks was done using the 3D Viewer plugin on
ImageJ [24].

In displaying 3D surface renderings of stones, we
have sometimes encountered individuals who mis-
takenly presume that such images are similar to scan-
ning electron microscopy (SEM). To demonstrate
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Figure 2. Example of a patient specimen
scanned along with the COM/uric acid stan-
dard. Top shows image slice of micro CT of
specimen, right, and standard, left. Regions-of-
interest (ROI’s) are shown as drawn within this
image, and histograms of pixel values within
each ROI are shown below. Note that the CT
numbers from image slice have been trans-
formed to match the arbitrary scale previously
published [8]. For comparison, the actual linear
attenuation coefficient (µ) of uric acid at this
voltage is approximately 0.40/cm for uric acid
stones, and 1.01/cm for COM [23].

the differences between these methods, some stones
were also imaged using SEM, using a Zeiss SUPRA
55VP field emission-scanning electron microscope.
In order to preserve the structural and the chemical
integrities, the SEM observations were made at low
voltage (1.4 keV) and without the usual deposits of
carbon at the surface of the sample [25].

4. Results and discussion

Overall accuracies for mineral identifications using
micro CT are shown in Table 1. The data show that
micro CT by itself is relatively useful for analyzing
stones, but that significant errors did occur. In par-
ticular, infrequent stone types were never correctly
identified using micro CT alone. This was expected,
as an absence of experience with a rare mineral pre-
cluded the chance of recognizing peculiar morpholo-
gies, even if they were present. For example, we have
examined only a handful of specimens containing
any whitlockite, and no consistent morphology of
this mineral has been apparent by micro CT, but we
cannot rule out the possibility that this mineral could
be recognized using micro CT with more experience.
A great many of the organic materials (all the urates,
1-methyl uric acid, dihydroxyadenine, matrix stone)
had an X-ray attenuation value similar to that of uric
acid, also without apparent uniqueness of morphol-
ogy by micro CT.

The distribution of mineral types in this series re-
flects the fact that the stone specimens came primar-
ily from a urology practice that receives a great many
referrals for difficult stone cases. Thus it is that 7.7%
of the specimens were majority brushite and 1.5%
cystine stones, both of which are considerably higher
proportions than seen in most studies [26]. Similarly,
the proportion of calcium oxalate stones in this series
was correspondingly low (60.5%).

Identification of apatite as the major mineral us-
ing micro CT alone was the most problematic of the
common minerals, with a sensitivity of only 88.5%
for 114 specimens. This is partly due to the remark-
able variability in morphology of apatite stones [15],
and the wide variation in X-ray attenuation of ap-
atite mineral in stones (see more on this below).
Early in the series, there were also a few instances
of confusing densely packed brushite with COM,
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Table 1. Overall accuracy of micro CT analysis used by itself to identify majority mineral among 757
urinary stone specimens

Major mineral Number Sensitivity (%) Specificity (%)

Calcium oxalate 458 99.6 95.3

Apatite 114 88.5 99.2

Brushite 58 89.7 99.6

Uric acid 56 96.4 99.4

Struvite 49 93.9 99.6

Cystine 11 90.9 99.6

Ammonium acid urate 3 0 99.6

1-methyl uric acid 1 0 100

Sodium acid urate 1 0 100

Mixed urates 1 0 100

Calcium tartrate tetrahydrate 1 0 100

Dihydroxyadenine 1 0 100

Matrix stone 1 0 100

Octacalcium phosphate 1 0 100

Whitlockite 1 0 100

Sensitivity is calculated as the number of correct identifications divided
by the total number of specimens of that majority mineral (as verified by
spectroscopic analysis). Specificity is the proportion of specimens correctly
identified as not being composed of that majority mineral; less than 100%
specificity indicates that there was at least one specimen that was incorrectly
identified as being composed of that majority mineral.

two forms which can appear with remarkably simi-
lar morphology by micro CT (also described more be-
low). This confusion between COM and brushite has
been largely eliminated in recent years by using an
attenuation standard (Figure 2).

4.1. Variation in attenuation values for stone
mineral in micro CT

Using a single mineral standard (composed of COM
and uric acid, Figure 2) that was included with micro
CT scans, the apparent attenuation values for a vari-
ety of minerals is shown in Figure 3. Note that even
though the mineral in each of the regions tested was
verified by FT-IR, the X-ray attenuation values var-
ied within each mineral type. This presumably is due
to variation in the density of mineral crystals within
the stone matrix [27]. Nevertheless, these attenua-
tion measurements have proved to be very useful in
identifying mineral on micro CT scan. For example, a

specimen that yields X-ray attenuation in the middle
range (7000–12,000) can subsequently be identified
by its visual appearance: If it consists of dull brown,
polygonal crystals, it is likely to be calcium tartrate
tetrahydrate [28]; if it consists of sparkling crystals, it
is almost certainly cystine [5]; if the crystals are white,
or the stone consists of rather coarse layers, the stone
is probably composed of struvite [2]. Similarly, the
higher attenuation of brushite than the COM in the
standard has enabled more accurate identification of
densely packed brushite stones and eliminated the
confusion with COM that had sometimes occurred in
the past.

4.2. General appearance of calcium oxalate by
micro CT

Several micro CT images of COM and of calcium
oxalate dihydrate (COD) have already been pub-
lished [7,12,29], but the most common forms that we



66 James C. Williams Jr et al.

Figure 3. Variation in attenuation values for
urinary stone minerals, all measured against
the same standard of COM and uric acid (Fig-
ure 2). Numerals indicate the number of differ-
ent specimens measured. Each measurement
was done on a region of stone specimen that
had been confirmed in its composition using
infrared spectroscopy. Plots show boxes to indi-
cate first and third quartiles, with the horizon-
tal line indicating the median. Whiskers extend
to the outermost point or to 1.5 times the in-
terquartile distance (whichever is smaller). The
outlier point (for uric acid) shows a specimen
with an attenuation value more than 1.5 times
the interquartile distance below the first quar-
tile. COD: calcium oxalate dihydrate. Tartrate:
calcium tartrate tetrahydrate.

have seen consist of tightly packed COM, of stones
with obvious shapes of COD crystals some of which
have been converted to COM [5], and others com-
posed mainly of unconverted COD (Figure 4). Panel A
shows a typical stone composed of tightly packed
COM (type Ia [2]). By micro CT the COM appears as
a rather homogeneous gray. Void regions are com-
monly seen in such stones, and the presence of
any apatite is easily recognized [27]. In stones with
less-tightly packed COM, the outlines of COM re-

gions are sometimes suggestive of the characteristic
polygons of COD crystals. Polygonal surface crystals
were quite obvious in the stone shown in Figure 4B,
where the crystal shapes are easy to see on the pho-
tograph of the stone surface. This stone was appar-
ently formed initially as COD but with subsequent
conversion of almost all of the COD to COM. Uncon-
verted COD crystals are apparent in Figure 4C, along
with the early stages of conversion to COM, which in-
terestingly can occur from within the interior of the
COD crystal [30].

4.3. Apatite by micro CT

Figure 5 shows some common morphologies of ma-
jority apatite stones. Apatite is the stone mineral with
the highest effective atomic number [31], and so it
commonly shows up in micro CT as the brightest
(most X-ray attenuating) mineral, but it is also clear
that apatite can be present in stones in some kind
of low-density form. This is seen in the common lay-
ering morphology of apatite, with alternating bright
and dark layers [15,32]. Extensive analysis of layered
apatite stones (not containing calcium oxalate) us-
ing FT-IR has never revealed any mineral in the dark
layers other than apatite. This is consistent with the
description of type IVa stones with concentric layer-
ing by Daudon et al., who also found only apatite in
this morphology of apatite stone [2]. Similarly, larger
X-ray-dark regions within an apatite stone (as shown
by the asterisk in Figure 5) always have shown in our
experience only apatite by FT-IR. Thus it seems cer-
tain that apatite can deposit in stones in both an
X-ray dense form and also with lower densities of
mineral content (presumably suspended in organic
material). Figure 5B shows a stone in which apatite
layers alternate with COD (the IIa + IVa morphol-
ogy, commonly occurring with hypercalciuria [33]).
Panel C shows an apatite stone with a large, cen-
tral region of lower X-ray attenuation and with a thin
shell composed of COM.

4.4. Brushite by micro CT

Several micro CT images of brushite stones are al-
ready published [12,16,32,34], but the two primary
morphologies seen by micro CT are shown in Fig-
ure 6. When the brushite in stones manifests as long,
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Figure 4. Typical morphologies of calcium
oxalate stones as seen by micro CT. Insets
show photographs of stones on mm paper.
(A) Type Ia stone, probably on Randall’s plaque,
shows the rather homogeneous gray appear-
ance of tightly packed COM. (B) Stone show-
ing COD crystal shapes but in which the COD
has been almost entirely converted to COM.
(C) Stone composed mainly of COD, but show-
ing the beginning stages of conversion to COM.
In stones forming as COD crystals, it was com-
mon to see the interstices filled with apatite
(panels B and C), as has been previously de-
scribed [30].

radial crystals, it is quite distinctive and easy to recog-
nize (Figure 6A). When brushite occurs with calcium
oxalate, it is also easy to distinguish, as its X-ray atten-
uation is generally brighter than that of the oxalates,
as shown in multiple examples in reference [16]. In
contrast, we have often been fooled in the past by
brushite stones in which the mineral is compact (Fig-
ure 6B), and this was the primary source of false pos-
itives for COM (Table 1). When a stone specimen is
scanned with a standard containing COM, recogni-
tion of compact brushite stones by their X-ray atten-
uation has been straightforward.

4.5. Uric acid by micro CT

The accuracy of identifying uric acid stones solely by
micro CT was good (Table 1), but undoubtedly the
unique colors of these stones played some role in
their being so easily recognized. For example, when
one has a urinary stone that is orange in color, the
subsequent discovery of it being composed of uric
acid is not surprising. Nevertheless, the identification
of uric acid by micro CT is still likely to be quite accu-
rate without seeing the color of the stone, as its X-ray
attenuation value is by far the lowest of the major
minerals. As shown in Figure 7, if one adjusts the mi-
cro CT image so that the details of any calcium salts
are visible, uric acid appears almost as dark as air.

As shown in Figure 7A, even rather pure uric acid
stones almost always had inclusions of calcium salts,
which most commonly were found to be COM (if the
inclusions were large enough to analyze spectroscop-
ically). Out of the 55 specimens containing major-
ity uric acid, only 2 showed no inclusions of calcium
salts by micro CT, but quite a few showed calcium
salts as <1% of the total volume of the stone, a level
that is not likely to be detected spectroscopically.
In a larger series, about 12% of majority uric acid
stones were found to be pure [26], but the macro-
scopic methods used for analysis in that series were
unlikely to have detected the presence of calcium
salts with volume <1% of the total [35]. The content
of calcium salts in uric acid stones may have clinical
consequences, as this is a likely cause for failure of
dissolution therapy [36].

4.6. Struvite by micro CT

Recognition of struvite in urinary stones is relied
upon as a clinical indicator of infection [37], but anal-
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Figure 5. Apatite stones most commonly show
alternation of X-ray-dense and more lucent
layers, and often relatively large X-ray-lucent
regions (*). Spectroscopic analysis of X-ray-
lucent regions in apatite stones has always
shown only apatite, but sometimes with an in-
crease in the protein content of the material.
(A) A typical apatite stone, pure by spectro-
scopic analysis. (B) An example of the IVa + IIa
morphology, with COD crystals between ap-
atite layers. (C) An apatite stone that has thin
layers of COM at its surface.

ysis of struvite by commercial laboratories has been
shown to be the most problematic of all the major
stone minerals [38]. Similarly, our recognition of stru-

Figure 6. Brushite stones. (A) Brushite with
radial crystals, which are quite distinctive by
micro CT. (B) Brushite in a more compact
form, which can be easily mistaken for COM by
micro CT. Inclusion of a COM standard with the
micro CT scan can make identification of
brushite easier because brushite tends to have
a higher X-ray attenuation than does COM (see
Figure 3).

vite solely by micro CT has not been without error;
in our series of stones shown in Table 1, there were
49 specimens with majority struvite and 3 of these
were missed (along with another 3 specimens falsely
identified as struvite). Failure to identify struvite as
a minority mineral has been even more common in
our specimen series, as infection stones commonly
present with alternating layers of apatite and stru-
vite [2]. When the apatite dominates by volume and
the struvite layers are relatively thin, it is quite easy
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Figure 7. Uric acid in stones has the lowest
X-ray attenuation values of the common stone
minerals. (A) A typical uric acid stone, nearly
pure (93% uric acid by volume). (B) A stone
with alternating layers of uric acid and COM.
In both (A) and (B) the uric acid was of the
anhydrous form by spectroscopic analysis, but
the dihydrate form of uric acid looks exactly the
same by micro CT.

to miss the minor content of struvite by micro CT.
When the struvite layers are thicker, one can more
easily recognize the middle-level of X-ray attenua-
tion of the struvite (Figure 3) and identify that min-

Figure 8. Struvite stones. Infection stones are
commonly of large size, and thus usually ap-
pear for analysis as multiple fragments re-
trieved from a suction reservoir following en-
doscopy. (A) Multiple fragments from a large
stone, scanned en masse in a plastic container.
Note that the X-ray attenuation of struvite is
rather low, but struvite stones commonly also
contain apatite. (B) Higher resolution of a stru-
vite stone fragment to show the typical mi-
crostructure of this type of stone.

eral properly.
In our experience, struvite is most commonly en-

countered in large stones, which for analysis often
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consist merely of fragments that have been recov-
ered from the saline suction reservoir, as shown in
Figure 8A. In this setting, it is generally easy to rec-
ognize struvite fragments by their mid-range values
for X-ray attenuation (Figure 3), invariably accompa-
nied by fragments containing apatite. Figure 8A also
illustrates the ability of micro CT to scan a large spec-
imen of stone fragments at once. It should be noted,
though, that the scanning of such a large specimen
generally can be done only at lower values for im-
age resolution, and usually with increased noise in
the image. Some micro CT systems have the ability to
scan such large specimens at high resolution, but the
scan times are correspondingly long and the image
files excessively large. An alternative is to scan collec-
tions of fragments at lower resolution and then select
single fragments for scanning at higher resolution, as
shown in Figure 8B, which shows coarse crystals of
struvite sandwiched by apatite.

4.7. 3D surface renderings using micro CT

Because the micro CT image stack is typically com-
posed of cubic voxels, it is a straightforward process
to carry out a surface rendering to reveal 3D struc-
ture. This method is especially powerful for small
stones, which can be scanned at high resolution.
Figure 9 shows such an example of very early growth
of a COM stone onto a piece of Randall’s plaque
that was pulled from the tip of the renal papilla. The
surface renderings (shown in panels A and C) show
collecting duct lumens with great clarity. However,
the mineralized tubules at the edge of the Randall’s
plaque (such as that indicated by the left arrowhead
in the slice image shown in panel B) were not visu-
alized by the surface rendering method, presumably
because of unevenness in the X-ray attenuation of
the apatite in Randall’s plaque. Note that the pho-
tograph in Figure 9A does not show the collecting
ducts so easily seen in the micro CT surface render-
ing. This is probably because the surface of the stone
was covered with X-ray-lucent organic material (in-
cluding epithelium covering the plaque and lining
the lumens of the collecting ducts) that obscured the
view in the photograph.

Surface rendering with micro CT cannot provide
the surface detail visible using SEM, as shown in
Figure 10. The surface rendering easily shows the re-
gion of Randall’s plaque—which is also easily seen

Figure 9. Using micro CT to visualize struc-
tures in three dimensions (3D). Shown are im-
ages of a small calculus that had been adher-
ent to the renal papilla. The bulk of the “stone”
was actually well-developed Randall’s plaque,
with a small region of COM overgrowth from
the urine. (A) 3D surface rendering showing the
side of the calculus that faced the urine. Lu-
mens of collecting ducts (about 100–150 µm
in diameter) through the mineralized plaque
are obvious. (B) Micro CT slice through part
of the calculus showing COM overgrowth and
the lumens of thin limbs and vessels within the
plaque region (arrowheads). (C) Surface ren-
dering of the underside of the calculus. Micro
CT scan of this calculus was high resolution
(2.08 µm voxel size).

in the photograph—but with very little detail on the
plaque. Because this stone was much larger than the
calculus shown in Figure 9, it could not be scanned
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Figure 10. Comparison of the ability of micro CT to show surface features with the superior ability
of scanning electron microscopy (SEM). Inset upper right shows stone with apparent Randall’s plaque
umbilication (arrowhead). Inset upper left shows micro CT surface rendering from an image stack (with
5.9 µm cubic voxels). The plaque region is recognizable in the micro CT surface rendering but is unable
to show the detail apparent by SEM (background and inset lower right).

with as high a resolution, and so the quality of the
3D rendering is correspondingly lower. Surface de-
tails are seen much more clearly with SEM.

5. Conclusion

Micro CT is a powerful tool for visualizing urinary
stones. The X-ray attenuation values of common
stone minerals allow easy visualization of stone
structure and mineral identification, especially if an
attenuation standard is included with a specimen.
However, micro CT alone cannot identify many rarer
stone types, which still require spectroscopic analy-
sis. The 3D rendering capabilities of micro CT pro-
vide insight into the structure of nascent stones,
and thus this method has great value in the study of
pathophysiological mechanisms of stone disease.
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1. Introduction

Urinary stone disease is a common condition, and
its prevalence is increasing worldwide. Current
incidence varies among different countries from
1% to 20% and can constitute major costs for health
care systems as well as significantly decrease the
quality of life for people with the disease [1,2]. Early
diagnosis could aid in prescribing treatment that
prevents urinary stone growth and avoid more ex-
pensive and, in severe cases, invasive stone removal
procedures [3].

Urinary stone formation processes are believed
to be caused by urinary saturation with typical uri-
nary stone forming materials such as calcium ox-
alate, uric acid, various urates, calcium phosphates,
amorphous phosphates, and magnesium ammo-
nium phosphate hexahydrate (struvite). This leads
to formation of urinary deposits (or sediments) that
are indicative of urolithiasis [4–6]. Less commonly,
urinary deposits can also be constituted from cys-
tine [7], various lipids [8], and metabolites of some
drugs [9,10] that contribute to the stone formation
processes. Qualitative chemical analysis of chemi-
cal composition of urinary sediments plays an im-
portant role in taking early preventive measures to
stop urinary stones from forming or growing [4,6,11].
Such analysis is usually challenging because of their
small size, brittleness and inhomogeneity [12]. Opti-
cal microscopy is currently considered the gold stan-
dard for this purpose, and it is the only method used
in clinical practice [10,13]. Visual morphology-based
inspection of urinary sediments is, however, not pre-
cise enough, since it is based on the examination
of the shapes of sediments and cannot be reliable
when the structure of these sediments is atypical or
amorphous or consists of multiple components.

Alternative methods to optical microscopy are
still in high demand in the medical field for qual-
itative and quantitative chemical analysis of uri-
nary deposits. The chemical composition of urinary
stones is routinely analysed using vibrational spec-
troscopy [12,14–20], X-ray diffraction [19,21], and
scanning electron microscopy with element distri-
bution analysis (SEM-EDAX) [22]. For urinary sedi-
ments, SEM-EDAX experiments have also been car-
ried out, but information about the chemical com-
position of the sample provided by such experi-
ments are not accurate enough [23]. More reliable

results have been obtained by means of infrared
(IR) microspectroscopy, but the quality of the re-
sults is very dependent on the size of the sediment
under study, which is also limited to approximately
10 µm [12,24,25]. In addition, IR spectra of urinary
deposits can be significantly affected by Mie scatter-
ing, which seriously obstructs analysis [24]. Finally,
larger crystals cannot be measured in the transmis-
sion mode of the IR microscope without additional
sample preparation, and the specular reflection sig-
nal that could be used instead suffers from spectral
distortions that are difficult to correct for [14]. Ra-
man spectroscopy is a method complementary to IR
microspectroscopy, but it offers higher spatial reso-
lution, meaning that smaller samples can be anal-
ysed [25,26]. It also allows the challenges posed by
analyzing Mie scattering or reflectance IR spectra to
be overcome. The main disadvantage of the method,
fluorescence that can overwhelm the Raman scatter-
ing signal, can be suppressed or even eliminated by
using a Fourier transform (FT) Raman spectrometer
that employs a near-IR (NIR) laser for excitation of
Raman scattering.

In Raman spectroscopy experiments [27], a
monochromatic light source, usually a laser, is em-
ployed to excite the molecules of a sample. Fluores-
cence that interferes with the Raman signal origi-
nates when a molecule is excited to higher electronic
energy states. It happens when the energy of the laser
photons exceeds the gap between the electronic en-
ergy levels of the molecule. This is especially criti-
cal issue for “real life” samples the molecular com-
pounds of which might not possess electronic tran-
sition in the visible spectral region but very often
are contaminated with fluorescent impurities such
as various pigments. Such impurities cannot always
be removed from the sample, as is the case for uri-
nary sediments [28,29]. Using lasers of longer wave-
length reduces the probability of such electronic
excitation and, in turn, occurrence of fluorescence.
Since over the past decades NIR laser sources have
become widely available, their implementation in
Raman spectroscopy experiments has been gaining
popularity in various fields, especially in biology and
medicine [30]. It has been used in a few case stud-
ies for identification of unrecognized crystals in the
urine of patients suffering from gout [31] and pso-
riatic arthritis [32]. It has also been recently shown
that a dispersive Raman spectroscopy system using
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785 nm excitation can be useful for the identification
of small urinary crystals in patients with urolithia-
sis [33,34]. Automatic analysis of single-component
deposits has also proven to be possible [33]. In
this work, we specifically examined the potential of
FT–Raman spectroscopy with 1064 nm laser excita-
tion to explore the chemical composition of urinary
sediments. This approach can further improve the
sensitivity for identifying such sediments by reduc-
ing fluorescence background. Importantly, we inves-
tigated the chemical composition of urinary stones
from the same patients with urolithiasis to determine
whether direct correlation between the composition
of the corresponding stones and the deposits exists.

2. Material and methods

For the duration of one year of the project de-
scribed here, urine samples of every patient with
acute uronephrolithiasis hospitalised at the Urology
Centre of Vilnius University Santaros Clinics were
collected—fifteen in total. The samples were inves-
tigated with NIR Raman spectroscopy. The chemical
composition of the urinary stones removed from the
same patients was also checked by means of FTIR
spectroscopy. For the stones, this bulk analysis tech-
nique allows better identification of overall compo-
sition than Raman spectroscopy, which yields infor-
mation on micrometer-sized areas that are analysed.

Urine samples were centrifuged in order to sep-
arate the urinary crystals. The precipitates were fil-
tered on Whatman ashless grade 542 filters for 24 h
at room temperature to remove the remaining liquid.
All particles larger than 2.7 µm in diameter remained
on the surface of the filter, but only the larger ones
(typically >100 µm in size) were collected with the
aid of a small needle. Those particles were transferred
to the surface of a silver mirror, a typical substrate in
spectroscopic analysis that does not produce any Ra-
man signal of its own [35]. This procedure is suitable
to collect single crystallites for Raman spectroscopic
analysis. The use of artificially synthesised magnetic
nanoparticles which adhere to the crystallites in
urine solution has been shown to provide possibil-
ity to automatically detect, hold and release them for
Raman analysis [33], which provides potential for fast
identification of many urinary deposits in the future.

Spectra were recorded with a MultiRAM (Bruker
Optik GmbH, Ettlingen, Germany) FT–Raman

spectrometer equipped with microscope stage and
a gold-plated mirror objective (focal length 33 mm)
which yields the diameter of the focused laser beam
on the sample equal to 100 µm. Samples were excited
with a Nd:YAG laser having a wavelength of 1064 nm
to produce Raman scattered radiation, which was
collected by a liquid-nitrogen–cooled Ge diode de-
tector. The spectra were collected at a resolution of
5 cm−1. Depending on the size and morphology of
the urinary deposits, 200 to 170,000 scans were ac-
quired and averaged for a single resultant spectrum.
Also, the power of the excitation laser was varied be-
tween 5 and 600 mW in order to avoid thermal dam-
age caused by focused NIR laser radiation in the sam-
ples more sensitive to heating. The effects of heating
in such samples were observed in the spectra as a
broad band of black-body radiation in the wavenum-
ber region above 2500 cm−1. Reference spectra of
pure chemical compounds (Sigma Aldrich) typically
constituting urinary sediments were recorded for
the qualitative evaluation of the spectra allowing us
to identify all constituents in the analysed deposits
with high chemical sensitivity. Spectral analysis was
performed on raw spectra with no pre-processing
procedures applied. Optical images of the urinary
crystals were recorded using the visible mode of
the same instrument, which includes a visible light
source and a CCD camera for this purpose.

For the FTIR studies, the urinary stones were
ground with an agate mortar, mixed with IR-
transparent KBr powder (ratio 1:100) and pressed
into a pellet using a hydraulic press. The KBr pellets
were analysed with a Vertex 70 IR spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) equipped
with a liquid nitrogen cool mercury cadmium tel-
luride (MCT) detector. The spectra were recorded
with 4 cm−1 spectral resolution. One hundred
twenty-eight (128) interferograms were obtained,
averaged, and converted into a resulting spectrum
using the three-term Blackman–Harris apodization
function and a zero-filling factor of 2. The spectra
were analysed by comparing them with pure chem-
ical component reference spectra recorded in the
same way.

3. Results

The chemical composition of the urinary sediments
of fifteen patients suffering from urolithiasis was
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investigated by means of Raman spectroscopy. The
characteristic Raman spectra and optical images of
the sediments are shown in Figures 1–4. In the spec-
tra that are presented in the figures, the spectral re-
gion varies depending on the valuable spectral infor-
mation of interest. The most characteristic spectral
bands are also indicated in the spectra. Although the
samples in some cases also contained cells, all the
analysed deposits yielded clear signal of the consti-
tuting minerals. This could be explained by the fact
that the Raman scattering cross-section of minerals is
typically much higher while also predominantly con-
taining spectral bands in lower wavenumber region
compared to organic compounds constituting cells.

Analysis of the Raman spectra of urinary sedi-
ments confirmed that the main urinary stone form-
ing materials were present at elevated concentra-
tions in the urine of patients with urolithiasis: (i) cal-
cium oxalate monohydrate CaC2O4·H2O (n = 5,
33%); (ii) urates: uric acid C5H4N4O3, uric acid dihy-
drate C5H4N4O3·2H2O, and ammonium acid urate
C5H7N5O3 (n = 4, 27%); (iii) brushite CaHPO4·2H2O
(n = 4, 27%); (iv) struvite (NH4)MgPO4·6H2O (n = 1,
7%). Those were single-component sediments. One
of the urinary deposits was composed of three differ-
ent components: calcium oxalate monohydrate, hy-
droxyapatite, and calcite. We did not find crystals of
calcium oxalate dehydrate nor the rare compounds,
such as N-acetylsulfametoxazole or other drugs, in
any of the analysed sediments. Since Raman spectra
of sediment constituting materials are distinct, this
likely due to the small size of the sample set limited
by the duration of the project and the low prevalence
of acute neprolithiasis patients in Lithuania, and not
due to limitations of the technique.

Table 1 summarizes the 15 cases of the chem-
ical composition of urinary sediments and chem-
ical composition of urinary stones from the same
patients. At least one molecular compound was the
same among samples coming from the same pa-
tient. However, oxalate stones were always accom-
panied by phosphatic additives, amorphous phos-
phates and hydroxyapatite being the most common.
The phosphates were not found in corresponding
urinary sediments. Instead, brushite and struvite
were found in five urinary sediment samples. Par-
ticularly in the case of brushite sediments, low cor-
relation was observed with the composition of cor-
responding urinary stones, which were constituted

from amorphous phosphates, hydroxyapatite and
calcium oxalate instead. Different urates were found
in the urinary sediments, but the urinary stones of
all those patients were composed of uric acid anhy-
drous. In this case, we still consider that the chemical
composition of urinary deposits correlates since uric
acid dihydrate and ammonium acid urate are less
stable forms of urates and can recrystallize into uric
acid anhydrous under decrease in urine pH [36,37].

4. Discussion

Urine saturation with some specific chemical
elements—usually oxalates, phosphates, ammo-
nium ions, and magnesium—is a primary and re-
quired factor for increased risk of urinary stone for-
mation [38]. Nevertheless, initial crystallisation re-
sulting in 10–12 µm single urinary crystals does not
necessarily lead to the formation of a urinary stones
and is common for healthy people [39,40]. Precipi-
tation of significant amounts of crystals and/or suit-
able conditions in the urinary tract is, however, very
likely to lead to the aggregation of small crystals typ-
ically bound by a protein matrix. Such sediments,
which are made of small crystals or are mixed with
an organic matrix, are larger and usually have an
obscure morphology [40]. In addition, some aggre-
gates can consist of several chemical compounds.
Urinary stone formation is much more frequent in
patients with larger size crystals and aggregates in
their urine [41]. Particular attention should be paid
when investigating the chemical composition of such
larger crystals and aggregates. Here we used a FT–
Raman spectrometer that allowed us analysing uri-
nary crystals and aggregates approximately 100 µm
in size. However, even smaller sediments as small
as 1 µm could and should in the future be analysed
using the method by employing objectives of higher
magnification and numerical aperture for tighter
focusing of laser radiation.

Optical microscopy, which is nowadays used in
laboratory medicine, is unable to recognize large sin-
gle or multi-chemical aggregates because of their un-
usual morphology [10,13,41]. The crystals having the
most clinical significance are often left unidentified
or incorrectly identified during routine urinalysis.

FT–Raman spectroscopy proved to be a suitable
method to determine the exact molecular com-
pounds of urinary sediments independent of their
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Table 1. Presence of chemical components in urinary sediments and urinary stones among 15 patients
suffering from urinary stone disease

Chemical composition
of urinary sediments

Chemical composition of urinary stones Number
of cases

Calcium oxalate monohydrate Calcium oxalate monohydrate + amorphous phosphates 3

Calcium oxalate monohydrate Calcium oxalate monohydrate + hydroxyapatite 2

Uric acid anhydrous Uric acid anhydrous 1

Uric acid dihydrate Uric acid anhydrous 2

Ammonium acid urate Uric acid anhydrous 1

Brushite Calcium oxalate monohydrate + amorphous phosphates 3

Brushite Calcium oxalate monohydrate + hydroxyapatite 1

Struvite Struvite 1

Calcium oxalate monohydrate +
calcite + hydroxyapatite

Struvite + hydroxyapatite + calcium oxalate monohydrate 1

morphology. Figures 1 and 2 illustrate cases when
both typical and atypical crystals of brushite and
struvite were found in samples. Brushite tends to
form crystals shaped as long prisms with one sharp
end and combine into spiky star-like formations as
shown in the upper image of Figure 1. The bottom
image, however, reveals morphologically indescrib-
able sediment. Raman spectra were found to be the
same for both and the sediments were identified as
brushite. A very similar situation was encountered
for atypical sediments and sediments having a de-
fined morphology, both corresponding to struvite
when investigated by means of Raman scattering
spectroscopy.

It turned out to be challenging to record Ra-
man spectrum of high quality in terms of signal-
to-noise ratio for deposits of calcium oxalate, which
were heated when exposed to the laser radiation
and subsequently thermally damaged. The heating
could be caused by a typically brown colour of the
larger calcium oxalate crystals suggesting presence
of pigments or other types of organic contaminants,
which increase the absorption of the laser radia-
tion and makes them more susceptible to heating.
Therefore, the power of the laser had to be low and
the number of spectra averaged had to be increased
substantially to achieve a signal-to-noise ratio suf-
ficient for spectral analysis. This in turn increased
the time required for the experiment. Importantly,
Raman spectroscopy allows one to distinguish dif-
ferent hydrates of calcium oxalate, which can be
indicative of the different aetiology of the urinary

stone and provide important information for sub-
sequent treatment [20]. The most intense spectral
bands of calcium oxalate monohydrate are a doublet
at 1490 cm−1 and 1463 cm−1 assigned to symmetrical
νs (COO−) stretch vibrations. On the other hand, cal-
cium oxalate dihydrate yields only one spectral band
in this spectral region near 1477 cm−1 [16]. The Ra-
man spectrum in Figure 3 clearly shows the urinary
sediment to be calcium oxalate monohydrate. It is
not possible to obtain such information from the op-
tical image, since the large, likely aggregated deposit
does not appear in the typical shape of calcium ox-
alate crystals.

Raman spectra are also useful for distinguishing
various types of urates. Uric acid anhydrous and uric
acid dihydrate are the most common urates consti-
tuting urinary stones and urinary sediments. Uric
acid monohydrate is also reported as a possible con-
stituent [42]. Of note, both hydrates are rarely found
in urinary stones, with the hydration possibly lost
during stone growth. We have, however, discerned
the presence of uric acid dihydrate in urinary de-
posits. An example of the atypical morphological
structure of a uric acid dihydrate urinary deposit is
shown in Figure 4 together with the Raman spec-
trum of the deposit. Uric acid anhydrous and ammo-
nium acid urate were also identified as constituents
of urinary sediments in this work. The varying inten-
sities and Raman shifts of the spectral bands related
to the in-plane bending motions of purine rings can
be used as spectral markers for recognition of various
urates.
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Figure 1. FT–Raman spectrum of brushite urinary sediments (laser power: 180 mW, number of averaged
spectra: 2000) (left) and optical images of typical (top) and atypical (bottom) urinary deposits composed
of brushite.

Figure 2. FT–Raman spectrum of struvite urinary sediments (laser power: 180 mW, number of averaged
spectra: 2000) (left) and optical images of typical (top) and atypical (bottom) urinary deposits composed
of struvite.

FT–Raman scattering spectroscopy proved to be
a reliable method to determine the chemical com-
position of multi-component urinary sediments. As

can be seen from the optical image of the urinary
deposit in Figure 5, it has irregular morphology and
no crystal structure, which makes it very difficult
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Figure 3. FT–Raman spectrum (laser power: 9 mW, number of averaged spectra: 170,000) (left) and
optical image (right) of calcium oxalate monohydrate urinary sediment.

Figure 4. FT–Raman spectrum (laser power: 80 mW, number of averaged spectra: 20,000) (left) and
optical image (right) of uric acid urinary sediment.

to determine its chemical composition. On the
contrary, the Raman spectrum of this deposit in-
dicates the three different chemical compounds:
calcium oxalate monohydrate, hydroxyapatite, and
calcite. The most intensive spectral band, which is
at 1085 cm−1 and is characteristic of the vibrations
of the CO2−

3 group, and the one at 280 cm−1 repre-

sent CaCO3 (calcite) in the sample [43]. A spectral
band at 960 cm−1 characteristic of hydroxyapatite
can also be observed. All other spectral bands in the
Raman spectrum of this urinary deposit are assigned
to calcium oxalate monohydrate.

The close similarity of the chemical composi-
tion of urinary sediments of patients with the same
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Figure 5. Optical image of urinary deposit (top left corner), Raman spectra of the deposit (bottom),
and reference chemical compounds indicating calcium oxalate monohydrate, calcite, and hydroxyapatite
Raman spectra.

urinary stone disease indicates that saturation of
urine with specific chemical elements can result in
urinary stone formation. For patients in the risk
group, such as those with increased possibility of re-
currence or with a family history of urinary stones,
the exact evaluation of the chemical components in
urinary sediments could be crucial for prevention
purposes.

The differences between the chemical composi-
tion of urinary sediments and urinary stones can also
provide valuable information concerning the pro-
cesses of urinary stone formation. In our study, uric
acid urinary stones were composed of uric acid anhy-
drous, but the urinary deposits of the same patients
were also found to be uric acid dihydrate or ammo-
nium acid urate. This suggests the occurrence of de-
hydration and ion separation processes at the time of
stone formation.

The most significant differences were found in the
patients having urinary sediments of brushite and
stones having a mixture of calcium oxalate monohy-
drate with amorphous phosphates or with hydrox-
yapatite. Brushite and amorphous phosphates, as
well as calcium oxalate, are formed in high calcium

concentrations. Hydroxyapatite can occur via phase
transformation from brushite [44]. Thus, the exis-
tence of brushite in urine can suggest the exis-
tence of hypercalciuria and formation of calcium
oxalate-phosphate stones. On the other hand, as a
constituent in multicomponent urinary stones, pure
brushite occurrence varies from less than 1% to
about 20% according to various authors [12,45], and
in general it is considered a rare component [16]. For
single component calcium oxalate stones, only cal-
cium oxalate urinary sediments were found.

In this work we provide pilot evidence for the cor-
relation between the chemical composition of uri-
nary sediments and stones, but more patients need
to be included in the study for the results to be statis-
tically reliable. We show that FT–Raman spectroscopy
is suitable for reliably identifying urinary deposits
larger than 100 µm in size with no significant influ-
ence of fluorescence as observed in previous stud-
ies [31,33]. The long spectral acquisition time is the
main limiting factor for the method to be used in a
routine way in clinical practice. This can be alleviated
in the future by using high magnification and numer-
ical aperture objectives (which would also result in
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ability to analyse samples as small as 1 µm) or apply-
ing mathematical noise reduction procedures for low
signal-to-noise spectra [46–48].

Urinary stones are usually diagnosed in an already
late stage of their formation, e.g., only when the pa-
tient starts feeling pain. Regular tests of urinary sed-
iments to determine its exact chemical composition
could be key to early prevention of urinary stone dis-
ease. In this work, Raman spectroscopy proved to be
informative for the chemical identification of both
typical and atypical urinary crystals and crystal clus-
ters. Although this is a pilot study and more patient
cases need to be investigated for the results to be
statistically reliable, spectral analysis of the deposits
could help in prescribing the appropriate preventive
measures, such as diet and lifestyle changes, for peo-
ple at risk of urinary stones. In addition, distinguish-
ing chemical compounds of even the smallest chem-
ical differences can be of high value in determining
the causes and conditions of the initial formation and
growth processes of urinary stones.

5. Conclusions

FT–Raman spectroscopy is an effective and very sen-
sitive method to determine the chemical composi-
tion of urinary sediments no matter their morpho-
logical structure and is especially useful for the inves-
tigation of unusual crystals and amorphous clusters,
which cannot be identified by optical microscopy
widely used in standard medical practice. Use of
1064 nm NIR laser for excitation of Raman scatter-
ing ensures suppression of fluorescence background
common in biological samples. In contrast to optical
microscopy, the method does not rely on the skills of
laboratory personnel since the Raman spectra pro-
vides direct chemical information at molecular level.
We found correlation between the chemical compo-
sition of urinary stones and urinary sediments, which
suggests that the examination of the sediments by
FT–Raman spectroscopy can be considered a relevant
approach for early diagnosis of urinary stone forma-
tion and determination of appropriate action to pre-
vent this process.
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1. Introduction

First described in 1928 by Raman and Krishnan [1]
from which it gets its name and predicted theoreti-
cally by Smekal in 1923 [2], Raman spectroscopy is an
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optical spectroscopy which allows the vibrational sig-
natures of probed compounds to be extracted from
the scattered light upon illumination of a sample
with a monochromatic excitation source (ultraviolet,
visible or infrared laser Raman probe) [3,4]. Raman
spectroscopy constitutes a powerful non-destructive
and label-free technique widely used for chemical
analysis (solid, liquid, gas) that when combined with
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optical microscopy can provide chemical informa-
tion at the sub-micrometer scale [5,6].

As diagnostic tool in medicine, Raman spec-
troscopy was first applied to stone analysis in the
early eighties [7,8]. Then, it has been applied to
complex biological samples, such as fluids [9,10],
cells [11,12], minerals as physiological [13–15]
and pathological calcifications [16–18] and tis-
sues [19]. Such versatility explains the numerous
applications of Raman spectroscopy in different
specialties of medicine [20–22], among which are
nephrology [23–30], rheumatology [31–33], hematol-
ogy [34–36], gastroenterology [37,38] or endocrinol-
ogy [39,40]. Note that in vivo Raman experiments are
also envisaged and proofs of concepts have already
been demonstrated in a few domains of applica-
tions [41–44].

The aim of this publication is to gather and
present striking results related to pathological calci-
fications [16,17,45–51] and to introduce the most re-
cent developments of Raman spectroscopy, opening
new opportunities in this field of research. After a
brief presentation of the underlying theoretical con-
cepts associated with Raman spectroscopy and Ra-
man instrumentation, the performance of the tech-
nique will be discussed relatively to the ones of mid-
infrared vibrational spectroscopy also largely used
in medicine. Then, a literature review focusing on
pathological calcifications and featuring the most re-
cent works will be presented.

2. Some important aspects regarding Raman
spectroscopy

2.1. Notion of Raman shift

A Raman spectrum depicts the optical transitions
between the various rotational–vibrational energy
states of molecules, or crystallites and therefore gives
access to the precise characterization of a material
chemical composition [52,53]. Raman spectra rep-
resent on the x-axis either the wavelength (λ: nm)
or the energy (ν: wavenumber in inverse centime-
ter cm−1) associated with the optical transitions and
on the y-axis their probability of occurrence (num-
ber of counts associated with the number of Raman
photons reaching the photosensitive detector). Note
that as Raman spectroscopy does not rely on light ab-
sorption but on inelastic light scattering, which is of

higher or lower energy than the incident laser light,
the energy of the transition on the abscissa, displayed
as Raman shift, is calculated from the difference be-
tween the energy of the Raman laser probe ν0 and the
energy of the scattered light νι:

Raman shift (cm−1): ν0 −νi =
(

1

λ0
− 1

λi

)
×107. (1)

2.2. Vibration modes in Raman and IR spec-
troscopy

The “Raman active” energy transitions observed on
Raman spectra originate from a change in the po-
larizability of a molecular entity, i.e. the distortion
of its electron cloud upon interaction with the in-
cident light (strong oscillating electromagnetic field
in the UV, visible, infrared energy domain). These
transitions differ from the ones observed in IR spec-
troscopy based on the variation of the dipolar mo-
ment of the molecular entity. Both can be predicted
from the symmetry of the molecular entity using
mathematical symmetry operations (group theory).
From a microscopic point of view, the energy tran-
sitions correspond to specific molecular distortions
or vibration modes (+ rotation) of molecular bounds
(as-symmetrical stretching: ν, bending: δ, rocking:
ρ, wagging: π, ω and twisting: τ) triggered upon in-
teraction with photons. Molecules with multiple ele-
ments of symmetry can show vibrational modes ac-
tive both in Raman and in IR spectroscopies. For in-
stance vibration modes and therefore energy tran-
sitions associated with specific chemical functional
groups like P–O stretching of phosphate PO3−

4 , C–O
stretching of carbonate CO2−

3 , S–O stretching of sul-
fate SO2−

4 groups in organic or inorganic compounds,
C–H and C–C stretching or bending in carbohydrate
compounds, can be observed both in Raman and IR
spectra and around similar energy values. Note how-
ever that polarized bonds like C–O, O–H produce
strong intensity IR bands (large net dipole moment
due to charge motion) but are weaker Raman scat-
terers since bond length changes consequent on vi-
brational motion only result in small additional po-
larization effects. Conversely more neutral bonds (C–
C, C=C) are strong Raman scatterers (large changes
in polarizability upon atom motions) but produce
weaker intensity IR bands (small variation of dipole
moment).
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2.3. Notion of “virtual” state

In the framework of quantum mechanics, a molec-
ular entity can be described as a sum of discrete ac-
cessible energy states upon interaction with photons.
Depending on the energy of the incoming radiofre-
quency perturbation (UV–Vis, infrared), the molec-
ular entities in their initial state will be promoted
(excited) to various higher energy states (new ro–
vibrational state in the same or different electronic
state). As Raman spectroscopy can use energetic
probes (UV or Vis), molecular entities can be, un-
der specific conditions, promoted to a superior elec-
tronic excited state (Resonance Raman processes,) or
in most common cases to a so-called “virtual” state
(associated with distorted electron clouds), of which
the very existence or physical meaning is still under
debate in the community.

2.4. Stokes vs anti-Stokes, right or left?

Upon relaxation from the excited state, the molecu-
lar entity is downgraded to a lower energy state while
emitting a Raman photon scattered statistically in all
possible directions of space [54,55]. The emitted pho-
ton can originate from a relaxation to an energy state
higher than the initial state and is therefore of lower
energy than the incident photon (“Stokes” photons
associated with energy loss) or can be associated with
a relaxation to a lower energy state than the initial
one (“anti-Stokes” photons associated with energy
gain). A same vibration mode will therefore produce
both Stokes and “anti-Stokes” photons as depicted
in Figures 1a and b. The Raman shifts (ν0–νStokes)
and (ν0–νanti-Stokes) are the same in magnitude but of
opposite sign and therefore appear on Raman spec-
tra on each side of the Raman probe energy used as
the zero energy reference. Raman peaks (bands) as-
sociated with Stokes and anti-Stokes photons corre-
spond respectively to positive and negative Raman
shifts energy (right and left sides of the spectrum
respectively). Note that depending on the nature of
laser line rejection filters used (long pass: “edge” fil-
ters or stop band: “notch” filters), either only Stokes
or both Stokes and anti-Stokes parts of the spectrum
can be exploitable as illustrated in Figure 1b. Dif-
ferent energy ranges are covered by the spectrome-
ter (CCD detector/grating) depending on the Raman
probe used as also shown in Figure 1b.

The intensity of the Raman bands associated with
a specific vibration mode of the molecular entity
is directly proportional to the probability of occur-
rence of the associated optical transition. This inten-
sity will therefore increase with the number of irra-
diated entities (concentration in the volume of the
sample irradiated) and with the number of incident
photons (laser power per surface unit and time of
exposure). Note that Raman bands have a charac-
teristic Lorentzian shape (not Gaussian due to the
vibrational population relaxation process) and can
therefore be easily distinguished from artifacts on
spectra (sharp peaks—“glitch”—due for instance to
gamma rays hitting randomly the detector). As at
room temperature, the population of molecular en-
tities in energy states higher than the ground state
is statistically low (Boltzmann distribution), anti-
Stokes Raman bands are of lower intensity (zero at
zero Kelvin) than the Stokes bands (see Figure 1b)
and are therefore not exploited in most cases (ex-
cept in Coherent anti-Stokes Raman Spectroscopy:
CARS).

2.5. Raman efficiency

The Raman process giving rise to inelastically scat-
tered photons (Stokes and anti-Stokes) is extremely
inefficient (1 Raman photon νS or νA-S for 107 inci-
dent/elastically scattered photon ν0. This efficiency
strongly depends on the nature of the compounds
analyzed by Raman spectroscopy. Compounds with
high “cross-section” for Raman scattering like car-
bonaceous materials have such high intensity Ra-
man signature than even a single layer of carbon
atoms (graphene) and can be easily detected. Most
of the other compounds give weak intensity Ra-
man signatures even under strong laser irradiation,
which explains why IR spectroscopy was preferred for
decades [56]. The cross-section for scattering (elastic
and inelastic) depends on the excitation wavelength
to the inverse fourth power [57]:

Raman intensity ∝ 1

λ4
Exc

. (2)

The Raman signal intensity of a sample illuminated
at 248 nm is therefore of two orders of magnitude
higher than when using a 785 nm laser line as seen
in Figure 2.
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Figure 1. (a) Origin of the optical transitions behind elastic Rayleigh scattering, inelastic Stokes and
anti-Stokes Raman scattering and Resonance Raman scattering. The difference in energy between the
incident photons and the Raman photons (Raman shift) corresponds to the difference in energy of the
different vibrational states otherwise accessible by InfraRed spectroscopy. (b) Raman spectra of cystine
powder using various Raman probes 633 nm (red spectrum), 532 nm (green spectrum) and 785 nm (blue
spectrum). The laser line rejection filter “band-stop notch” used in combination with the 633 nm Raman
probe explains the discontinuity of the spectrum around 0 cm−1 (zero intensity) and the possibility to
observe both anti-Stokes and Stokes main Raman bands of cystine (±500 cm−1). The long-pass rejection
filter used for 532 and 785 nm Raman probes allows detection of Stokes bands only but at low energy at
as close as 50 cm−1 to the laser line. Note also, the different energy ranges covered by the spectrometer
(CCD detector/grating) at 785 nm and 532 nm (∼1500 cm−1 vs ∼3000 cm−1 on our equipment).
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Figure 2. Influence of the laser source (Raman
probe) used for Raman signal excitation on the
scattering signal intensity: close to three or-
ders of magnitude in Rayleigh and Raman in-
tensities can be observed between deep UV
(244 nm) and IR (1064 nm) excitations.

2.6. Some characteristics of Raman spectra

A typical Raman spectrum which covers the energy
range 0–4000 cm−1 (from metal oxides M–O vibra-
tional modes at low wavenumbers to O–H stretch-
ing modes at high wavenumbers) corresponds to a
short range of wavelength λ (nm), e.g. 30 nm apart
from the laser line in deep UV (244 nm) vs ∼200 nm
for a 633 nm laser line as illustrated on Figure 3.
This has important implications on the lateral reso-
lution of the analysis (see below). Moreover, because
of the non-linearity between the wavelength associ-
ated with a specific transition and the calculated Ra-
man shift, the characteristics of the excitation wave-
length, of the spectrometer (diffraction grating, fo-
cal distance) and of the detector size affect consider-
ably the achievable spectral range in cm−1 (decreases
when λexc increases) and therefore the spectral res-
olutions (increases with λexc) as illustrated in Fig-
ure 1b.

2.7. Confocal Raman microscopy

Raman spectroscopy can be coupled to optical mi-
croscopy and piezo stages offering high resolution
compositional mapping capabilities (see setup in
Figure 4). The lateral (in the XY sample plane) res-
olution achievable, i.e. the ability to distinguish two

Figure 3. Relation between the wavelength of
Stokes Raman scattered photons and their Ra-
man shift expressed as (ν0 −νS ), as a function
of the laser excitation/Raman probe (see (1),
with ν0 the energy of the laser excitation and νS

the energy of the scattered photons). The nar-
row wavelength range associated with a typi-
cal vibrational spectrum of 4000 cm−1 (30 nm
for 244 nm excitation, ∼200 nm for 633 nm
excitation) explains, for instance, the high lat-
eral resolution of Raman imaging on the whole
spectral range (4000 cm−1) contrary to infrared
spectroscopy for which the wavelength range
is typically 2.5–25 µm. As a result of the differ-
ent energy ranges at 785 nm and 532 nm illus-
trated in Figure 1b (∼1500 cm−1 vs ∼3000 cm−1

on our equipment), the spectral resolution with
785 nm Raman probe is nearly twice that with
532 nm.

surface objects as separate entities, is diffraction lim-
ited (Abbe, 1873) and can be defined according to the
Abbe, Rayleigh (1896) or Sparrow criteria as roughly
half of the wavelength of illumination:

Abbe resolutionx,y =
λexc

2NA
∼ λexc

2
(3)

with NA the numerical aperture of the objective de-
fined as n · sin(θ) with n the refractive index and θ

the half-angle of collection. This lateral resolution in
Raman microscopy is much lower than with IR mi-
croscopy, i.e. (sub) micrometric (1 µm at 785 nm,
0.336 µm at 248 nm excitation with a 0.90NA/100x
objective). Note that for Raman spectroscopy, the
spatial resolution is nearly constant along the spec-
trum as a typical Raman spectrum (4000 cm−1) is
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Figure 4. Design of a dispersive Raman
confocal microscope (Image: Edinburgh In-
struments) equipped with one or several
monochromatic laser sources (Raman probe)
with cleaning filters to narrow their spectral
emission (bandpass filters and intensity atten-
uation filters not represented here), a rejec-
tion filter to suppress the dominant Rayleigh
scattering (green beam), a confocal pinhole
to selectively collect photons originating only
from the sample focal plane (orange beam), a
diffraction grating to spread the Raman pho-
tons of different energy (optical transition of
the various molecular entities in the sample)
on the detector (CCD camera).

contained within 30–200 nm depending on the exci-
tation wavelength as mentioned earlier, this is not the
case of IR spectroscopy using broadband sources like
glowbars [58,59]. The range of the mid-infrared do-
main is typically between 4000 cm−1 and 400 cm−1

or between 2.5 µm and 25 µm. The spatial resolu-
tion varies thus along the spectrum between around
1–10 µm.

By placing a pinhole aperture (e.g. 2 × 2 blades
perpendicular to one another) at the entrance of
the spectrometer, it is possible to block the pho-
tons which do not originate from the focal plane on
the sample (before and after), the so-called confo-
cal Raman microscopy. By selecting objectives with

low field depth (high NA objectives with large col-
lection angle) and minimizing the pinhole size, the
penetration depth of the analysis (depth resolution
along the Z axis of the sample) can be reduced and
the lateral resolution increased. Also the contribution
of signal originating from the medium between the
sample and the objective (atmosphere or liquid) can
be minimized. Note that in such confocal configu-
ration, the sensitivity of the analysis (Raman inten-
sity) critically depends on the accuracy of the Raman
probe focalization on the sample (and of the optical
alignment). Proper focalization of the Raman probe
can be difficult to achieve on rough and inhomoge-
neous samples, compromising the quality of compo-
sitional mapping. The depth resolution (Z axis) de-
fined by Abbe is significantly lower than the lateral
resolution, in the order of 1–2 µm depending on the
wavelength of illumination:

Abbe resolutionz =
2λexc

NA2 . (4)

With the development of laser sources
with very narrow excitation, photo-
sensitive detectors with high quan-
tum efficiency (PMT, CCD) and high
quality optical elements (mirrors,
beams separators, filters and grat-
ings), the possibility to couple Ra-
man spectroscopy with highly re-
solved confocal optical microscopy
and to work on high water-content
samples (no water absorption using
non-infrared laser sources), Raman
spectroscopy/microscopy use has been
booming in the last twenty years in
the academic and industrial commu-
nities.

Such high depth resolution which allows the
extraction of Raman signature at different focal
planes is interesting for optical sectioning of sam-
ples. By combining X Y translation stages with sub-
micrometer step resolution and Z motion of the
objective lens, three-dimensional (3D) sectioning of
samples can be obtained. In medicine for instance,
numerous studies have been led on skin because
in vivo confocal Raman spectroscopy constitutes a
non-invasive optical method resolution which allows

https://www.edinst.com/wp-content/uploads/2020/06/Confocal-Raman-Microscope-Image-1.png
https://www.edinst.com/wp-content/uploads/2020/06/Confocal-Raman-Microscope-Image-1.png
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the skin morphology to be visualized and (subsur-
face) structures in the skin to be targeted [59]. With-
out dissection, it is also possible to separate Raman
signal originating from the inner layer of skin, namely
the dermis, from the Raman signal coming from the
outer layer, namely the epidermis, the axial resolu-
tion being of a few microns. Several studies dedi-
cated to skin have explored vitiligo [59–61], atopic
and psoriatic skin [62], basal cell carcinoma [63] or
psoriasis inflammatory disease [64].

2.8. Fluorescence: the Ramanist’s enemy

As mentioned earlier, Raman spectroscopy can use
energetic probes (UV or Vis) and excited molecular
entities can therefore be promoted to a superior elec-
tronic state. Under such condition, relaxation can
also occur through fluorescence emission, giving rise
to bell-shaped background on the Stokes spectral side
only of the Raman spectra, as the fluorescence pho-
tons are of lower energy than the excitation source.
For samples with strong auto-fluorescence (case of
many biological samples with protein matrix), the
Raman signatures can be dominated or even totally
masked by the fluorescence background, resulting in
their impossible detection and analysis as illustrated
in Figure 5.

A first alternative is to use deep UV light sources
(<250 nm), for which the emission of fluorescence
does not interfere with the Raman signal detec-
tion, given that at such low wavelength, the two sig-
nals are well separated. As mentioned earlier, a typ-
ical Raman spectrum (4000 cm−1) in deep UV in-
deed occurs within only 30 nm apart from the laser
line. The main disadvantages of UV illumination for
bio-sample characterization are the dominating Ra-
man signal from DNA related to the Raman reso-
nant purine and pyrimidine bases of DNA at excita-
tion wavelengths shorter than 300 nm, and the pos-
sible sample damages under such energetic beam
(photo/thermal degradation).

A second alternative is to use near-infrared light
sources (from 700 nm up to 1064 nm) which induce
less sample damages, minimize fluorescence signal
as fewer systems absorb in NIR as compared to the
ones in visible, but with a price to pay, the dramatic
loss of sensitivity (lower Raman efficiency and lower
sensitivity of detector in the NIR region). With con-
focal Raman microscope, the depth of analysis, and

Figure 5. Influence of the laser source (Raman
probe) used for Raman signal excitation on
the background signal intensity (fluorescence):
the Raman band of a Whewellite kidney stone
(highlighted in orange) can be clearly observed
with near-infrared laser sources (785 nm) while
for blue and green excitations the Raman signal
is totally screened by the strong fluorescence
signal of the sample [65].

therefore the fluorescence signal level, can be re-
duced by maximizing the confocality of the analysis.

Note that, rough and inhomogeneous
(bio)samples can give rise to large backgrounds
on Raman spectra, which are not only attributed to
auto-fluorescence but also to photons entering the
spectrometer in a non-collimated way (stray light
possibly due to scattering effect of both the laser
source and of the Raman signal [66]).

3. New developments related to Raman spec-
troscopy

As mentioned earlier, one main limitation associ-
ated with Raman spectroscopy is its lack of sensitiv-
ity, especially with Raman probes close to the near-
infrared. The progress in the fundamental under-
standing of the Raman process and of its enhance-
ment together with major instrumental technical de-
velopments have allowed significant increase of Ra-
man spectroscopy sensitivity and diagnosis capabili-
ties [67].

3.1. Dispersive Raman versus Fourier-transform
Raman

One main strength of Raman spectroscopy lies in
the fact that the chemical signature is contained in
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the scattered light (all the inelastic photons asso-
ciated with the different molecular vibrations) col-
lected upon irradiation with a monochromatic laser
source. This means that the Raman spectrum (Ra-
man intensity vs wavelength) can be reconstructed
by dispersing the scattered light on a photodetec-
tor (e.g. a photomultiplier tube: PMT) using a rotat-
ing diffraction grating. Even better the Raman spec-
trum can be obtained instantly by dispersing the
scattered light directly on the multiple photosensors
of a Charge Coupled Device (CCD) detector, provided
that the Raman signal is intense enough.

This contrasts with IR spectroscopy which uses a
broadband excitation source (glowbar) and a signal
interferometric detection. In such detection scheme,
constructive and destructive interferences of the sig-
nal originating from the sample with a reference sig-
nal (the excitation source) are generated and mod-
ulated by controlling the optical path-length dif-
ference between the two signals (moving mirror).
The resulting interferogram can be mathematically
treated using a Fourier transform to extract the trans-
mitted (or reflected) light intensity at each wave-
length of excitation (FTIR). This detection method is
extremely sensitive but requires relatively long sig-
nal collection times (signal accumulation at each
mirror displacement step). Fourier-transform Raman
spectroscopy also exists with 1064 nm excitation
sources, allowing the collection of fluorescence-free
Raman spectra for most of the compounds iden-
tified in abnormal deposits as published by Quy
Dao and Daudon [68]. However this powerful solu-
tion requires long acquisition time to compensate
for the very low scattering efficiency at such high
wavelength and cannot be implemented on samples
with high water content. FT-Raman has since been
eclipsed by dispersive Raman system using near-
infrared laser source (e.g. 785 nm) and detectors with
better sensitivity in the near-IR region. In a recent
publication, Yang et al. [69] have studied the laser
wavelength dependence of background fluorescence
in Raman spectroscopic analysis of synovial fluid
from symptomatic joints. They show that both sam-
ples coming from asymptomatic and symptomatic
patients had significant levels of fluorescence at exci-
tation wavelengths below 700 nm, while experiments
performed at 785 nm demonstrate sufficient sensi-
tivity to identify crystals isolated from the synovial
fluid.

Many biological samples show, upon
illumination with visible laser light
sources, strong auto-fluorescence
background which tend to domi-
nate/screen their Raman signature.
FT-Raman using a monochromatic
infrared laser source (1064 nm) has
long been the technical solution
to circumvent this problem, but
is now overthrown by dispersive
Raman systems (confocal micro-
scopes) equipped with near-infrared
monochromatic light sources (785 or
830 nm).

3.2. How to amplify the Raman signal?

Since the discovery in the 1970s of the properties
of metal nanostructures upon illumination to am-
plify the Raman scattering intensity of objects in
close proximity, a whole field of study named “en-
hanced Raman spectroscopy” (ERS) has opened up.
Upon irradiation, the free electrons of the nanostruc-
tured metal oscillate at once (plasmon resonance)
creating locally a strong enhancement of the elec-
tromagnetic field (EMF) and thereby of the incident
and scattered light [5,70]. As the Raman intensity
depends on the EMF intensity at the power two, a
power four can be expected for the Raman signal
enhancement (IRaman ∝ |EMF|2 × |EMF|2). As plas-
mon absorption at a given wavelength relates di-
rectly to the band structure of the metal (and to
its color), plasmon resonance and Raman signal en-
hancement can be observed on aluminum nanos-
tructures upon UV irradiation (also 785 nm although
this phenomenon is not currently explained), and
upon visible illumination on silver, gold and cop-
per [60]. The size and shape of the metal nanostruc-
tures determine the excitation wavelength giving rise
to plasmon resonance and signal enhancement rang-
ing from one to three orders of magnitude [71]. Mate-
rials to be analyzed can be deposited on a SERS active
substrate (surface-enhanced Raman spectroscopy),
alternatively colloidal gold nanoparticles coated or
not with shells of insulating layers (SiO2, Al2O3:
Shell Isolated Nanoparticles Raman Enhanced Spec-
troscopy SHINERS). Core–shell nanoparticles have
been applied on biological systems, for instance Xu’s
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group utilized SHINERS technique to obtain finger-
print information and investigate the type II mi-
crocalcifications in breast tissues [72,73]. They ob-
tained a series of Raman and SHINERS spectra and
detected in tissues Type II microcalcifications us-
ing statistical data processing (Multivariate analy-
ses like Principal Component Analysis: PCA). This
is the first report of SHINERS used in the diagno-
sis of breast cancer cells. Since this pioneering work,
different reviews dedicated to the use of SERS and
SHINERS for investigations in medicine have been
published [74–76].

Another offshoot of ERS called Tip-Enhanced Ra-
man Spectroscopy (TERS) uses Au or Ag tapered tips
as scanning probes brought in close contact with
the surface of interest [77,78]. Illumination of the
tip apex with a laser through a high-NA objective,
generates localized surface plasmons (the so-called
hotspot) creating a very strong EMF enhancement
at the tip–sample junction and thereby a strong en-
hancement of the Raman signal of the objects be-
low the tip. Note that the lateral resolution offered by
TERS can reach upto a few nanometers in the ambi-
ent [79] whatever the chosen excitation wavelength,
explaining its designation by nanoRaman; this over-
coming of the diffraction limit barrier constitutes a
major breakthrough as compared to classical micro-
Raman experiments [80–82]. Although TERS was de-
veloped by the early 2000s, it remained at the con-
ceptual stage for almost a decade, primarily because
of the poor reproducibility in the manufacturing of
TERS-active probes. TERS is currently booming and
has already found numerous applications as the sig-
nificant decrease in the spatial (lateral and depth)
resolution offers new analytical opportunities, like
nanoscale chemical analysis or imaging of biologi-
cal species and structures without the need of chem-
ical labeling. A few recent reviews have been ded-
icated to the topic [83–90] reporting TERS analysis
of nucleic acids (DNA, RNA) with direct sequenc-
ing [91], peptides and proteins, lipids and viruses,
bacteria and cell membranes. The group of Lagugne-
Labarthet [92] also studied the adsorption of phos-
phoprotein osteopontin (OPN) on calcium oxalate
monohydrate (COM). They found preferential ad-
sorption of OPN on certain COM crystal facets at the
origin of inhibition of crystal growth, confirming pre-
vious work of Sheng et al. [93] based on SEM and AFM
imaging methodology.

Raman signal enhancement tech-
niques (SERS) introduced in the early
1970s have been largely used for the
characterization of biological sam-
ple. An offshoot using nanoparticles
(SHINERS) as signal amplifiers shows
great promise for in vivo analyses.
Its counterpart, TERS using metal
nanoprobes, displays high sensitivity
and provides chemical imaging with
nanoscale lateral resolution, offering
a new opportunity to localize patho-
logical calcifications inside specific
organites of cells.

In resonant Raman, by tuning the laser excitation
to match an electronic transition of the molecular en-
tity under scrutiny (see Figure 1), a coupling between
electronic and vibrational transition occurs, leading
to a strong enhancement of the Raman scattering
(Resonance Raman: RR), up to 106 times. As visible
excitation usually triggers strong fluorescence back-
ground especially for biological samples, UV or deep
UV is proposed as an alternative. Resonant enhance-
ment associated with TERS analysis enabled, for in-
stance, the detection of cytochrome C in mitochon-
dria [94].

3.3. Fluorescence rejection in time-resolved Ra-
man

In order to investigate reaction mechanisms by
capturing the chemical signature of short life
time intermediates (radicals, excited states), time-
resolved Raman spectroscopies, covering Femtosec-
ond stimulated Raman (FSRS), Kerr-Gated Raman,
Coherent-anti-Stokes Raman (CARS), have been
developed [95]. The experimental setup combines
pumps and probes spectroscopy (which involves two
ultrafast laser beams, a pump beam to initialize the
Raman transitions and a probe beam to stimulate the
Raman transition) with highly efficient spectrome-
ters, and highly sensitive high speed multichannel
detectors. Such experimental configuration allows
fluorescence-free Raman spectra to be collected with
acquisition time ranging between microsecond to
picosecond. The pioneering work of Weisberg and
co-workers [96] was reported in 1976 and today time-
resolved Raman spectroscopy constitutes a mature
technique leading to numerous publications, most
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of them in physics. Note that ultrafast Raman spec-
troscopic techniques can be combined with the use
of plasmonic substrates or scanning probes [97].

3.4. Raman implementation in vivo

Several technical solutions have been proposed to
extract Raman signatures in vivo, including Trans-
mission Raman (TRS) which is possible as Raman
does not rely on photon absorption and as the light
can spread randomly through thick samples. Spa-
tially offset Raman spectroscopy (SORS) developed
by Matousek et al. [98] as early as 2005 introduces a
spatial separation between the laser excitation and
Raman collection (note that TR can be seen as an ex-
treme case of SORS: transmission SORS). SORS re-
lies on the fact that deep penetrating photons tend to
migrate laterally, away from the illumination source,
while scattered photons (Raman) are less likely to
do so when reaching the surface of the sample. TRS
and SORS enable analyses through thick and tur-
bid materials (containers, packaging) up to 5 cm in
the absence of photon absorption with applications
in security, food safety, pharmaceutics and medicine
including transcutaneous analysis (diagnosis of os-
teoporosis, possible bone regrowth monitoring and
breast cancer through the detection and distinc-
tion of benign or malignant microcalcifications) [99].
SORS can be implemented using optical fibers for
both illumination and Raman signal collection. To
maximize the collection efficiency and control the
offset distance, optical fibers constituted of a cen-
tral illumination fiber surrounded by multiple collec-
tion fibers (or inversely: inverted SORS) organized as
a ring at a given offset distance from the central il-
lumination point are often used. Implementation of
SORS can be coupled to the use of SERS active gold
nanoparticles in targeted tissues (SESORS).

The development of fiber optical Raman probes is
crucial for clinical in vivo applications, their associa-
tion with standard medical endoscopes for instance
holds great promise for intra-operative medical di-
agnosis (lung, brain, digestive and urinary systems,
breast cancer, cardiovascular diseases) [100]. The im-
plementation of fiber-optic Raman probe is complex
as silica-based optical fibers (core and cladding) gen-
erate a strong Raman signal which can screen the Ra-
man signal of the sample. Excitation and signal de-
tection/collections path are then usually separated

enabling specific filtration at the distal fiber end, i.e.
a narrow-band/short-pass filter to suppress the silica
signal background on the excitation fiber and a long-
pass filter at the collection entrance to avoid reen-
try of the laser light into the fiber. Addition of fil-
ters usually comes at a high price. Focusing lens can
also be added to the design. The design (diameter)
of the resulting probe mostly depends on the appli-
cation, fiber bundle diameters as small as 1 mm in
catheters have been reported to be developed to fit
into the endoscopic channels of cystoscopes, colono-
scopes; fiber optical Raman probes must in any
case withstand repeated sterilization processes. Note
that the association of endoscopic Raman probes
and of SERS-active nanoparticles (120 nm diameter)
functionalized with tumor-target contrast agents has
been envisaged for the endoscopic detection of small
polyps and flat lesions in the colon [101] with no clin-
ical application up to date.

4. Selected applications of Raman
spectroscopy

In the following paragraphs a selection of investi-
gations performed on pathological calcifications de-
veloped in breast [102–113], kidney [114–139], gall-
bladder [140–149], prostate [150–161], skin [162–
168], testicular microlithiasis [169–178], atheroscle-
rosis [179–196] and cartilage [197–200] are presented.
Each section is associated with different organs and
the related pathologies are preceded with some med-
ical notions presented succinctly. The limitations
and advantages of Raman spectroscopy are also dis-
cussed.

4.1. Breast calcifications

Breast cancer is the most common cancer in Eu-
rope [102]. It develops in breast tissues, in which it
can be distinguished in the lobules or glands for milk
production and ducts that connect the lobules to the
nipple. Two types of breast calcifications have been
described [103]. The first one composed of calcium
oxalate dihydrate is always related to benign condi-
tions [104]. In fact, calcium oxalate dihydrate is not
stable and a phase transition may occur, leading to
the formation of calcium oxalate monohydrate [105].
Note that such a chemical phase has not been re-
ported in the literature to the best of our knowledge.
The second one is composed of carbonated calcium
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Figure 6. Left—MicroRaman mapping images of normal breast duct (A–C) with corresponding serial
stained section (D). Each image reveals the contribution of a specific morphological element to the
region under scrutiny (A) collagen; (B) cell cytoplasm; (C) cell nucleus. They have been produced by
ordinary least-squares fitting of each data point in the image with the reference spectra presented to
the right. Right—Reference spectra used in the morphological model of the breast: (A) cell cytoplasm;
(B) cell nucleus; (C) fat; (D) β-carotene; (E) collagen; (F) calcium hydroxyapatite; (G) calcium oxalate; (H)
cholesterol-like; (I) water. Reprint from Shafer-Peltier et al. [104].

phosphate apatite (or CA) and may be related to ei-
ther benign or malignant conditions.

An example of Raman maps of a normal breast
duct built by fitting of each image pixels with ref-
erence Raman spectra of different cell components
is shown in Figure 6. The resulting images which
the contrast depends on the different component
abundance but also on their respective Raman cross-
section correlate well with the tissue architecture.

Several works on breast calcifications also point
out other chemical phases namely amorphous car-
bonated calcium phosphate [106] and whitlock-
ite [107]. Recently, Vanna et al. [108] have suggested
that the presence of whitlockite is a marker of benig-
nity in benign breast microcalcifications. This is in
contradiction with the work of Kunitake et al. [109]
which reveals the presence of CA and spheroidal
whitlockite particles in invasive cancer within a ma-
trix containing spectroscopic signatures of colla-
gen, non-collagen proteins, cholesterol, carotenoids,
and DNA. It seems that the relationship between
whitlockite and the severity of breast cancer is quite
complex. As underlined by Scott et al. [110], the pro-
portion of magnesium whitlockite increases from
benign in situ carcinoma to invasive cancer. Finally,
Tsolaki et al. [111] have recently established a strong
correlation between the presence of whitlockite par-

ticles and the occurrence of malignant tumor by
applying nanoanalytical methods to healthy, benign
and malignant tumors’ breast tissue biopsies from
patients.

The level of carbonate in apatite is another pa-
rameter which can be assessed through Raman spec-
troscopy [112,113]. Baker et al. [113] report signif-
icant correlations between the carbonate composi-
tion level of microcalcification mainly composed of
CA and pathology grades namely benign, in situ car-
cinoma and invasive carcinoma. We have also es-
timated the carbonate content of CA calcifications
through µFTIR spectroscopy [106]. Thanks to the mi-
crometer size of the probe, the data show that the
chemical compositions as well as the carbonate level
are very inhomogeneous in the case of ductal carci-
noma in situ. More precisely, through a precise anal-
ysis of the FTIR spectrum, we established that the
proportion of amorphous carbonated calcium phos-
phate as well as the carbonation rate vary from the
center to the edge of a large (almost 1 mm) calcifica-
tion.

4.2. Kidney stones and kidney biopsies

Raman spectroscopy has long been used to deter-
mine the chemical composition of kidney stones.
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Almost forty years ago, Daudon et al. [114] published
a study which discussed the advantages and the lim-
itations of this spectroscopy. These authors under-
lined the fact that Raman, at the opposite of FTIR
spectroscopy, allows the characterization of micron-
sized crystals. Since that pioneering work, and thanks
to the development of commercial Raman micro-
scope setups, many scholars have studied kidney
stones by Raman spectroscopy [114–127]. One exam-
ple is given in Figure 7. Also, several researchers have
shown that it is possible now to predict Raman vibra-
tions from the crystallographic structure [128,129],
therefore easing the interpretation of Raman signa-
tures.

Among the different investigations dedicated to
kidney stones, Carmona et al. [116] have extended
the application of Raman spectroscopy of human
kidney stones to urinary calculi from canine, feline,
and equine animal species. More recently, Cui et
al. [126] have collected 135 kidney stones and used
these data to test a variety of machine learning mod-
els to establish a kidney stone classification. At this
point, we must recall that the chemical composition
is not the only parameter to establish a significant
link with the etiology. The morphology of the calculi
at the macrometer and micrometer scale is also of
relevant importance [130–133]. The formation of cal-
cium oxalate monohydrate KS can be related for in-
stance to either a severe genetic disease, namely pri-
mary hyperoxaluria or a dietary disorder [134,135].

Regarding the comparison between µFTIR and
Raman spectroscopy, Chang et al. [124] underline
the possibility to analyze the stone composition ex-
tracted from urine spectroscopy analysis. This exper-
imental configuration developed by Chang offers the
opportunity to characterize micrometer scale stones
in urine through Raman spectroscopy. More recently,
Frochot et al. revealed the presence of several cal-
cium carbonate polymorphs, including the rare va-
terite form, in urine sediments of patients [18] follow-
ing vegetable-rich diets (see Figure 8).

Finally, we would like to emphasize that Raman
spectroscopy can be applied to kidney biopsies and
soft tissue biopsies in general [136–139]. Lloyd et
al. [136] have for instance considered a severe pathol-
ogy, namely calciphylaxis, generally seen in patients
with kidney failure and which induces the pathogen-
esis of calcifications in different soft tissues. Their
analysis of Raman spectra show that abnormal de-

posits present in tissues were consistently made of
CA. From an experimental point of view [139], we
have tried to develop specific supports for kidney
biopsy on which a set of characterization techniques
namely Raman, µFTIR spectroscopies as well as
scanning electron microscopy and UV spectroscopy
can be implemented.

4.3. Gallstones

Most of the papers dedicated to gallstones focus on
their chemical composition. Zheng et al. [140] con-
sider three parts, namely the surface of the stone, the
subsurface interior, and the center of the stone. Anal-
ysis of the Raman spectra shows that these three parts
contain bilirubin and that cholesterol was present
only at the outer surface of the stone. Some au-
thors underline the presence of other chemical com-
pounds. In the publication of Iordanidis et al. [141]
and of Stringer et al. [142], the presence of calcium
carbonate has been also pointed out. Finally, other
calcium salts namely calcium bilirubinate as well as
calcium palmitate have been detected by Kaufman et
al. [143].

Regarding the formation of gallstone, as noticed
by Bouchier [144] overproduction of cholesterol by
the liver is the major metabolic precedent of choles-
terol gallstones. Such overproduction of cholesterol
is related to obesity, drugs, or other factors. The role
of bacteria in the formation of gallstones has been
discussed since about forty years [145–147]. Beta-
glucuronidase of bacteria are responsible for the for-
mation of calcium bilirubinate stones through the
hydrolysis of bilirubin glucuronide to free bilirubin,
which is insoluble in water [148]. Note that Hazrah
et al. [149] underline the fact that gallstones from
most patients contain live bacteria with the potential
to cause infective complications. These data strongly
suggest that several mechanisms may be involved
in stone formation and that, as reported for kid-
ney stones, an accurate identification of crystalline
phases is needed to help the physician identify the
cause for the formation of these stones.

4.4. Prostate tissue and prostatic stones

The main type of surgery for prostate cancer is a
radical prostatectomy [150]. Such surgical procedure
leads to the observation of prostatic calculi which
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Figure 7. Composition mapping of sliced and milled kidney stone—Left: Raman intensity mapping (step
size: 50 µm) of (A) calcium oxalate dihydrate (COD: single Raman band at 1475 cm−1), (B) calcium
oxalate monohydrate (COM: double Raman band at 1461 and 1487 cm−1) and (C) apatite (964 cm−1)
and their corresponding Raman spectra (right), revealing COD within the peripheral spikes of the stone
and COM within its center. The yellow to dark blue scale represents respectively the high density of a
given component or its absence. Reprint from Castiglione et al. [125].

are a very common finding. Almost 99% of surgi-
cally removed prostates contain stones which often
occur in middle-aged and old men without causing
any specific symptoms. These concretions are gen-
erally considered clinically insignificant and there-
fore, only a few papers have investigated these cal-
cifications [151–155]. Sfanos et al. [151] have identi-
fied several chemical compounds in prostatic calculi
namely calcium phosphate, CA and calcium oxalate

monohydrate. Dessombz et al. [152,153] have also
underlined the presence of brushite (CaHPO4·2H2O),
amorphous carbonated calcium phosphate, calcium
oxalate dihydrate, octacalcium phosphate pentahy-
drate (Ca8H2(PO4)6 ·5H2O) and whitlockite. Recently,
Hsu et al. [154] have proposed a portable fiber-
optic Raman spectroscope for fast chemical analy-
sis of prostatic stones. Such experimental device has
identified the different chemical phases previously
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Figure 8. Crystalluria—(a) Optical micrograph (magnification ×100) of urinary sediments, (b) typical
Raman spectra of the different variants of calcium carbonate crystals vaterite (daisy-like crystals) and
aragonite (sticks and needles) found in urine of patients. A possible association with a diet rich in
vegetables has been hypothesized for some subjects whose urine contained daisy-like crystals. Reprint
from Frochot et al. [18].

reported. Moreover, Kontoyannis et al. [155] have
used Raman spectroscopy to identify the chemical
compounds present on prostatic stent.

Another research field based on Raman spec-
troscopy which is very exciting is related to the diag-
nosis of prostate cancer [156–160]. For example, it is
worthwhile to underline the work of Chen et al. [161].
In that publication, the authors use SERS to point out
prostate cancer in patients through the detection of a
prostate-specific antigen level of 4–10 ng/mL present
in blood serum. Such procedure avoids the biopsy
prostate operation.

4.5. Skin

As we have seen previously, Raman spectroscopy of-
fers the possibility to determine in vivo the chemical
composition of specific area. This peculiar property
has been used in numerous investigations for very
different purposes like the penetration of drugs into
the skin to the study of skin cancer [162–165].

Like for other soft tissues, the Raman spectrum
of skin is dominated by the vibrational bands of its
structural proteins, amino acids and lipids [166].
Such Raman spectra thus contain numerous bands
related to the different molecular groups present
in skin. For example, in the stratum corneum, we
can quote cysteine, tryptophan, hydroxyproline,
phenylalanine, etc. It is thus possible to extract from
the analysis of Raman spectrum different chemi-
cal modifications of the skin. Changes in diseased
tissue are driven by changes in cellular biochem-
istry. For example, the results gathered by Santos

et al. [167] show that the Raman bands between
2840 and 2930 cm−1 have increased intensity for
melanoma when compared to benign melanocytic
lesions, suggesting an increase in lipid content in
melanoma.

Another health problem regarding skin is related
to tattoos. Several investigations through Raman
spectroscopy have been performed [168–171]. Yakes
et al. [168] have created a spectral library of the pig-
ments for each laser wavelength. Such library is pro-
posed to help the identification of all the pigments
made by the different manufacturers. Indeed, Darvin
et al. [169] have identified through Raman spec-
troscopy tattoo ink pigments in vivo and their depth
dependence in human tattooed skin confirming their
presence in the papillary and reticular dermis. Such
approach is of primary importance because different
pathologies are linked to skin tattoos, such as allergic
reactions [170] and cancer (keratoacanthoma) [171].
In our work, we underlined the presence of the same
red azo pigment (PR170) in all three keratoacan-
thoma cases, consistently associated with metal ox-
ide. Generation of primary aromatic amines from
azo pigments such as PR170 in humans as the con-
sequence of enzymatic activity, thermal decomposi-
tion, or photodegradation after UV light exposure is
suspected to be at the origin of the observed can-
cers [171].

4.6. Testicular microlithiasis

During ultrasonographic investigation of the testis,
it is possible to detect the presence of multiple
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tiny calcifications. Such testicular microlithiasis (TM)
appears as 1- to 3-mm-sized multiple foci within
the parenchyma of the testis [172–174]. In a recent
epidemiological study, Peterson et al. [175] indicate
that testicular microlithiasis occurs in more than 5%
of healthy young men. The conclusion of their study
indicates that testicular microlithiasis is a common
finding in asymptomatic men that may not be related
to testicular cancer.

According to Renshaw [176], two types of calcifica-
tions exist consisting either of amorphous calcific de-
bris or laminated calcifications. Regarding the chem-
ical characterization of such abnormal deposits, we
can quote the work of Smith et al. [177]. These au-
thors have evaluated the use of percutaneous testic-
ular sperm aspiration in the assessment of azoosper-
mia and its association with seminiferous tubule mi-
croliths. To obtain the chemical composition of the
microliths, X-ray diffraction experiments have been
performed. The position of the diffraction peaks is in
line with those corresponding of hydroxyapatite. Un-
fortunately, the width of the diffraction peaks was not
measured. Such a parameter may give information
regarding the size and the morphology of the chemi-
cal crystal phase.

More recently, De Jong et al. [178] have character-
ized microliths found in different types of benign and
malignant gonadal pathologies through Raman spec-
troscopy. The precise analysis of the data underlines
in the chemical composition the presence of calcium
phosphate apatite. Also, these authors have noticed
the presence of glycogen surrounding the microliths
located in each testicular sample adjacent to testicu-
lar germ cell tumors and carcinoma in situ as well as
gonadoblastoma.

4.7. Atherosclerosis

Cardiovascular disease is now a leading cause of
disability and premature mortality globally [179].
Atherosclerosis constitutes the main pathological
process of most cardiovascular diseases. As under-
lined by Hong [180], atherosclerosis can be observed
in young people, remain latent and asymptomatic for
long periods and then may progress into its advanced
stages. The fact that patients with unstable plaques
are at great risk for a sudden heart attack (i.e. my-
ocardial infarction) when a plaque suddenly ruptures

has motivated numerous investigations (see for ex-
ample [181–183]).

Regarding the plaque evolution, three states can
be distinguished [184] namely fibrolipid plaques,
calcified and ossified plaques, and vulnerable
atherosclerotic plaques. These authors have ob-
served a clear correlation between the Raman spec-
tra of plaques in the aortic tunica intimal wall of a
human corpse and three states of plaque evolution.
More precisely, in the case of highly calcified deposits
on the atherosclerotic plaques and ossified lesion,
they have measured a sharp peak at 964 cm−1 in the
Raman spectra which corresponds to the totally sym-
metric ν1 stretch of PO3−

4 engaged in CA. In Figure 9,
Buschman et al. [185] show clearly that it is possible
to discriminate different elements of coronary artery
morphologic structures with Raman spectroscopy.

Several publications have already identi-
fied this chemical compound in atherosclerotic
plaques [186–190]. Generally, this compound coex-
ists with its amorphous precursor, amorphous cal-
cium phosphate hydroxyapatite and it is worth men-
tioning that the totally symmetric ν1 stretch consti-
tutes an interesting indicator of the degree of crys-
tallinity. At 955 cm−1, this structure is associated with
an amorphous highly carbonated bone. At 963 cm−1

it corresponds to a more ordered non-carbonated
phase [191,192]. Other chemical phases have been
identified namely, whitlockite, calcium carbonate,
calcium oxalate (in coronary artery calcification
in dialysis patients) [193], calcium phosphate and
calcium pyrophosphate (Ca2P2O7) [194].

Using FTIR spectroscopy, Coscas et al. [195] have
demonstrated that free DNA could be involved in
arterial calcification formation by precipitating cal-
cium phosphate apatite crystals in the vessel wall.
Moreover, bundles of faceted microrods inserted into
the surface of the vessel have been found at the out-
set of the calcification formation as suggested by
Dorfmüller et al. [196].

4.8. Cartilage

Regarding cartilage, several investigations attest to
the accuracy of Raman spectroscopic imaging mea-
surements to gather information regarding the spa-
tial distribution of biochemical components in a bi-
ological tissue [18,197,198]. Among them, Albro et
al. [197] as well as Bergholt et al. [198] show that
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Figure 9. Raman spectra of morphologic structures commonly observed in human atherosclerotic coro-
nary artery used as references to assess lesions, plaque instability and disease progression, possibly
in vivo using fiber-optic probes. Reprint from Buschman et al. [185].

Figure 10. (A) A schematic representation of the human osteochondral junction highlighting the differ-
ent regions where multiple Raman microspectroscopic measurements for statistical processing (Princi-
pal Component Analysis: PCA) have been made. The measurement step size for the first region (60 µm ×
60 µm) where the tidemark is located is 1 µm, a step size of 3 µm was used for all other regions (each re-
gion: 60 µm × 90 µm). (B) Mean baseline-corrected vector-normalized Raman spectra (reproduced with
10 principal components) from the deep articular cartilage, calcified cartilage and subchondral bone
plate, respectively. The major mineral compounds phosphate and carbonate are annotated with red la-
bels, and the organic counterparts with green labels. Reprinted from Gupta et al. [20].

Raman spectroscopic imaging can be used to as-
sess the degree of heterogeneities in engineered tis-
sues and their depth dependence. Such information
is of prime importance to assess the success of tissue

growth strategies. Regarding pathological calcifica-
tions, Gupta et al. [20] have analyzed the spatial com-
position of mineralized osteochondral tissues, i.e.
calcified cartilage (CC) and subchondral bone plate
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(SBP) from unfixed, hydrated specimens. Figure 10
shows that the size of the probe allows a detailed
description of the biochemistry related to the tide-
mark. Among their results, these authors clearly show
that in early osteoarthritis, the mineralization tends
to increase, and the mineral contains fewer carbon-
ate substitutions.

Another interesting point on cartilage which has
been investigated by Fields et al. [199] concerns the
high temperature behavior of collagen and collage-
nous tissue, which is important for surgical proce-
dures and biomaterials. Their Raman experiments
reveal the presence of bound water within the col-
lagen component of connective tissue even after
freeze-drying and its role in denaturation that is ac-
companied by or perhaps preceded with breakdown
of the primary polypeptide structure. Finally, Shaikh
et al. [200] underlines the fact that Raman spec-
troscopy is able to provide biochemical details re-
garding potential for scoring the severity of carti-
lage lesions, which could be useful in determining
the optimal treatment strategy during cartilage repair
surgery.

5. Conclusion

Although Raman spectroscopy is still scarcely used
in the medical community, all the examples shown
in this review, taken mostly from recent literature,
clearly demonstrate that Raman spectroscopy is a
unique diagnostic tool which gives valuable infor-
mation to the clinician in various medical special-
ties encompassing breast cancer, nephrology, cardi-
ology and dermatology without much difficulties in
implementation. With the development of fiber op-
tical probes integrating spectroscopic analysis (Ra-
man but also fluorescence multimodal probes) in ad-
dition to classical imaging and treatment (i.e. laser
lithotripsy), great diagnostic perspectives can be an-
ticipated per-operating or in vivo.
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Abstract. Understanding the physico-chemistry related to cristalline pathologies constitutes a chal-
lenge in several medical specialities such as nephrology, dermatology or oncology. Regarding nephrol-
ogy, the chemical diversity of concretions such as kidney stones calls for characterization techniques
to determine the chemical composition of concretions. The starting point of this contribution is given
by Fourier Transform InfraRed (FTIR) spectroscopy which is routinely used at the hospital to deter-
mine the chemical composition of kidney stones as well as ectopic calcifications present in kidney
biopsy. For kidney stones, the quantity of sample is sufficient to perform a significant analysis through
classical FTIR. For ectopic calcifications, µFTIR can be inefficient in the case of µcalcification in the
tissue when their size is less than 10 µm. For such samples, Optical PhotoThermal IR (OPT-IR) spec-
troscopy may constitute a way to overcome this experimental difficulty through the acquisition of IR
spectrum with a spatial resolution close to 500 nm.

To illustrate such opportunity, we first compare the IR spectrum acquired with a classical experi-
mental set-up related to classical IR spectroscopy to IR spectrum collected with a OPT-IR one for dif-
ferent compounds namely calcium oxalate monohydrate, calcium oxalate dehydrate, calcium phos-
phate apatite and magnesium ammonium phosphate hexahydrate. Such comparison helps us to as-
sess specificity of OPT-IR. Then, we consider several pathological calcifications associated to hyperox-
aluria, adenine phosphoribosyltransferase (APRT) deficiency or the presence of Randall’s plaque. We
will see that the nanometer spatial resolution constitutes a major advantage versus a micrometre one.
Also, in the case of Randall’s plaque, we show that OPT-IR can determine the chemical composition
of microscopic concretion without any kind of preparation. Such experimental fact is clearly a major
advantage. Finally, we also extended this first investigation in nephrology by considering breast calci-
fications. In that case, if the number of chemical phases is quite low compared to the number of chem-
ical phases identified in ectopic calcifications present in kidney (four instead of 24), the challenge is
related to the possibility to distinguish between the different calcium phosphate namely amorphous
carbonated calcium phosphate, CA and whitlockite.

The complete set of data indicates the limitations and the advantages of OPT-IR spectroscopy.

Keywords. PhotoThermal IR spectroscopy, Pathological calcifications, Randall’s plaque, Kidney
stones, Breast calcifications, Kidney biopsy.

Published online: 27 July 2022, Issue date: 1 September 2022

1. Introduction

An analysis of the medical literature indicates clearly
an ubiquity of microcrystalline pathologies [1–7] in
human which encompass several major diseases
such as cancer [8–10], cardiovascular [11–13], infec-
tion [14–19] as well as genetic [20–26] disorders. It
should be kept in mind that abnormal deposits in hu-
man tissues may have endogenous as well as exoge-
nous origin [27–29].

Among the different microcristalline patholo-
gies [1–7], urolithiasis is probably the most popular.
Epidemiological surveys of urolithiasis have shown
that in economically developed countries the preva-
lence rate ranged between 4% and 20% [30–33]. As
noticed by Trinchieri [34], in the latter part of the 20th
century prevalence and incidence of upper urinary
tract stones were still increasing in Western countries
probably resulting from improvements in clinical-
diagnostic procedures and changes in nutritional
and environmental factors.

In the service des explorations fonctionnelles of
the Tenon hospital, 3000 kidney stones are analyzed

each year following the morpho-constitutional stone
analysis described four decades ago [35–41]. In short,
the standardized protocol comprises two steps:

• First, a stereomicroscope (magnification
×10–40) is used to examine the surface and
section of the calculus, with the identifica-
tion of the nucleus (or core) and to observe
the inner organization. For each stone, the
size, the form, the color, the aspect (smooth,
rough or spiky) of the surface, the presence of
a papillary imprint (umbilication), the pres-
ence of Randall’s plaque, the aspect of the
section (well organized with concentric lay-
ers and/or radiating organization, or poorly
organized and loose structure) and location
and aspect of the nucleus is considered.

• Second, an analysis is performed by Fourier
Transform InfraRed (FTIR) [42–45] of a sam-
ple of each part of the calculus (nucleus, mid-
section and surface), whenever allowed by
the size of the stone, and in all cases, the de-
termination of the global proportion of com-
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ponents in a powdered sample of the whole
stone [46–49].

Such physicochemical information leads to a
medical diagnosis for the clinician. For kidney
stones, the amount of samples is sufficient to per-
form classical FTIR experiments. Also, other param-
eters have to be considered such as the price of the
apparatus as well as the facility to handle experi-
ments. All these points lead to the fact that for kidney
stones, it is not necessary to use micro and nano IR
spectroscopies.

The challenge lies in the identification of chem-
ical compounds present in pathological microcrys-
talline deposits (PMCD). It is of clinical importance
to accurately identify crystals found in the tissue as
soon as possible. Figure 1 presents a typical set of
data which can be obtained through classical µFTIR
spectroscopy. Here, FTIR hyperspectral images were
recorded with a Spectrum Spotlight 400 FTIR imag-
ing system (Perkin Elmer Life Sciences, France), with
a spectral resolution of 8 cm−1. Each spectral im-
age, covering the biopsy, consisted of about 30,000
spectra. A precise identification of PMCD is straight-
forward through the position of characteristic IR ab-
sorption bands.

The two primary features due to proteins (Fig-
ure 1c), are the amide I (1600–1700 cm−1) and
amide II (1500–1560 cm−1) bands, which arise
primarily from the C–O and C–N stretching vibra-
tions of the peptide bond, respectively [14]. Apart
from these contributions, IR absorption bands of
calcium oxalate monohydrate (COM) positioned at
780 cm−1 (black arrow in Figure 1c) or at 1314 cm−1

(red arrow in Figure 1c) may be selected to obtain
the spatial distribution of COM crystallites within the
biopsy.

One drawback is that IR spectroscopy needs a data
bank in which spectra of chemical compounds are
gathered to compare them to the IR spectra collected
from the sample [50]. In the case of the presence of a
chemical compound with unknown crystallographic
structure in the chemical composition of an abnor-
mal deposit, X-ray scattering constitutes a more valu-
able technique [51–53].

In most clinical cases, µFTIR spectroscopy is able
to characterize microcristals present in kidney biop-
sies [49,54]. Such measurements are also performed
at Tenon hospital. Let’s just recall that at the Tenon
Hospital, more than 85,000 kidney stones have been

analysed by FTIR spectroscopy, as well as more than
2000 biological tissues, including more than 1600
kidney biopsies [4,54,55].

Unfortunately, one limitation of µFTIR lies in its
lateral spatial resolution. The diffraction of the long
mid-IR wavelengths (2.5 µm–25 µm) limits the lat-
eral resolution of IR microscopy to several microm-
eters [56,57]. More precisely, this lateral resolution RL

is given by the relationship:

RL = 0.61λ/nNA

where λ is the wavelength, n is the index of refrac-
tion of the surrounding media (1 for air), and NA is
the numerical aperture of the microscope objective.
The most commonly used microscope focusing el-
ement is a reflective Cassegrain objective, which is
commercially available and features numerical aper-
tures (NA) up to ∼0.7 [58]. The above formula indi-
cates that the lateral resolution varies along the IR
spectrum from 25 µm (at 400 cm−1) to 2.5 µm (at
4000 cm−1). Even if the lateral resolution can be im-
proved by a factor of four by using germanium at-
tenuated total reflection objectives it is insufficient to
reach the nanoscale range [59,60].

Using mid IR as a diagnostic tool at the hospi-
tal [35–41] or to assess more deeply the biochemical
parameters responsible to the genesis of PMCD [6]
led us to consider techniques able to characterize
nanometer scale PMCD. For the clinician, an early
characterization of a disease is a key factor to effi-
ciently treat the patient with specific drugs [19,20].

At least two possibilities exist to perform IR spec-
troscopy beyond the diffraction limit i.e., to bridge
the resolving power gap between the micrometer and
nanometer ranges. The first one is a combination of
atomic force microscopes (AFM) and IR spectroscopy
(AFM-IR) [61,62]. The second one is the Optical Pho-
toThermal IR (OPT-IR) spectroscopy [63]. The first
one has been already applied in the case of abnor-
mal deposit of a widely prescribed antibiotic, van-
comycin [64], in kidney tissue [65]. The complete
set of experiments including µFTIR as well as AFM-
IR spectroscopies has given valuable information re-
garding the exact nature of vancomycin-associated
nephrotoxicity [64–66] and of PMCD in the case of
cystinosis [25].

In this contribution, we assess the advantages and
limitations of OPT-IR spectroscopy for chemical in-
vestigation of PMCD in different kinds of human
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Figure 1. Biopsy from a graft kidney in a patient suffering from primary hyperoxaluria (B274). (a) Optical
photography, and (b) spatial distribution of calcium oxalate monohydrate (COM) deposits in the biopsy
as given by the intensity of the infrared spectrum (c) at 780 cm−1. The red cross in (b) represents the
biopsy point analyzed in (c) by µFTIR. We have indicated the lateral resolution (RL) at the beginning and
the end of the IR spectrum.

tissues, mostly in kidney and also in breast. In the
case of kidney biopsies, we used kidney stones as
reference compounds. In the case on breast biop-
sies, we show that other organs can be considered
and that for breast tissues we assess the discrim-
ination through OPT-IR experiments between dif-
ferent calcium phosphate namely amorphous car-
bonated calcium phosphate (ACCP), calcium phos-
phate apatite (CA) and whitlockite (Wk) which con-
stitutes a key point for medical diagnostic. The ulti-
mate goal is to evaluate if OPT-IR offers a better bal-
ance between chemical specificity and spatial resolu-
tion than µFTIR [56,57], Raman [67–69] for the iden-

tification of nanoPMCD.

2. Methods

The very first photothermal deflection experiments
were published three and four decades ago [63,
70]. Basically, such an experiment is based on a
pump-probe architecture using two laser sources,
one for mid-infrared excitation (the pump) and the
other one for measuring the photothermal effect (the
probe). These two lasers are collinearly combined
by a dichroic mirror. Such architecture is associated
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Figure 2. Experimental set up used for the characterization of pathological deposits. (a) Sample visual-
ization with an optical microscope. (b) Schwarzschild objective for the acquisition of the IR spectrum.

with a better spatial resolution through a (visible) op-
tical probe beam that can be focused much smaller
than the IR beam. While, as previously mentioned,
the lateral resolution of IR microscopy is equal to sev-
eral micrometers, the lateral resolution of an OPT-IR
microscope is around with 500 nm [71].

Another major advantage is that an OPT-IR mi-
croscope is a non-contact technique. It offers thus
the opportunity to investigate thick samples (even
several centimeters) i.e., surfaces without the con-
tact limitations of an ATR (attenuated total reflec-
tion) device. This is of primary importance because
the presence of pathological deposits in tissue consti-
tutes a significant difficulty to obtain very thin sam-
ples. In this contribution, we have made the choice
to collect OPT-IR on samples which have been previ-
ously studied by µFTIR and Field emission Scanning

Electron Microscopy coupled with energy-dispersive
X-ray analysis (FE-SEM-EDX) [72]. We have already
shown that the possibility to perform different exper-
iments on the same sample led to more significant
information for the clinician [54,73,74]. Note that re-
garding the samples, ethical approval was obtained
by the ethical committee of Tenon Hospital for this
study. Each sample was only named by a study num-
ber, without indication of the name of the patient or
potential identification data.

In the case of our experiments (Figure 2), OPT-IR
measurements (spectra and images) were acquired
on the mIRage™ Infrared Microscope (Photothermal
Spectroscopy Corp., Santa Barbara, CA, USA). Spec-
tra were performed in reflection mode, 2 cm−1 spec-
tral data point spacing, through a 40×, 0.78 NA, 8 mm
working distance Schwarzschild objective. The pump
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Figure 3. Typical IR spectrum corresponding of the incident beam. Dashed magenta lines show the laser
stage transition frequencies.

IR sources were two pulsed, tunable four-stage Quan-
tum Cascade Laser (QCL) devices, scanning from 800
to 1900 cm−1 or 920–3050 cm−1 (with a gap between
1800–2600 cm−1). Regarding the probe, we used a CW
532 nm visible variable power laser.

Our biological samples were placed either on a
CaF2 substrate or on low-e reflective microscope
slides (MirrIR, Kevley Technologies, Tienta Sciences,
Indianapolis). In our case, we have not remove ar-
tifacts potentially arising due to imperfect switch-
ing between neighboring QCL laser stage (Figure 3).
We used the open-source Quasar software (https:
//quasar.codes) and the Orange Spectroscopy tool-
box for multivariate statistical analysis [75]. To gen-
erate data of high signal-to-noise ratio, 20–50 spec-
tra were collected. In Figure 2, we can see a typ-
ical IR spectrum corresponding to the DHA com-
pound. Two configurations have been used (Fig-
ure 3). In the first configuration, the transitions be-
tween the different IR sources are clearly visible
and are positioned at 1663 cm−1, 1359 cm−1 and
995 cm−1. In the second configuration, the transi-
tions between the different IR sources are clearly vis-
ible and are positioned at 1520 cm−1 and 1205 cm−1

(Figure 3).

Regarding classical FTIR spectroscopy [46,47],
each kidney stone was analyzed in absorbance mode
on a Bruker Vector 22 spectrometer by accumulation
of 32 spectra between 4000 and 400 cm−1, with reso-
lution 4 cm−1 and time acquisition 1 s/spectrum. For

Figure 4. Comparison between the two experi-
mental set up (OPT-IR andµFTIR) for two COM
kidney stones (N48017 and N4815) (a) and two
COD kidney stones (N7117 and N4651) (b).

https://quasar.codes
https://quasar.codes
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the biopsy, FTIR hyperspectral images were recorded
with a Spectrum Spotlight 400 FTIR imaging system
(Perkin Elmer Life Sciences, France).

3. Results and discussion

Thanks to the opportunity offered by a commercial
experimental set up device, numerous kinds of sam-
ples have been already investigated through OPT-IR
spectroscopy encompassing submicrometer atmo-
spheric particles [76], polymers [77], fragments from
a historical painting [78] or nanocomposites [79].
Several exciting research works have also been pub-
lished on biological samples [80–89]. Among them
we can quote the possibility to discriminate different
types of lung cells on histopathology glass slides [80],
to determine relevant molecular structures directly in
neurons [81] as well as the orientation of collagen in
tendon [82].

In all these publications, the OPT-IR technique
provides an elegant non-contact way to chemically
identify different kind of compounds with higher
spatial resolution than conventional IR microscopes,
while maintaining the advantages of an optical
microscope-based platform. We would like to show
different microcrystalline pathologies on which OPT-
IR can bring valuable information to the clinician. To
attain this goal, it is of primary importance to com-
pare the IR spectrum acquired with a classical exper-
imental set-up related to classical IR spectroscopy to
IR spectrum collected with a OPT-IR one for different
compounds namely calcium oxalate monohydrate,
calcium oxalate dehydrate, calcium phosphate ap-
atite and magnesium ammonium phosphate hex-
ahydrate.

3.1. Biological reference compounds collected at
the nanometer scale

In Figures 4 and 5, we have selected a set of refer-
ence compounds corresponding to different chemi-
cal phases identified in kidney stones and compared
their IR spectra obtained with two experimental set
up, namely µFTIR and OPT-IR configurations. In fig-
ure 5, we can see that some differences exist be-
tween µFTIR and OPT-IR for calcium oxalate mono-
hydrate (COM) [89–91] (Figure 4a) and dihydrate
(Figure 4b) [92] mainly due to the transition between

the laser stages. In both cases, around 1200 cm−1, the
incident IR signals by the mIRage™ experimental set
up are quite noisy in line with weak intensity of the IR
laser in this part of the spectra.

Regarding calcium oxalate monohydrate (Fig-
ure 4a), the assignment of the most intense IR
bands (1618 cm−1, 1312 cm−1, 782 cm−1, 667 cm−1,
514 cm−1) is well known [89–91]. More precisely, high
absorbance at 1618 and 1312 cm−1 belong to C=O
and C–O, respectively. Regarding calcium oxalate de-
hydrated (COD) (Figure 4b), the most intense vibra-
tions are shifted at 1643 cm−1 and 1325 cm−1 [91,92].

Regarding the phosphate salts (Figure 5), we have
considered two biological reference compounds:
calcium phosphate apatite (CA) [93–96] and struvite
(magnesium ammonium phosphate hexahydrate,
MAP) [16,18].

Clearly, some differences exist which may have
different origins. The first one is related to the fact
that µFTIR gives an average chemical composition
(the quantity sample is around µg) while OPT-IR
gives a local chemical composition (the size of the
probe spot is 500 nm). Actually, biological samples
have never made of only one component and al-
ways they contain at least some proportions of ma-
trix compounds such as proteins. In addition, kidney
stones are made of two or more crystalline species in
more than 93% of cases. It is thus possible to collect
an IR spectrum dominated by proteins with the OPT-
IR experimental setup with a sample for which the
chemical composition given by µFTIR is 99% COM
and 1% proteins. Finally, the presence of amorphous
calcium phosphate which is associated to a shoulder
in the absorption band positioned at 1030 cm−1 FTIR
spectra has to be considered.

Moreover, a chemical analysis based on IR lasers
at the nanometer scale still constitutes a challenge.
For example, Mathurin et al. [97] shows experimental
data which reveal significant differences in the agree-
ment between AFM-IR and conventional FTIR data,
depending on the studied mineral. More precisely,
the spectra recorded in AFM-IR and FTIR microscopy
are very similar in the case of the smectite (Figure 6a).
But if they consider AFM-IR and FTIR spectra col-
lected for forsterite single crystal, some band posi-
tions as well as some band ratios are drastically dif-
ferent (Figure 6b).

The origin of such huge spectral differences ob-
served in the case of the forsterite crystal is multi-
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Figure 5. Comparison between the two exper-
imental set up (OPT-IR and µFTIR) for (a) two
CA kidney stones and (b) two MAP kidney
stones.

ple. Crystal orientation, the optical behavior of the
sample as well as geometry of the experiments may
have significant effects on the IR spectrum. Also,
scattering processes of laser with wavelengths close
to the dimensions of the crystals may have to be con-
sidered.

3.2. Hyperoxaluria and calcium oxalate mono-
hydrate ectopic calcifications

As noticed recently by Alelign and Petros [98], despite
considerable improvements in the development of
new therapies, the incidence of urolithiasis increases
worldwide affecting 12% of the world population at
some stage in their lifetime. Calcium-based stones
are predominant renal stones comprising about 80%

Figure 6. Comparison of the FTIR microscopy
spectrum (dashed line) and the AFM-IR spec-
trum (line) obtained on smectite powder (blue)
and on forsterite polished sections (red). Both
AFM-IR spectra are obtained in contact mode
with top-down illumination and gold coated
tip.

of all urinary calculi [99]. Such high prevalence ex-
plains the fact that several studies have been dedi-
cated to the crystallography and the chemistry of cal-
cium oxalate compounds [100–104].

Crystalline calcium oxalate exists in three hy-
drated forms known as monoclinic whewellite
(monohydrate, COM) [89,91], tetragonal weddel-
lite (dihydrate, COD), [91,105,106] and triclinic caox-
ite (trihydrate, COT) [91]. Recently, amorphous cal-
cium oxalate has been synthetized [107,108]. This
compound constitutes a transition step during the
chemical transition between COD and COM, the
last one being the more stable [109,110]. Regarding
their prevalence, COM is the most frequent, while
COD is about two to three times less common [111].
The trihydrate form is rarely observed [112]. Another
significant clinical difference between COM and
COD comes from the fact that in clinical practice
COM is related to hyperoxaluria states while COD is
associated to hypercalciuria ones [113,114].

Regarding the presence of ectopic calcification
made of calcium oxalate, as usual [4,49,115], we start
by observations through a FE-SEM-EDX microscope
(Figures 7a–c). In this contribution, we have used a
Zeiss SUPRA 55VP FE-SEM. To preserve the struc-
tural and the chemical integrities, All the SEM obser-
vations are made at low voltage (1.4 keV) and with-



Dominique Bazin et al. 113

Figure 7. (a–c) Scanning electron microscopy at different magnifications of ectopic calcification present
in a kidney biopsy. (d) FTIR spectra collected for the different locations of the IR beam as indicated in (b).

out the usual deposits of carbon at the surface of the
sample. Such observations allow us to localize pre-
cisely the PMCD in the kidney biopsy. In Figure 7d,
we can see IR spectra collected on different points of
interest (POI) defined in Figure 8b.

As discussed previously, due to the micrometer

spatial resolution of the FTIR spectrometer, we can
observe the two bands amide I and II associated
to the tissue even if the probe is positioned on the
calcification (location 3 in Figure 8b). As it is gen-
erally the case, their relative intensities are not al-
ways the same. This is due to the preparation proto-
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Figure 8. (a) Optical image collected by the OPT-IR microscope. (b) 20 OPT-IR spectra collected along
the line defined in (a).

col which is optimized to preserve the physicochem-
ical integrity of the ectopic calcification. Regarding
the chemical composition of the ectopic calcifica-
tions, the presence of IR bands at 1315 cm−1 clearly
indicates the presence of calcium oxalate monohy-

drate (its spectrum has been plotted at the bottom of
Figure 7d).

The IR spectra collected by the mIRage™ experi-
mental set up are presented in Figure 8b, each spec-
trum corresponding to a star shown in Figure 8a.
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Figure 9. (a) Spatial distribution of the integrated 1302–1327 cm−1 IR absorption band specific to COM.
(b) OPT-IR spectrum from the highest intensity (white) pixel of (a). Spectra were smoothed with a 5-point
Savitzky–Golay filter and normalized to the integral between 1600–1850 cm−1.

As we have observed through µFTIR spectroscopy,
the relative intensity between the amide I and II
are not the usual ones. An additional explanation of
this observation comes from the transition between
the two IR laser stages which is positioned on the
amide I band. For this sample, thanks to the high
spatial resolution, we have collected an IR spectrum
every 500 nm (Figure 8b). The observation of a sud-
den modification of IR spectra when the probe move
on the ectopic calcification indicates that the spatial
resolution of the mIRage experimental set up is ef-
fectively around 500 nm. Note that the intensity ratio
of the two bands of COM (1315 and 1618 cm−1) may

be not always the same due to the fact the two lasers
used here are polarized. Also note the variation of the
position of the band at 1315 cm−1 which may be due
to the same reason.

In Figure 9, another way to collect IR data is
shown. We select an absorption band of the OPT-
IR spectrum (Figure 9b) which corresponds here
for calcium oxalate monohydrate (Figure 8a) and
we have plotted the maximum of this absorption
band versus its position to obtain the spatial repar-
tition of COM with a lateral resolution of 500 nm
(Figure 9a).
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Figure 10. Comparison between techniques. IR spectrum collected on a classical FTIR device (orange)
and an OPT-IR spectrum acquired on the mIRage™ experimental set up (teal).

3.3. The adenine phosphoribosyltransferase
(APRT) deficiency

Among the genetic diseases which induce the for-
mation of ectopic mineralizations in kidney we can
quote adenine phosphoribosyltransferase (APRT)
deficiency which is a rare autosomal recessive
disorder. This genetic disease induces the forma-
tion of 2,8-dihydroxyadenine (DHA) stones and renal
failure secondary to intratubular crystalline precipi-
tation [24,116,117]. Different ways exist to establish
the medical diagnosis including the identification
of typical DHA crystals in urine or renal biopsy, a
genetic investigation as well as the measurement
of APRT activity in erythrocytes. As underlined by
Bollée et al. [117], early diagnosis of the disease is
critical because patients may develop renal fail-
ure [118–120] that may be efficiently prevented by
allopurinol, a xanthine oxydase inhibitor. We have
already demonstrated that µFTIR spectroscopy con-
stitutes an elegant way to perform an early diagnosis
of this genetic disease [121].

We performed IR experiments using an OPT-IR ex-
perimental set up. For that purpose, we start by con-
sidering a kidney stone made of DHA and by collect-

ing IR spectra. As we can see in Figure 10, the spec-
tral correspondence and excellent signal to noise ra-
tio allows the clinician to recognize the IR spectrum
of DHA crystals [24,55,121].

After obtaining these results, we inspected a
mouse (as an animal model for this pathology)
as well as a human biopsy. Regarding the human
biopsy, SEM observations allowed us to localize ab-
normal deposits (Figure 11). µFTIR spectra were col-
lected (Figure 12) clearly show the presence of DHA
crystals.

On this human biopsy, mIRage experiments have
been also performed and we can see in Figure 12,
these IR spectra clearly underline the presence
of DHA crystals. One interesting point is that the
amide I and II bands are not always visible. It seems
that with a probe of 500 nm IR spectra on DHA crys-
tals alone can be collected. As for the previous sam-
ple, it is possible to build the spatial distribution of
DHA crystals from one selected IR band through its
intensity (Figure 13).

Figure 14 shows the potential of OPT-IR in hyper-
spectral measurements through an example of hier-
archical cluster analysis. Here, we have calculated the
Euclidean distances of individual spectra and used
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Figure 11. SEM images of DHA deposit at different magnifications present in a human kidney biopsy.

the Ward linkage to determine cluster distances. Plot-
ting the spatial distribution of the Euclidean distance
of each spectrum from the average spectrum (Fig-
ure 14a) highlights a high-intensity area in the mid-
dle of the map. The result of HCA is shown in Fig-
ure 14b, where the top two clusters are highlighted

in red and blue. By calculating the cluster averages
for each cluster, we can clearly identify the DHA rich
area different from the average spectrum of the sur-
rounding tissue (Figure 14c).

Regarding the mouse kidney, we used the 500 nm
probe to underline the possible presence of DHA
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Figure 12. (a) Optical photography. (b) IR spectra (with the µFTIR and the OPT-IR experimental set up)
showing the presence of DHA crystals.

crystals. In Figure 15a, we selected two areas of
interest (Figures 15b and c). For each area, we col-
lected IR spectra using the mIRage™ experimental
set up (Figures 16 and 17). One simple way to ana-
lyze the IR data can be performed by considering the
1000–800 cm−1 region where DHA has quite intense
IR absorption bands.

The different IR spectra collected with the mI-
Rage™ experimental set up show significant differ-
ences with the IR spectra corresponding to DHA.
Thus, DHA seems to be absent (Figures 16 and 17).

3.4. Giving major information through nonde-
structive techniques

With the help of OPT-IR nanospectroscopy and SEM-
EDX, it is possible to gather information regarding
the chemistry and the topology of kidney stones
without any kind of preparation. In a recent paper, we
have also combined micro computed tomographic
imaging (micro CT) and SEM-EDX [122]. Micro CT
is a powerful tool for visualizing urinary stones al-
lowing easy visualization of stone structure and min-
eral identification, especially if an attenuation stan-
dard is included with a specimen [122–126]. Regard-
ing micro CT, experiments were conducted using the
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Figure 13. (a) Optical image; (b) OPT-IR spectra showing the presence of DHA deposits in a human
kidney biopsy.
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Figure 14. Hierarchical cluster analysis (HCA) of a hyperspectral dataset. (a) Spatial distribution of the
Euclidean distance from the average spectrum. (b) Spatial distribution of two clusters identified by HCA.
(c) Cluster averages and their standard deviation.

Skyscan 1172 Micro CT system (Bruker, Kontich, Bel-
gium), typically using 60 kVp, 0.5 mm Al filter, and
0.7° rotation step for final (cubic) voxel sizes of 2–
12 µm. Stones were typically mounted in Styrofoam
for scanning, as that material is remarkably X-ray lu-
cent [122].

We have considered here two kidney stones. The
first one was collected as part of an ongoing study
of kidney stones, in which patients are consented
for study under the Indiana University Internal Re-
view Board (under guidelines from the United States
Health and Human Services Office of Human Sub-
jects protection). That stone was mainly composed

of COD. The second one comes from Tenon Hos-
pital. It was mainly composed of COM. These two
kidney stones are made of calcium oxalate, and, at
their surface, a white deposit exists named Randall’s
plaque [127–132]. The formation mechanism of Ran-
dall’s plaque, which remains incompletely under-
stood, has been addressed in many publications dur-
ing the last two decades [133–143]. As underlined
by Van de Perre et al. [143], optical microscopy of
eliminated kidney stones grown on Randall’s plaque
typically reveals a papillary umbilication, the imprint
of the previous papillary attachment, which can be
found as an irregular depression, while some stones
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Figure 15. Scanning electron microscopy at different magnifications to select areas of interest for the
mouse kidney (b) and (c).

can display plaque remnants at the umbilication as
well.

In Figure 18, we can see images of the two kidney
stones corresponding to SEM (Figures 18a and b) ob-
servations and micro CT (Figure 18c) for the first one
(KRP 453) and SEM (Figures 18d and e) observations
for the second one (86396). On SEM as well as on the
micro CT scans we can see clearly the two chemi-
cal phases of the kidney stones i.e. calcium oxalate
crystals and calcium phosphate apatite of the RP. The
chemical analysis as given by OPT-IR spectroscopy
performed for the two samples shows clearly that the

Randall’s plaque was made of calcium phosphate ap-
atite (Figure 19), a result in line with previous publi-
cations [133–144].

4. Another pathological calcifications: the case
of breast cancer

As underlined previously, microcrystalline patholo-
gies affect all the Human organs and among them
the presence of calcifications in breast is of primary
importance due to its possible link to cancer. Breast
cancer is a worldwide public health problem and
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Figure 16. (a) Optical image corresponding to the deposit identified through SEM (Figure 15) and
(b) OPT-IR spectra corresponding to the different points of interest (stars in a). (c) OPT-IR and FTIR
spectra of DHA reference compound.
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Figure 17. (a) Optical image corresponding to the deposit identified through SEM (Figure 15) and
(b) OPT-IR spectra corresponding to the different points of interest (stars in a). (c) OPT-IR and FTIR
spectra of DHA reference compound.

is the most common cause of cancer deaths, ac-
counting for approximately 16% of cancer deaths in
adult women [145]. Breast microcalcifications (BMC)
which appear as white spots or flecks on a mam-
mogram are related to calcifications in which the di-

ameter is less than 1 mm [146–152]. At this point,
it is worth to mention that the current spatial reso-
lution mammographs without magnification ranged
between 100 and 200 µm [149].

In a recent publication, we have underlined that
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Figure 18. (a,b) SEM images of a RP at the top of a kidney stone. (c) CT tomography of the KRP 453 stone.
(d,e) SEM images of a RP at the top of the kidney stone 86396.

microcalcifications as seen through usual mammog-
raphy are made of nanometer scale breast calcifica-
tions made of spherical entities [8]. Such structural
characteristic leads to the fact that the determina-

tion of the chemical composition of such nanome-
ter scale entities cannot be performed through clas-
sical µFTIR spectroscopy. This is due to the chemical
diversity of BMC in which different chemical phases
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Figure 19. OPT-IR spectrum of the RP for the
two samples giving the same chemical compo-
sition namely a mixing of ACCP and CA com-
pounds.

namely calcium oxalate dihydrate [153], amorphous
and nanometer scale crystals of calcium phosphate
apatite with different levels of carbonatation [8,154–
157] as well as whitlockite (Wk) [158–161] have been
identified. For BMC, the number of chemical phases
is thus quite low compared to the number of chemi-
cal phases identified in ectopic calcifications present
in kidney (four instead of 24) [4,55]. It is also worth
to underline the importance of micro and nano
spectroscopies which are able to point out the vari-
ation of the level of carbonatation from the core to
the surface of a BMC [8].

In Figure 20, we show SEM observations of micro-
calcification displaying a typical morphology related
to Wk (different from the one observed in kidney
stones [19]). Due to the small size of this abnormal
deposit, it is quite difficult to obtain an IR spectrum
with a sufficient signal to noise ratio with a classical
µFTIR experimental device.

In Figure 21, we can see clearly than the OPT-
IR nanospectroscopy is able to collect a significant
IR spectrum which underlines the presence of whit-
lockite in the chemical composition of this abnormal
deposit present in breast biopsy. OPT-IR nanospec-
troscopy seems to underline the presence of a cal-
cium phosphate compound but it is quite difficult to
say that this signal corresponds to Wk.

On Figure 22, the FTIR spectra of calcium phos-
phate identified in PMCD have been plotted. As we
can see, it is details on the absorption bands (shoul-
ders and shift) which are the keys to distinguish be-

Figure 20. SEM images of an agglomeration of
Wk crystals present in a breast biopsy.

tween Wk, ACCP and CA. Considering all the IR spec-
tra we have collected through OPT-IR, it seems that
such discrimination between all the calcium phos-
phate compounds is quite difficult.

5. Conclusion

It is well accepted in the medical community that
conventional IR spectroscopy constitutes the golden
standard to obtain a precise chemical composition
of kidney stones. The emergence of IR spectroscopy
associated to spatial resolution below one microme-
ter constitutes an incredible opportunity to describe
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Figure 21. FTIR imaging of the deposit identified through SEM (Figure 20). (a) k-means cluster map of
the observed area, the colors are related to the cluster defined on (c). (b) Distribution of the integral value
between 1100–1200 cm−1 highlighted in red in the bottom panel (c) Cluster averages based on (a). Here
C1, C2, and C4 clusters were merged (shown in black) as they belong to the surrounding tissue. Data were
collected with an Agilent imaging set up. An OPT-IR spectrum collected from the sample inclusion of B547
andµFTIR spectra recorded on a reference sample are shown in teal and magenta colors, respectively. The
regions accessible with the dual-band QCL are plotted with continuous and the parts not covered by the
laser with dashed line.

chemical heterogeneity or interface of complex bio-
logical samples.

In this contribution we have considered differ-
ent chemical phases which have been identified in
pathological concretions and tissue crystalline de-
posits. The comparison between IR spectra collected
with conventional IR spectroscopy and IR spectra
collected at the nanometer scale through OPT-IR may

show significant discrepancies depending on which
chemical phase is investigated. Such differences
exist for other spectroscopies such as AFM-IR
or Raman spectroscopy and may have different
origins.

In the case of pathologies related to cystine and
DHA crystals, the signal to noise ratio is excellent
and thus characterization at the nanometer scale
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Figure 22. Classical FTIR spectra of calcium phosphate compounds identified in PMCD namely Wk (in
black) with the splitting at 1081 and 1031 cm−1 and of a mixing of ACCP and CA (in red) with the shoulders
at 1097 cm−1 (corresponding to CA) and 1068 cm−1 (corresponding to ACCP).

through IR spectroscopy can be considered for or-
ganic compounds. For the other chemical phases,
namely minerals with broad IR absorption bands,
such characterization seems to be more difficult.
Let’s recall also that a shift (a few cm−1) of IR bands
for calcium oxalate may be associated to the presence
of both COD and COM (underlining that the patient
suffers from hyperoxaluria (linked to the presence

of COM) and hypercalciuria (linked to the presence
of COD). One problem comes from the possibility
to distinguish between different calcium phosphate
compounds which is clearly a limitation in the case
of breast calcification.

Complementary experiments are ongoing to
clearly define the origin of the discrepancy which
can exist for different chemical phases identified
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in pathological calcifications between conventional
µFTIR and OPT-IR spectroscopy.

Conflicts of interest

Authors have no conflict of interest to declare.

References

[1] D. Bazin, M. Daudon, C. Combes, C. Rey, Chem. Rev., 2012,
112, 5092-5120.

[2] D. Bazin, M. Daudon, J. Phys. D: Appl. Phys., 2012, 45, article
no. 383001.

[3] L. N. Poloni, M. D. Ward, Chem. Mater., 2014, 26, 477-495.
[4] D. Bazin, M. Daudon, Ann. Biol. Clin., 2015, 73, 517-534.
[5] E. Tsolaki, S. Bertazzo, Materials, 2019, 12, article no. 3126.
[6] D. Bazin, E. Letavernier, J. P. Haymann, V. Frochot,

M. Daudon, Ann. Biol. Clin., 2020, 78, 349-362.
[7] D. Bazin, M. Daudon, V. Frochot, J.-Ph. Haymann, E. Letav-

ernier, C. R. Chim., 2022, 25, no. S1, 133-147.
[8] A. Ben Lakhdar, M. Daudon, M. C. Matthieu, A. Kellum,

C. Balleyguier, D. Bazin, C. R. Chim., 2016, 19, 1610-1624.
[9] R. Scott, C. Kendall, N. Stone, K. Rogers, Sci. Rep., 2017, 7,

article no. 136.
[10] J. A. M. R. Kunitake, S. Choi, K. X. Nguyen, M. M. Lee, F. He,

D. Sudilovsky, P. G. Morris, M. S. Jochelson, C. A. Hudis, D. A.
Muller, P. Fratzl, C. Fischbach, A. Masi, L. A. Estroff, J. Struct.
Biol., 2018, 202, 25-34.

[11] P. Dorfmüller, D. Bazin, S. Aubert, R. Weil, F. Brisset,
M. Daudon, F. Capron, I. Brocheriou, Cardiol. Res. Pract.,
2010, 2010, article no. 685926.

[12] R. Coscas, M. Bensussan, M.-P. Jacob, L. Louedec, Z. Massy,
J. Sadoine, M. Daudon, C. Chaussain, D. Bazin, J.-B. Michel,
Atherosclerosis, 2017, 259, 60-67.

[13] A. P. Sage, Y. Tintut, L. L. Demer, Nat. Rev. Cardiol., 2010, 7,
528-536.

[14] X. Carpentier, M. Daudon, O. Traxer, P. Jungers, A. Mazouyes,
G. Matzen, E. Véron, D. Bazin, Urology, 2009, 73, 968-975.

[15] D. Bazin, G. André, R. Weil, G. Matzen, E. Véron, X. Carpen-
tier, M. Daudon, Urology, 2012, 79, 786-790.

[16] R. Flannigan, W. H. Choy, B. Chew, D. Lange, Nat. Rev. Urol.,
2014, 11, 333-341.

[17] E. J. Espinosa-Ortiz, B. H. Eisner, D. Lange, R. Gerlach, Nat.
Rev. Urol., 2019, 16, 35-53.

[18] M. Daudon, M. Petay, S. Vimont, A. Denizet, F. Tielens, J.-Ph.
Haymann, E. Letavernier, V. Frochot, D. Bazin, C. R. Chim.,
2022, 25, no. S1, 315-334.

[19] D. Bazin, R. J. Papoular, E. Elkaim, R. Weil, D. Thiaudière,
C. Pisapia, B. Ménez, N. S. Hwang, F. Tielens, M. Livrozet,
E. Bouderlique, J.-Ph. Haymann, E. Letavernier, L. Hennet,
V. Frochot, M. Daudon, C. R. Chim., 2022, 25, no. S1, 343-354.

[20] P. Cochat, G. Rumsby, New Engl. J. Med., 2013, 369, 649-658.
[21] M. Daudon, P. Jungers, D. Bazin, New Engl. J. Med., 2008, 359,

100-102.
[22] A. Dessombz, E. Letavernier, J.-Ph. Haymann, D. Bazin,

M. Daudon, J. Urol., 2015, 193, 1564-1569.
[23] J. R. M. Oliveira, M. F. Oliveira, Sci. Rep., 2016, 6, article

no. 22961.

[24] E. Bouderlique, E. Tang, J. Perez, H.-K. Ea, F. Renaudin,
A. Coudert, S. Vandermeersch, D. Bazin, J.-Ph. Haymann,
C. Saint-Jacques, V. Frochot, M. Daudon, E. Letavernier, C. R.
Chim., 2022, 25, no. S1, 393-405.

[25] D. Bazin, M. Rabant, J. Mathurin, M. Petay, A. Deniset-
Besseau, A. Dazzi, Y. Su, E. P. Hessou, F. Tielens, F. Borondics,
M. Livrozet, E. Bouderlique, J.-Ph. Haymann, E. Letavernier,
V. Frochot, M. Daudon, C. R. Chim., 2022, 25, no. S1, 489-502.

[26] F. Meiouet, S. El Kabbaj, M. Daudon, C. R. Chim., 2022, 25,
no. S1, 281-293.

[27] H. Colboc, Ph. Moguelet, E. Letavernier, V. Frochot, J.-F.
Bernaudin, R. Weil, S. Rouzière, P. Seneth, C. Bachmeyeri,
N. Laporte, I. Lucas, V. Descamps, R. Amodek, F. Brunet-
Possentik, N. Kluger, L. Deschamps, A. Dubois, S. Reguer,
A. Somogyi, K. Medjoubi, M. Refregiers, M. Daudon,
D. Bazin, C. R. Chim., 2022, 25, no. S1, 445-476.

[28] G. Chebion, E. Bugni, V. Gerin, M. Daudon, V. Castiglione, C.
R. Chim., 2022, 25, no. S1, 295-306.

[29] M. Daudon, V. Frochot, D. Bazin, P. Jungers, Drugs, 2018, 78,
163-201.

[30] A. Trinchieri, Arch. Ital. Urol. Androl., 1996, 68, 203-250.
[31] M. Daudon, B. Knebelmann, Rev. Prat., 2011, 61, 372-378.
[32] I. Sorokin, C. Mamoulakis, K. Miyazawa, A. Rodgers, J. Talati,

Y. Lotan, World J. Urol., 2017, 35, 1301-1320.
[33] Y. Liu, Y. Chen, B. Liao, D. Luo, K. Wang, H. Li, G. Zeng, Asian

J. Urol., 2018, 5, 205-214.
[34] A. Trinchieri, Clin. Cases Miner. Bone Metab., 2008, 5, 101-

106.
[35] M. Daudon, C. A. Bader, P. Jungers, Scanning Microsc., 1993,

7, 1081-1104.
[36] M. Daudon, Arch. Pédiatr., 2000, 7, 855-865.
[37] M. Daudon, P. Jungers, Nephron Physiol., 2004, 98, 31-36.
[38] M. Daudon, P. Jungers, D. Bazin, AIP Conf. Proc., 2008, 1049,

199-215.
[39] M. Daudon, H. Bouzidi, D. Bazin, Urol. Res., 2010, 38, 459-

467.
[40] M. Daudon, A. Dessombz, V. Frochot, E. Letavernier, J.-Ph.

Haymann, P. Jungers, D. Bazin, C. R. Chim., 2016, 19, 1470-
1491.

[41] J. C. Williams Jr., G. Gambaro, A. Rodgers, J. Asplin, O. Bonny,
A. Costa-Bauzá, P. M. Ferraro, G. Fogazzi, D. G. Fuster,
D. S. Goldfarb, F. Grases, I. P. Heilberg, D. Kok, E. Letav-
ernier, G. Lippi, M. Marangella, A. Nouvenne, M. Petrarulo,
R. Siener, H.-G. Tiselius, O. Traxer, A. Trinchieri, E. Croppi,
W. G. Robertson, Urolithiasis, 2021, 49, 1-16.

[42] G. Herzberg, Molecular Spectra and Molecular Structure. Vol.
2: Infrared and Raman Spectra of Polyatomic Molecules, Van
Nostrand, Reinhold, New York, 1945.

[43] H. Humecki, Practical Applications of Infrared Microspec-
troscopy, Marcel Dekker, Inc., New York, 1995.

[44] D. C. Fernandez, R. Bhargava, S. M. Hewitt, I. W. Levin, Nat.
Biotechnol., 2005, 23, 469-474.

[45] L. M. Miller, P. Dumas, Biochim. Biophys. Acta – Biomembr.,
2006, 1758, 846-857.

[46] L. Maurice-Estepa, P. Levillain, B. Lacour, M. Daudon, Scand.
J. Urol. Nephrol., 1999, 33, 299-305.

[47] L. Estepa, M. Daudon, Biospectroscopy, 1997, 3, 347-369.
[48] M. Daudon, D. Bazin, C. R. Chim., 2016, 19, 1416-1423.



Dominique Bazin et al. 129

[49] D. Bazin, E. Letavernier, J.-Ph. Haymann, F. Tielens, A. Kel-
lum, M. Daudon, C. R. Chim., 2016, 19, 1548-1557.

[50] D. Nguyen Quy, M. Daudon, Infrared et Raman Spectra of
Calculi, Elsevier, Paris, 1997.

[51] M. Daudon, D. Bazin, K. Adil, A. Le Bail, Acta Crystallogr. E,
2011, 67, article no. o1458.

[52] A. Le Bail, D. Bazin, M. Daudon, A. Brochot, V. Robbez-
Masson, V. Maisonneuve, Acta Crystallogr. B, 2009, 65, 350-
354.

[53] D. Bazin, M. Daudon, E. Elkaim, A. Le Bail, L. Smrcok, C. R.
Chim., 2016, 19, 1535-1541.

[54] D. Bazin, Ch. Jouanneau, S. Bertazzo, Ch. Sandt, A. Des-
sombz, M. Réfrégiers, P. Dumas, J. Frederick, J.-Ph. Hay-
mann, E. Letavernier, P. Ronco, M. Daudon, C. R. Chim.,
2016, 19, 1439-1455.

[55] A. Dessombz, D. Bazin, P. Dumas, C. Sandt, J. Sule-Suso,
M. Daudon, PLoS One, 2011, 6, article no. e28007.

[56] C. Petibois, M. Piccinini, M. C. Guidi, A. Marcelli, J. Syn-
chrotron Radiat., 2010, 17, 1-11.

[57] M. J. Nasse, M. J. Walsh, E. C. Mattson, R. Reininger,
A. Kajdacsy-Balla, V. Macias, R. Bhargava, C. J. Hirschmugl,
Nat. Methods, 2011, 8, 413-416.

[58] A. M. Hanninen, R. C. Prince, R. Ramos, M. V. Plikus, E. O.
Potma, Biomed. Opt. Express, 2018, 9, 4807-4817.

[59] A. Centrone, Annu. Rev. Anal. Chem., 2015, 8, 101-126.
[60] G. L. Carr, Rev. Sci. Instrum., 2001, 72, article no. 1613.
[61] A. Dazzi, F. Glotin, R. Carminati, J. Appl. Phys., 2010, 107,

article no. 124519.
[62] A. Dazzi, C. B. Prater, Chem. Rev., 2017, 17, 5146-5173.
[63] D. Fournier, F. Lepoutre, A. Boccara, J. Phys., 1983, 44, 479-

482.
[64] Y. Luque, K. Louis, C. Jouanneau, S. Placier, E. Esteve,

D. Bazin, E. Rondeau, E. Letavernier, A. Wolfromm, C. Gos-
set, A. Boueilh, M. Burbach, P. Frère, M.-C. Verpont, S. Van-
dermeersch, D. Langui, M. Daudon, V. Frochot, L. Mesnard,
J. Am. Soc. Nephrol., 2017, 28, 1723-1728.

[65] E. Esteve, Y. Luque, J. Waeytens, D. Bazin, L. Mesnard,
Ch. Jouanneau, P. Ronco, A. Dazzi, M. Daudon, A. Deniset-
Besseau, Anal. Chem., 2020, 92, 7388-7392.

[66] E. Esteve, “Applications des outils physicochimiques à la
physiologie et physiopathologie rénale”, PhD Thesis, Sor-
bonne University, Paris, France, 2021.

[67] V. Castiglione, P.-Y. Sacré, E. Cavalier, P. Hubert, R. Gadisseur,
E. Ziemons, PLoS One, 2018, 13, article no. e0201460.

[68] I. Lucas, D. Bazin, M. Daudon, C. R. Chim., 2022, 25, no. S1,
83-103.

[69] S. Tamosaityte, M. Pucetaite, A. Zelvys, S. Varvuolyte, V. Hen-
drixson, V. Sablinskas, C. R. Chim., 2022, 25, no. S1, 73-82.

[70] M. Harada, K. Iwamoto, T. Kitamori, T. Sawada, Anal. Chem.,
1993, 65, 2938-2940.

[71] M. Kansiz, C. Prater, E. Dillon, M. Lo, J. Anderson, C. Marcott,
A. Demissie, Y. Chen, G. Kunkel, Microsc. Today, 2020, 28, 26-
36.

[72] D. Bazin, E. Bouderlique, M. Daudon, V. Frochot, J.-Ph. Hay-
mann, E. Letavernier, F. Tielens, R. Weil, C. R. Chim., 2022,
25, no. S1, 37-60.

[73] D. Bazin, M. Daudon, J. Spectral Imaging, 2019, 8, article
no. a16.

[74] M. Daudon, D. Bazin, “New techniques to characterize kid-

ney stones and Randall’s plaque”, in Urolithiasis: Basic Sci-
ence and Clinical Practice (J. J. Talati, H. G. Tiselius, D. M.
Albala, Z. Ye, eds.), Springer, Berlin, 2012, 683-707.

[75] M. Toplak, S. T. Read, C. Sandt, F. Borondics, Cells, 2021, 10,
article no. 2300.

[76] N. E. Olson, Y. Xiao, Z. Lei, A. P. Ault, Anal. Chem., 2020, 92,
9932-9939.

[77] N. Baden, H. Kobayashi, N. Urayama, Int. J. Polym. Anal.
Character., 2020, 25, 1-7.

[78] V. Beltran, A. Marchetti, G. Nuyts, M. Leeuwestein, Ch. Sandt,
F. Borondics, K. De Wael, Angew. Chem. Int. Ed. Eng., 2021,
60, 22753-22760.

[79] A. J. Wang, E. P. Dillon, S. Maharjan, K.-S. Liao, B. P. McEl-
henny, T. Tong, S. Chen, J. Bao, S. A. Curran, Adv. Mater. In-
terfaces, 2021, 8, article no. 2001720.

[80] M. Kansiz, L. M. Dowling, I. Yousef, O. Guaitella, F. Borondics,
J. Sulé-Suso, Anal. Chem., 2021, 93, 11081-11088.

[81] N. Gustavsson, A. Paulus, I. Martinsson, A. Engdahl, K. Med-
joubi, K. Klementiev, A. Somogyi, T. Deierborg, F. Borondics,
G. K. Gouras, O. Klementieva, Light: Sci. Appl., 2021, 10, arti-
cle no. 151.

[82] G. Bakir, B. E. Girouard, R. Wiens, S. Mastel, E. Dillon,
M. Kansiz, K. M. Gough, Molecules, 2020, 25, article no. 4295.

[83] C. Lima, H. Muhamadali, Y. Xu, M. Kansiz, R. Goodacre, Anal.
Chem., 2021, 93, 3082-3088.

[84] A. Spadea, J. Denbigh, M. J. Lawrence, M. Kansiz, P. Gardner,
Anal. Chem., 2021, 93, 3938-3950.

[85] P. Zhao, Y. Zhao, L. Cui, Y. Tian, Z. Zhang, Q. Zhu, W. Zhao,
Sci. Total Environ., 2021, 775, article no. 145846.

[86] D. Khanal, J. Zhang, W.-R. Ke, M. M. Banaszak Holl, H.-K.
Chan, Anal. Chem., 2020, 92, 8323-8332.

[87] D. Zhang, C. Li, C. Zhang, M. N. Slipchenko, G. Eakins, J.-X.
Cheng, Sci. Adv., 2016, 2, article no. e1600521.

[88] O. Klementieva, Ch. Sandt, I. Martinsson, M. Kansiz, G. K.
Gouras, F. Borodics, Adv. Sci., 2020, 7, article no. 1903004.

[89] T. Echigo, M. Kimata, A. Kyono, M. Shimizu, T. Hatta, Min-
eral. Mag., 2005, 69, 77-88.

[90] M. Daudon, D. Bazin, G. Andre, P. Jungers, A. Cousson,
P. Chevallier, E. Véron, G. Matzen, J. Appl. Crystallogr., 2009,
42, 109-115.

[91] I. Petit, G. D. Belletti, Th. Debroise, M. J. Llansola-Portoles,
I. T. Lucas, C. Leroy, Ch. Bonhomme, L. Bonhomme-Coury,
D. Bazin, M. Daudon, E. Letavernier, J. Ph. Haymann, V. Fro-
chot, F. Babonneau, P. Quaino, F. Tielens, Chemistry Select,
2018, 3, 8801-8812.

[92] C. Conti, L. Brambilla, Ch. Colombo, D. Dellasega,
G. Diego Gatta, M. Realini, G. Zerbi, Phys. Chem. Chem.
Phys., 2010, 12, 14560-14566.

[93] Q. Liu, S. Huang, J. P. Matinlinna, Zh. Chen, H. Pan, BioMed
Res. Int., 2013, 2013, article no. 929748.

[94] Ch. Combes, S. Cazalbou, Ch. Rey, Minerals, 2016, 6, 1-25.
[95] D. Bazin, C. Chappard, C. Combes, X. Carpentier, S. Rouz-

ière, G. André, G. Matzen, M. Allix, D. Thiaudière, S. Reguer,
P. Jungers, M. Daudon, Osteoporos. Int., 2009, 20, 1065-1075.

[96] X. Carpentier, D. Bazin, P. Jungers, S. Reguer, D. Thiaudière,
M. Daudon, J. Synchrotron. Radiat., 2010, 17, 374-379.

[97] J. Mathurin, A. Deniset-Besseau, D. Bazin, E. Dartois,
M. Wagner, A. Dazzi, J. Appl. Phys., 2022, 131, article
no. 010901.



130 Dominique Bazin et al.

[98] T. Alelign, B. Petros, Adv. Urol., 2018, 2018, article
no. 3068365.

[99] F. L. Coe, A. Evan, E. Worcester, J. Clin. Investig., 2005, 115,
2598-2608.

[100] A. Guerra, A. Ticinesi, F. Allegri, S. Pinelli, R. Aloe, T. Meschi,
Urolithiasis, 2020, 48, 271-279.

[101] T. Debroise, T. Sedzik, J. Vekeman, Y. Y. Su, Ch. Bonhomme,
F. Tielens, Cryst. Growth Design, 2020, 20, 3807-3815.

[102] M. Shepelenko, Y. Feldman, L. Leiserowitz, L. Kronik, Cryst.
Growth Design, 2020, 20, 858-865.

[103] A. V. Kustov, A. I. Strelnikov, Urol. J., 2018, 15, 87-91.
[104] W. Zhao, N. Sharma, F. Jones, P. Raiteri, J. D. Gale,

R. Demichelis, Cryst. Growth Design, 2016, 16, 5954-5965.
[105] A. Frey-Wyssling, Am. J. Bot., 1981, 68, 130-141.
[106] A. Thomas, E. Rosseeva, O. Hochrein, W. Carillo-Cabrera,

P. Simon, P. Duchstein, D. Zahn, R. Kniep, Chem. Eur. J., 2012,
18, 4000-4009.

[107] A. Gehl, M. Dietzsch, M. Mondeshki, S. Bach, T. Häger,
B. Barton, U. Kolb, W. Tremel, Chem. Eur. J., 2015, 21, 18192-
18201.

[108] M. Hajira, R. Grafb, W. Tremel, Chem. Commun., 2014, 50,
6534-6536.

[109] D. Bazin, C. Leroy, F. Tielens, Ch. Bonhomme, L. Bonhomme-
Coury, F. Damay, D. Le Denmat, J. Sadoine, J. Rode, V. Fro-
chot, E. Letavernier, J.-Ph. Haymann, M. Daudon, C. R.
Chim., 2016, 19, 1492-1503.

[110] M. Daudon, E. Letavernier, V. Frochot, J.-Ph. Haymann,
D. Bazin, P. Jungers, C. R. Chim., 2016, 19, 1504-1513.

[111] M. Daudon, Ann. Urol., 2005, 39, 209-231.
[112] R. C. Walton, J. P. Kavanagh, B. R. Heywood, P. N. Rao, J. Cryst.

Growth, 2005, 284, 517-529.
[113] M. Daudon, C. A. Bader, P. Jungers, Scanning Microsc., 1993,

7, 1081-1104.
[114] M. Daudon, P. Junger, D. Bazin, New Engl. J. Med., 2008, 359,

100-102.
[115] A. Lionet, M. Haeck, A. Garstka, V. Gnemmi, D. Bazin,

E. Letavernier, J.-Ph. Haymann, Ch. Noel, M. Daudon, C. R.
Chim., 2016, 19, 1542-1547.

[116] P. Cartier, M. Hamet, Clin. Chim. Acta, 1968, 20, 205-214.
[117] G. Bollée, C. Dollinger, L. Boutaud, D. Guillemot, A. Bens-

man, J. Harambat, P. Deteix, M. Daudon, B. Knebelmann,
I. Ceballos-Picot, J. Am. Soc. Nephrol., 2010, 21, 679-688.

[118] B. Benedetto, R. Madden, A. Kurbanov, G. Braden, J. Free-
man, G. S. Lipkowitz, Am. J. Kidney Dis., 2001, 37, E37.1-
E37.4.

[119] K. H. Fye, A. Sahota, D. C. Hancock, A. B. Gelb, J. Chen, J. W.
Sparks, R. K. Sibley, J. A. Tischfield, Arch. Internat. Med., 1993,
153, 767-770.

[120] D. Glicklich, H. E. Gruber, A. J. Matas, V. A. Tellis, G. Karwa,
K. Finley, C. Salem, R. Soberman, J. Seegmiller, Q. J. Med.,
1988, 68, 785-793.

[121] L. Estepa-Maurice, C. Hennequin, C. Marfisi, C. Bader, B. La-
cour, M. Daudon, Am. J. Clin. Pathol., 1996, 105, 576-582.

[122] J. C. Williams Jr, J. E. Lingeman, M. Daudon, D. Bazin, C. R.
Chim., 2022, 25, no. S1, 61-72.

[123] P. Ruegsegger, B. Koller, R. Muller, Calcif. Tissue Int., 1996, 58,
24-29.

[124] C. A. Zarse, J. A. McAteer, A. J. Sommer, S. C. Kim, E. K. Hatt,

J. E. Lingeman, A. P. Evan, J. C. Williams Jr, BMC Urol., 2004,
4, article no. 15.

[125] J. C. Williams Jr, J. A. McAteer, A. P. Evan, J. E. Lingeman, Urol.
Res., 2010, 38, 477-484.

[126] J. Harper, J. Lingeman, R. Sweet, I. Metzler, P. Sunaryo, J. C.
Williams, A. Maxwell, J. Thiel, B. Cunitz, B. Dunmire, M. Bai-
ley, M. D. Sorensen, J. Urol., 2022, 207, 1067-1076.

[127] A. Randall, Ann. Surg., 1937, 105, 1009-1027.
[128] M. Daudon, O. Traxer, P. Jungers, D. Bazin, AIP Conf. Proc.,

2007, 900, 26-34.
[129] M. Daudon, P. Jungers, D. Bazin, AIP Conf. Proc., 2008, 1049,

199-215.
[130] M. Daudon, O. Traxer, J. C. Williams, D. Bazin, “Randall’s

plaques”, in Urinary Tract Stone Disease, Springer, Berlin,
2010.

[131] M. Daudon, D. Bazin, E. Letavernier, Urolithiasis, 2015, 43,
5-11.

[132] E. Letavernier, D. Bazin, M. Daudon, C. R. Chim., 2016, 19,
1456-1460.

[133] S. Ohman, L. Larsson, Med. Hypotheses, 1992, 39, 360-363.
[134] A. Evan, J. Lingeman, F. L. Coe, E. Worcester, Kidney Int.,

2006, 69, 1313-1318.
[135] M. Daudon, D. Bazin, J. Phys.: Conf. Ser., 2013, 425, article

no. 022006.
[136] E. Letavernier, S. Vandermeersch, O. Traxer, M. Tligui,

L. Baud, P. Ronco, J.-Ph. Haymann, M. Daudon, Medicine
(Baltimore), 2015, 94, article no. e566.

[137] D. Bazin, E. Letavernier, Ch. Jouanneau, P. Ronco, Ch. Sandt,
P. Dumas, G. Matzen, E. Véron, J.-Ph. Haymann, O. Traxer,
P. Conort, M. Daudon, C. R. Chim., 2016, 19, 1461-1469.

[138] C. Verrier, D. Bazin, L. Huguet, O. Stéphan, A. Gloter, M.-
Ch. Verpont, V. Frochot, J.-Ph. Haymann, I. Brocheriou,
O. Traxer, M. Daudon, E. Letavernier, J. Urol., 2016, 196,
1566-1574.

[139] E. Letavernier, G. Kauffenstein, L. Huguet, N. Navasiolava,
E. Bouderlique, E. Tang, L. Delaitre, D. Bazin, M. de Frutos,
C. Gay, J. Perez, M. C. Verpont, J.-Ph. Haymann, V. Pomozi,
J. Zoll, O. Le Saux, M. Daudon, G. Leftheriotis, L. Martin,
J. Am. Soc. Nephrol., 2018, 29, 2337-2347.

[140] C. Gay, E. Letavernier, M.-Ch. Verpont, M. Walls, D. Bazin,
M. Daudon, N. Nassif, O. Stephan, M. de Frutos, ACS Nano,
2020, 14, 1823-1836.

[141] S. R. Khan, B. K. Canales, P. R. Dominguez-Gutierrez, Nat.
Rev. Nephrol., 2021, 17, 417-433.

[142] S. R. Khan, C. R. Chim., 2022, 25, no. S1, 355-372.
[143] E. Van de Perre, D. Bazin, V. Estrade, E. Bouderlique, K. M.

Wissing, M. Daudon, E. Letavernier, C. R. Chim., 2022, 25,
no. S1, 373-391.

[144] X. Carpentier, D. Bazin, Ch. Combes, A. Mazouyes, S. Rouz-
ière, P.-A. Albouy, E. Foy, M. Daudon, J. Trace Elem. Med.
Biol., 2011, 25, 160-165.

[145] R. F. Cox, M. P. Morgan, Bone, 2013, 53, 437-445.
[146] Y. V. Nalawade, Indian J. Radiol. Imaging, 2009, 19, 282-286.
[147] M. P. Morgan, M. M. Cooke, G. M. McCarthy, J. Mammary

Gland Biol. Neoplasia, 2005, 10, 181-187.
[148] S. O’Grady, M. P. Morgan, BBA - Rev. Cancer, 2018, 1869, 310-

320.
[149] P. Henrot, A. Leroux, C. Barlier, P. Génin, Diagn. Interv. Imag-

ing, 2014, 95, 141-152.



Dominique Bazin et al. 131

[150] K. S. Shin, M. Laohajaratsang, S. Men, B. Figueroa, S. M.
Dintzis, D. Fu, Theranostics, 2020, 10, 5865-5878.

[151] M. Petay, M. Cherfan, E. Bouderlique, S. Reguer, J. Math-
urin, A. Dazzi, M. l’Heronde, M. Daudon, E. Letavernier,
A. Deniset-Besseau, D. Bazin, C. R. Chim., 2022, 25, no. S1,
553-576.

[152] S. Gosling, D. Calabrese, J. Nallala, Ch. Greenwood, S. Pin-
der, L. King, J. Marks, D. Pinto, Th. Lynch, I. D. Lyburn,
E. S. Hwang, Grand Challenge PRECISION Consortium,
K. Rogers, N. Stone, Analyst, 2022, 147, 1641-1654.

[153] M. J. Radi, Arch. Pathol. Lab. Med., 1989, 113, 1367-1369.
[154] C. Tornos, E. Silva, A. El-Naggar, K. P. Pritzker, Am. J. Surg.

Pathol., 1990, 14, 961-968.
[155] L. D. Truong, J. Cartwright, L. Alpert, Mod. Pathol., 1992, 5,

146-152.

[156] H. Poggi, H. C. W. Skinner, J. J. Ague, D. Carter, Am. Mineral.,
1998, 83, 1122-1126.

[157] R. Baker, K. D. Rogers, N. Shepherd, N. Stone, Br. J. Cancer,
2010, 103, 1034-1039.

[158] O. Hassler, Cancer, 1969, 23, 1103-1109.
[159] S. Gosling, R. Scott, C. Greenwood, P. Bouzy, J. Nallala, I. D.

Lyburn, N. Stone, K. Rogers, J. Mammary Gland Biol. Neopla-
sia, 2019, 334, 333-342.

[160] E. Tsolaki, W. Doran, L. Magnani, A. Olivo, I. K. Herrmann,
S. Bertazzo, 2021, bioRxiv preprint, https://doi.org/10.1101/
2020.04.29.067660.

[161] R. Vanna, C. Morasso, B. Marcinnò, F. Piccotti, E. Torti, D. Al-
tamura, S. Albasini, M. Agozzino, L. Villani, L. Sorrentino,
O. Bunk, F. Leporati, C. Giannini, F. Cors, Cancer Res., 2020,
80, 1762-1772.

https://doi.org/10.1101/2020.04.29.067660
https://doi.org/10.1101/2020.04.29.067660




Comptes Rendus
Chimie
2022, Vol. 25, Special Issue S1, p. 133-147
https://doi.org/10.5802/crchim.96

Microcrystalline pathologies: Clinical issues and nanochemistry / Pathologies
microcristallines : questions cliniques et nanochimie

Crystal size in µcrystalline pathologies and its

clinical implication

Dominique Bazin ∗, a, Vincent Frochotb, c, Jean-Philippe Haymann b, c,
Emmanuel Letavernier b, c andMichel Daudon b, c

a Université Paris-Saclay, CNRS, Institut de Chimie Physique, 91405 Orsay cedex,
France

b AP-HP, Hôpital Tenon, Service des explorations fonctionnelles, 75020 Paris, France

c Unité INSERM UMR S 1155, UPMC, Hôpital Tenon, 75020 Paris, France

E-mails: dominique.bazin@universite-paris-saclay.fr (D. Bazin),
vincent.frochot@aphp.fr (V. Frochot), Jean-Philippe.haymann@aphp.fr
(J.-P. Haymann), emmanuel.letavernier@aphp.fr (E. Letavernier),
michel.daudon@aphp.fr (M. Daudon)

Abstract. Chemical composition is not the only information establishing a significant link between
kidney stones and the pathology which induces urolithiasis. Structural parameters such as morphol-
ogy and crystal and crystallite size are also of primary importance. In this contribution, we would like
to assess the relationship of crystal size of different chemical phases with the pathology underlying
such calcifications. Based on literature as well as on some of our measurements, we will appreciate
the value of this structural parameter for different crystalline species in various clinical or biological
conditions and in helping the clinician, especially to understand why bacterial imprints in infection-
related stones are only visible in calcium phosphate apatite deposits.
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1. Introduction

Microcrystalline pathology is an exciting research
field [1–10] in which most investigations have been
performed on the mineral component of the biolog-
ical deposits induced by the pathology. With respect
to urolithiasis, the morphoconstitutional model de-
fines the morphology of the kidney stones as one of
the key parameters to establish a link between the

∗Corresponding author.

kidney stone and the pathology which has induced
it [11–18].

For several years, we have been describing the
morphology and the size of the crystallites and
nanocrystals which constitute the kidney stone (KS).
From a physicochemical point of view, we used the
terms “nanocrystals” and “crystallites” according to
Van Meerssche and Feneau-Dupont [19] in order to
define the structural hierarchy of these mineral con-
cretions. Crystallites (measuring typically some tens
of micrometers) are made of a collection of crystals
(measuring typically some hundreds of nanometers).
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At the mesoscopic scale, the morphology and size
of crystallites can be determined by scanning elec-
tron microscopy (SEM) [6,20,21], while at the nano-
metric scale, the size of crystals is determined by
X-ray scattering [22–24], powder neutron diffraction
(PND) [25,26], X-ray absorption spectroscopy [27–31]
or by transmission electron microscopy [32–36].

In this contribution, we would like to review the
crystal size of the principal chemical compounds
identified in kidney stones namely calcium oxalate,
calcium phosphate, uric acid, struvite, and cystine.
This structural parameter is of primary importance
in the case of pathological calcifications. For exam-
ple, it is related to their toxicity [37–39]. The cooper-
ative effects of Na+ and citrates on the dissolution of
calcium oxalate crystals can be also be discussed in
terms of this structural parameter [40].

We have selected papers which have focussed on
measurement of crystal size and discuss the implica-
tion of this structural parameter in medical research.

2. Determination of crystal size

Numerous excellent publications and books have
been dedicated to X-ray scattering [22–24,41–44].
Scattering occurs whenever electromagnetic ra-
diation interacts with matters. As underlined by
Woolfson [41], X-ray scattering can be thought of
as due to the absorption of incident radiation with
subsequent re-emission. Such re-emission consists
of two components. One has the same wavelength
(equivalent to energy) as the incident radiation and
is called Thomson scattering. The second one has a
longer wavelength (or a lower energy) than that of the
incident radiation with a difference of wavelength
depending on the angle of scatter. Here, we will focus
on the Thomson scattering.

In the case of a crystal, the scattered radiation
from each atom is coherent with respect to that from
all others (Figure 1).

The Debye scattering equation elegantly relates
the scattering intensity to the geometry of the crys-
tal [45–52].

I (q) =
∑

i

∑
j

fi (q) f j (q)sin(qRi j )/qRi j

In this equation, I (q) is the angle depen-
dent intensity (q is the momentum transfer, i.e.
q = 4πsinθ/λ) from Thomson scattering, the sums

Figure 1. As pointed out by Cassetta [42], when
the electromagnetic wave (blue arrow) inter-
acts with atomic electrons, a secondary wave
(with the same wavelength) is scattered in all
directions by the atom itself (green circles).
The secondary waves produced by the three-
dimensional regular array of atoms give rise
to interference phenomena which can be de-
structive or constructive depending on the dis-
position of the atoms relative to the incident ra-
diation. At the angle of 2θ, constructive inter-
ference X-ray scattering peaks are observed.

over i and j are over all the atoms, Ri j is the dis-
tance between the atoms i and j , and fi and f j

are the angle dependent atomic scattering factors.
This equation neglects thermal disorder as well
as Compton scattering, as a first approximation.
A significant point relevant to this equation is the
fact that the scattering factors, which take into ac-
count the interaction between X-rays and matter,
have been tabulated by Sasaki [53] and that Ri j can
be obtained easily from a structural model of the
crystal [54–64].

Figure 2 shows the use of the Debye scattering
equation to calculate the scattering intensity corre-
sponding to face centered cubic (fcc) nanometer-
scale platinum clusters of different sizes (represented
by different numbers, N , of atoms).

For a cluster containing 13 atoms, the scattering
peaks are very broad, exemplifying the fact that X-
ray scattering is best suited for materials with long
range order. Furthermore the figure also shows that
the scattering peak width depends significantly on
the size of the cluster.

For a nanometer-scale cluster with a “spherical”
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Figure 2. (a) Simple scheme for a fcc arrangement of atoms. (b) Diffraction diagram calculated for fcc
nanometer-scale clusters of N platinum atoms.

morphology the amplitude of all the intensities are
equivalent (Figure 2). This is not the case for asym-
metric structures such as nanotubes (Figure 3). X-ray
diffraction is thus very sensitive to the size and the
morphology of nanometer-scale clusters, especially
for monodisperse population.

Miranda and Sasaki [65] pointed out that the
Scherrer or Debye–Scherrer equation [66,67] can be
used to obtain nanocrystal size (D) from X-ray pow-
der diffraction measurements by a simple relation-
ship between D, the full width at half-maximum (Θ)

of the diffraction peak, the Bragg angle (θB) and the
wavelength of the radiation (λ) [68]. k is a dimension-
less number of the order of unity [69], known as the
Scherrer constant, after Scherrer [66] who first used
this method of estimating crystallite sizes.

Θ≈ kλ/D cos(θB)

This equation assumes that the incoming
scattered radiation does not interact with other
atoms (“kinematical” or “geometrical” theory of
X-ray diffraction). Bear in mind that the Scherrer
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Figure 3. The diffraction peaks of a nanotube display different widths (a) and (b). The 111 direction which
corresponds to the long axis of the nanotube is associated with the sharpest diffraction peak.

equation does not take into account the type or
scattering power of the atoms, the crystal symme-
try, or the reflection used. Despite all the simpli-
fications, the size of nanometer crystals yielded is
very similar to those obtained by other techniques.
Londoño-Restrepo et al. [70] have measured the

nanocrystal sizes obtained by the analysis of X-ray
scattering diagrams using Scherrer’s equation and
the analysis of images by High Resolution Trans-
mission Electron Microscopy. The nanocrystal sizes
for raw samples obtained by both methods are
mutually consistent, which confirms that Scherrer’s
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Figure 4. Final refinement, with experimen-
tal (circles), calculated (dashes), and difference
PND patterns of the sample T11283. Tick marks
below the profiles indicate the peak positions of
allowed Bragg reflections for whewellite [71].

equation is an excellent tool to determine the size
for nanocrystals. There is also excellent agreement
between theoretical calculations of the scattering in-
tensity by nanometer-scale clusters using the Debye
equation [45–52] and the Scherrer law.

3. The case of calcium oxalate monohydrate
KS

According to the morphoconstitutional model [11–
18], five main subtypes, namely Ia, Ib, Ic, Id and Ie of
calcium oxalate monohydrate kidney stones exist. All
have been investigated by SEM and Neutron Diffrac-
tion or Powder Neutron Diffraction (PND) [71]. Neu-
trons are electrically neutral and interact only weakly
with matter, and thus have a penetration depth of
several centimeters [72]. In Figure 4, we show the
final refinement, with experimental (circles), calcu-
lated (dashes), and difference PND patterns of the
sample N11283. The mean sizes of the nanocrys-
tals in these five subtypes (range 75–125 nm) were
107 nm (Ia), 80 nm (Ib), 110 nm (Ic), 90 nm (Ic) and
105 nm (Ie). These values are consistent with the in-
vestigation of Uvarov et al. [73]. If the crystal sizes
are similar but the subtypes are different, the struc-
tural characteristics of the crystallites differ consid-
erably [74]. Figure 5 shows the distinctive morphol-
ogy of the calcium oxalate form crystallites for Ia (a),
Ic (b) and Ie (c).

Figure 5. Peculiar morphology for COM crys-
tallites in the case of Ia (a), Ic (b) and Ie (c) sub-
type (hyperoxaluria).

4. The case of calcium oxalate dihydrate (COD)
crystals

Calcium oxalate crystals found in urine samples of
stone formers range from 0.5 to 85µm in size. Indeed,
crystal size seems to be related to urine biochemistry.
As shown in Figure 6, we found that among 5427
urine samples containing COD crystals, the mean
size of the crystals is slightly increasing according
to the calcium oxalate molar product (pCaOx). By
contrast, the maximal size measured for COD crystals
in urine is tenfold higher when pCaOx increased from
2.28 to 4.26 (mmol/l)2.
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Figure 6. Size of calcium oxalate dihydrate
crystals found in urine according to the cal-
cium oxalate molar product.

5. The case of calcium phosphate apatite KS

Calcium phosphate in the form of carbapatite (CA) is
a very common crystalline phase in urinary stones.
Taking into account a large data bank including
50,000 stones acquired over the past three decades,
CA has been identified by selective infrared analy-
sis in 80% of all stones in both sexes, in most cases
as a minor component [75]. It is worth underlining
that despite its low proportion, CA is often clinically
relevant as an initiating phase of the lithogenic pro-
cess, as observed in stones developed from a Ran-
dall’s plaque [76–81].

XRD as well as PND experiments have been per-
formed on CA typical of physiological (bones) as well
as pathological (Randall’s plaque) calcifications [85–
87]. Moreover, using atomic force microscopy, Eppell
et al. [82] have obtained direct three-dimensional vi-
sual evidence of the size and shape of native protein-
free mineralites isolated from mature bovine bone.
Data analysis show that approximately 98% of the
crystals are less than 2 nm thick displaying a plate-
like habit. In Figure 7, the authors contrast the thick-
nesses (a), the widths (b), and the lengths (c), of the
small mineralites.

These structural characteristics are consistent
with our PND (Figure 8) and XRD experiments (Fig-
ure 9). Figure 8 illustrates several kinds of sam-
ples [83]. High temperature calcinated stoichiomet-
ric synthetic hydroxyapatites are characterized by
a neutron diffraction diagram with sharp diffrac-
tion peaks because the size of the crystal is typically
around a few micrometers (see Figure 2 for ratio-
nalization). In the case of synthetic nanocrystalline

Figure 7. Histograms of AFM assessed dimen-
sions of small protein-free mineralites from
bone. The dimensions were normally dis-
tributed: best-fit Gaussians were superimposed
on each histogram: (a) thicknesses (b) widths
(c) lengths [82].

apatites, the diffraction peak widths are more sig-
nificant because the size of the crystals is around
several nanometers, except the 002 diffraction peak
which indicates the anisotropy of the platelet-like
nanocrystals of all these compounds. Finally, PND
diagrams of physiological apatites are very similar to
those of synthetic nanocrystalline apatites [88–91].

At the micrometer scale, SEM shows that the
plate-like crystals are agglomerated and appear as
spherical structures (Figure 9).

6. The case of struvite KS

Struvite (magnesium ammonium phosphate
hexahydrate) stones form as a result of UTI (Urinary
Tract Infection) by urease-producing pathogens and
are thus often referred to as infection stones [92–96].
As pointed out by Flannigan et al. [93], struvite
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Figure 8. Neutron diffractograms of three families of apatite: high temperature calcinated synthetic ap-
atite, room-temperature synthetic apatites and biological apatites (bones). The insert shows a corre-
sponding X-ray diffractogram [83].

stone formation is exclusively associated with both
gram-positive and gram-negative urease-producing
species.

To explain the absence of bacterial imprints at the
surface of struvite crystallites [84,97], PND experi-
ments have been performed. As Figure 10 shows, the
diffraction peaks of the struvite stone (stone T33776)
are significantly sharper than those of nanocrys-
talline CA (stone T21934), indicating that the size of
struvite crystals is much more significant than that
of CA crystals. The data analysis indicates a struvite
crystal mean size of 250 nm±25 nm, close to the max-
imum value that can be measured with our devices.

Note that, at the micrometer scale, struvite crys-
tallites (Figure 11) display a typical specific 3-branch
star surface morphology, in agreement with previous
studies [98–100].

7. The case of whitlockite KS

Among phosphates, the species most frequently as-
sociated with infection are whitlockite [101,102], es-
pecially in women, and struvite in both male and fe-
male patients (p < 0.0001 vs. calcium oxalates in both
sexes). Moreover calcium phosphate stones contain-
ing more than 30% whitlockite are associated with
UTI in 81% of cases.
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Figure 9. SEM of spherical CA entities in a kid-
ney stone.

Recently, we have performed a set of X-ray scat-
tering experiments using synchrotron radiation as a
probe on the CRISTAL beamline of the Soleil syn-
chrotron [103]. Thanks to recent advances [104,105]
it was possible to perform a complete Rietveld anal-
ysis to obtain crystal sizes of whitlockite in different
kidney stones [106]. The results are summarized in
Table 1.

The average is around 185 nm, a much more sig-
nificant value than reported for CA but quite similar
to those of other chemical phases.

At the micrometer scale, whitlockite pseudo cubic
crystallites are observed by SEM, a morphology con-
sistent with their crystallographic structure [106,107].

8. The case of uric acid KS

As observed by Kenny and Goldfarb [108], with the
proportion of obese Americans increasing and the
association of obesity with low urine pH, uric acid
nephrolithiasis is of paramount importance to the
nephrologist, rheumatologist, and internist. Regard-
ing prevalence, roughly 10% of stones in the United
States are uric acid [109]. Between 1996 and 2007, a
significant increase in the incidence of kidney stones
in the pediatric population has been observed and
such increases seem to be linked to the concomitant
rise in obesity [110,111].

In a recent investigation, we have considered
uric acid anhydrous (UAA) kidney stones and have
measured their crystal size by neutron diffraction
(Figure 13) [112].

Table 1. Whitlockite crystal size for different
kidney stones as measured by synchrotron XRD

Kidney stone Crystal size

T32616 290 nm±10 nm

T38952 90 nm±10 nm

T43068 30 nm±10 nm

T43736 250 nm±10 nm

T45449 330 nm±10 nm

T51263 330 nm±10 nm

T52975 130 nm±10 nm

T55785 190 nm±10 nm

T74647 90 nm±10 nm

T74808 120 nm±10 nm

This structural parameter was significantly differ-
ent between male and female patients (84.7±5.3 nm
vs. 140.2 ± 6.7 nm, p = 0.000003). One of the strik-
ing points of this investigation is the fact that when
type 2 diabetes develops, this structural difference
between male and female vanished (76.1±3.9 nm vs.
78.8±4.2 nm, not significant).

Finally, on Figure 14, we can see a specific struc-
ture corresponding to the phase conversion between
the two uric acid species (from dihydrate to anhy-
drous). Such observation is in line with the publica-
tion of Grases et al. [114] which has described the
composition and structure of a set of uric acid stones
and considers in vitro investigation of the crystalliza-
tion behavior of uric acid.

9. The case of cystine KS

Cystinuria, an inheritable autosomal recessive dis-
order of amino acid transport, affects the epithelial
cells of the renal tubules as well as the gastrointesti-
nal tract [115–117]. This genetic pathology is char-
acterized by abnormal concentrations of cystine and
the other dibasic amino acids in the urine, leading
to the formation of cystine renal stones because of
the low solubility of cystine in urine [118,119]. It is
the most frequent genetic cause of stone formation.
Although two genes have been identified as causing
this disease (SLC3A1 and SLC7A9), other unknown
genes may also be involved in cystinuria [120,121].

The goal of the neutron scattering experiments
(Figure 15) we have performed on cystine kidney
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Figure 10. Neutron diffraction diagrams [84] collected for selected samples (T33776: struvite stone,
T21934: calcium carbonated apatite stone).

Figure 11. Typical morphologic features of
struvite crystallites. Note the absence of bacte-
rial imprints [84].

Figure 12. SEM images of whitlockite crystal-
lites.
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Figure 13. Final refinement, with experimental (red points), calculated (black line) and their difference
(blue line), obtained for the kidney stone T40161. Tick marks below the profiles indicate the peak
positions of allowed Bragg reflections for UAA [112].

Figure 14. SEM images of uric acid kidney
stones.

stones was to determine if medical treatment sig-
nificantly modifies the size of cystine crystals [113].
The neutron data indicate clearly that treatment
based on alkalinization by sodium bicarbonate sig-
nificantly reduces the size of cystine crystals, from
about 200 nm to about 120 nm. Moreover, as Fig-
ure 16 shows, alkalinization significantly modifies
cystine crystallite morphology.

10. Discussion

The crystal structural characteristics of pathological
calcifications constitute a key medical parameter for
e.g. their toxicity [122]. For example, Sun et al. [38]
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Figure 15. Typical observed (Yobs in red), calculated (Ycalc in black), and difference, profiles (Yobs–Ycalc

in blue) of the PND diagram of a cystine kidney stone. Tick marks (Bragg position in green) below the
profiles indicate the peak positions of allowed Bragg reflections for cystine [113].

have demonstrated that crystal shapes and aggrega-
tion states are crucial factors affecting crystal toxicity
in renal epithelial cells. In a previous study, the same
group [37] also showed that nano-sized COM and
COD crystals induced much greater cell death (sum
of apoptosis and necrosis) than micron-sized crys-
tals. With respect to hydroxyapatite (HAP), a recent
investigation shows that nanoscale HAP-40 nm and
HAP-70 nm were more toxic to HK-2 cells than the
micron-sized HAP-1 µm [123]. Note that for HAP, the
crystal morphology is also a major structural param-
eter in regard to inflammation process [124]. Crystal
structural parameters can also be related to physio-
logical parameters or developmental processes. For
example, Leventouri et al. [125] have noted that the
crystallinity of dental hydroxyapatite decreases with
tooth age. Also, it is worth emphasizing that enamel
crystallinity also exerts effects on mammalian and
vertebrate dental evolution [126]. Finally, the impor-
tance of the size and morphology of crystal in per-
turbation of biological tissues has been noted for
other chemical phases including calcium pyrophos-
phate [127] and monosodium urate [128].

The various results we have presented show
clearly that the crystal size associated with the
different solid chemical phases identified in urine i.e.
calcium oxalate monohydrate (COM or whewellite),
struvite, whitlockite, uric acid and cystine is around
100 nm while the crystal size of calcium phosphate
apatite is generally around 30 nm. Such results
are consistent with previous publications show-
ing the same differences between crystal sizes of
calcium phosphate apatite, and other chemical
phases [47,129]. For example, Uvarov et al. [73] high-
light that weddellite crystal size was always greater
than that of whewellite when they were simulta-
neously present, while brushite exhibits the largest
crystallites of all.

From a physicochemical point of view, the com-
parison between the size measured by XRD via the
Scherrer law, and the SEM observations, presents
an opportunity to discuss the difference between
the size of a crystal as measured by SEM observa-
tions and what is in fact measured by the Scher-
rer law i.e. the coherently scattering domain size.
For example, in the cases of whitlockite (Figure 12)
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Figure 16. (a) SEM image of a typical Va cys-
tine kidney stone made of large crystals exhibit-
ing flat surfaces with well-defined corners and
edges. The stone was removed from the kidney
of an untreated patient. (b) SEM image of a Vb
kidney stone [113].

and cystine (Figure 16a), well-defined edges and
surfaces are clearly visible, giving the impression
that micrometer-scale crystals are visualized and
not crystallites. In fact, for these chemical phases,
the difference between the coherently scattering do-
main size on a hundreds of nanometer scale, and the
size of crystallites, indicates the presence of numer-
ous structural defects which induce loss of long range
order.

From a clinical point of view, we have mentioned
that the crystal size is a key parameter in understand-
ing interactions with cells. Differences in crystal size
between calcium phosphate apatite and the other
chemical phases is also of primary importance in
understanding the localization of bacterial imprints,
structural features which have been observed at the
surface of concretions arising in various organs. Sev-
eral papers have discussed the presence of bacte-

rial imprints at the surface of kidney stones [84,97,
130,131], in prostatic stones [132,133], and of concre-
tions in the bile duct [134]. In the case of prostate
and kidney, the bacterial imprints were observed at
the surface of the calcium phosphate apatite com-
ponents of the concretions. None were observed at
the surface of struvite crystallites although struvite is
clearly related to urinary tract infection. To explain
this apparent contradiction, we use the analogy of a
man walking on a beach [84]. If the beach is sandy he
leaves footprints, but not if the beach is stony. Bacte-
rial imprints may thus appear in the small calcium
carbonated apatite nanocrystals rather than in the
large struvite ones. As shown for uric acid, COD or
cystine, the size of either nanocrystals or of crystal-
lites may be relevant to correlate biological crystals
and biochemistry or medical treatment or pathologi-
cal conditions.

11. Conclusion

Using examples from literature we have highlighted
crystals and crystallite structural parameters of
chemical phases identified in kidney stones by SEM
and interpretation of XRD or PND diagrams. All re-
ports point to the fact that the crystal size of most
of the relevant chemical phases, namely calcium
oxalate monohydrate (COM or whewellite), calcium
oxalate dihydrate (COD or weddelite), brushite, stru-
vite, whitlockite, uric acid, and cystine, is around
100 nm, whereas that of calcium phosphate apatite
is predominantly around 30 nm.

These explain why bacterial imprints are only ob-
served at the surface of calcium phosphate apatite
kidney stones. Even though struvite is strongly asso-
ciated with infection [135], its large crystal size can
explain why bacterial imprints cannot form and be
observed on the surface of struvite crystallites. Many
of these observations around crystal size have clin-
ical applications. SEM findings can thus help iden-
tify bacterial influences and better define urolithia-
sis etiology in patients generating kidney stones from
which struvite is absent, and who give negative urine
culture results and no evidence of fever.
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Abstract. X-ray Photoelectron Spectroscopy (XPS) constitutes an elegant way to describe the chemical
characteristics of the surface of biological materials. It is thus a unique approach to decipher the
interaction between biological materials and tissues. In the case of medical implants, it is thus possible
to understand its biocompatibility as well as its integration in the body which can be wanted in
the case of prothesis or avoided in the case of JJ-stents. More precisely, XPS can bring valuable
information of the interaction between physiological calcification (here bone) and the prosthesis
as well as the interaction between pathological calcifications (lithiasis) and the JJ-stent. This mini
overview is dedicated to two communities, the physical chemists and the clinicians. In the first part
of this overview, after an introduction on the basic principles of XPS, we focus on the theoretical
techniques adopted for the computation of XPS spectra of materials.

The second part, dedicated to clinicians, describes the use of XPS for the characterization of
biological materials. We report which kind of chemical information can be gained by this surface-
sensitive technique and how this information has a relevant impact on medical applications.

Through different examples, we show that XPS is a strong and very useful tool, and thus receiving
a crucial place in medical research.
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1. Introduction

In 1887, the discovery of the photoelectric effect
by Hertz [1] gives the basis of the X-ray Photoelec-
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tron Spectroscopy (XPS) or electron spectroscopy for
chemical analysis (ESCA). The first use of XPS to
investigate surface properties was made by Siegbahn
in the mid-1960s [2] and led to numerous break-
throughs in physics [3,4] as well as in nanochem-
istry later on [5,6]. Now, XPS spectroscopy has be-
come a relatively simple and increasingly routinary
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technique for the compositional and chemical state
analysis of surfaces [7,8].

In medicine, XPS spectroscopy brings valuable in-
formation in different specialities. On the surface
of biomaterials, XPS spectroscopy is able to give an
identification and a quantification of possible con-
taminants [9]. XPS spectroscopy may also describe
the covalent attachment of adhesive peptides used to
enhance osteoblast adhesion on titanium implants
and prostheses [10]. Lastly, it is worth to underline
that pathological [11–13] as well as physiological cal-
cifications and biologically interesting phases [14–22]
have been investigated through XPS spectroscopy to
characterize either the very first steps of their patho-
genesis [23,24] or the process of bone formation.

The aim of this publication is to present recent re-
sults obtained in the field of biomaterials and patho-
logical calcifications by means of XPS spectroscopy,
and to discuss the perspectives of the method. To
attain this goal, we will start by a brief (more de-
tails can be found in different excellent books or re-
views [25–29]) description on the basic principles of
XPS, followed by a presentation of the computational
techniques available nowadays for the calculations
of theoretical XPS spectra of materials. The second
part, namely XPS for the clinician, is dedicated to the
medical community. Through different examples, we
try to show that XPS is a strong and very useful tool
which has a crucial place in medical research.

2. Basic elements of XPS spectroscopy

Like other characterization techniques namely X-ray
diffraction or X-ray fluorescence [30–33], XPS uses
X-ray photons as a probe. While X-ray diffraction
and X-ray fluorescence involves incident photons of
high energy and the detection of photons, XPS spec-
troscopy uses low-energy (∼1.5 keV) X-rays and is
based on the detection of photoelectrons emitted
from the sample [6–10]. It is the measurement of the
kinetic energy of these photoelectrons emitted from
the surface which yields information on the elec-
tronic states of atoms present at the surface.

Ek , the kinetic energy of the emitted photoelec-
tron is given by the Einstein equation: Ek = hν −
EB −ϕs where EB is the binding energy of an elec-
tron in its initial state in the atom, hν is the energy
of the X-ray photon and ϕs is the work function of
the sample. From the known hν and the measured

Figure 1. Schematic representation related to
the different steps of the photoelectron and
Auger electrons emission.

Ek , the binding energy of the element EB is obtained.
It is worth to notice that in a XPS spectra, a second
family of electrons coming from the surface, Auger
electrons [7,34–37], gives rise to additional peaks. The
emission of Auger electrons happens after the photo-
absorption and the emission of the photoelectron
which created a vacancy. An electron from a higher
energy (corresponding to an electronic transition be-
tween 2s and 1s state on Figure 1b) releases energy
able to expulse an electron (2s on Figure 1b). Such an
Auger electron is emitted with a kinetic energy that is
independent of the X-ray energy.

From an experimental point of view, XPS spec-
troscopy can be considered as in lab experiment.
Clinicians have to consider this technique through
intimate collaboration with p7hysical chemists in or-
der to0 discuss the preparation procedure of the sam-
ple taking into account4pc working under vacuum
and the nature of the surface. Shard [38] have dis-
cussed different points that should be considered
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Figure 2. (a) Schematic view of the photoelec-
tron spectrometer with a hemispherical elec-
tron energy analyzer. (b) By changing the ge-
ometry, it is possible to modulate the thickness
of the sample which is analyzed.

to obtain reliable and meaningful information from
quantitative XPS encompassing the necessity for
reference data as well as a consistent and methodi-
cal method for the separation of inelastic background
from peaks. In a classical XPS experiment (Figure 2),
the incident monochromatic photons beam is given
by aluminum (hν = 1486.6 eV) or magnesium (hν =
1253.6 eV) Kα.

As pointed out by Vohrer et al. [39], experimental
developments lead to micro or small spot-XPS sys-
tems with near-micron spatial resolution. The analy-
sis of the photoelectron energy implies that the sam-
ple is placed in a vacuum chamber, under the best
vacuum conditions achievable, typically ∼10−10 torr.
Regarding the detection, the binding energies of elec-
trons detected are measured in electron-volts (eV)
with an accuracy of ±0.1 eV. The most common type
is the electrostatic hemispherical analyzer consist-
ing of two concentric hemispheres [40]. Note that it
is possible to modulate the thickness of the sample
which is analyzed through a modification of the ex-
perimental conditions.

One of the major advantages of XPS spectroscopy
comes from the fact that this spectroscopy pro-
vides information on almost all the elements in the
Periodic Table (except hydrogen and helium). At this
point, it is worth to underline that while X-ray fluo-
rescence is limited to the identification and the quan-
tification of elements present in the sample [31,32,
41,42], high resolution scans of the XPS peaks can
differentiated elements of the same kind but with dif-
ferent states and environments.

Another major advantage comes from the fact that
photoelectrons are emitted from the very top sur-
face (1–10 nm) of any solid surface. Such advantage
can be easily understood from the following equa-
tion which gives the probability, p, that a photoelec-
tron escapes from the sample without losing energy.
In this equation, λe (E) is defined as the photoelec-
tron inelastic mean free path and θ the angle between
the incident beam and the normal of the surface

p =−z/exp(λe (E)cosθ)

λe (E) corresponds to the average distance between
collisions in which an emerging photoelectron loses
energy. If a photoelectron loses kinetic energy in a
collision, the information regarding the chemical in-
formation of the sample is loss. The information of
a XPS spectrum is thus given by photoelectron corre-
sponding toλe (E) equal typically to 2–5 nm, the other
photoelectron contributes to the background.

3. Computational tools for the computation of
XPS spectra: first principles calculations

In this paragraph we summarize the fundamental
physics behind XPS, illustrated with some theoreti-
cal calculations and studies used in the interpreta-
tion and prediction of experimental XPS data. After
having introduced the theoretical formalism, we pro-
vide an overview on the techniques for the compu-
tation of theoretical XPS spectra that can provide a
full rationalization of XPS experiments on biological
materials.

The use of theoretical chemistry computational
tools to help in the characterization of biological
materials timidly but firmly starting to become the
state-of-the-art [43,44]. Theoretical chemistry which
is already omni-present in materials science and
which is expected to break open the limits of ma-
terials design known up till now will continue to
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obtain a dominating position thanks to the evolu-
tion of the computing power and algorithms. Artifi-
cial intelligence, machine learning, neural network
calculations etc. are the tools that will enable to solve
the complex calculations behind the fundamental
laws of physics at the level of the atom and electrons
of matter.

Today, we are not yet at this point but this revo-
lution in scientific working protocols is slowly arriv-
ing at its aim. The theoretical chemistry-based com-
putations applied on systems of interest by the clin-
ician are still scarce, but some methods can be used
already. Especially, on biological mineralisation sam-
ples some work has been performed [45–48].

Typically, structural parameters such as unit cell
parameters and atomic coordinates are optimized,
but also spectroscopic data (IR and Raman spectra)
can be simulated [49,50]. These simulated data are
then a very valuable source of data for comparison
with experimental data for the interpretation of the
spectra. The models itself provide a molecular pic-
ture of the material. Diffraction (X-ray, neutron and
electron) patterns are also available thanks to the
structural optimisations [51].

However, other spectroscopies, such as XPS are
less calculated in general. Some studies are dedi-
cated on the calculation strategies, and/or applied
to some specific families of materials. In what fol-
lows we would like to give an overview on the meth-
ods used in materials modelling science and provide
some applications of them, which hopefully will in-
spire the modelling community to apply XPS on ma-
terials of biological interest.

XPS spectroscopy has been widely employed in
the field of heterogeneous catalysis since its capa-
bility in probing changes in the local bonding envi-
ronments of atoms at the boundaries between solid
surfaces and other media along a reaction process
e.g. adsorption and surface reconstruction phenom-
ena [52–54]. The complexity of the surface chem-
istry, characterized by a broad spectra of surfaces
sites each one with a specific interaction with the
substrates and molecules, makes the interpretation
of XPS experimental spectra often not straightfor-
ward and univocal. Computational approaches able
to assign the different components of the XPS spec-
tra to groups of atoms with specific chemical envi-

ronments are therefore mandatory for the full ratio-
nalization of XPS experiments.

The binding energy BE of a given electronic level
can be expressed as the energy difference between
the initial N electron non-ionized state and the N −1
electron final ionized state:

BE = E n−1(final)−E n(initial).

The BE can be calculated with different degrees of ap-
proximation. When the electronic density is consid-
ered frozen, not free to relax in response to the ion-
ization of the system, the BE can be expressed as the
negative value of the orbital energy −εi (Koopmans

theorem) from which the electr8on is removed.
This is known as Frozen Orbital (FO) approach. In the
FO approach the BE is calculated as the7 difference
between the neutral ground state HF (Hartree–Fock)
energy and the ionized system HF energy obtained by
the HF orbitals of the neutral system.

Absolute BEs cannot be predicted by density func-
tional theory (DFT) calculations since the Koopmans
theorem does not hold for Kohn and Sham (KS) or-
bitals, as recently shown by Pueyo Bellafont et al. [55].
Conversely, DFT calculations in the FO approach
have been shown to reflect the experimental trends
in Core level binding energy shifts (∆BEs) for a series
of gas phase molecules [55]. The BEs and ∆BEs cal-
culated by the FO approach mainly provide informa-
tion on the chemical bonding features of the initial
neutral ground state (initial state effect), since the re-
laxation of the electronic orbitals is not taken into ac-
count in the final ionized system.

More accurate estimations of the BEs can be ob-
tained by considering the energy difference between
the final ionized state and the initial neutral ground
state, taking into account the electron density relax-
ation in response to the electron hole. This approach
is known as ∆SCF.

The calculations of gas phase molecules BEs based
on DFT and HF in the ∆SCF scheme, have been
shown to reproduce absolute experimental BEs with
a good degree of accuracy [56–58]. However, this
could be due to cancellation of errors arising from
the neglect of relativistic effects, the poor descrip-
tion of correlation energies and incompleteness of
the basis set. In this regard Pueyo Bellafont et al. [59]
have directly taken into account relativistic effect in
the calculations of 1S core level BEs of N, F, C and
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B atoms belonging to 68 gas phase molecules with
different functional groups. HF and DFT calculations
(TPSS functional) in the∆SCF scheme have been per-
formed. The calculated BEs result to be underesti-
mated with respect to the experimental values of 0.11
(HF) and 0.05 eV (TPPS).

An alternative promising method for the comput-
ing of gas phase molecules BEs is represented by the
GW quasi particle approach [60]. In this approach
the HF equations are generalized in terms of Greens
functions (G), which poles correspond to the ioniza-
tion potentials and electronic affinities. In this frame-
work based on ab initio calculations, the ionization
potentials and electronic affinities are connected to
the dielectric function and self-energy of the system.
In the GW method the response of the electron den-
sity to the core hole is described by a perturbative ap-
proach where the system self-energy is expanded in
a Taylor series of the dynamically screened Coulomb
interaction (W).

In the past, the GW approach has been success-
fully applied for the computation of valence electron
ionization energies in solid and gas phase molecules.
More recently, the use of the GW approach has been
also extended to the calculations of core electrons
BEs of gas phase molecules [61,62]. In this regard
the work of Goltze et al. [61] applies a partial self-
consistent GW scheme for the computation of 1s
core level BEs of 68 molecular systems. This work
points out how the use of GGA functionals (cur-
rently used for the calculation of valence electrons
BEs) for the initialization of Green functions and the
Coulomb interaction are not enough for an accurate
computation of core electrons BEs. By contrast the
use of Hybrid functionals with high percentage of
exact exchange and the inclusion of relativistic ef-
fects provides accurate BEs that agree within 0.3 and
0.2 eV with experiments. The main advantage of the
GW methods with respect ∆SCF ones lies in the di-
rect computation of ionization potential and electron
affinities from the quasi-particle energy of respec-
tively occupied and not occupied electronic levels.

We now move our attention to the methods devel-
oped for the computation of BEs and ∆BEs of peri-
odic systems. In the last two decades the astonish-
ing increasing in the computational power has led
surface science to pass from a cluster to a periodic
approach for the modelling of surfaces. In the past,
computational works modelling the adsorption pro-

cess on oxides and metal surfaces by the clusters ap-
proach have provided useful information into the na-
ture of the interaction between the adsorbate and
the surfaces [63,64]. However, the small size of the
clusters leads to edge effects due to dangling atoms
and possible wrong stoichiometry. These issues can
be overcome by correctly coordinating the dangling
atoms by other atoms, leading, however, to possi-
ble new unwanted effects on the computed BE and
∆BEs. Periodic systems are used in order to avoid
these effects.

This has led to the conceiving of new approaches
for the computation of ∆BEs of atoms on large peri-
odic surfaces. The difficulties in computing XPS spec-
tra on large periodic models arise from two main
reasons:

(1) The ionization of one core electron in a given
surface atom leads to a charged periodic cell.
The coulomb repulsion between the periodi-
cally repeated infinite unit cells could intro-
duce artefacts in the calculated values core
level BEs and ∆BEs.

(2) Generally, Periodic codes (VASP [65–69],
CP2K [70]) are not “full electron”, the core
electrons are not explicitly treated. The ef-
fect of the atomic core electrons on the va-
lence electron density is modelled by Pseudo
Potentials.

In order to overcome such limitations different ap-
proaches have been proposed in the literature for
the calculation of XPS spectra of periodic models
in a ∆SCF scheme. In their pioneering work Pehlke
and Scheffler et al. [71] calculate core level shift of
clean (001) Ga and Si surfaces for excited atoms lo-
cated at different distance from the surface. The au-
thors generate Hamann–Schluter Chiang pseudo po-
tentials for respectively the neutral and the ionized Si
and Ge atoms (with 2p and 3d core holes). The com-
parison between the excited and the initial ground
states revealed a higher screening at the surface with
respect to the bulk.

More recently Ljumberg et al. [72] has imple-
mented XPS calculations for periodic and non-
periodic systems on the GPAW code, based on
DFT and the projector-augmented wave (PAW)
method [69,73]. Interestingly the authors find vari-
ations up to 10 eV in the BEs when adopting closed
and open shell calculations in the test case of H2O
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molecule. It follows that the use of spin polarized
calculation is necessary for this approach. Curiously,
as pointed out in the recent review of Vines et al. [74],
negligible differences are instead found between spin
and not spin-polarized calculations when adopt-
ing the “full electron” cluster approach [64]. The
calculation of XPS energies (∆BEs) by the PAW ap-
proach of CO molecule adsorbed on Ni(100) surface
has provided an error of around 2 eV with respect to
the experimental value [64].

The implementation of core level ∆BEs calcu-
lations on periodic systems with PAW based ap-
proach and their successful combination with in-
situ XPS experiments has led to an increasing num-
ber of innovative studies on the characterization of
the adsorption and the reactivity of small organic
species at metal and metal oxide surfaces. For in-
stance, PAW based approaches have been success-
fully applied for the computation of XPS energies of:
(i) CO molecule adsorbed on Ni(100), Fe(100) and
Rh(111) surfaces [72,75,76], (ii) sulphur oxidation on
Palladium [77,78], (iii) aspartic acid and methyl Ace-
toacetate adsorbed on Ni(100) [79,80] and (iv) small
molecular species on copper oxide surfaces [81]. We
also highlight the work of Trinh et al. [81], where a
synergistic approach of experimental XPS and DFT
calculations is proposed in order to determine the
Hubbard terms (U term) for adsorbate/intermediate
species on transition metal oxide surfaces.

As a drawback, the periodic∆SCF calculations im-
ply the use of approaches in order to prevent the
spurious core electron holes’ interaction between
the replica of the final system (N − 1 electron), that
would lead to Coulomb divergence. The introduc-
tion of a uniform background opposite charge [82]
and the addition of electrons in the conduction
band [76,83] of the final systems have been the
two main approaches adopted to circumvent such
problem. However, the addition of fictitious counter
charges in the final system can introduce spurious ef-
fects in the calculated values of core level BEs and
∆BEs [84].

In this regard Ozaki et al. [85] have proposed a
new approach based on DFT calculations, where a
penalty function is used in order to model the elec-
tron core hole and the spurious interaction between
the replica is removed using the Coulomb cut-off
method. Another interesting methodology is the one
of Lischner et al. [86,87] where absolute core elec-

trons BEs are calculated by DFT-based all-electrons
∆SCF calculations. In these works, core-level bind-
ing energies for a series of adsorbates on Cu(111)
surfaces are computed. In a first step the adsorbate
structures are optimized on a periodic slab model of
the Cu(111) surface. Then, a cluster of 88 Cu atoms
is extracted from the slab and the core BEs are calcu-
lated using the all-electron ∆SCF. These calculations
have led to accurate absolute BEs with a mean un-
signed error of 0.08 eV and 0.13 eV for respectively
the M06 and PBE functional.

An alternative approach for an accurate predic-
tion of periodic systems ∆BEs is represented by the
Janak–Slater (JS) transition state method [88,89]. This
approach considers half occupation of the core level
(CL) rather than a full core-hole as in other ∆SCF ap-
proaches. This is done in order to minimize the fic-
titious repulsion between the replicas. Recent stud-
ies have reported the JS to provide ∆BEs of gas
phase molecules and periodic surfaces [82,83] in
good agreement with experiments, when adopting a
PAW description of the atomic cores (implemented
on VASP).

Beyond∆SCF approaches, the XPS spectra of peri-
odic systems have also been computed by GW meth-
ods [90,91]. We find of particular interest the work
Zhu et al. [90] where an implementation based on
crystalline Gaussian Basis set for the computation of
core-electrons BEs on periodic systems in the GW
scheme, is presented. Also, in this case the use of hy-
brid functionals with a high percentage of exact ex-
change results to be mandatory for the computation
of accurate core electrons BEs.

The GW method presents the main advantage
with respect to the ∆SCF approaches to not need
considering the final ionized system for the compu-
tation of BEs in periodic systems. This avoids possi-
ble spurious effects arising from the core-holes inter-
action between the replicas.

4. XPS for the clinician, some more simple
considerations

In this section, we briefly describe some of the stud-
ies on the characterization by XPS spectroscopy of
materials with biological and medical interest.

The objective is to provide to the reader an idea
of which chemical information can be gained by XPS
experiments on these materials and which is their
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impact on application in the fields of medicine and
biology.

In particular we focus on the two major elements
which play a pivotal role in medicine namely tita-
nium and calcium. Titanium is a material widely
used in the medical field for orthopedic prosthesis
and implant dentistry [92,93] while calcium is an
element at the core of the research performed on
pathological and physiological calcifications as well
as bioactive biominerals for orthopedic applications
[11,12,94–96].

Different investigations have been dedicated to
describing precisely the chemical and physical na-
ture of the TiO2 oxide layer in order to understand
why freshly cut titanium seems to be more active
in cell adhesion than titanium aged 4 weeks or
more [97,98]. Titanium dioxide may have an amor-
phous state and eleven polymorphic phases [99].
Thermodynamically, Rutile [100,101] is the more sta-
ble phase, while anatase and brookite are metastable.
These two last polymorphs will be transformed into
rutile at higher temperature. As underlined by Peng
et al. [102], a competition process occurs between
the osteoblasts and pathogens introduced during
surgery, on the surface of prostheses. Such competi-
tion has motivated numerous investigations on this
major research subject with different characteriza-
tion techniques [103,104].

As underlined in the publication of Roy et al. [105],
XPS spectroscopy gives major information on the
surface. The authors have considered two commer-
cially available Osteoplant Base™ and Rapid™ ti-
tanium dental implants. On Figure 3a, we can see
that like XRF spectroscopy, different elements can be
identified. More precisely, the XPS spectrum is domi-
nated by photoelectron peaks, corresponding to elec-
trons originating in the 1s orbitals of the C, N, O and
F or in the 2s or 2p orbitals of Ti and Al atoms in the
sample surface. The intensity of the XPS spectra de-
pends on the concentration of the element present.
Moreover, peaks corresponding to the Auger process
are visible (CKLL, TiLMM, OKLL. . .). The third compo-
nent of a XPS spectrum is related to the background
which comes from electrons excited by the X-ray
Bremsstrahlung radiation at low binding energy as
well as from inelastically scattered photoelectrons at
higher binding energy.

But XPS spectroscopy gives more information. As
we can see on Figure 3b, XPS spectroscopy is able

through a deconvolution process to distinguish the
different oxidation states of Ti namely Ti4+, Ti2+

and Ti0. Basically, the spin–orbit splitting (splitting
between Ti2p3/2 and Ti2p1/2) is approximately the
same for Ti4+, Ti2+ and Ti0). Regarding the chemi-
cal shift between Ti0 and Ti4+, the charge withdrawn
leads to a 2p orbital relaxation to higher binding
energy.

In their study, Roy et al. [105] demonstrate clearly
through XPS spectroscopy that UVC irradiation was
able to reverse biological ageing of titanium by
greatly reducing the amount of carbon contamina-
tion present on the implant surface by up to 4 times,
while the topography of the surface was not affected.

Note that information can be obtained also
through the O2p peak (Figure 4). As reported by
Song et al. [106], two large peaks could be measured
located at 529.4 and 530.7 eV. These peaks can be
assigned to TiO2 and TiOH respectively [107].

Calcium is another key element in medicine.
The chemistry of Calcium orthophosphate is quite
complex and encompasses in medicine amorphous
and nanocrystals compounds [108–110]. Demri and
Muester [111] have measured the 2p XPS photoe-
mission lines of different compounds containing
calcium compounds (Figure 5). The contributions
of the Ca2p3/2 and Ca2p1/2 can be distinguished for
each compound. The position of the most intense
Ca2p3/2 peak is found to be strongly dependent on
the local chemical environment of the Ca atom.

The CaO and CaCO3 peaks are found located
around 346.5 eV, while the calcium atoms bounded to
phosphate groups are located at about 347 eV. For the
compounds characterized by bonds with high ionic
character (sulphates, nitrates, etc.), the Ca2p3/2 peak
is found shifted at higher binding energy. Such mea-
surements illustrate the high sensitivity of XPS spec-
troscopy to the structure and chemical nature of the
environment experienced by Ca, an element which
plays a major role in medicine.

5. Selected examples related to medicine

Several papers [112,113] have underlined the differ-
ent instrumentation and methodology advances that
have enhanced the ability to study organic and bi-
ological systems through XPS spectroscopy. Among
the biological systems and biomaterials which can
be investigated through XPS spectroscopy, we can
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Figure 3. (a) The XPS survey spectra obtained for two samples the BASE (red) and RAPID (blue) implants
as received. On both surfaces Ti, O, C, Al and F were detectable. (b) High resolution XPS spectrum of
the Ti2p core line for RAPID implant. The shape of the 2p doublet was fitted by to five sub-doublets.
The doublet with the highest intensity corresponded to TiO2 component. The enlarged region presented
the Ti2p3/2 peaks corresponded to hydrated water Ti–OH, various oxidation states and metallic state of
titanium (Roy et al. [105]).
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Figure 4. XPS core level spectra for O1s of TiO2 samples as prepared and annealed at 450 °C and 700 °C
(Song et al. [106]).

quote bacteria [114,115], Human cells [116,117], den-
tal implants [118–120], intraocular lens [121,122] or
physiological as well as pathological calcifications
such as (not only human ones) [123–125], teeth
[126–128], vascular calcifications [13,129] or kidney
stones [130].

5.1. XPS studies of implants

5.1.1. Multicomponents implants

Regarding their chemical structure, implants may
be composed of several elements. Titanium and
its alloys are widely used in dental implants and
hip-prostheses due to their excellent biocompati-
bility [131]. The characterization of their surface is
clearly of primary importance to understand the rela-
tionship between the implant and physiological cal-
cifications namely bones or teeth. For example, us-
ing XPS, it is possible to determine quantitatively the
surface hydroxyl concentration, which results of the

dissociation of a water molecule at the surface, on
low specific surface area metal oxides such as TiO2

and Fe2O3 [132,133]. Similar approach can be per-
formed to characterize the surface of tetragonal sta-
bilized ZrO2 with the addition of 3 mol% Y2O3 dental
implants [134]. For such implants which contain sev-
eral elements, XPS can give the Y/Zr atomic ratio. As
underlined by Zinelis et al. [134], a high value of this
parameter may indicate yttria segregation. Recently,
Su et al. [135] provide a brief summary of state-of-art
of surface biofunctionalization on implantable met-
als by CaP coatings.

With XPS, it is also possible to describe the modi-
fications of the surface induced by a chemical treat-
ment. Takadama et al. [136] show through XPS study
that a NaOH and treatments of a Ti–6Al–4V alloy
produce an Al and V free amorphous sodium ti-
tanate surface layer on the surface. Note that a chem-
ical treatment of the surface may also modify sig-
nificantly its topology. Kang et al. [119] have ob-
served that the electrochemical oxidation process for
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Figure 5. Ca2p spectra taken for different com-
pounds (Demri and Muester [111]).

Ti implants produces microporous surface (pore size:
0.5–3.0 µm) and modify surface chemistry due to in-
corporation of anions of the used electrolyte. Regard-

ing commercially pure titanium, Korotin et al. [137]
have characterized through XPS such compound be-
fore and after chemical treatment (in 1% HF, 1 min
and in 40% HF, 1 min). These authors found that
acid treatment reduces the content of hydrocarbons
increasing the surface energy and biocompatibility
(through an increase of the oxygen concentration on
the surface) of Ti-implants.

Then, on top of TiO2 surface, zinc oxide nanopar-
ticles can be used as a coating material to inhibit bac-
terial adhesion and promote osteoblast growth [138].
Recently, Chang et al. [139] have proposed a reliable
method by considering the peak shift of Zn2p in XPS
to inspect the ZnO matrix, rather than O1s. Finally,
coating based on calcium phosphate apatite could
significantly improve the biological performances
of metallic implants [140,141]. As underlined by Lu
et al. [142] hydroxyapatite is closed to the mineral
part of bones and teeth and display a spontaneous
interfacial osteointegration when implanted. In their
investigation, these authors show that the Ca/P and
O/Ca XPS peak ratios provide identification of the
CaP phase(s) present in the surface and establish
their mole fractions. More precisely, the relative in-
tensity of shake-up satellite II related to O(1s) de-
creases in the following order: β-TCP (Tricalcium
phosphate) > HAP (Hydroxyapatite) > OCP (Octacal-
cium phosphate) > DCP (dibasic calcium phosphate)
> DCPD (dibasic calcium phosphate dihydrate) >
MCP (monobasic calcium Phosphate).

Finally, Combes et al. [143] have investigated the
nucleation and growth of dicalcium phosphate dihy-
drate (CaHPO4·2H2O) on titanium powder at 37 °C
and pH 5.5. Combining XPS and IR experiments,
these authors observed that at the earliest stage of
contact with the supersaturated solution, the oxi-
dized titanium surface exhibited an increase of the
xylation rate associated with calcium and phosphate
uptake. Also, there are direct evidence that the first
calcium phosphate layer exhibits the IR characteris-
tics of amorphous calcium phosphate. It is at the end
of the induction period that the formation of DCPD
crystals was observed.

5.1.2. Toxicity of implants

For such biomaterials, investigations of their sur-
face may be relevant to control their physicochemi-
cal structural characteristics and also to assess toxi-
city problems such as the ones related to the release
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of TiO2 particles which may also compromise bone-
forming cell functions [138]. Recently, Kim et al. [144]
have presented a general review of titanium toxic-
ity pointing for example the accumulation of metal
debris such as titanium, aluminum, and vanadium
found in the bone marrow of some patients or the
presence of inflammatory cells around titanium par-
ticles in peri-implantitis biopsies.

Oje and Ogwu [145] have underlined the pres-
ence of a non-stoichiometric oxide phase. Such con-
clusion is based on the measurement of the Cr2p3/2
spectrum which display peaks at binding energy po-
sitions of approximately 575.25, 576.40 and 578.46 eV.
In line with the publication of Ogwu et al. [146],
the peak at approximately 575.25 eV indicates a
non-stoichiometric oxide phase between metallic
chromium at 574.9 eV and the Cr2O3 peak located at
576.40 eV.

5.2. XPS studies of pathological and physiologi-
cal calcifications

The deposit of calcium phosphate at the surface of
biomedical implants may be a major problem. It is
the case for explanted intraocular lens [147], JJ-stents
[148,149] or heart valves [150].

Bian et al. [151] have studied the degradation
behaviors and in-vivo biocompatibility of a rare
earth- and aluminum-free magnesium-based stent.
The XPS data give the elementary composition at
the surface through the detection of the contribution
coming from Mg, O, Ca, P, C and minor Na. The pos-
sible presence of calcium phosphate hydroxyapatite
on the surface is based on the measurements of Ca2p
peak at 350.90 eV, along with P2p peak at 133.36 eV
and O1s peak at 531.17 eV [152]. Simon et al. [121]
have combined XPS and Ar+ ion sputtering in order
to investigate elemental depth profiles, as the sam-
ple can be analyzed layer by layer on the nanometric
scale. As noticed by these authors, this is the first in-
vestigation on explanted intraocular lenses using XPS
depth profiling in order to examine the inside of the
opacifying deposits.

Regarding pathological calcifications, XPS offers
the opportunity to study the adsorption of molecules
or cations at the surface of chemical compounds
which have been identified in pathological calcifi-
cations. Also, Gourgas et al. [13] used a set of char-
acterization techniques including XPS spectroscopy

to understand how pathological calcification is ini-
tiated on the vascular extracellular matrix. In their
conclusion, the authors show that an interdisci-
plinary approach combining animal models and ma-
terials science can provide insights into the mecha-
nism of vascular calcification in line with previous
publications [11,12]. In their investigation, Gourgas
et al. [13] have used XPS spectroscopy to under-
line the presence of CaP calcifications in on aorta
sections. In this work, the authors used XPS to iden-
tify mineral phases present in calcified arteries from
mouse models. Using XPS, they showed that the
amount of calcium phosphate minerals is signifi-
cantly increasing with time. Also, they observed a
significant increase in the average Ca/P ratios over-
time which showing the conversion of precursor
phases into crystalline apatite phases. Overall, this
work shows that mineral deposition in medial ar-
terial calcification starts with precipitation of pre-
cursor phases (amorphous calcium phosphate and
OCP) and further transformation to hydroxyapatite
and carbonated hydroxyapatite.

Finally, XPS spectroscopy offers the opportunity
to characterize physiological calcifications such as
bones [124] or teeth [108]. The analysis of their sur-
face may give major information regarding the pres-
ence of trace elements at their surface [153], the
thickness of adsorbed mouth rinse components on
dental enamel [154] or the adsorption process of
drugs [124]. Zhao et al. [124] have investigated the ef-
fects of Sr-incorporation on scaffold physicochemi-
cal and mechanical properties, bioactivity, cytotox-
icity, and bone formation rate. In the XPS spectra,
two major peaks for Sr were measured with bind-
ing energies of 269.13 eV (Sr3p3/2) and 133.52 eV
(Sr3d5/2). The incorporation of Sr increased the Ca el-
ement binding energy, with the Ca2p3/2 peak increas-
ing from 347.08 eV to 348.24 eV.

6. Conclusions

In this short overview we considered the use of XPS
characterization methods in the field of clinical sci-
ences. Some elements regarding the theoretical for-
malism in particular with respect to first principles
calculations are given, followed by some practical
and experimental information regarding XPS. Two
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families of mineralization systems are discussed to-
wards their XPS properties: mineralization originat-
ing from implants and from physiological patho-
logical origin. Concerning the most studied family
of both mentioned some more details are given on
multicomponent implants, their toxicity, and their
calcifications.

It is a timely work since it was noticed that
XPS is becoming of interest in the analysis of bio-
logical mineralization applications, and that the ex-
perimental methodologies are available. Theoretical
quantum chemical-based calculations have been
performed so far on different solid systems and on
surfaces in particular, but much less on biological
mineral systems. However, it is clear that from the
works published in the literature the computational
methods are ready to be used on biological mineral
systems and they are not only restricted to inorganic
materials and heterogenous catalysts. In conclusion
our message would be that a bright future of XPS is
expected in the field of clinical sciences.
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Abstract. This contribution tries to indicate to the clinician what kind of information can be investi-
gated through X-ray fluorescence, what kind of information can be extracted from this spectroscopy
and finally how it competes with other tools described in previous publications such as Fourier Trans-
form Infrared or Raman spectroscopy, X-ray Absorption Near Edge Structure spectroscopy and X-ray
diffraction. To attain this goal, several examples based on X-ray fluorescence experiments performed
on biological samples namely concretions, medical devices, biological fluids as well as tissues are
presented.

Résumé. Cette contribution vise à sensibiliser le clinicien sur l’utilisation de la spectroscopie de
fluorescence X en précisant le type d’échantillon pouvant être étudié et les informations exploitables.
De plus, la complémentarité avec d’autres techniques analytiques présentées dans des publications
précédentes, telles que les spectroscopies vibrationnelles (spectroscopie infrarouge à transformée
de Fourier et Raman), la spectroscopie d’absorption des rayons X et la diffraction des rayons X
est discutée. Différents résultats de mesures par spectroscopie de fluorescence X effectués sur des
échantillons biologiques de différentes natures (concrétions, dispositifs médicaux, fluides et tissus
biologiques) sont présentés.

Keywords. X-ray fluorescence spectroscopy, Medicine, Biological samples, Concretions, Tissues, Bio-
logical fluids.

Mots-clés. Spectroscopie de fluorescence X, Médecine, Échantillons biologiques, Concrétions, Tissus,
Fluides biologiques.
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1. Introduction

In addition to the precise theoretical and experi-
mental description of X-ray fluorescence (XRF) spec-
troscopy previously made [1–7], the present review
is nonetheless important in order to show the clini-
cian the kind of sample that can be investigated us-
ing XRF, the kind of information that can be derived
from these analyses and how it competes with other
analytical tools [8–13].

For example, while vibrational spectroscopies
such as Infrared spectroscopy used routinely at the
hospital [14–16] give accurate determination of the
chemical composition of kidney stones, these vibra-
tional techniques are unable to assess the presence
of trace elements in these concretions [17–19] or to
determine the presence of a compound for which
the crystallographic structure has not been estab-
lished [20–22]. It is for example the case of calcium
tartrate tetrahydrate [23,24].

Highlighting the presence or the absence of some
elements in biological tissues may be of great interest
in medicine in the sense that it can help in diagno-
sis [25–32]. Indeed, the presence of lead may indicate
a diagnosis of saturnism [33] while accumulation of
copper may be related to Wilson’s disease [34]. Fi-
nally, the role of magnesium, zinc, copper, and man-
ganese ions on the kinetics of crystal growth of cal-
cium oxalate has been discussed [17,35]. Some ele-
ments may play some role in the very first steps of
the pathogenesis of calcification [36–38].

The appeal of X-ray based analysis for pathologi-
cal calcification lies in several major advantages such
as precious samples or which exist in very low quan-
tity. First of all, it is a non-invasive technique, to the
best of our knowledge material changes are not ob-
served (no phase transition) during the experiment,
even when using synchrotron radiation as a source.
In most cases, the biological samples can be inves-
tigated directly, no preparation is required, with lit-
tle or no pre-treatment. The sensitivity of XRF is ex-
cellent (some times less than µg/g) because in most
cases, the aim is to detect heavy elements in a ma-
trix which contains mainly light elements such as
C, N and O: this configuration is quite positive with
regard to this technique as shown in the following
scientific cases. In addition, the acquisition time is
quite short, and evaluation times vary from few sec-
onds up to few minutes depending on the classi-
cal laboratory instrument used, down to few mil-
liseconds when using brilliant synchrotron source.
All these benefits imply that the presence or ab-
sence of numerous potential elements can be val-
idated in a few minutes in the most basic form
of the technique, including measurement and data
processing.

First, the present contribution describes briefly
the complementary techniques, which are able to de-
tect trace elements (in addition to XRF), and this de-
scription includes their advantages and drawbacks.
Then, some key points regarding XRF spectroscopy
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Table 1. Methods for trace element analysis

Analytical methods

Destructive analysis AAS (atomic absorption spectroscopy)

ICP-AES (inductively coupled plasma-atomic emission spectroscopy)

ICP-MS (inductively coupled plasma-mass spectroscopy)

Semi-destructive LA-ICP-MS (laser abrasion-ICP-MS)

SIMS (secondary ion mass spectroscopy)

Non-destructive EDS (energy dispersive X-ray spectroscopy) or WDS
(wavelength dispersive X-ray spectroscopy)
XRF

NAA (neutron activation analysis)

PIXE (particle induced X-ray emission spectroscopy)

will be underlined. Finally, while the previous re-
view paper focused on the contribution of XRF to
pathological calcification studies [39], the present
one highlights recent results obtained on various
kinds of biological samples.

2. Some notions regarding different techniques
for the detection of trace elements

In a recent review, Uo et al. [40] have defined three
families namely destructive, semi-destructive and
non-destructive, for the techniques dedicated to the
detection of trace elements (Table 1).

As noticed by the authors, the first three ones,
namely AAS, ICP-AES and ICP-MS are quite popu-
lar for trace element analysis. In the case of AAS [41],
the number of elements detected is quite low even
if some recent experimental developments allow the
measurements for a significant number of elements.
For example, Rello et al. [42] measured Mo and Ti lev-
els in a dried urine spot using solid sampling high
resolution continuum source graphite furnace AAS.
Unfortunately, the destructive nature of these meth-
ods is a strong inconvenience in the case of kidney
biopsy. For such biological samples, it is of major im-
portance to localize the calcification: is it present in
the glomerulus or in the proximal or distal tubule?

When considering non-destructive techniques,
their availability must also be considered. Indeed,
regarding PIXE analysis, a source of protons is
needed and to date there are only two experimen-
tal setups existing in France [43]. Furthermore, the

set of non-destructive techniques (Table 2) displays
very different sensitivities [40]. Clearly, the limit of
detection of SEM–EDS seems to be quite high. Nev-
ertheless, because the dimension of the probe is very
small, the presence of trace elements in submicrom-
eter particles can be underlined. The localization
of trace elements versus an alteration of the tissue
such a tumor can be important to establish a medical
diagnosis. One efficient way to be able to decipher
the role of trace elements is to detect them with a
non-destructive technique which has a great sen-
sitivity and then be able to localize the abnormal
deposit accurately in the biological tissue. Such an
approach calls for classical XRF spectroscopy and in
a second step, to perform such experiments using the
synchrotron radiation as a source. In the latter case,
the spatial resolution may be optimized at different
scales from millimeters through micrometers down
to nanometers.

3. Some basic features regarding XRF

XRF relies on the emission of characteristic sec-
ondary X-rays emitted from specific atoms after
irradiation of the materials by high energy X-ray
beam [44–47]. The first commercial XRF spectrome-
ter was developed in the 1950s [48]. Since then, XRF
has attracted increasing consideration in numerous
research areas [49].

The physical principle of the XRF is illustrated in
Figure 1. The excitation of core electrons (present on
the K or L shell) of the sample by an X-ray photon
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Figure 1. Basic physics related to XRF spectroscopy. The incident X-ray photon (a) creates a hole follow-
ing the ejection (red arrow) of a 1s electron. (b) Such a hole disappears after an electronic transition (blue
arrow) which induces the emission of an Auger electron or an X-ray photon (green arrow), called the flu-
orescent radiation (black arrow).

Table 2. Methods for trace element analysis

Technique Excitation
source

Sample
preparation

Measurements
conditions

Limit of
detection (ppm)

Spatial
resolution (µm)

PIXE Protons Dehydrated High vacuum 1–10 1–3

EDS Electrons Dehydrated High vacuum ≈5000 ≈0.1

XRF In lab X-rays None Ambient pressure ≈50 30–50

XRF Synchrotron radiation None Ambient pressure ≈1 ≈0.01

leads at the atomic scale to the ejection of an elec-
tron called photoelectron (Figure 1a). The formation
of a core hole leads to electronic transition which in-
duces the emission of a photon or an Auger electron
(Figure 1b). One of the key points of XRF relies on the
fact that the energy of the emitted photon is specific
to the photo-excited atom [50–52] (Figure 2, Table 3).

4. Data analysis process procedures

4.1. Experimental facility setup

Nowadays, laboratory XRF setups benefit from up-
to-date instrumental developments enabling the de-
tection of trace elements with the highest efficiency
(Figure 3). Typical XRF setup includes (i) an X-ray

generator with a Cu or Mo anticathode, for example,
producing high energy radiation (8.04 keV for Cu an-
ticathode and 17.48 keV for Mo anticathode) allow-
ing the detection of most of the elements of the pe-
riodic table, (ii) a multilayer mirror optics focusing
a monochromatic beam onto the sample and (iii) a
SDD (Silicon Drift Detector) energy dispersive detec-
tor (see Figure 3). Further, measurements may also
be carried out at a micrometric scale by using mi-
crobeams with size down to 20 µm in diameter [53].
The XRF setup, using a sealed tube X-ray source, rep-
resents a highly compact instrument which can eas-
ily be transported in a hospital.

Over the past several years, commercial XRF de-
vices have been developed (see for example the
review by Bosco Ref. [54]) and used essentially to de-
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Figure 2. XRF spectrum collected for a biologi-
cal apatite (bone) linked to a pathological calci-
fication showing the contributions of Ca (Kα =
3.69 keV, Kβ = 4.01 keV), Zn (Kα = 8.64 keV,
Kβ = 9.57 keV), Pb (Lα = 10.55 keV, Lβ =
12.61 keV) and Sr (Kα = 14.16 keV, Kβ =
15.84 keV).

Figure 3. Laboratory XRF setup at Laboratoire
de Physique des Solides (Orsay, France).

tect health problems in people working in the min-
ing and construction industry [55]. Even if their sen-
sitivity is less than thta of the laboratory experimen-
tal setup, commercial XRF devices offer the opportu-
nity to gather information “at home” regarding the
presence of different heavy elements such as Pb in
bone [56], Zn in human toenail clipping [57] and
human nail [58], Cr [59] and Fe [60] in skin, Zr in

Table 3. Characteristic X-ray emission (keV)
for selected elements identified in biological
samples

Atomic
number

Element Characteristic X-ray
emission line (keV)

Kα1 Kα2 Kβ Lα1

3 Li 0.05

6 C 0.27

7 N 0.39

8 O 0.52

9 F 0.67

11 Na 1.04 1.04 1.07

12 Mg 1.25 1.25 1.30

15 P 2.013 2.01 2.14

16 S 2.30 2.30 2.46

17 Cl 2.62 2.62 2.81

18 Ar 2.95 2.95 3.19

19 K 3.31 3.31 3.58

20 Ca 3.69 3.68 4.01

22 Ti 4.51 5.50 4.93

24 Cr 5.41 5.40 5.94

25 Mn 5.90 5.89 6.49

26 Fe 6.40 6.39 7.05

29 Cu 8.04 8.02 8.90

30 Zn 8.63 8.61 9.57

33 As 10.54 10.50 11.72

78 Pt 9.44

82 Pb 10.55

83 Bi 10.83

dental restorative resin materials [61], tooth abnor-
malities (pulp stones) [62–64], the determination of
Fe in blood [65] or the presence of Pu (Plutonium)
for workers decommissioning the Fukushima Daiichi
nuclear power plant [66].

Practically a portable XRF setup (Figure 4) can be
used for solid metals and alloys, ores and soils [67].
Using a gold anode X-Ray generator, under 50 kV
high voltage excitation, it offers a powerful source
and highly sensitive measurements. Thus the detec-
tion limit is lowered for high Z elements and investi-
gation of low Z elements such as Mg, Al, Si and P can
be achieved via He purge between the detector and
the sample (Figure 4). The spot size is also tuneable
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Figure 4. Portable X-ray instrument on its
portable test stand at the NIMBE-LAPA labora-
tory (Saclay, France).

from a larger spot of 8 mm diameter to a smaller spot
of 3 mm diameter. Furthermore, thanks to a CCD
camera, the visualization and location of the areas
of interest on the sample is possible. Finally, by con-
necting the portable XRF with a simple USB cable
to a computer, all the data and spectra are fetched
from the instrument using a dedicated software for
advanced analysis of the results.

Also noteworthy is the recent development
of portable XRF devices that allow assessing the
presence of Pu in biological fluids [68–70]. As un-
derlined by Izumoto et al. [68], fast on-site detection
of Pu is usually performed by analysis of α-particles
emitted from the adhesive tape peeled off the wound.
These authors have developed a new strategy based
on XRF where blood is deposited on filter paper.
With that experimental procedure using lead as a
model for Pu, the XRF signal is proportional to the Pb
concentration in blood. With a measurement time of
30 s, these authors estimate the minimum detection
limit of Pb in blood collected by filter paper to be
2.4 ppm.

Figure 5. Experimental setup able to measure
the content of Sr in human finger through in
vivo XRF measurement.

4.2. In vivo investigations based on XRF mea-
surements

At the hospital, in vivo XRF on human tissue can
be also considered. Among the early in vivo XRF ex-
periments, the publication of Pavoni et al. [71] dis-
cussed the feasibility of in vivo XRF study of the thy-
roid following stable I (iodine) administration. In vivo
XRF analysis of Hg (mercury) in kidney, liver, thyroid,
blood and urine has been recently investigated [72,
73]. The mean kidney Hg concentration was 24 µg/g
in the exposed workers, and 1 µg/g in the controls. A
statistically significant correlation between Hg in the
kidney and in urine was found. Also, the Hg levels in
liver and thyroid in the exposed workers were below
the detection limit.

In the case of the work of Moise et al. [74], XRF
spectra were collected on the finger and on the ankle
bone sites, representing primarily cortical and tra-
becular bone, respectively (Figure 5). The acquisi-
tion time being 30 min, these publications underline
the possibility of monitoring and measuring bone
Sr (strontium) levels over time.

4.3. XRF using Synchrotron Radiation as a source

The major advantages of using synchrotron sources
to do XRF measurements are now discussed [39,75–
78]. While the brightness of a conventional X-ray
tube is around 1010 photons/s·mrad2·mm2, the cor-
responding value of synchrotron radiation sources is
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Figure 6. Experimental setup at DiffAbs beam-
line, SOLEIL synchrotron (St Aubin, France),
for (a) standard (300 µm) and (b) microbeam
(10 µm) modes. 1: sample holder with transla-
tion tables, 2: XRF detector (4 elements SDD),
3:2 dimensions detector for X-ray diffraction
(XPAD 3.2) 4: vacuum chamber containing
Kirkpatrick–Baez optics, 5: Camera micro-
scope.

between 1015 and 1020. The sensitivity of XRF is thus
much better when the experiments (Figure 6) are per-
formed on such a large scale instrument [79]. In ad-
dition, in the case of synchrotron radiation sources
the beam can be focused down to the micrometer or
even nanometer scale allowing local analyses [80,81].

Numerous works have been published on the ba-
sis of the subcellular beam size. Among them, a study
established the concentration profiles of Fe, Cu, Zn,
Br, Sr and Pb in different parts of a tooth in order to
discuss the possible influence of diet [82]. It is also
possible to acquire 2D maps [83]. In a recent review,
Gherase and Fleming [84] present numerous inves-
tigations using spatial resolution several microme-
ters to reveal the distribution of trace elements (<a
fewµg/g). As underlined by these authors, current re-

search effort is aimed not only at measuring the ab-
normal elemental distributions associated with var-
ious diseases, but also at indicating or discovering
possible biological mechanisms that could explain
such observations.

Nowadays, there is the possibility to gather infor-
mation on the spatial distribution of trace elements
inside cells [85]. For example, Ortega et al. [86] have
developed an original experimental setup which
allows aquisition of XRF images with a 90 nm spatial
resolution. Such an experimental device leads to im-
portant medical results like the accumulation of iron
in dopamine neurovesicles. Several major break-
throughs have been achieved using such nanometer
spatial resolution [87–89]. Note that such unique
characteristics lead to the conception and the real-
ization of beamline dedicated to medicine (see for
example Refs. [90–94]).

4.4. Data processing and analysis

After the energy calibration of the XRF detector, the
very first step of the data processing, which leads to
the determination of the spatial distribution of the
different elements is given by a fitting procedure of
the fluorescence lines for each XRF spectrum. This
allows to identify and evaluate the contribution of
each element semi-quantitatively. In some cases, the
contribution to the measured signal of two elements
can be quite close and/or (partially) superimposed
and a deconvolution process has to be performed,
like in the case of the energy related to Au Lα and Zn
Kβ fluorescence emission (Figure 7, from Ref. [95]).

If mapping with XRF contrasts are realized (see
e.g., Section 5), visual correlations between the
chemical species and their presence in particular
regions of the sample can be sometimes noted, but
they can also be the result of a subjective view. A
more thorough quantitative and statistical analysis
is thus expected to support (or not) the visual im-
pression, but also to give more precise information
regarding the chemical species identified in the XRF
spectra, and to quantify as well the degree of cor-
relation (i.e. any statistical pattern or relationships
or even dependence between the datasets). Correla-
tions are useful quantities to be examined, since they
can potentially indicate a predictive relationship to
be exploited.
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Figure 7. Typical XRF spectrum collected for a biological sample with the contribution of Ca (Kα at
3.691 keV, Kβ at 4.012 keV), Fe (Kα at 6.404 keV, Kβ at 7.058 keV), Zn (Kα at 8.638 keV, Kβ at 9.572 keV).
Special attention has been devoted to distinguish, by peak deconvolution, the respective contributions
of Zn (Kα = 9.572 keV) and Au (Lα = 9.713 keV) between 9 and 10 keV.

Nevertheless, one has to be particularly cautious
in drawing conclusions, and several issues have to be
carefully considered:

• the smaller the size of the available dataset,
the more likely is it to observe a correlation
that might not be real and not observable
if the same set can be extended. Thus, with
small datasets (or small parts of them), cor-
relations can be unreliable.

• presence of single unusual points in the
datasets (outlier) can make the computed
correlation coefficients highly misleading.

• a correlation between two variables is not a
sufficient condition to establish such a causal
relationship relating these variables, in either
direction.

As previously shown [95–98], the XRF contrasted
maps can be analyzed using Intensity Correlation
Analysis methods in order to highlight possible corre-
lations related to the presence of the different chem-
ical elements in a sample. Other correlation coeffi-
cients can be used as well, but they will not be dis-
cussed here. The reader can also refer to the detailed
work of Dunn et al. [98] and references therein.

Let us briefly describe some correlation ap-
proaches [99–104], considering the case of two XRF
contrasted images (labeled in the following as image
1 and image 2) of the same lateral size and resolution
(same number of points), obtained on the very same

sample region, but showing the distribution of two
different chemical elements. Xi , j and Yi , j are the
intensity of the pixel of coordinates (i , j ) for the two
images, respectively.

(A) In a first step, scatter plots can be used. If
one expects that the dataset of image 2 (Yi , j )
is somehow dependent of the one in image
1 (Xi , j ), plotting them as a scatter plot (us-
ing Y and X axis respectively) allows draw-
ing some conclusions: (i) a positive correla-
tion between X and Y variables is found if
the obtained pattern exhibits a positive slope
(from lower left to upper right of the graph,
i.e. the Y variable tends to increase when
the X variable is increasing); (ii) a negative
correlation is found if the above mentioned
trend is opposite; (iii) no correlation gener-
ally translates into no trends noticed in the
scattered plots. Possibly, the result can be fit-
ted (but no “universal” model exists) and the
degree of correlation can thus be quantified
by the parameters of the fit and their com-
parison between similar datasets.

(B) The Pearson colocalization coefficient for
two variables is defined as the ratio of the co-
variance of the two variables by the product
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of their standard deviation:

rp =
∑

(Xi , j −Xave)(Yi , j −Yave)
√∑

(Xi , j −Xave)2 ∑
(Yi , j −Yave)2

with the summations being performed over
the entire considered dataset/image, i.e., all
the pixels of coordinates (i , j ), and Xave and
Yave denoting the average intensity for the
two images, respectively.

The obtained parameter representing the
correlation of the intensity distribution in
the two images is thus independent of their
brightness. With this definition, rp parame-
ter takes values from −1 to +1. A value of rp

close to 1 means that the images are strongly
correlated or there is a good colocalization
of the signal in the two images (brighter ar-
eas in image 1 correspond to brighter areas
in image 2). rp ≈ 0 is a signature of no corre-
lation of the two images. As also pointed out
above, we should note in this case that find-
ing a value close to 0 for the rp parameter
does not necessarily imply that the respec-
tive variables (X and Y ) are independent. In
the particular case of rp close to −1, the im-
ages are negatively correlated (or excluded),
having reversed contrast: image 2 is the neg-
ative of image 1, or brighter areas in image
1 correspond to darker areas in image 2 and
vice versa.

In practice, for the datasets, and in or-
der to reduce errors for real sample im-
ages, the Pearson colocalization coefficient
should be calculated on the investigated ob-
ject only. The background is excluded from
the calculations (masked out by setting it to
a non-physical negative value, for example)
the above summations are performed only
inside the sample (for the pixels of coordi-
nates (i , j ) for which Xi , j > 0 and Yi , j > 0).

The interpretation of the results based
only on the Pearson coefficient might give
rise to controversy: the results are rather sen-
sitive to noise and are reliable only for high
correlation (which is not always the case in
experiments).

(C) In order to push this analysis further, other
coefficients and correlation maps can be cal-
culated. Pearson correlation coefficient is a

symmetric quantity, which can be a limita-
tion in the interpretation of the results. To
overcome this issue, the Manders’ (colocal-
ization) coefficients M12 and M21 allow to
know, for M12, how well the intense pixels
in image 1, which are above a certain inten-
sity threshold, colocalizes with intense pixels
in image 2 (i.e. the probability to find bright
pixels, above a certain threshold value, in im-
age 2 only at the positions of intense pixels
in image 1) and vice versa for M21. When
using this approach, a threshold for the XRF
signal needs to be used to calculate M12 and
M21 [84]; for each image, it was set to half
of the average signal, average calculated over
the whole image.

Denoting the threshold values of X and Y
images by τx and τy respectively (their values
can be 0 as well), this can be written as:

M12 =
∑

(Xi ,coloc)∑
(Xi )

with Xi ,coloc = Xi if Yi > τy

and Xi ,coloc = 0 otherwise

M21 =
∑

(Yi ,coloc)∑
(Yi )

with Yi ,coloc = Yi if Xi > τx

and Yi ,coloc = 0 otherwise.

The last two approaches mentioned above (Pear-
son and Manders coefficients) are not equivalent,
and give complementary information. Also, note that
the Manders coefficients are not necessarily symmet-
ric. For example, it might be that a great part (or all) of
the intense pixels of image 1 corresponds to intense
pixels in image 2 (M12 ∼ 1), but the opposite might
not be true: regions of the bright signal in the second
image might not have any correspondence to image
1 (M21 ¿ 1). An example is shown in Section 6.6.

All the correlation/colocalization approaches
might have advantages and drawbacks—none of
them should a priori be considered better than the
other. A careful examination is always needed and
the choice of one approach over the other largely
depends on the particular sample, datasets avail-
able and the question(s) to be addressed. A tentative
workflow to guide the researcher in identifying and
applying the proper (or better) technique can be
found in [98].
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5. Sample preparation

The characterization of trace elements present in bi-
ological samples is not easy. Some problems may
come from washing process which may change sig-
nificantly the location of diffusible trace elements.
Forty years ago, Stika et al. [105] underlined the ne-
cessity of low temperature preparative procedures
for diffusible ion localization using the ion micro-
scope. Using conventional fixation procedures, these
authors have observed significant ion loss and re-
distribution which exceeded the 1 µm lateral resolu-
tion. More recently, Porcaro et al. [106] distinguished
two major bias that can be encountered under X-
rays. First is the modification of the native chemi-
cal species during sample processing, and second the
alteration of chemical species during XAS analysis,
due to beam irradiation damage. Following the pub-
lication of Bacquart et al. [107] the use of cryogenic
conditions for sampling followed by the storage in
an inert atmosphere all along the analytical process
is highly advocated to preserve the initial chemical
species. Keeping the sample at low temperature also
during the analysis offers the supplementary advan-
tage to limit the irradiation damage and to reduce the
element loss that is induced by intense beam irradi-
ation, especially when a focused beam is used. For
our experiments, biological tissue were embedded in
paraffin, three to five microns slices were deposited
on low-e microscope slides (MirrIR, Kevley Technolo-
gies, Tienta Sciences, Indianapolis). The paraffin was
then chemically removed (xylene 100% for 30 min to
4 h) in order to improve the crystal detection under
the microscope. Note that as underlined by Pushie
et al. [4], the possibility for altered chemical specia-
tion, elemental redistribution, leaching, or contam-
ination from the long list of reagents or preparation
steps used in paraffin and methacrylate embedding
processes should always be considered.

6. Scientific cases

6.1. Biomarker in biological fluids

Several kinds of biological fluids namely blood [108–
110], amniotic fluid [111], urine [112], semen [113],
saliva [114], sweat [115] can be investigated by XRF.
As noticed by Langstraat et al. [116], human blood
can be analyzed using XRF through the presence of

elements K, Cl and Fe. In the case of semen, the
significant elements are K, Cl and Zn. For saliva, the
element K can be underlined, and finally urine and
sweat contain K, Cl and Ca [117].

For the clinician, a major question is related to
the selection of the best non-invasive biomarker to
perform XRF experiments. To identify the best hu-
man biomarkers for Sb exposure, Ye et al. [118] have
analyzed 480 environmental samples from an active
Sb mining area in Hunan, China. For this study, they
consider urine, saliva, hair and nails, the drinking wa-
ter being the more important contribution (85–100%
of the average daily dose—ADD). The authors found
a positive correlation between ADD and Sb content
in hair (p = 0.02), but not in urine (p = 0.051), saliva
(p = 0.52) or nails (p = 0.85), suggesting that hair is
the best non-invasive biomarker.

Finally, XRF may bring valuable information to the
sports medicine physician. In a recent study, Jablan
et al. [119] explored the impact of endurance exer-
cise on urinary level of trace elements such as Ca,
P, K, Na, Se, Zn, Mn, Cu, Fe and Co using the bench
top Total Reflection XRF (TXRF) spectrometer. The
results underline that the level of Co increased ten-
fold after the race. Such observation/conclusion is in
line with the fact that Co helps assimilation of Fe and
hemoglobin synthesis inducing erythropoiesis, and
consequently enhances endurance [120].

6.2. Highlighting heavy elements in drugs

It is known that several drugs contain heavy ele-
ments in their chemical composition [121,122], as Pt,
Cu and Sr cited in the following examples. As un-
derlined by Johnstone et al. [123], since the discov-
ery of cisplatin by Rosenberg in 1960 [124], Pt-based
drugs became a mainstay of cancer therapy. More
precisely, approximately half of all patients under-
going chemotherapeutic treatment receive a Pt drug
namely cisplatin (cis-[Pt(II) (NH3)2Cl2]), carboplatin
and oxaliplatin [125]. Recently, some authors demon-
strated that inhibition of dengue virus serotype 2 in
Vero cells can be obtained with [Cu(2,4,5-triphenyl-
1H-imidazole) 2(H2O)2]·Cl2 [126]. Sr-based drugs in-
crease bone mass in postmenopausal osteoporosis
patients and reduce fracture risk [127–131].

In a recent study, Esteve et al. [96,97] have shown
that it is possible to detect Zn and Pt in kidney biopsy
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Figure 8. (a, b) Zn and Pt XRF maps collected in the case of a human kidney biopsy (from Ref. [97]);
(c, d) Zn and Pt XRF maps collected in the case of female mice (from Ref. [132]). Scanned area 16 ×16 µm,
beam dimensions 50×50 nm2, 50 nm step size, measurement time 0.1 s per point, primary beam energy
17.5 keV; (e–g) (from Ref. [133]) cell morphologies obtained by Nomarski are shown at x100 magnification,
each field of view is equivalent to an area of 70×70 µm, Zn and Pt maps obtained using SXFM.

of patients (Figures 8a, b). In one case, the detec-
tion of Pt was made six days after the last oxali-
platin injection, while for the second case, the biopsy

was performed more than 15 days after the first
drug injection and several dialysis. Using nano-XRF
spectroscopy, Laforce et al. [132] examined the Pt
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Table 4. Disorders due to an accumulation of Mn, Cu, or Fe and causing neurotoxicity, OMIM is for
Online Mendelian Inheritance in Man

Disorders Transition
metal

Inheritance Gene OMIM Gene
function

Symptoms

Hypermanganesemia
with dystonia 1

Mn Autosomal
recessive

SLC30A10 613280 Manganese
transporter

Dystonia, cock-walk
gait Parkinsonism

Wilson’s disease Cu Autosomal
recessive

ATP7B 277900 Copper
transporter

Dysarthria,
dysphagia, tremor,

dystonic rigidity

Acaeruloplasminaemia,
Cerebellar ataxia,
Hypoceruloplas-

minemia

Fe Autosomal
recessive

CP 604290 Ferroxidase Chorea, ataxia,
dystonia,

Parkinsonism,
Diabetes mellitus

distribution in ovarian tissues. The measurements
proved that Pt resides predominantly outsides the
cancer cells in the stroma of the tissue (Figures 8c, d).
Figures 8e–g, report some images from the paper
of Shimura et al. [133]. Scanning XRF microscopy
(SXFM) allows to map intracellular elements after
treatment with cis-diamminedichloroplatinum(II)
(CDDP), a Pt-based anticancer agent. A precise anal-
ysis of several spatial repartitions regarding Pt and
Zn, reveals that the average Pt content of CDDP-
resistant cells was 2.6 times less than that of sensitive
cells, and the Zn content was inversely correlated
with the intracellular Pt content.

This approach can be extended to drugs without
heavy elements but with advanced materials, namely
mesoporous silica [134] or gold nanostructures [135],
that are able to enhance treatment. In such design
for the drug, XRF also gives the possibility to local-
ize the drug through gold quantum dots precisely
inside the organ [95] or in a cell [136]. Finally, it
is clear that such an approach can help the clini-
cian to establish a heavy metal intoxication diagnosis
and to understand more deeply the toxicity mecha-
nism [137].

6.3. Diseases related to a metal dysregulation

As underlined by Umair and Alfadhel [138], genetic
disorders associated with metal metabolism consti-
tute a vast group of disorders [139], mostly result-
ing from defects in the proteins/enzymes involved
in nutrient metabolism and energy production.

Table 4 gives some physiological details regarding
several genetic disorders [139]. Such genetic disor-
ders may lead to accumulation of heavy elements.
For example, the accumulation of Fe [140], Mn [141],
Cu [142], Se [143] or Zn [144] in brain induces se-
vere neurodegeneration. XRF was used to investigate
several diseases related to a metal dysregulation.
Among them Menkes disease [145,146] is linked to a
Cu deficiency and Wilson disease [147] is related to
an accumulation of Cu in tissues.

In the first case and to estimate the standard ther-
apy, Kinebuchi et al. [148] have evaluated the Cu
distribution at subcellular level of resolution in the
treated classic Menkes disease patients through XRF.
A careful analysis of the data indicates that a stan-
dard therapy supplies almost enough Cu for patient
tissues but passes through the tissues to venous and
lymph systems. Regarding Wilson’s disease, differ-
ent studies were performed through XRF [34,149] or
through LA-ICP-MS [150] to determine the Cu con-
centration in tissues. A recent study clearly showed
that XRF is more sensitive than staining procedure
used routinely at the hospital [34]: a laboratory-based
XRF spectrometer is sufficient to reveal the excess of
Cu in tissues.

6.4. Diseases related to the adsorption of toxic
elements

Recently, different investigations have underlined
a high content of nephrotoxic elements such as
Al [151–153] and Mn [154] in green tea leaves. While
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Figure 9. Typical XRF spectrum collected for
a kidney stone showing clearly the contribu-
tions of Al (Kα ≈ Kβ = 1.487 keV). Contribu-
tions coming from other elements such P (Kα =
2.01 keV, Kβ = 2.14 keV) or Cl (Kα = 2.62 keV,
Kβ = 2.81 keV) can be also identified.

daily intakes of Al present in food were estimated as
2 ± 6 ng for children and 9 ± 14 ng for adults [154],
several studies reported that in some of the tea infu-
sions, toxic metals exceed the maximum permissible
limits stipulated by different countries [155]. For ex-

Figure 10. Correctly positioned double J
stent. References: Clinical center "Dr Dragisa
Misovic-Dedinje"—Belgrade/RS.

ample, levels of Al stipulated were 0.06–16.82 mg·L−1.
Moreover, among the different human diseases
related to Al [156], it seems that Alzheimer’s dis-
ease is associated with the presence of Al [157,158]
and thus the high Al content in tea is a matter of
concern.

XRF measurements performed on kidney stones
reveal some Al contribution (Figure 9). Works are in
progress to establish a correlation with the consump-
tion of tea [159,160]. Note that tea leaves contain
calcium oxalate and that calcium oxalate (monohy-
drate and dehydrate) have been identified in kidney
stones [161].

6.5. Heavy elements in medical devices

Medical devices may contain heavy elements and
their possible release constitutes a real health
problem [162]. Orthopedic implants [163,164], JJ
stents [165–167] or dental implants [168,169] con-
tain heavy elements. Regarding orthopedic implants,
several investigations have underlined the presence
of oxide particles containing Cr [170–172] in tissues
around retrieved metal on metal implants. Consider-
ing JJ stents are made of polymeric biomaterials, in
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Figure 11. Presence of Bi and S in a JJ stent
underlined by XRF.

order to verify the location of this medical device in
the urinary system through X-ray radiography (Fig-
ure 10), heavy elements namely Ba [173], Bi, Ta or W
may be added [174]. The release of such elements
may lead to pathologies and it is thus crucial to de-
termine their nature, which can easily be done by
XRF measurements (Figure 11).

In order to investigate the possible release of
Fe and Cr from orthopedic implants, Ektessabi et
al. [175] have performed XRF experiments. The com-
plete set of data showed that some elements of the
implant namely Ti, Fe and Cr are present in the pros-
thesis. Similar results regarding the contamination
by metallic elements released from joint prostheses
were obtained by PIXE [176].

6.6. The case of tattoos

Tattooing has gained tremendous popularity in West-
ern countries where approximately 10% of the pop-
ulations have at least one tattoo. In fact, the tattoo
prevalence overseas and in Europe is even higher, es-
pecially among the youth, for whom it is up to 15–
25% according to the country [177]. The presence
of different metals including Ti, Fe, Cr or Zn have
been identified in the chemical composition of tat-
too’s ink [178]. Those elements, injected into the der-
mis, remain lifelong in the skin [179]. Moreover, re-
cent data show that these inks contain metals in-
corporated in nano- and submicron particles [180].
Such chemical and structural characteristics of the

inks used for tattoos may explain why, as reported by
Kluger [181], many complications are related to tat-
toos encompassing ink allergy, benign or malignant
tumors. It is thus of primary importance to deter-
mine the chemical nature of organic and inorganic
elements within tattoo inks and the spatial distribu-
tions of these elements within the skin reactions to
tattoos. XRF experiments were performed to attain
these goals, such spectroscopy being able to deter-
mine and localize the heavy elements versus some
specific structures of the tissue [182–186].

In a recent study, a set of tattooed patients suf-
fering from skin cancer was considered [187]. In-
deed, several types of carcinogenic compounds were
identified in tattoo inks, including primary aromatic
amines (PAA), cleavage products of organic azo-
colorants. An analysis of the medical literature indi-
cates a possible association between skin cancers in-
cluding cases of keratoacanthoma (KA) and the use
of red inks [188].

The clinical and histopathological data from three
patients diagnosed with tattoo associated KA indi-
cate that they have developed KA on red ink within
several weeks following the tattoo setup procedure.
Histopathological data indicate the presence of intra-
dermal red pigments, located in the direct periph-
ery of the tumoral mass. XRF maps acquired on
the different biopsies revealed elemental distribu-
tion and it was able to discuss more deeply the re-
lationship between KA and the chemical composi-
tion/distribution of tattoo ink. Observation through
an optical microscope (Figure 12a), shows mainly
pink and black inks in the superficial and deep
dermis.

In order to illustrate the quantitative results that
can be obtained from the XRF contrast maps ob-
tained on the biopsies and collected on the Dif-
fAbs beamline (SOLEIL Synchrotron), they are ana-
lyzed using the above detailed approaches (see Sec-
tion 4.4). The analysis can be, of course, performed
on the full dataset (XY map) or regions of it. Figure 12
(b to e) shows XY raster maps with XRF contrast cor-
responding to various elements.

The correlation analysis was performed for all
the possible resulting combinations of the situations
mentioned above (more than four elements, for full
image and three ROIs), but we will give in the follow-
ing as a detailed example, two situations: correlations
of XRF maps with Ti–Fe and Ti–Zn contrasts only for
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Figure 12. (a) HES (Hematoxylin Erythrosine Saffron)-stained image obtained using ×25 magnification.
Raster maps with XRF contrast corresponding to (b) Ca (intensity with a maximum equal to 20), (c) Ti
(intensity with a maximum equal to 1000), (d) Fe (intensity with a maximum equal to 60), (e) Cu (intensity
with a maximum equal to 200) and (f) Zn (intensity with a maximum equal to 140) respectively. Three
regions of interest (ROIs) are also highlighted, and will be used in the following for the analysis. The
color scale is linear (from blue to red), and spans from 0 to the above reported maximum value for
each map.

ROI no. 1 (cf. Figure 12). The results are shown in Fig-
ure 13 (a and b panels respectively).

For the Ti–Fe XRF maps (Figure 13a), the scatter
plot shows a positive correlation, which is confirmed
by a positive Pearson coefficient. Visual examination
of the XRF maps also show that the same areas of the
ROI seem to exhibit both Ti and Fe signal. Neverthe-
less, it is the use of the Manders coefficients which
allow quantifying the co-existence of the Ti and Fe in
this region: with a value of M12 = M(Ti–Fe) = 0.89,

the probability to find Fe at each point where Ti is
present is rather large (almost 90%). The inverse situ-
ation is slightly less favorable: the probability to find
Ti at each point where Fe is present is slightly smaller,
amounting to only ∼60%. Such a result is difficult to
argue by simple visual examination of the data, if no
mathematical quantification is performed.

It is a little bit more complex to interpret the Ti–
Zn XRF maps (Figure 13b), if one uses only scatter
plot and Pearson coefficient. The scatter plot does
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Figure 13. Analysis performed for ROI no.
1/XRF maps with (a) Ti–Fe and (b) Ti–Zn con-
trasts. The scatter plots are shown, with the dot-
ted lines being guides for the eye; the insets
show the respective zooms on the used ROIs
of the XRF maps. The calculated Pearson (P)
and Manders (M) coefficients are (a) P(Ti–Fe)
= 0.51, M(Ti–Fe) = 0.89, M(Fe-Ti) = 0.59 and
(b) P(Ti–Zn) = −0.11, M(Ti–Zn) = 0.98, M(Zn–
Ti) = 0.53 (see also Tables 5 and 6).

not really allow to conclude a positive or negative
correlation, while the slightly negative Pearson co-

efficient (−0.11) would suggest that the presence of
the two chemical species is slightly anti-correlated
in the considered ROI. A careful examination of
the XRF maps and noting that the Zn signal seems
to be approximately uniformly distributed in the
considered ROI is confirmed by the calculated Man-
ders coefficients: M(Ti–Zn) amounts almost unity,
showing that in any sample point (in ROI no.1) where
Ti is present, Zn is also detected. The reverse is not
anymore true; M(Zn–Ti) is of about 50%. Considering
that Zn is present over the whole ROI no.1 area, this
corresponds to a presence of the Ti in only approxi-
mately half of this region of the sample.

Tables 5 and 6 below show the obtained results
(Pearson and Manders coefficients) for the different
chemical element combinations and different con-
sidered ROIs. The first chemical element (el.1) is
reported on the first (leftmost) column, and the sec-
ond one (el.2) on the first (topmost) row.

The values of the Manders coefficients M(X–Zn) (X
=Ca, Ti, Fe, Cu) are typically larger than 80% (with ex-
ception in the case of X = Cu/full image, but still with
a significantly large value of 68%). This result implies
that whatever the chemical element X is, when de-
tected on the XRF maps or ROIs, the Zn is systemat-
ically present as well. This is somehow expected and
in full agreement with the observed rather uniform
distribution of Zn over major part of the XRF map
(or at least the regions where the other elements are
present), as it can be visually detected in Figures 12
and 13. It is only in the case of X = Cu (and full im-
age) that probably there are some areas of the sample
where the presence of the Cu is not correlated with
the one of the Zn.

Another interesting case to be discussed is the
correlation of Ti and Fe. The large values (about 80
to 90%) for Manders coefficient M(Ti–Fe) indicates
that the presence of Ti is systematically accompa-
nied by the presence of Fe. The reverse is not true,
and, depending on the chosen area to be investi-
gated, in regions with detected Fe, the Ti can also be
detected/correlated with probabilities ranging from
25 to 60%.

Another case which might be worthwhile to be
noticed: Cu–Fe, with M(Cu–Fe) ∼60% and M(Fe–Cu)
∼30%. It shows that in areas with detected Cu, the
probability to find Fe is rather high (60%), but the
reverse (finding Cu in Fe rich areas) is much less
probable (30%).
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Table 5. Calculated Pearson coefficients for different pairs of chemical elements (el.1, el.2)

el.1\el.2 Ca Ti Fe Cu Zn

Ca �= 0.07 �= 0.04 �= 0.07 �= 0.05

xxx 1© = 0.11 1© = 0.05 1© = 0.03 1© = 0.02

xxx 2© = 0.03 2© = 0.11 2© = 0.07 2© = 0.23
3© = 0.01 3© = 0.07 3© = 0.05 3© = 0.05

Ti �= 0.16 �=−0.00 �= 0.01

xxx xxx 1© = 0.51 1© = 0.04 1© =−0.11

xxx xxx 2© = 0.47 2© =−0.11 2© =−0.16
3© = 0.10 3© = 0.16 3© = 0.13

Fe �= 0.07 �= 0.03

xxx xxx xxx 1© =−0.01 1© =−0.01

xxx xxx xxx 2© = 0.05 2© = 0.16
3© =−0.09 3© = 0.05

Cu �= 0.08

xxx xxx xxx xxx 1© = 0.04

xxx xxx xxx xxx 2© = 0.30
3© = 0.35

Zn xxx xxx xxx xxx xxx

xxx xxx xxx xxx xxx

� = Full image, 1© = ROI1, 2© = ROI2, 3© = ROI3. The values of the coefficients are colored according to
the following color map: black [<0.0]; blue [0.0–0.1]; green [0.1–0.2]; orange [0.2–0.3]; red [>0.3].

From a medical point of view, these spatial corre-
lations between heavy elements can be related to at
least three different aspects. The first one is related to
the mixing of pigments which is made to obtain the
color of the tattoos. For example, orange or light red
is a mix between red (iron oxide) and white (TiO2 or
ZnO) [180]. A second aspect is linked to the fact that
a heavy element can trigger inflammation process
in the skin, leading to the co-location of exogenous
heavy metal (TiO2 for example) present in the ink and
Zn, an element of metalloproteins which are engaged
in cutaneous inflammation [189]. Finally, inflamed
tissues are usually associated to increased blood vas-
cularization. There is hence a possibility to have a su-
perposition of exogenous heavy metals and the ac-
cumulation of blood which contains iron. To explore
those three aspects, we have to know if iron and zinc
have an endogenous or an exogenous origin. Such in-
formation is not available by XRF but could be by X-
ray absorption spectroscopy [190–192].

In the case of Ti, its exogenous origin is obvi-
ous. TiO2 was associated with a low toxicity particle
but this view changed after The International Agency
for Research on Cancer (IARC) indicated that TiO2

is possibly carcinogenic to humans [193]. Here, XRF
data have detected a significant presence of TiO2

around the tumor, and underlining a possible can-
cerogen effect of this metal [187].

Zhang et al. [194] have compared regular TiO2

particles (including fine nano-TiO2 and microsize
nano-TiO2) and nano-TiO2 particles and showed that
nano-TiO2 particles have a stronger catalytic activity.
Quite recently, Xue et al. [195] explored the cytotoxic-
ity and oxidative stress induced by nano-TiO2 under
UVA irradiation with different crystal forms (anatase,
rutile and anatase/rutile) and sizes (4 to 60 nm)
in human keratinocyte HaCaT cells. Their results
indicated that anatase and amorphous forms of
nano-TiO2 showed higher cytotoxicity than the ru-
tile form. More precisely, nano-TiO2 could induce the
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Table 6. Calculated Manders coefficients for different pairs of chemical elements (el.1, el.2)

el.1\el.2 Ca Ti Fe Cu Zn

Ca �= 0.227 �= 0.566 �= 0.221 �= 0.815

xxx 1© = 0.563 1© = 0.817 1© = 0.181 1© = 0.985

xxx 2© = 0.163 2© = 0.600 2© = 0.351 2© = 0.868
3© = 0.321 3© = 0.691 3© = 0.335 3© = 0.848

Ti �= 0.701 �= 0.786 �= 0.167 �= 0.978
1© = 0.595 xxx 1© = 0.889 1© = 0.184 1© = 0.983
2© = 0.695 xxx 2© = 0.982 2© = 0.209 2© = 0.898
3© = 0.705 3© = 0.940 3© = 0.331 3© = 0.965

Fe �= 0.622 �= 0.306 �= 0.213 �= 0.887
1© = 0.562 1© = 0.593 xxx 1© = 0.179 1© = 0.986
2© = 0.632 2© = 0.243 xxx 2© = 0.376 2© = 0.918
3© = 0.667 3© = 0.414 3© = 0.250 3© = 0.925

Cu �= 0.492 �= 0.165 �= 0.431 �= 0.684
1© = 0.541 1© = 0.541 1© = 0.776 xxx 1© = 0.986
2© = 0.548 2© = 0.095 2© = 0.557 xxx 2© = 0.942
3© = 0.584 3© = 0.351 3© = 0.634 3© = 0.842

Zn �= 0.577 �= 0.233 �= 0.557 �= 0.212
1© = 0.545 1© = 0.530 1© = 0.793 1© = 0.183 xxx
2© = 0.526 2© = 0.135 2© = 0.528 2© = 0.392 xxx
3© = 0.675 3© = 0.350 3© = 0.763 3© = 0.303

� = Full image, 1© = ROI1, 2© = ROI2, 3© = ROI3. The values of the coefficients are colored according to
the following color map: black [0.0–0.2]; blue [0.2–0.4]; green [0.4–0.6]; orange [0.6–0.8]; red [0.8–1.0].

generation of reactive oxygen species ROS and dam-
age HaCaT cells under UVA irradiation. Under irradi-
ation, it is well known that TiO2 may generate a sig-
nificant quantity of ROS which play important roles
in the modulation of cell survival, cell death, differen-
tiation, cell signaling, and inflammation-related fac-
tor production [196]. Finally, Ross et al. [197] have
underlined another aspect regarding the relationship
between TiO2 and tattoo showing that TiO2 is over-
represented in tattoos that respond poorly to laser
treatment.

7. Synergy with other physicochemical tech-
niques

While XRF and other techniques (see part 2:
AAS, ICP-AES, ICP-MS.. .) reveal the nature and

concentration of the heavy elements present in bi-
ological samples, it can be interesting to the clini-
cian to know in which chemical phases these heavy
elements reside.

To attain this goal, different complementary tech-
niques can be selected. The first ones are classic
in-lab techniques. Among them, Raman plays a key
role. For example, in the case where Ti is revealed
in skin tattoos, it allows to distinguish between two
Ti oxide polymorphs namely rutile and anatase [198,
199]. The Raman spectra clearly pointed out the
presence of the rutile polymorph for a patient who
presented a keratoacanthoma (Skin cancer) [187].
Such complementary information can be obtained
with Raman spectroscopy for other elements such
Zn [200] or Fe [201]. It is worthwhile to underline that
in the case of Fe, Mossbauer spectroscopy consti-
tutes a powerful technique to discriminate between
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all the different Fe oxides [202,203] and that spec-
troscopy may be associated with a spatial resolution
of ∼10–20 µm [204].

Complementary structural information is avail-
able through X-ray Absorption Near Edge Structure
(XANES) spectroscopy to determine the structure
around elements previously detected by XRF [190,
191,205]. When Cr is detected, it is of primary im-
portance to know the oxidation state of this element.
While Cr(III) serves as a nutritional supplement, and
may play a role in glucose and lipid metabolism,
Cr(VI) is very toxic inducing a wide variety of in-
juries in cells, such as DNA damage [206]. Through
XANES spectroscopy, Ortega et al. [207] have shown
that soluble Cr(VI) compounds are fully reduced
to Cr(III) in cells. XANES spectroscopy can bring
complementary valuable information also in the
case of nanometer scale metallic particles [208–211],
a nanomaterial which have numerous applications in
medicine [212–214].

X-ray diffraction (XRD) can also be used to re-
veal the long range structure of compounds [215–
221]. Among the different investigations which are
based on the association between XRD and XRF spec-
troscopy [222–226], we can quote the determination
of the chemical composition of microcalcification,
present in cartilage, which was obtained using XRD
on selected points corresponding to high concentra-
tion of Ca as defined by XRF spectroscopy [227].

8. Conclusion

The scientific cases presented above, regarding the
opportunities of XRF in medicine, show clearly that
XRF now plays a key role in establishing a diagnosis
or in understanding deeply the interaction between
heavy elements and human tissues at the subcellu-
lar level. Even if the sensitivity of such a technique
is higher when synchrotron radiation is used as a
source [228], this technique can be used in hospitals,
using portable instrument or laboratory setup, giving
almost in real time the nature and the concentration
of the different elements present, even at trace levels.
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1. Introduction

During the past decades, the increasing availabil-
ity of synchrotron radiation facilities such as syn-
chrotron SOLEIL (the French national facility) have
allowed the physician to develop a completely new
set of characterization techniques. These are based
on radiation-matter interactions, and include X-ray
absorption spectroscopy (XAS) [1–3], anomalous
wide angle X-ray scattering (AWAXS) [4–7], anoma-
lous small angle X-ray scattering (ASAXS) [4–6] or
diffraction anomalous fine structure (DAFS) [8].
Among this family of techniques, X-ray Absorption
Near Edge Structure (XANES) constitutes one aspect
of XAS [1–3], the other being Extended X-ray Ab-
sorption Fine Structure (EXAFS); both play pivotal
roles in medical [9] as well as in biological [10–12]
research.

Some of the valuable information yielded by
XANES spectroscopy may be exemplified by another
characterization technique, namely X-ray fluores-
cence (XRF), discussed previously [13–15]. XRF is
one of the techniques able to identify and quan-
tify the different elements present in a biological
sample [16–18] and map them at the submicrome-
ter scale. This elementary composition of the sam-
ple may be sufficient to establish a clinical diagno-
sis. This is the case for lead, the toxicity of which
is intimately linked to the condition saturnism.
For, the electronic state of other elements, such as
chromium, can determine their toxicity. While Cr(III)
is physiologically essential in sugar and lipid metab-
olism, Cr(VI) compounds can induce DNA damage
and have potential cellular mutagenic effects [19].
XANES spectroscopy can not only establish the elec-
tronic state of Cr but also additional structural infor-
mation regarding the local order around Cr atoms.
The present paper will thus show how XANES spec-
troscopy represents an exceptional tool to investi-
gate local structure in samples encompassing those
without long range order such as molecular [20–26]
and nanometer scale clusters [27–32], or amorphous
compounds [33–35]. Such micrometer scale struc-
tural information allows significant correlation with
the anatomical structures and thus with normal or
pathological biological functions.

To this end, we will present key elements of the
theory, the data analysis procedure, two experimen-
tal set ups available on the synchrotron SOLEIL

(the DiffAbs and LUCIA (Line for Ultimate Charac-
terisation by Imaging and Absorption) beamlines),
and finally selected case studies which exemplify
the various opportunities offered by XANES spec-
troscopy in medicine. These results should show clin-
icians how such spectroscopy can be inserted into
their research, supplementing currently used vibra-
tional spectroscopies such as µFourier Transform—
InfraRed spectroscopy (µFTIR) [36–42] or Raman
spectroscopy [43–45]. Finally, we will discuss the
advantages and limitations of XANES spectroscopy
relative to other techniques, namely Energy Loss
Near Edge Structure (ELNES) and X-Ray Photoelec-
tron Spectroscopy (XPS) which have yielded useful
biomedical information [46–52].

2. Basic features of XANES spectroscopy

2.1. Theoretical elements of XANES

The theory of XAS can be found in several excellent
publications (see for example Refs [53–59]). Some ba-
sic notions regarding this technique are summarized
here to better understand its usefulness.

X-ray photons passing through matter interact
with it through scattering and absorption. The ab-
sorbed intensity decreases exponentially with pen-
etration thickness (x) (Figure 1a), as expressed by
Lambert–Beer’s law:

It = I0e−µ(E)x

where E is incident photon energy, µ(E) is the ab-
sorption coefficient of the sample, I0 is the intensity
of the incoming X-ray photons, and It is the intensity
of the X-ray photons transmitted through the sample.

XAS spectroscopy studies absorption coefficient
modulations as a function of the energy of incident
photons near an abrupt discontinuity (Figure 1b), re-
ferred to as “absorption edge”. This edge corresponds
to the energy of incoming photons sufficient to eject
electrons from the inner atomic shells i.e. equal to
the binding energy of core-shell electrons. The dis-
crete energies corresponding to the inner shell elec-
trons [60] makes XAS atomically specific (Table 1), al-
lowing the clinician to study a given element by se-
lecting the photon energy. The edge corresponding to
1s electron ejection is referred to as K, and so on for
higher electron shells: LI for 2s electrons, LII for 2p1/2,
and LIII for 2p3/2. This so-called “absorption edge” is
sometimes also referred to as the “white line” [61,62].
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Figure 1. (a) Schematic representation of
Lambert–Beer’s law. (b) Discontinuity of the
absorption edge observed at 9673 eV for Zn
atoms. (c) A photon (1) is absorbed by the atom
inducing the ejection (2) of an electron from an
inner atomic shell.

XANES spectra can be collected for all elements, from
very light, e.g. nitrogen [63,64] or sulphur [65–67],
and from transition metals such as Fe [68,69] to the
heaviest, e.g. Pt [70–74].

After ejection, the photo-electron transits towards
empty localized and continuum electronic levels, de-
pending on its excess energy above the binding en-
ergy. On the one hand, the local symmetry in which
the atom is embedded (tetrahedron, octahedron,
square planar. . . ) and the electronic structure of the
atom influence the relative position and occupancy
of the localized levels and thus the number and en-
ergies of the near-edge XAS signals [53–59]. On the
other hand, a free photoelectron can be scattered by
the surrounding atoms in a train of scattering events.
The modulation of the oscillation coefficient is then
sensitive to the number, chemical nature, distance,

Table 1. X-ray absorption edges of selected el-
ements (keV)

Element K-edge LI-edge LII-edge LIII-edge

C 0.282

N 0.397

O 0.533

F 0.692

Na 1.080

Mg 1.309

Al 1.562 0.087 0.076 0.075

Si 1.840 0.118 0.101 0.100

P 2.143 0.153 0.130 0.129

S 2.471 0.193 0.164 0.163

Cl 2.824 0.237 0.204 0.202

Ca 4.034 0.403 0.346 0.342

Ti 4.965 0.529 0.460 0.454

Cr 5.987 0.694 0.582 0.572

Fe 7.112 0.846 0.721 0.708

Co 7.712 0.929 0.797 0.782

Ni 8.339 1.016 0.878 0.861

Cu 8.993 1.109 0.965 0.945

Zn 9.673 1.208 1.057 1.034

As 11.877 1.536 1.368 1.333

Pt 78.400 13.880 13.277 11.568

and local arrangement of the neighbouring atomic
environment.

Figure 2 clearly shows the difference between
XANES and EXAFS of Smithsonite (ZnCO3), and
Zincite (ZnO) and highlights the sensitivity of XANES
spectroscopy: these two compounds corresponding
to two very different Zn atomic coordination en-
vironments; Zn coordination in Smithsonite corre-
sponds to (N = 6, R = 2.11 Å) while in Zincite it is de-
scribed as (N = 4, R = 1.92 Å, R = 1.99 Å).

2.2. Data analysis procedures

Two different approaches to data treatment can be
considered. As discussed by Guda et al. [59], the very
first analysis of a XANES spectrum was performed
in 1960 by Van Nordsthand [75] who carried out a
systematic study on the spectra of many transition
metal compounds and classified their XANES spec-
tra according to the atomic structure and valence of
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Figure 2. Repartition of the XANES (green part)
and EXAFS (yellow part) parts of a XAS spec-
trum in the case of Zincite (NZnO = 4 R = 1.92 Å,
R = 1.99 Å) and Smithsonite (NZnO = 6 R =
2.11 Å) (bold).

the metal element in the compound. Thus, a sim-
ple way to analyse the XANES data is to use a set of
XANES spectra which correspond to reference com-
pounds and compare them with the XANES spec-
tra of the samples (direct comparison as fingerprint
or linear combination of references). Another way to
analyse the data is through numerical simulations.
These methods are explained below.

2.2.1. XANES data analysis: comparison with refer-
ence compounds

In physiological and pathological calcifications,
Ca occurs in numerous chemical phases, such as cal-
cium oxalate, calcium phosphate, calcium carbon-
ate, etc. as highlighted in Table 2 [76]. Ca phos-
phate compounds play key roles in different med-
ical fields such as rheumatology and nephrology.
Various articles [77–79] describe experiments based
on fluorescence induced by electrons ejected from
higher energy levels filling the core “hole” associated
with photoelectron creation, to determine the chem-
ical compound present in the sample based on the
Ca/P ratio. Unfortunately, the ratio thus determined

Figure 3. XANES spectra at the Ca K-edge of
different non-apatitic calcium phosphate com-
pounds (after Eicher et al. [100]).

(Table 2) is not sufficient to differentiate between cal-
cium phosphate compounds.

Biological hydroxyapatite characteristic of bone
[80–84] as well as pathologies of different organs such
as kidney [85–88], breast [89,90], prostate [91,92] or
thyroid [93,94] represents a challenging test case for
chemical characterization via the Ca/P ratio. Bio-
logical apatites (CA or carbonated calcium phos-
phate apatite) are carbonated, and calcium- and OH-
deficient [95–97]. Thus the Ca/P ratio is always less
than 1.67 and photoelectron induced fluorescence is
inefficient at precise determination of the chemical
composition. X-Ray diffraction may yield interesting
information but cannot detect the commonly occur-
ring amorphous calcium phosphate.

In this respect, the sensitivity of XANES offers an
interesting opportunity to differentiate several cal-
cium phosphate compounds through the acquisition
of spectra at the P [98] or Ca K-edges [99–101]: the
shape of the absorption edge and associated features
varies significantly with the crystallographic struc-
ture of the compound (Figure 3).

Moreover, in the case of calcium phosphate ap-
atite, XANES at the Ca K-edge can provide informa-
tion regarding long range order. As shown on Fig-
ure 4, XANES is not the same for well crystallized syn-
thetic apatite (here, micrometre scale crystallised),
biological apatite (nanometer scale crystallised) and
amorphous biological calcium phosphate [34].

At this point, it is worth pointing out that quite
similar results can be obtained by FTIR spec-
troscopy [36–42]. So why use XANES as a probe?
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Table 2. Different calcium phosphate compounds with their stoichiometry and their Ca/P ratio

Name Stoichiometry Ca/P ratio

Monocalcium phosphate

Anhydrate Ca(H2PO4)2 0.5

Monohydrate—MCPM Ca(H2PO4)2H2O 0.5

Dicalcium phosphate

Anhydrous—DCPA—Monetite CaHPO4 1.0

Dihydrate—DCPD—Brushite CaHPO4 2H2O 1.0

Octacalcium phosphate—OCP

Triclinic Ca8(PO4)4(HPO4)2 5H2O 1.33

Apatitic Ca8(PO4)2.5(HPO4)3.5 (OH)0.5 1.33

Amorphous Ca8(PO4)4(HPO4)2 nH2O 1.33

Tricalcium phosphate

α (α-TCP)or β (β-TCP) Ca3(PO4)2 1.5

Apatitic Ca9(PO4)5(HPO4)(OH) 1.5

Amorphous Calcium phosphate—ACP Ca9(PO4)6 nH2O 1.5

µCrystallized Synthetic
Hydroxyapatite—HA

Ca10(PO4)6(OH)2 1.67

Biologic (Carbonated calcium
phosphate apatite or CA)

Ca10−x+uäx−u(PO4)6−x (CO3)x (OH)2−x+2u

with ä corresponding to vacancy, x ≤ 2 and u ≤ x/2)
1.33–1.67

Tetracalcium phosphate TTCP Ca4(PO4)2O 2.00

In fact, as far as formation of Ca phosphate ap-
atites is concerned, the amorphous surface com-
ponent can be significantly altered by drying pro-
cesses [102–106]. More precisely, the drying process
before FTIR may alter the physicochemical integrity
of a biological sample via transformation of the ini-
tial amorphous phase into CA. By limiting the ele-
ment interrogated, XANES spectroscopy is compati-
ble with various environments, including, in the case
of Ca, hydrated samples. Thus for example sections
of kidney can be inserted into the beam without
preparation [34]. Moreover, taking advantages of the
small dimensions of the probe, 2D XANES Ca K-edge
distribution maps can be constructed [107].

In Figure 4, the feature labelled A reflects the ef-
fective charge and the site symmetry of Ca2+ ions
(3d0 outer shell electron configuration), and can be
attributed to a 1s → 3d transition or O 2p molec-
ular orbital. At higher energy above the “pre-peak”
A, we find the most intense resonance, the “white
line” [61,62], which includes a shoulder-like structure
(feature B; transition 1s → 4s) and a double peak (fea-
tures C1 and C2; transition 1s → 4p) the relative in-

tensities of which depend on the crystallographic po-
sition of Ca involved (Ca(I) or Ca(II)) [99,100,108].

The L-edge of Ca [109–113] and the K-edge of
P [114–116] are also sensitive to the same factors. Fig-
ure 5 shows significant differences between XANES
spectra at Ca L-edge for different Ca phosphate com-
pounds [109].

2.2.2. XANES data analysis through numerical simu-
lations

There are several codes, such as Feff, FDMNES,
Quantum-Espresso, CP2K [117], to simulate the
XANES component [118,119], and K [120] and
L [121–125] edges. It is possible to simulate vari-
ous crystallographic structures, calculate the corre-
sponding XANES spectra, and compare them to ex-
perimental data. This approach was used to precisely
localize Sr2+ cations in a crystal of calcium phosphate
apatite [126,127]. For that purpose, three structural
configurations were simulated. In the first (hypothe-
sis 1 in Figure 6), Sr2+ cations are surrounded only by
oxygen atoms adsorbed at the surface of collagen or
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Figure 4. XANES spectra of different com-
pounds: references (in red, HAP, well crystal-
lized synthetic apatite; in blue, CA, biological
apatite; in black, ACCP, amorphous carbonated
calcium phosphate) and kidney biopsies (1)
and (2) (after Carpentier et al. [34]).

amorphous calcium phosphate. In the second con-
figuration (hypothesis 2 in Figure 6), Sr2+ cations are
engaged in the hydrated poorly crystalline apatite
region present at the surface of calcium phosphate
nanocrystals. Finally, a substitution of Sr2+ for Ca2+

cations can occur within Ca phosphate nanocrystals
in either crystallographic site (I) or (II) (hypothesis 3
in Figure 6).

Figure 7 shows XANES simulations corresponding
to each structural hypothesis in which some signifi-
cant differences appear. The final data analysis step is
a comparison with experimental data, from physio-
logical and pathological calcium phosphate apatites
(Figure 8). Because calcium and strontium are con-
geners in the periodic table, they are likely to exhibit
similar chemistry and mechanistic biology, possibly
explaining why physiological and pathological cal-
cium phosphate apatites can contain Sr2+.

As a preliminary conclusion, XANES spectroscopy
constitutes a powerful high sensitivity biomedical
tool able to discriminate even closely related com-
pounds such as calcium carbonate or calcium ox-

Figure 5. XANES spectra at the Ca-LII,III-edges
of several Ca-phosphate reference compounds
(PP: polyphosphate). Vertical dotted lines cor-
respond to the peak energies of HA (after Cos-
midis et al. [109]).

Figure 6. Schematic representation of the
three structural hypotheses (Hypothesis 1, Hy-
pothesis 2 and Hypothesis 3) regarding the lo-
calization of Sr2+ cations in a crystal of calcium
phosphate apatite.

alate [128–131], or to localize heterocations such Sr2+

in a calcium phosphate apatite matrix [132–134].

3. Experimental considerations

Proposals to use the synchrotron facility have to
be submitted while proposal calls are open (usually
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Figure 7. XANES numerical simulations for the different structural hypotheses (differences between the
3 hypotheses are supported by black arrows). Sr2+(I) refers to Sr2+ cations in the Ca2+(I) site (after Bazin
et al. [127]).

twice a year). Feasibility and technical issues have to
be addressed with the beamline scientists prior to the
submission, to select the most appropriate beamline,
to formulate the proposal optimally, to anticipate the
experimental trajectory, define the number of sam-
ples and their preparation and observation condi-
tions, the time needed for measurements (from a few
seconds to one hour for one XANES spectrum de-
pending on target substance concentration), and any
safety considerations.

Indeed, samples may vary widely and may take
the form of powders, tissues, biopsies etc. The prepa-
ration and measurement of any sample must pre-
serve its integrity. The beamline scientists may pro-
pose various sample environments and measure-
ment conditions to achieve this, for example, to pre-
vent sample desiccation or beam damage. In this re-
spect, cryo-cooling is increasingly being considered
as an effective preparation technique.

Several synchrotron radiation facilities are
equipped to perform XAS measurements (see for
example experiments implemented on the European
Synchrotron Radiation Facility (ESRF)) [135,136].
The clinician has to select the most appropriate en-

ergy range and detection limit, according to the ele-
ment to be probed, its concentration, the beam char-
acteristics, and sample heterogeneity. The SOLEIL
synchrotron can acquire XANES spectra on several
beamlines. Some offer very fast acquisition capabili-
ties (less than one second, compared to conventional
XANES which usually takes several minutes) allow-
ing phase transitions or chemical reactions to be
followed using quick-EXAFS, as on ROCK (Rocking
Optics for Chemical Kinetics) which operates be-
tween 4.5 and 40 keV [137], and ODE (Optique Dis-
persive EXAFS), using dispersive EXAFS which oper-
ates between 3.5 and 25 keV [138]. Up to now, most
biomedical research has been based on XANES spec-
troscopy performed on the DiffAbs beamline [139],
where experiments can be performed using a macro
(300 µm) or micro beam size (10 × 10 µm2) and
an energy range between 3 and 19 keV. The rele-
vant experiments were performed at Ca [34,140],
Zn [127,141], and Sr [126,127] K-edges (at about
4.086 keV, 7.112 keV, 9.659 keV and 16.104 keV re-
spectively). Such research can be extended by XANES
measurements at lower energy. On the LUCIA beam-
line, (Figure 9), XRF as well as XAS experiments at
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Figure 8. XANES part of X-ray absorption spec-
tra collected at the Sr K-edge for different phys-
iological (in red) and pathological (in blue) cal-
cifications (after Bazin et al. [127]).

micrometric scale can be performed with photon
energy between 0.8 and 8 keV and a beam size rang-
ing from 2 mm to 2 µm [142,143]. LUCIA allows XAS
experiments at the K edge of elements from Na to Fe,
L edges from Ni to Gd, and M edges of rare earths
and actinides. After training under the supervision of
the beamline scientists, clinical teams can conduct
experiments on their own.

4. Selected case studies

There are several investigations of physiological and
pathological calcifications in the literature [144–146],
three of which are described below. The first con-
cerns metabolic disorders that can be studied by ex-
periments at the K edge of metals (here, Fe) [69]. The

Figure 9. LUCIA experimental set-up A. 1 Syn-
chrotron beam entry, 2 Chamber containing
the final focusing mirrors and 3 Sample cham-
ber; B Interior of the experimental chamber
containing, among other apparatus, a sample
holder (1) and a fluorescence detector (2). The
arrow indicates the incident beam direction.

second involves drugs developed for different pur-
poses, namely cancer and infection, and character-
izes the speciation of both light (C) and heavy (Ag
and Pt) elements [147,148]. The third shows how K-
edge XANES (Zn) can provide valuable clinical infor-
mation about patients developing skin reactions to
tattooing.

4.1. The iron oxidation states in the substantia
nigra

Iron is essential in many human tissues (around 4 g
for 70 kg body mass) and its quantity in different loca-
tions is very important [149], explaining why numer-
ous investigations, in breast [150], prostate [151,152]
and brain [153], have been published.
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Brain metal homeostasis is altered in neurodegen-
erative diseases and the concentration, the localiza-
tion and/or the chemical speciation of the elements
can be modified relative to healthy individuals. These
changes are often specific to the brain region affected
by the neurodegenerative process. For example, iron
concentration is increased in the substantia nigra
(SN) of Parkinson’s disease patients, although the role
of metal speciation modifications in the etiological
processes is still not well understood.

To determine if modification of iron speciation
is involved in Parkinson’s pathogenesis, Carmona et
al. [69] have developed a methodology based on
chemical element imaging and speciation, using cor-
relative immunohistochemistry. Collecting µXRF im-
ages provided a quantitative distribution of metals
in specific brain regions (Figures 10a and b). Micro-
XANES defined the chemical speciation of iron in
the region of interest. To produce accurate informa-
tion about elemental changes in specific brain areas,
these chemical imaging methods were correlated to
brain tissue histology. Then, applying this method-
ology to the study of 6-hydroxydopamine (6-OHDA)
lesioned rats (an animal model of Parkinson’s dis-
ease), they showed that iron and manganese distri-
bution differs according to the brain region mapped,
although it does not differ between lesioned and
non-lesioned animals (Figure 11). Additionally, iron
always occurs as ferritin without any distinction be-
tween lesioned or non-lesioned animals.

Therefore, this spatially resolved study shows that
iron increase in the substancia nigra might not be in-
volved in the neurodegenerative process induced by
6-OHDA. Furthermore, it illustrates the ability to cor-
relate immunohistochemistry and chemical element
imaging at the brain level. This methodology should
in a near future be successfully applied to other stud-
ies of metal dyshomeostasis in neurology.

4.2. XANES investigations focusing on drugs

In the following section, we discuss three studies se-
lected because they have been performed at the ab-
sorption edge of elements from light (C) to heavy (Ag
and Pt), showing the large range of XANES capabili-
ties.

Drug delivery is the method or process of ad-
ministering a pharmaceutical compound to optimize
a therapeutic effect in humans or animals [154].

Figure 10. Representative µ-XRF distribution
maps of Fe in the substantia nigra pars com-
pacta (SNpc), appearing at the left side of the
images, and substantia nigra pars reticulate
(SNpr), right side of the images. (a) In the
contralateral (ContraL) side of sham rat brain.
(b) In the ContraL side of a 6-OHDA injured rat.
x and y axis in µm; z axis in number of XRF
counts (after Carmona et al. [69]).

It is very important clinically clinically to preserve
the chemical integrity of the drug and to be sure
that the drug is inside the carrier. We can define
drug carriers as biocompatible tools for the trans-
port of molecules for pharmaceutical, cosmetic, and
nutraceutical applications [155]. Guo et al. [147,
148] highlighted that numerous pharmaceuticals in-
cluding antibiotics [156], anticancer [157] and anti-
inflammatory drugs [158] etc. have been successfully
loaded into bioceramic drug carriers. The first case
study [147,148] relates to the incorporation of drugs
in calcium silicate hydrate and is based on XANES
collected at the C K-edge (Figure 12).

Guo et al. [147,148] considered three drug
molecules, ibuprofen (IBU), alendronate sodium
(ALN) and gentamicin sulfate (GS) incorporated
into mesoporous spheres of calcium silicate hydrate
(CSH). These three drugs display specific XANES
spectra at the C–K edge (Figure 12). Because it is
possible to perform XANES experiments with high
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Figure 11. Fe K-edge XANES spectra for FeO,
Fe2O3, ferritin standards and in the SNpc and
SNpr for the ContraL and IpsiL brain sides of 6-
OHDA injured and sham animals. All the mea-
sured spectra on brain samples show the same
shape as ferritin standard (after Carmona et
al. [69]).

signal-to-noise ratio at the C K-edge even if the con-
tent of drug is low, this spectroscopy allows the clin-
ician to ensure that the chemical state of the drug
is preserved during incorporation into mesoporous
CSH spheres Additionally, Transmission Electron
Microscopy (TEM) images of CSH before/after drug
loading indicated that the drug was incorporated in
the carrier.

In the 2nd example, experiments were carried out
at the Ag LIII (E = 3351 eV), S K (E = 2472 eV), and
P K (E = 2145 eV) edges to study the interaction be-
tween silver ions used as antibacterial agents, and
bacteria [158]. This approach reveals those chemi-
cal forms of silver which can interact with Staphylo-
coccus aureus and Escherichia coli. The Ag LIII-edge
XANES spectra of the bacteria are all slightly different
and very different from the spectra of silver ions (sil-
ver nitrate and silver acetate) which confirms that an
interaction has taken place (Figure 13). XANES thus
offers the clinician a means of focusing on the inter-
action between Ag and bacteria at the atomic level,
paving the way to optimize antibacterial agents con-
taining Ag.

Figure 12. C K-edge XANES comparisons be-
fore and after the loading of IBU, ALN, and GS
into CSH mesoporous microspheres. Feature
“a” at 290.3 eV is for CO2 adsorption in CSH;
“b” at 285.2 eV is the feature of aryl ring of IBU;
“c” at 288.5 eV is the 1s–π∗ transition from car-
boxylic acid as in the case of IBU; “d” and “e”
at around 289 eV are from C 1s–σ∗ (C–OH/C–
NH2) of ALN and GS drug molecules, respec-
tively (after Guo et al. [147,148]).

The final example considers platinum-based anti-
tumor drugs [159,160]. We have followed two stages
in our clinical investigation [70,71]. Firstly, we want
to demonstrate that XRF data helps the clinician to
understand the mechanisms of the nephrotoxicity
which is a major limiting side effect [161] of these
drugs. To this end, XRF measurements were per-
formed on mice kidneys and on two kidney biop-
sies of patients treated with Pt-based anti-cancer
drugs [70,71]. To the best of our knowledge, it was
the first time that Pt was detected in kidney biopsies.
Note that in one clinical case, the Pt contribution to
the XRF spectrum is observed even 6 days after the
last oxaliplatin infusion.

Secondly, we wish to show that XANES provides
the clinician with the possibility of characterising the
interactions between antitumor Pt-based drugs and
sulfur. Wang and Guo [162] have pointed out that en-
dogenous sulfur-containing molecules such as cys-
teine, methionine, glutathione, metallothionein. and
albumin, affect the metabolism of platinum drugs
and degrade therapeutic efficacy. It is well known in



Dominique Bazin et al. 199

Figure 13. Silver LIII-edge XANES spectra of (a)
silver nitrate solution (—), (b) silver acetate so-
lution (—), (c) E. coli cells treated with silver
nitrate (•••) and with silver acetate (– – –), and
(d) Staphylococcus aureus cells treated with sil-
ver nitrate (•••) and with silver acetate (– – –),
(e) Linear Combination Fit (LCF) of E. coli cells
treated with silver nitrate (– – –) and the experi-
mental results (—), and (f) LCF of S. aureus cells
treated with silver nitrate (– – –) and the experi-
mental results (—) (g) LCF of Listeria monocyto-
genes cells treated with silver nitrate (– – –) and
the experimental results (—) (after Bovenkamp
et al. [158]).

heterogeneous catalysis that XANES can probe the
co-ordination of sulfur by platinum [163], and de-
termine the Pt electronic state even only present as
a trace element [163–171]. Figure 14 shows the first
XANES data collected at the LIII edge of Pt in a human
biopsy. Even if such data have ultimately to be ana-
lyzed by numerical simulations to confirm S–Pt inter-
actions, initial impressions of our complete mouse,
and human biopsy, datasets seem to indicate an un-
changed Pt environment.

4.3. XANES investigation of tattoos

The facts that tattooing has become a pervasive so-
cial phenomenon [172] and that tattoo inks contain
various potentially toxic organic and inorganic sub-
stances [173,174] explain the significant increase of
the prevalence of skin diseases related to tattoos.
Among the metals which have been identified in skin
tattoos, we focus here on Zn [175]. Quite recently,

Figure 14. XANES spectra collected at the Pt-
LIII edge for mice treated with CisPt (red), for
mice treated with CarboPt (blue), and of a
patient treated with Erbitux, Cisplatin and 5-
Flurouracil.

Vandebriel and De Jong [176] published a review
on mammalian toxicity of ZnO nanoparticles based
on published investigations between 2009 and 2011.
These authors have reported that ZnO nanoparticles
at most barely penetrate human skin, but they do af-
fect skin cells in vitro. Short-term exposure results in
apoptosis but not an inflammatory response, while
long-term exposure shows increased reactive oxygen
species generation, decreased mitochondrial activity,
and the formation of tubular intercellular structures.

One of the challenges regarding the presence of
Zn is discriminating between endogenous and ex-
ogenous origens. The Zn content of a 70 kg human
body is around 2 g [177]. In dermatology, ZnO as well
as TiO2 minerals are utilized in sunscreens as inor-
ganic physical sun blockers, and as a white pigment
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in tattoos. In contrast to TiO2, Raman spectroscopy
is not enough sensitive to the presence of ZnO [178],
while XANES, performed at the Zn K edge, provides
valuable information:

ZnO can adopt three crystal structures: Wurtzite,
zinc blende and rocksalt [179]. Under ambient condi-
tions, the thermodynamically stable phase is zincite
which displays a wurtzite (hexagonal P63mc space
group) structure, in which every zinc atom is tetra-
hedrally coordinated with four oxygen atoms [180].
We have thus regarded zincite as an appropriate ref-
erence compound for Zn in pigments.

Knowing the spatial distribution of Zn in the skin
(Figure 15a) is necessary to define points of interest
(POI) for probing Zn speciation. Such information is
given by XRF mapping and we can see such spatial
distribution of Zn on Figure 15. Comparing XANES
spectra of the four POIs with that of zincite indicates
the presence or absence of the pigment (Figure 15a).
As we can see POI1 (1 on Figure 15b) and POI2 (2 on
Figure 15b) indicate the presence of the ZnO (i.e. ex-
ogenous Zn) pigment while POI3 (3 on Figure 15b)
and POI4 (4 on Figure 15b) indicate Zn2+ cations
bound to metalloproteins (i.e. endogenous Zn) [181].
This information localises ink derived ZnO in the tis-
sue quite precisely.

In a recent publication, we have combined XANES
and Raman data to elucidate both the complex or-
ganic and inorganic chemical composition of tattoo
inks in cases of keratoacanthoma. The common fea-
ture between the different clinical cases appears to
be not the presence of zincite ZnO particles but the
presence of a red azo pigment (PR170). Such result
raises the question of the carcinogenicity of this sub-
stance which interestingly is not listed by the Euro-
pean Council as a carcinogenic azo-colorant [182].

5. Other techniques to probe biological roles of
metals

This is a suitable point to consider the tools able
to define the role of metals in biological systems
to assist diagnosis and therapy. The complemen-
tarity, adaptations, and output of each modality
must be considered for each scientific case. These
considerations are exemplified by a comparison of
XANES spectroscopy, Energy Loss Near Edge Struc-
ture (ELNES) and XPS, which are all able to define the
atomic environment around a probed atom, yielding

Figure 15. (a) Optical microscopy, identifying a
skin cancer developed on a tattoo, Hematoxylin
Eosin Saffron staining × 25. (b) Correspond-
ing image of the spatial distribution of Zn ob-
tained by µXRF spectroscopy in this skin can-
cer. Points of interest (POI) probed by Zn K-
edge XANES are labelled 1 to 4. (c) XANES spec-
tra collected at the Zn K edge for the different
POIs, 1 to 4, of the skin cancer and for zincite
(ZnO).

valuable chemical, structural, and co-ordination in-
formation.

A XANES and ELNES data are subsets of XAS
and EELS (electron energy-loss spectroscopy) spec-
tra. Briefly, ELNES has higher spatial resolution
(around 1 nm compared to 100 nm for XANES) while
XPS is more sensitive to surface properties. ELNES
and XANES have a common theoretical basis in an
electron transition from a core orbital to unoccu-
pied states and follow an electron dipole transition
rule [183–186]. Thus, ELNES and XANES features
provide information on the local coordination and
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Figure 16. Typical EELS spectrum acquired
from a calcium phosphate concretion (Ca and
P LII,III edges are visible). Carbon and nitro-
gen (K-edges) due to biological organic mate-
rial are also detected, while U, and some C and
N, arises from the preparation protocol (after
Gay et al. [51]).

chemical bonding of selected elements in the illu-
minated area [187]. Measurements of ELNES with a
sufficient signal-to-noise ratio is limited up to about
1000 eV while XANES can be observed across all en-
ergies, effectively including almost all elements in
the periodic table [188–191] which creates a natu-
ral complementarity. Both ELNES and XANES data
can be analyzed either by comparison with spec-
tra of reference compounds, or by using theoretical
tools [192,193].

Major instrumental advances mean that ELNES
can be used with success to investigate biomin-
eral formation mechanisms [34–40]. Because ELNES
uses electrons as a probe it must be an ultra-high
vacuum technique. Using electrons as probes also
means that the spatial resolution, generally governed
by the diameter of the incident focused probe beam,
is around one nanometre. Note that samples must be
thin, i.e. <50–100 nm for such microanalysis.

Smith and McCartney [194] point out that a typical
ELNES spectrum contains a monotonically decreas-
ing background and several broad superimposed
peaks, each of which has an energy that is directly re-
lated to a particular inelastic scattering process. Fig-
ure 16 shows a typical spectrum from an investiga-
tion of Randall’s plaque [195], an ectopic calcification
which forms at the tip of the kidney papilla [196–198].

Figure 17. Energy Loss Function spectra of in-
situ HAP clay, HAP, β-TCP, and modified clay.
Peak A corresponds to the plasmon peak, and
peaks B and B* correspond to the calcium M2,3

edge. The spectra are separated vertically for
clarity and bars denote peak position (after
Payne et al. [199]).

The contribution of different elements within the
sample (Ca, C, P, O, N), or arising from the prepara-
tion protocol, (P, U, C, Ca, N, O) are clearly visible.

Payne et al. [199] use such an approach to pre-
cisely identify the calcium phosphate compound in
the biological sample (Figure 17). It is quite clear
that a description of the structural characteristics
of biominerals at the nanometre scale gives essen-
tial information concerning their formation mecha-
nisms [200].

Even if structural information is less direct than
from XANES analysis, XPS spectroscopy or electron
spectroscopy can be valuable for chemical analy-
sis. Like XANES, this spectroscopy uses photons as
probes [201,202]. It measures the kinetic energy of
electrons emitted from the very top (1–10 nm) of any
solid surface, giving information on the electronic
states of the surface region [203]. Because XPS can
detect all elements, except hydrogen and helium, by
their photoelectron binding energies, it is possible to
obtain a precise quantitative map of surface compo-
sition. XPS thus plays major role in identification and
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Figure 18. XPS spectrum of a titanium implant
surface revealing its elementary composition at
the surface (after Lach et al. [209].

Figure 19. XPS spectrum of a titanium implant
surface. Information on the electronic state of
Ti is available (after Lach et al. [209]).

quantification of surface contaminants of biomate-
rials, which has long been recognized as a significant
factor in predicting biocompatibility and rate of heal-
ing of implantable devices [204–206]. Also, significant
recent developments in XPS allow hydrated samples
to be studied, which is often essential to avoid cellu-
lar collapse [207].

Figure 18 shows a typical XPS spectrum in which
it is possible to identify all the elements at the very
top surface of the sample (see [208] for detection lim-
its). Figure 19 shows that each oxidation state of Ti
corresponds to a specific energy in the XPS spec-
tra [209] which enables their discrimination (Bharti
et al. [210]).

Finally, we would like to underline the comple-
mentarity between µFTIR [36–42] spectroscopy, con-

sidered the gold standard for chemical analysis of
kidney stones, and XANES spectroscopy. Note that
µFTIR spectroscopy informs on the major organic
and mineral components of biological concretions,
but not on trace elements. As we have described,
XANES requires synchrotron facilities, so it is often
convenient to characterize trace elements in the host
laboratory by for example XRF (Figure 20).

In fact, for completely unknown samples, X-
ray fluorescence may be the first choice analyti-
cal technique, followed by vibrational spectroscopy
such µFTIR or Raman to determine more detailed
chemistry, while XANES can be applied to describe
the electronic state as well as the first coordina-
tion sphere of trace elements selected by their edge
absorption. As emphasized by Bohic et al. [211],
such combinations of synchrotron-based X-ray and
FTIR microspectroscopies are ideal for assessing the
nature and role of trace elements in biology and
medicine.

6. Conclusion

While XRF spectroscopy identifies only the elements
present in a biological sample, the various publi-
cations we have selected in this contribution show
clearly that XANES spectroscopy offers substantial
information about the local structure of biologi-
cal samples, including those without long range
order such as single molecules, nanometre scale
particles, or amorphous compounds. XANES spec-
troscopy thus offers opportunities to localise and
assess the metabolism of metallodrugs such as Pt
based anticancer molecules, to localise nanometer
scale materials such as gold nanoparticles confined
in mesoporous silica (proposed to improve progno-
sis), and to more precisely describe the structural
characteristics of pathological calcifications.

Its subcellular spatial resolution as well as its ca-
pacity to operate at room temperature and pressure
constitute major advantages for biomedical research
meaning, for instance, that paraffin embedded biop-
sies can be interrogated without any further sample
manipulation. In many investigations, such a capa-
bility to directly investigate biological samples in a
near native state constitutes a major advantage rel-
ative to other techniques such as EELS or XPS which
require very thin samples and therefore preparation
procedures which may disrupt the physicochemical
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Figure 20. µSpectroscopy approaches to assess the role of metal trace elements in a biological sample.

and structural integrity of any pathological calcifica-
tions within a tissue.
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Abstract. Density Functional Theory has made the study of biomaterials feasible in the past years
leading to better understanding of causes and possible treatments of related pathologies. Although
it has been successfully applied in many fields, it has not yet consistently found its way into the
field of pathological calcifications. An overview will be given of the studies where this technique
has been applied in order to outline the important contributions that it can bring in the field of
biomineralization. More specifically, studies on DFT calcifications from calcium oxalates and calcium
phosphates, with relevance to bone formation and kidney stones, will be reviewed. Finally, a short
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Résumé. La théorie de la fonctionnelle de la densité (DFT) a rendu l’étude des biomatériaux faisable
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possibles des pathologies associées. Bien que la DFT ait été appliquée avec succès dans de nombreux
domaines, elle ne commence qu’a être appliquée timidement dans le domaine des calcifications
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de calcium, en rapport avec la formation osseuse et les calculs rénaux, seront examinées. Enfin, un
bref aperçu de la minéralisation de la silice sera également présenté.

Keywords. Oxalates, Phosphates, DFT, Spectroscopy, Microscopy.

Mots-clés. Oxalates, Phosphates, DFT, Spectroscopie, Microscopie.

Published online: 3 June 2021, Issue date: 1 September 2022

1. Introduction

Nowadays, powerful computers and massive paral-
lelization of numerical methods in combination with
quantum chemical software offers the opportunity to
address chemical and physical problems which can-
not be solved analytically. Indeed, the precise cal-
culation of energies, charge distributions and other
properties in the field of computational chemistry
can lead to a full understanding of molecular pro-
cesses observed in experiments with the final aim of
predicting them. Of course, a close interplay between
theoretical and experimental methods is needed to
guarantee optimal results.

Density Functional Theory (DFT) [1–3] is the most
used approach to reach this goal and is being used
in physics, chemistry, materials science and other re-
lated fields [4–6]. Furthermore, in medicine, DFT is
a tool which aids in developing new drugs [7] or an-
tibacterial materials [8], understanding enzyme ac-
tive sites [9], improving the long-term stability of im-
plants [10] and dental composites [11] and much
more. The big advantage of DFT (and other molec-
ular modelling tools) is that it allows building a the-
oretical model of real-world problems at a molec-
ular level that is extremely hard to achieve experi-
mentally. Furthermore, the predictive abilities allow
to fast-track the experimental design of new materi-
als and methodologies.

The big advantage of DFT (in contrast to other
modelling tools) is that it offers a very good com-
promise between chemical correctness and com-
putational cost. Indeed, it allows the calculation of
very accurate specific properties (such as spectro-
scopic data) as well as a time evolution of the sys-
tem through ab initio molecular dynamics. It man-
ages this good balance between computational effi-
ciency and accuracy by explicitly treating electronic
effects (in contrast to faster, but less accurate meth-
ods such as classical molecular dynamics) at an af-
fordable computational cost (in contrast to more ac-
curate, but more expensive approaches such as wave
function methods). Obviously this means also that
there is still a limit on the size of chemical systems

and the time scales that can be studied using DFT,
whereby specifically the inclusion of a solvent or bio-
logical medium may be problematic as this renders
the size of the system very large. Aside from these
direct investigations at the DFT-level, it should be
noted that DFT is often used to benchmark or fit
lower-level theories for subsequent investigations on
similar systems [12].

The aim of this publication is then to present
recent results obtained in the field of physiologi-
cal [13,14] and mostly pathological calcifications [15–
17] by means of DFT. To attain this goal, we will
start by a brief (more details can be found in dif-
ferent excellent books [18,19]) presentation of some
of its underlying principles. Afterwards, a selection
of recent publications will be presented, dedicated
to chemical compounds—namely calcium oxalate
(COM and COD) and calcium phosphate (apatite and
whitlockite)—that have been identified in patholog-
ical calcifications. We will show that the use of DFT
is instrumental to obtain a precise assignment of the
signals present in infrared, Raman and NMR spec-
tra, to offer important insights in the morphology of
crystallites present in urine or pathological calcifica-
tions and to develop new inhibitors to stop the grow-
ing process of crystallites.

2. Main underlying principles of DFT

The existence of a wave function for every measur-
able system is one of the fundamental postulates of
quantum mechanics. This function defines the state
of the system in function of 3N variables, with N the
number of electrons in the system, each having 3 spa-
tial degrees of freedom. The knowledge of the wave
functions of a system allows—in principle—to solve
the fundamental equation of quantum mechanics
formulated by Schrödinger [20] leading to a full un-
derstanding of the system

iħ d

dt
|Ψ(t )〉 − Ĥ |Ψ(t )〉 (1)

whereby i is the imaginary unit, ħ is the reduced
Planck constant, Ψ is the wave function, t is the
time and Ĥ is the Hamiltonian operator describing
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all possible interactions within the system. Unfortu-
nately, solving this equation is impossible for materi-
als which contain more than one electron due to the
quickly escalating number of variables with increas-
ing system size.

A major breakthrough in this problem was
achieved by introducing the so-called Born–
Oppenheimer approximation, which significantly
reduces the amount of variables that needs to be
calculated [21]. This approximation uses the fact that
the mass of an electron is very small compared to
the mass of a nucleus and thus assumes that the
electrons react instantaneously to the movement of
the nuclei. As such, the terms describing the cou-
pling between the nuclei and the electrons are dis-
carded from the Schrödinger equation, leading to a
considerable reduction in the computational cost.

A second approximation that has led to a large in-
crease of system size within computational reach, is
the Hartree–Fock method. In this method, the many-
electron Hamiltonian is replaced by a one-electron
Hamiltonian acting on one-electron wavefunctions
(orbitals). Furthermore, the Coulomb interaction be-
tween different electrons is only represented as an
average over the entire system. Although this ap-
proach leads to unexpectedly good results in gen-
eral, the error margin is too large to describe many
of the chemically interesting systems as the energy
differences at play are often subtle. More precisely, it
was found that Hartree–Fock does not consider the
correlated motions of different electrons, leading to
problematic descriptions of many systems. Different
(partly) solutions exist to overcome these issues and
to further enhance the description, but many of them
are computationally quite expensive. A radically dif-
ferent approach was introduced by the development
of the density functional theory.

The main idea of DFT is to use an electron density
instead of a complicated wavefunction, reducing the
number of variables to only 3 variables instead of
3N and thus making the Schrödinger equation much
easier to handle. Hohenberg and Kohn [1] proved
that this approximation is valid, i.e. all ground state
properties of a quantum system—in particular the
ground state total energy—are unique functionals of
the ground state density.

Finally, it is important to underline that the suc-
cess of DFT lies in a further approximation related
to the calculation of the electron density from a set

of mathematical functions or orbitals introduced by
Kohn and Sham [22].

ψi (r ) =
K∑

v=1
cviΦv (2)

The total energy is then decomposed into three
contributions being the kinetic energy, a Coulom-
bic energy describing the electrostatic interactions
between all charged particles and the so-called
exchange-correlation term describing the many-
body interactions. The mathematical form of the
latter term is, unfortunately, unknown and is there-
fore approximated by increasingly accurate func-
tional forms. Many different approximations exist, in
multiple types and flavours, but the most common
family—especially for solids—are the generalized
gradient approximations whereby the exchange-
correlation functional depends on the gradient of the
local electron density of the system.

A further issue of DFT is that it is inherently not ca-
pable of well-describing dispersion forces that are re-
sponsible for many chemical phenomena of interest.
This means that specific corrections need to be intro-
duced to circumvent this problem as, although the
magnitude of a dispersion interaction is small, they
dominate the behaviour of neutral physical systems
at intermediate distance ranges (>0.5 nm).

Again, a plethora of methods and approximations
exist, whereby the pairwise dispersion correction se-
ries proposed by Grimme et al. [23–26] are arguably
the most popular. It is an intuitive correction term,
based on the interaction between two multipoles,
that is orders of magnitudes cheaper to calculate
than DFT itself, making it very suitable for the cal-
culation of large systems. The main disadvantage of
this correction term is that it is empirical and needs
to be fitted for every density functional it is com-
bined with. Of course, the fitting parameters for the
most common density functional are readily avail-
able although the end-user should evaluate carefully
whether the fitted parameters apply for the specific
system of interest.

3. Calcium oxalates

3.1. Characterization of calcium oxalates

Pathological calcifications containing calcium ox-
alates have been identified in different organs
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Figure 1. (A) Calcium oxalate monohydrate
crystallites in kidney, (B) calcium oxalate dihy-
drate crystallites in prostate.

namely kidney [27], prostate [28,29] as well as thy-
roide [30,31]. For example in Figure 1, a calcium ox-
alate monohydrate crystallite in kidney can be seen
as well as a calcium oxalate dihydrate crystallite in
prostate. Note the significant differences in the size
and in the arrangement of the crystallites in these
two organs.

Regarding kidney, among the different chem-
ical compounds which have been identified in
concretions, calcium oxalate (CaOx) is the main
component of more than 70% of all stones that
were analysed in Western countries [32]. In gen-
eral, three different crystalline forms of CaOx exist
which defer in the amount of water molecules that
are present in the crystal structure. The first one,
calcium oxalate monohydrate (COM), or whewellite,
has a 1:1 ratio between calcium oxalate units and
water molecules: CaC2O4 · H2O. It is the most fre-

quent form and is linked to hyperoxaluria [33,34].
Calcium oxalate dihydrate (COD) or weddellite
has a 1:2 ratio between calcium oxalate units and
water molecules (CaC2O4 · 2H2O). It is about two
to three times less frequent than COM and is re-
lated to hypercalciuria [35,36]. It should be noted
that, due to the presence of free-ranging water
molecules inside the oxalate, the brute formula is
actually CaC2O4 · (2+ x) ·H2O, see below. Finally, the
prevalence of the third species, namely calcium ox-
alate trihydrate (COT) or caoxite (CaC2O4:H2O = 1:3,
CaC2O4 ·3H2O), is rarely observed in kidney stones.

According to a morpho-constitutional analy-
sis [37–39], the etiology of kidney stones is based on
the morphology as well as the chemical composition
of the formed crystals as shown by Fourier Trans-
form InfraRed (FT-IR) spectroscopy. Indeed, there is
a correlation between the morphology of the kidney
stone and the morphology of the crystallite [40,41]
and therefore, the morphology of crystallites present
in urine constitutes a key element to determine the
underlying causes of the pathology [42]. Of course,
the use of vibrational spectra (IR and Raman) implies
the full understanding of the origins of the absorp-
tion and scattering bands in relation to the chemical
properties of the material under investigation. The
calculation of these spectra for well-defined chemi-
cal compositions can provide this understanding, en-
hancing the ability to interpret difficult experimental
spectra obtained from natural mixed systems. In-
deed, several dispersion-corrected DFT studies have
been performed on calcium oxalate whereby the IR
and Raman vibrational spectra were successfully pre-
dicted for the three different polyhydrates of calcium
oxalate [12,43–47].

Another successful example of a DFT study on cal-
cium oxalate was the identification of the amount
and distribution of zeolitic water molecules in COD
by Petit et al. [47]. Indeed, as mentioned before, the
crystal structure of COD includes empty pores that
can readily be filled by diffusing water molecules. Be-
cause of this, the crystal structure of COD is rather
CaC2O4 · (2 + x) ·H2O than CaC2O4 · 2H2O, whereby
x represents the number of zeolitic water molecules
per calcium oxalate unit. The exact value of x has
been under debate for a long time until Petit et al.
determined it through DFT studies [48]. By system-
atically calculating vibrational spectra for COD crys-
tals with different values for x, they were able to show
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that there are at most 4 zeolitic water molecules per
unit cell (x = 0.5) and ideally 3.

Another important study [33] helped to resolve
issues surrounding the crystal conversion from COD
(being metastable) to COM. In these circumstances,
the Fourier transform infrared spectra seemed to in-
dicate the presence of the latter, while the morphol-
ogy of the observed crystallites indicate presence
of the former. As both forms are related to different
etiologies and treatments, this posed important
problems to clinicians. The DFT study was able to
show, in combination with different experimental
techniques, that a small amount of a less-ordered
form of COM was formed that skewed the IR spectra.
This resulted in the understanding that more atten-
tion should be paid to the stone morphology, rather
than the spectra in these specific cases. Further on
this less ordered form of COM, which had already
been proposed in some experimental studies, DFT
studies were needed to fully unravel the involvement
of the structural water molecules in the structure and
the related symmetry of the crystal [49].

Finally, we would like to note that, aside from
the already mentioned experimental results such as
IR and Raman spectra, also the calculation of NMR
spectra is available. It was applied and validated
specifically for calcium oxalates by Colas et al. [50].
The authors of the paper emphasized that it is yet an-
other benchmark against which difficult experimen-
tal or clinical samples can be validated and assigned.

3.2. Interaction between calcium oxalates and
small molecules

DFT has also been used to assess molecular interac-
tions occurring on a COD surface which could pro-
mote an anisotropic crystal growth. More specifically,
Parvaneh et al. [51] found that the crystallographic
faces (100) and (101) of COD are hydrophilic and
can therefore be solvated by a strongly bound layer
of water. However, important differences in the re-
spective adsorption mechanisms could explain the
anisotropic growth of the crystals, which is favoured
in the (100) direction, as observed in experiments.
Similar results have been published by Debroise et
al. [52,53] which further underlined the key role of
water in the prediction of calcium oxalate morphol-
ogy. More specifically, it was shown that the adsorp-
tion mechanisms of water onto the different crystal

surfaces, offer the needed stabilization to obtain the
experimentally found crystal morphologies.

Moreover, for many types of pathological calcifi-
cations, but especially in the case of kidney stones,
crystal growth inhibitors are at the centre of several
investigations. Indeed, it is well known that the grow-
ing process of crystals can be stopped or altered by
ions or molecules. More specifically, the adsorption
of inhibitors on specific crystal surfaces impedes the
addition of surface ions, thereby reducing the rate of
growth. Chung et al. [54] have showed by means of
DFT (in combination with in situ atomic force mi-
croscopy) that citrate and hydroxycitrate exhibit an
adsorption mechanism different from classical the-
ory as they induce a dissolution process of the patho-
logical crystal instead of a reduced rate of crystal
growth. Similarly, experimental evidence exists sug-
gesting that catechin (as present in green tea) has
a similar effect [55]. A conclusive, explanatory DFT
model, supporting these experimental findings has
not yet been developed although a manuscript on
this subject has been submitted by the current au-
thors, see also Figure 2.

4. Calcium phosphates

4.1. Characterization of calcium phosphates

In general, it is well known that the chemistry of
biological apatite is quite complex [56,57] due to a
lack of Ca2+ and OH− ions at the surface as well as
their replacement by ions with different charges (for
example CO2−

3 substituted for PO3−
4 and/or OH−).

Regarding pathological calcification, calcium phos-
phate apatites are present in various parts of human
body [58,59] as well as on medical devices (Figure 3).

Although this makes it hard for a DFT study to cap-
ture all properties of an experimental system all at
once (remember the size limit of the calculations),
the method allows for a very detailed understand-
ing of all the separate processes at work leading to
an overall understanding of the system. Among such
different investigations, we can quote the work of
Deymier et al. [60] describing a mechanism by which
crystal dimensions are controlled through carbonate
substitution. Another study identified 2 types of car-
bonate substitutions and related this to the stabil-
ity of the formed crystals [61]. A final example that
we would like to mention here is the study of the
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Figure 2. A citrate molecule surrounded by water molecules adsorbed onto an oxalate surface of about
15 Å × 18 Å. Brown is carbon, cyan is calcium, red is oxygen and white is hydrogen.

mobility of the carbonate anion within the channels
formed by apatite [62]. These results were well in line
with experimental X-ray data and revealed that the
carbonate is able to move almost freely through the
channel. This may have important implications for
the bioactivity of the apatite structure. It is worth
to underline that all these results taken together,
it is clearly demonstrated that carbonate substitu-
tion is sufficient to drive the formation of bone-like
crystallites.

Also a derived material, hydroxyapatite (HAP) was
studied by means of DFT to unravel its paracrys-
talline disorder and chemical composition [63]. By
combining the theoretical calculations with syn-
chrotron X-ray total scattering data, it was possible
to unravel the atomistic structure of the material. Ex-
tending the range of possible DFT-compatible tech-
niques, Chappell et al. [64] have characterized the
material by comparing DFT-level and experimental
NMR data opening up the possibility of studying
surface reactivity.

In the case of kidney infection, it is worth to un-
derline that two chemical compounds may be related
to infection namely struvite and whitlockite [65,66].
In that case, bacterial imprints (Figure 4A) can be re-
vealed through observations at the micrometer scale
by a scanning electron microscopy of the surface
of calcium phosphate apatite [67,68]. In whitlock-
ite (Figure 4B), a complex structure whereby Ca2+

ions are substituted by Mg2+ ions leads to cation
vacancies and protonation of phosphate groups as
can be seen in the DFT model presented in Fig-
ure 5. Again, a careful theoretical characterization
is detrimental for the understanding of the forma-
tion and removal of these crystals. In that sense, an
important DFT-based contribution was delivered by
Debroise et al. [69] who were able to quantify the
ability of whitlockite to form the mentioned sub-
stitutions and vacancies. By relating these defects
to the resulting IR, Raman and XRD spectra, im-
portant insights into diagnosis and treatment are
available.
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Figure 3. Spherical calcium phosphate apatite
identified in thyroid calcifications (A) and on
a medical device very common in urology, a JJ
stent (B).

4.2. Interaction between calcium phosphates
and small molecules

Most of the DFT studies dedicated to the inter-
action between organic and inorganic compounds
have been performed within the context of physio-
logical calcifications. As such, several studies were
performed on the interface between the organic and
inorganic parts in bone, namely the collagen protein
and hydroxyapatite (HAP) (the most stable form of
calcium phosphate in physiological conditions) [66].
A very important aspect of bone and teeth growth is
the understanding of the nucleation and prenucle-
ation phases of calcium phosphate. In that regard, an
important study using DFT-driven simulations, was
performed by Mancardi et al. [70] in identifying sta-
ble prenucleation clusters in aqueous solution.

The work of Cutini et al. [71] focuses on the inter-
action between a model of a single-collagen-strand

Figure 4. (A) bacterial imprints at the surface
of calcium phosphate apatite deposits on a
JJ stent. (B) Pseudo cubic whitlockite crystal-
lites (blue arrows) and “bacterial imprints” (red
arrows).

with the most common dried P-rich (010) HAP sur-
face. The authors discovered that the HAP adsorption
process leads to a deformation of the polymer in or-
der to create a relatively strong electrostatic interac-
tion between the PRO carbonyl C=O group and the
most exposed Ca ion of the P-rich (010) HAP surface.
Other authors have investigated the interaction be-
tween water molecules and the HAP surface [69,72].
Among them, Peccati et al. [73] have considered a set
of HAP surfaces (namely (001), (010), and (101)) and
their interaction with water using DFT simulations,
predicting spontaneous water dissociation on these
surfaces.

Quite recently, combining multinuclear solid-
state NMR spectroscopy, powder X-ray diffraction,
and first principles electronic structure, Davies
et al. [74] have underlined the fact that citrate
molecules form bridges between mineral platelets
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Figure 5. A DFT-based, molecular model for a Whitlockite bulk unit cell containing three Mg substitu-
tions per unit cell of 10 Å × 9 Å × 18 Å. Blue is calcium, red is oxygen, pink is phosphorus, white is hydro-
gen and orange is magnesium.

in bone. In fact, citrate molecules are well known as
growth inhibitors and a recent investigation done
by Fernandez et al. [75] has considered a set of the
HAP crystal growth inhibitors namely pyrophos-
phate, etidronate, citrate and phytate. The complete
set of numerical simulation showed that the ad-
sorption energies of the inhibitors increased in the
sequence: pyrophosphate < etidronate < citrate ¿
phytate. Such sequence is in line with the increase of
functional groups of the molecules bounded with the
HAP surface as well as the total molecular negative
charge.

Finally, it is worth to note that DFT calculations
can also be used to assess the interaction between
metals such as Ag and HAP. Several antimicrobial
studies have clearly shown that Ag-HAp nanoparti-
cles have excellent in vitro antibacterial activity with
E. coli.

5. Outlook on silica DFT studies

Although rather a mineralisation than a biological
calcification, silicon dioxide—or silica—is found in
skin in the case of sarcoidosis [76,77] and also in kid-
ney [78]. The chemistry of silica has been studied in-
tensively due its importance in heterogeneous catal-
ysis [79], yet not often at DFT level. Indeed, due to
its amorphous nature and its complex solid/liquid

interfaces, relatively little studies have been or are
undertaken. Some of the authors of the current pa-
per have been specializing in amorphous silica DFT
modelling for over a decade. This resulted in the
development of one of the first hydroxylated amor-
phous silica models in 2008 [80], published simulta-
neously with the model of the group of Ugliengo [79].
Recently, we reviewed the last decade on silica mod-
elling with DFT [81,82].

At DFT level, aside from some studies on the in-
teraction of small amino acids with the silica inter-
faces, no other work has been done related to the
silica mineralisation to the best of our knowledge.
This is mainly due to the complexity of the molecu-
lar structure and the large size of the models when
large biological molecules are investigated. However,
with the still increasing computing power we expect
that in a few years more realistic biological/silica in-
terface studies will be studied at the DFT level.

6. Conclusion

We have demonstrated, through examples from the
literature, the importance of density functional the-
ory calculations in the field of pathological calcifi-
cations. Indeed, it is clear that the capability of the-
oretical methods—whereby density functional the-
ory offers a very good balance between accuracy
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and computational cost—allows to zoom into the
molecular level of the system of interest. Especially,
the possibility to predict spectroscopic properties for
different hypothesized molecular structures, allows
to asses different possible models. Through care-
ful comparison with experimental results, the valid-
ity of the proposed models can then be assessed. A
careful analysis of the chemical structure of differ-
ent surfaces, adsorption sites and geometries (con-
formations of functional groups), allows understand-
ing and predictions that can have important reper-
cussions at the macro level regarding prevention, di-
agnosis and treatment.
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Abstract. This contribution aims to define an analysis procedure for abnormal deposits in human tis-
sues starting from in vivo characterization, down to the nanoscale using major instrumentation. Such
an integrated approach is based on recent literature, but particularly on our research over the last
twenty years on pathological calcifications. To this end, we begin by describing four successive ana-
lytical steps, on the injury site or physician’s surgery, at the hospital, at a typical physicochemical lab-
oratory, and finally at a large scale (possibly multinational) facility. For the first step, we present var-
ious techniques which can be implemented on portable instruments. For the second step, commer-
cial analytical setups are used. In a physicochemical laboratory, prototype or commercial setups are
used and finally on large scale instruments, characterization techniques with better spatial resolution
and/or higher sensitivity or techniques specific to synchrotron radiation are employed.

Keywords. Pathological calcifications, Characterization techniques, Experimental approach, Medical
diagnostic, Abnormal deposits.
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1. Introduction

Pathological deposits are very common in the hu-
man body and accurate characterization is of major
importance for medical care. The research described
here was performed in close collaboration with sev-
eral hospitals [1–4]. Pathological calcifications and
abnormal deposits more generally, such as in tat-
toos [5] or sarcoidosis [6,7], may be intimately linked
with major health problems such as cancer [8–13],
infection [14–19], diabetes [20–22], or genetic disor-
ders [23–26]. The various reviews published from ei-
ther a medical [27–31] or a physicochemical point of
view [1–4,22–38] have clearly underlined that charac-
terizing deposits, of endogenous and exogenous ori-
gins, in the human body are crucial to not only assist
diagnosis but also to optimise and develop specific
therapy regimens.

More precisely, recent literature and the results
we have gathered on different human tissues, in-
cluding bone [39–41], skin [5,6,42,43], thyroid [34–
46], prostate [8,47], kidney [42–51], cartilage [52–55],
breast [9,56], salivary glands [57], and pancreas [58],
showed that characterization by staining is often
of limited utility. A more comprehensive approach
has to encompass a wide range of techniques able
to describe pathological calcifications at different
scales. They can be classified into different fami-
lies; techniques able to define elemental composi-
tions such as X-ray fluorescence (XRF) [59,60] or en-
ergy dispersive X-ray spectroscopies (EDS) [61,62],
those which describe molecular composition such as

Fourier transform infrared (FTIR) [63,64] or Raman
spectroscopies [65–68] as well as scattering tech-
niques [69–72]. Imaging techniques such as scan-
ning [61,62] and transmission electron microscopy
(SEM and TEM) [73–76] or micro computed tomo-
graphic imaging [77–80] are also of prime impor-
tance. Finally, it is possible to precisely define the
electronic state of some elements through X-ray pho-
toelectron spectroscopy (XPS) [81–83] and/or their
local atomic level environment using X-ray absorp-
tion spectroscopy (XAS) [84–86], electron energy-loss
spectroscopy (EELS) [76,87,88] or nuclear magnetic
resonance (NMR) [57,89–91].

The micrometer to nanometer scale information
about abnormal deposits that these techniques yield
allows an accurate description of the processes un-
derlying the pathology, by defining morphology, el-
emental composition, and molecular and structural
aspects. Some of these techniques can be used in vivo
on abnormal deposits in human tissues while some
can only be used on biopsy material. The application
of all of these complementary techniques in the spe-
cific characterisation of abnormal human deposits is
detailed in the present paper.

2. Defining an analytical procedure

We will consider the analysis procedure in four steps
(Figure 1). The first is initial characterization di-
rectly on the human body using a portable analyt-
ical device at the physician’s surgery or at the in-
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mailto:eddy.foy@cea.fr
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Figure 1. Various steps of the experimental approach proposed for structural and chemical investiga-
tions of pathological calcifications.

jury location depending on severity. The next would
be in a hospital in which commercial analytical
apparatus is available. The third step involves char-
acterization of biopsies in a physical laboratory per-
forming fundamental analytical research. We con-

clude by describing experiments requiring large
scale instrumentation (often shared with other
national and international users) such as syn-
chrotron facilities. Such “photon factories” pro-
duce well-collimated and high intensity photon syn-
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Figure 2. In vivo portable devices for (a) Radiography [92], (b) XRF [93], (c) FTIR [94] and (d) Raman [95]
spectroscopies.

chrotron radiation beams leading to better spatial
resolution and/or higher sensitivity.

2.1. In vivo analysis at the physician’s surgery or
place of injury

The in vivo or in situ (for forensic medicine) step
takes account of the fact that different easy-to-
implement experimental setups have been devel-
oped over the last decades (Figure 2). These include

portable radiography apparatus [96], which can de-
fine an area of interest for extraction of biological
samples if possible and necessary for subsequent
characterization.

XRF (for elemental analysis and quantifica-
tion) [97,98], FTIR [99–102] or Raman [103–105]
spectroscopies (to determine the nature and amount
of chemical compounds present in the sample) con-
stitute at least three characterization techniques
which can be applied in vivo. It is worth mentioning
that biological fluids (or actual tissue in the case of
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accident trauma) can also be analysed, in which case,
two other techniques namely X-ray Diffraction (XRD,
to determine the nature and quantity of any crys-
talline phases present in the sample) and tabletop
SEM (for submicrometer scale surface imaging) can
also be applied.

More precisely, XRD can be used to determine
the crystallographic structure of unknown de-
posits [106,107], to identify the different crystalline
phases and their composition, concentration, and
average crystal dimensions [72,108]. “Tabletop” SEM
is also available for observing the micrometer scale
surface topology of the sample [109] and ultimately
determine particle elemental composition by EDS
spectroscopy [72].

2.2. Analysis at the hospital on the patient
(biopsy)

The second step in a concerted analysis would be
performed in a hospital laboratory where commer-
cial physicochemical setups can be used (Figure 3).
Investigations in vivo as well as on biopsies are pos-
sible. Biopsy procedures are usually performed at the
hospital under and/or after radiological examination
in the case of breast [110] or kidney [111]. A com-
mercial in-lab setup provides analytical data superior
to that produced by portable apparatus (better spa-
tial resolution and sensitivity); the three techniques
considered above, namely SEM, XRF and XRD can
be performed directly on the biopsy sample (i.e. be-
fore paraffin embedding). Note that at Tenon Hospi-
tal nanometer scale biopsy characterization by TEM
is also possible (Figure 3E).

Embedding the biopsy in a paraffin block allows
the sample to be preserved and manipulated sim-
ply and safely. It also offers the opportunity to col-
lect a set of data yielding elemental composition
(through µXRF or µEDX experiments) or chemical
mapping (µFTIR, µRaman or µXRD experiments),
from the same sample. Note that for µXRF and µXRD
experiments, it is better to use the paraffin block it-
self, while for µFTIR or µRaman experiments sec-
tioning of the block into several micrometer thick
slices should be considered. Microtomography may
be necessary to precisely locate the abnormal deposit
in the block. The resultant section can be deposited

on different supports for physicochemical character-
ization, such as conventional glass slides, low-e mi-
croscope slides (MirrIR, Kevley Technologies, Tienta
Sciences, Indianapolis) or kapton® film. It is only
possible to collect a Raman spectrum and to observe
the sample by SEM using conventional glass slides.
Low-e microscope slides enable imaging of surface
topology by SEM, or chemical characterization with
µRaman and µFTIR spectroscopies. Note that other
supports have been considered in hospitals in or-
der to perform TEM observations at the nanometer
scale.

2.3. Analysis of biological samples in a physics or
chemistry laboratory

In a physics or chemistry laboratory (Figures 4 and 5),
characterization using prototype experimental set
ups can be performed, which may combine op-
tics, sample holders, or detectors, developed in the
laboratory. Such experiments are usually not per-
formed in a hospital environment because the in-
strumentation is expensive, and the techniques are
not yet on the mainstream diagnostic analysis path.
The sophisticated character of these prototype se-
tups allows significantly improved spatial resolution
and/or sensitivity relative to commercial instrumen-
tation.

Special detectors on a TEM microscope (Fig-
ure 4B) allow nanometer scale elemental analysis
by Nano-EDX as well as chemical analysis by EELS.
Also, the experimental set up developed at the Lab-
oratoire de Physiques des Solides combines a multi-
layer mirror and a high intensity rotating-anode gen-
erator delivering a well-defined beam (100 µm size)
of sufficient intensity. Using a hybrid-pixel detector
and a SDD detector, one can measure XRD and XRF
signals respectively at the micrometer scale rapidly
(time scale between 1 and 10 min depending on the
sample) (Figure 4C).

Imaging of the topology of biopsies, deposited on
low-e microscope slides and based on SEM obser-
vations and chemical characterization with µRaman
and/or µFTIR spectroscopies, can be complemented
by NanoIR [112–122]. NanoIR, for which two exper-
imental configurations are possible, presents novel
opportunities. The first configuration is associated
with 500 nm spatial resolution and is based on a
pump-probe architecture using two laser sources,
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Figure 3. Tabletop commercial instruments (A) Classical FTIR experimental set up, (B) Raman experi-
mental set up (implemented at the synchrotron SOLEIL), (C) µFTIR microscope implemented at the Ser-
vice des Explorations Fonctionnelles at the Tenon Hospital, (D) Tabletop SEM (from https://www.hitachi-
hightech), (E) TEM experimental set up implemented at the Tenon Hospital.

one for mid-infrared excitation (the pump) and the
other one for measuring the photothermal effect (the
probe) [112]. The second configuration combines an
atomic force microscope (AFM) and IR lasers [115,
116] and produces a spatial resolution of 10 nm [122].

2.4. Analysis of biological samples in a large scale
facility

The fourth and final step in a comprehensive anal-
ysis procedure uses characterization technology

https://www.hitachi-hightech
https://www.hitachi-hightech
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Figure 4. Forefront physics or chemistry laboratory characterization hardware, all located in the Labo-
ratoire de Physique des Solides, Orsay. (A) SEM apparatus sample holder. (B) New transmission electron
microscope. (C) An experimental device combining XRD and XRF capabilities.

usually (but not exclusively) specific to large scale
instruments, which significantly increases sensitivity
and/or in plane spatial resolution.

Synchrotron radiation as a submicrometer probe
can be applied in several characterization techniques
such as XRF or XRD. Synchrotron radiation is re-
lated to the emission of light when charged particles
(electrons or positrons) moving with relativistic ve-
locity undergo radial acceleration [123–126]. Among
the important advantages of a synchrotron over a
laboratory X-ray source are its large spectral range,
and its brilliance (a physical characteristic encom-
passing the photon flux, bandwidth and the angular
and lateral spread of the beam) which is more than a
million times higher than that of the X-ray tube. Ba-
sically, the different beamlines on a synchrotron use
a selected (but tunable) part of its energy spectrum,
from terahertz to hard X-ray frequencies. This con-

fers the advantage of being able to choose the en-
ergy of the incident beam during measurements. Two
facilities are implemented in France namely SOLEIL
(French national source) [127] and ESRF (European
Source) [128].

van der Ent et al. [129] have compared different
XRF approaches using either X-ray tubes, electron,
proton, and synchrotron radiation as probes. While
the spatial resolution of an experimental set up using
a laboratory source is around 30–100 µm, it is possi-
ble to perform similar experiments on synchrotrons
with a spatial resolution well below 1 µm, and down
to about 50 or even 10 nm [130,131]. Also, there is a
significant difference between the limits of detection
which is >50 ppm in the case of a laboratory source
and 0.1 ppm on synchrotron facilities. These detec-
tion limits depend intimately on the sample/matrix
studied as well; the detection of heavy elements in
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Figure 5. Characterization techniques available in a physics or chemistry laboratory (A) µFTIR spec-
trophotometer implemented at soleil (SMIS beamline); (B) and (C) AFMIR experimental set up imple-
mented on the MUSIICS (MUlti Scale Infrared Imaging platform for Complex Systems, located at the in-
stitute of physics and chemistry) platform, (D) OPTIR (Optical PhotoThermal IR) experimental set up
(SMIS beamline).

tissues is much more favourable than that of light el-
ements in a matrix of heavy elements. Experimen-
tal optimization can improve the elemental detec-
tion limits to concentrations in the range 10−9 to
10−12 g/g [132,133].

A similar significant improvement pertains to X-
ray scattering experiments. Implemented on syn-
chrotron radiation facilities, these offer the oppor-
tunity of measurements on isolated and micrometer
sized single crystals. Guo et al. [134] have shown that
acquisition and assembly of complete datasets from
microcrystals may be routinely carried out on syn-
chrotron microdiffraction beamlines.

It is worth underlining that a complete new set of
spectroscopies such as XAS [135,136] or UV visible
spectroscopy [137–140] is available at a synchrotron
radiation centre. XAS is form of spectroscopy
able to describe the electronic state and the local
environment of trace elements in different kinds of
material including those without long range order
such as nanoparticles [141–146] and amorphous
compounds [147,148]. In a recent review, Ma et
al. [149] highlighted the emergence of nanoparticles
in medicine which offer novel solutions to diagnosis
and treatment of chronic kidney disease.
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Figure 6. Three beamline experimental stations implemented on the Soleil synchrotron (A) Diffabs
(details in Refs [82,83,149]), (B) Cristal (details in Refs [150–152]) and (C) Nanoscopium (details Ref. [153]).

As an example, we show in Figure 6 the differ-
ent experimental beamlines we have used to char-
acterize abnormal deposits in the human body
namely Diffabs [85,86,150], Cristal [19,151] and
Nanoscopium [154]. On these beamlines, XRD (Dif-
fabs and Cristal), XAS (Diffabs) or nano-tomography
(Nanoscopium) experiments can be performed. Note
that other beamlines such asth the Disco beamline
can be of major importance [140].

3. Sample quantity and availability

Sample quantity and availability can determine the
order in which experiments are performed. Large
quantities impose no priority but it must be empha-
sized that several scans may have to be performed
several times to take possible heterogeneity into ac-
count. Obviously, if the quantity of sample is low,
non-destructive characterization techniques have to
be implemented first.
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Figure 7. (A) Classical FTIR spectrum collected on part of a kidney stone dispersed in a KBr pellet;
IR bands of various compounds present are indicated Br—brushite, CA—calcium phosphate apatite;
CALC—calcite, C2—calcium oxalate dihydrate; PC—calcium palmitate; C1—calcium oxalate monohy-
drate, PROT—protein; TRG—triglycerides. (B) Typical dimensions of the maps which can be collected
with µFTIR, OPTIR and AFMIR; the size of the probe for each is indicated. (C) Three IR spectra collected
by the three experimental set ups—µFTIR (blue), OPTIR (black) and AFMIR (red).
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Sometimes, sample quantity is simply insuffi-
cient to perform the experiments. For example,
XRD experiments are performed on powder; the
sample is typically inserted into a glass capillary
(Ø = 0.1–1 mm) and mounted on a spinner rotating
at several Hz to improve particle orientational av-
eraging. Typically, for such experiments, less than
1 µL of powder is enclosed in small glass or kapton
capillaries.

Another technique needing a relatively large
amount of sample is Nuclear Magnetic Resonance
(NMR) spectroscopy. In order to gather information
regarding local structural changes we have to take
into account that the volume of a typical widely
used “standard” solid state NMR sample holder (a
“magic angle spinning” rotor) in a NMR experi-
ment is around 80 µL. Also, it is possible to probe
the local environment of several elements namely
1H, 13C, 31P.

4. Advantages and inconveniences of high spa-
tial resolution

High spatial resolution experiments are not always
the most desirable. Lower spatial resolution charac-
terization can resolve many important clinical prob-
lems. We will examplify this by FTIR spectroscopy
and the characterization of pathological renal calci-
fication. In the case of kidney stones, several chem-
ical compounds can be present in different propor-
tions. Chemical compounds present at high abun-
dance do not always define a medical diagnosis.
Even a small proportion (5%) of struvite informs
the clinician of bacterial infection. This factor im-
poses a requirement for an IR spectrum with a very
high signal-to-noise ratio for there to be any pos-
sibility of detecting the presence of a small shoul-
der in the IR absorption bands or a small shift in
their wavenumbers, which may help to distinguish
up to 9 chemical compounds occurring in kidney
stones.

It is very important to obtain a high quality IR
spectrum from the core as well as the surface of kid-
ney stones (Figure 7). Currently, only “classical” IR, in
which measurements are performed on a small pel-
let, is capable of sufficiently high signal to noise. Also,
high spatial resolution comes with characterization
of only a small area of the sample. In the case of

a kidney biopsy the calcification area can be some-
where within a length of typically around one cen-
timetre and width 1 mm; it is clearly impractical
to spend a few hours searching the whole sample
for ectopic calcification at a µFTIR spatial resolu-
tion of 10 µm, or by NanoIR for which the area of
interest is limited to 80 µm by 80 µm. Neverthe-
less, NanoIR experiments can represent the ultimate
opportunity to determine chemical composition for
very small deposits which cannot be characterized by
µFTIR.

Finally, we must underline that polarization of the
lasers used in NanoIR spectroscopy, either in the vis-
ible or the IR range, means that the intensity, and po-
sition of IR bands may vary, in the latter case by up to
a few cm−1. This can impose limitations on the pre-
cision of any description of abnormal biopsy deposit
chemistry [122].

5. Conclusion

This paper proposes a hierarchical approach to char-
acterize abnormal deposits in biological tissues [155],
starting from in vivo measurements and progressing
to a physicochemical description at the nanometer
scale. The approach is based on a selected set of de-
structive and non-destructive characterization tech-
niques which take into account the complexity of the
physicochemistry of abnormal deposits in biologi-
cal tissues, consistent with their exogenous and en-
dogenous origins. Because some of these techniques
need reference compounds such an approach sup-
poses strong interactions with research teams able to
generate nanomaterials [156–159]. Finally, it must be
remembered that density functional theory [160,161]
offers the opportunity to relate nanomaterial atomic
structure to IR, Raman or XRD characteristics [162–
166]. As emphasized by Khosroshahi et al. [167], it’s
time to use nanotechnology to change the conven-
tional paradigm for analysis and diagnosis in cases of
pathological deposits.
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Abstract. Several studies have reported a worldwide increase in incidence and prevalence of
nephrolithiasis, with some specificities across countries and regions. A retrospective review was per-
formed on all urinary calculi submitted between 2009 and 2019 from a large part of the western
Switzerland to our laboratory. A total of 10,437 stones were analysed and the presence of 18,804 com-
pounds revealed. The median age of patients was 51 years and the global male-to-female ratio was
2.49:1. From 2009 to 2019, calcium oxalates containing calculi were the most frequent, followed by
calcium phosphate and uric acids, the latter being more common in men, whereas carbapatite was
the second most frequent component in women. Infection stone frequency remained unchanged and
low, with a higher rate for women. Finally, while Randall’s plaque frequency was relatively small (7.4%),
patients experiencing them were significantly younger. In this review, we identified an age and gender
relationship of stone composition and Randall’s plaque formation in our Swiss region, which paves
the way for future investigations.
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1. Introduction

Nephrolithiasis is a frequent urologic diseases affect-
ing more than 10% of the population, with a peak
of incidence between 40 and 60 years [1,2]. Combin-
ing with a high percentage of recurrence, from 40%

∗Corresponding author.

to 50% within ten years [3,4], this pathology has par-
ticular social and economic implications [5]. While
some genetic predispositions lead to particular type
of stones, life and dietary habits largely contribute
to renal stone formation (review in [6,7]). Identifying
the nephrolithiasis risk factors that are sometimes
specific to a region or a country is of particular inter-
est for the patients’ treatment. In Switzerland there
is ongoing research to improve the understanding
of nephrolithiasis (Swiss Kidney Stone Cohort) [8],
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but until now, few epidemiological data are available
on the demographic information of Swiss patients
suffering from this pathology as well as on the com-
position of their calculi. The Laboratory of Biological
Fluids at the Geneva University Hospitals in Switzer-
land receives for analysis calculi from a large part of
the west of the country. The objective of this study
was to take advantage of our database containing
the results of 10,437 stone analyses gathered between
2009 and 2019 to investigate a possible association of
gender and age with calculi composition, determine
any emerging trends in stone formation, and draw
a picture of nephrolithiasis in the Romandie part of
Switzerland.

2. Methods

The Laboratory of Biological Fluids at the Geneva
University Hospitals processes analysis of calculi re-
ceived from Geneva, Vaud, Neuchatel and Valais can-
tons that are located in the Romandie part of Switzer-
land. Request analyses were received from either in-
dependent private laboratories or hospitals such as
the University Hospitals of Lausanne or Geneva. A
retrospective review was performed of all stones ex-
amined in our laboratory from the years 2009 to
2019. Starting from a database of 10,609 calculi col-
lected, a total of 10,437 renal stones were selected
and associated with patient’s demographic informa-
tion such as age and sex. These calculi were obtained
by spontaneous passage, ureteroscopy, percutaneous
nephrolithotomy or shockwave lithotripsy.

Stone composition was determined by mor-
phologic examination combined with Fourier-
Transformed infrared (FTIR) spectroscopy. More
precisely, FTIR analysis was performed on pow-
dered samples of the different parts of each stone
by Spectrum 100 from Perkin Elmer Life (Shelton,
USA) combined with an ATR accessory (Specac,
Orpington, UK). The spectra were collected in the
4000–540 cm−1 mid infrared range at a resolution of
4 cm−1 with eight scans. Each spectrum was analysed
by the Spectrum software (Perkin Elmer Life, Shelton,
USA) and the proportion of each component was as-
sessed. Minor components accounting for less than
5% (e.g. proteins and mucopolysaccharides) of the
stone were neglected except carbapatite in Randall’s
plaque.

The data were analysed with GraphPad prism soft-
ware using the Mann–Whitney test for comparison of
age, and Chi-squared test for comparison of frequen-
cies. Results with p value < 0.05 were considered as
statistically significant.

3. Results

3.1. Overall picture

Between 2009 and 2019, 10,437 renal stone analy-
ses were performed in our laboratory. The number
of analysed calculi steadily increased, starting from
461 stones/year in 2009 to 1393 stones/year in 2019
(3-fold increase; Figure 1A). The male-to-female gen-
der ratio was in favour of men (average of 2.49 ±
0.17), constant along the years and both gender con-
tributed equally to the observed increase in the num-
ber of calculi (3.05-fold increase for women and 3.0
for men; not shown). The mean age at stone episode
was 50.6 ± 11.3 years, and the difference between
men and women age was statistically significant (52.3
± 15.9 years for men and 49.8 ± 17.2 years for women
(p < 0.0001)). Overall, the majority of patients had 41
to 60 years at stone episode (45%; Figure 1B), 26.1%
had 61 to 80 years, and 20.4% had 26 to 40 years.
Children ages 0 to 15 showed the lowest incidence of
stone formation (1% of calculi), and patients aged 16
to 25 or above 80 years accounted for 4 and 3.8% of
calculi, respectively.

The analysis of the 10,437 stones by morphologi-
cal characterization and FTIR spectroscopy revealed
the presence of 18,804 compounds. The majority of
calculi were composed of one or two compounds
(40.2% and 40.1%, respectively), but we identified at
least three or more compounds in 19.7% of stones
(Figure 1C). Calcium oxalates were the most frequent
compounds (62.5%, Figure 1D), followed by calcium
phosphates (21.9%) and uric acids (10.6%). Other
identified compounds (4.9%) were urates, struvite,
cystine, drugs and proteins.

3.2. Stone composition

3.2.1. Calcium oxalate stones

Calcium oxalate monohydrate (COM) was the
most represented compound and found in 78.1% of
stones, with a mean age of patients of 51.2 years (Ta-
ble 1). Except for children below ten years, it was
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Figure 1. Stones from 2009 to 2019. (A) Number of stones by year of analysis and gender. (B) Repartition
of stone episode by patient age groups. (C) Frequency of stones composed by 1, 2, 3 or more (4 or 5)
components. (D) Frequency of calcium oxalates, calcium phosphates, uric acids (anhydrous uric acid
and/or uric acid dihydrate), or other components (urates, struvite, cysteine, proteins, drugs) presence in
all stones.

the most frequent compound in calculi whatever
the gender and patient age (Table 1 and Figure 2).
The mean age of women experiencing COM stones
was significantly lower than that of men (49.5 versus
51.9 years, p < 0.0001).

Calcium oxalate dihydrate (COD) was less fre-
quent and found in 34.4% of stones. It accounted for
more than 50% of the stone in 11% of cases, with
a significant higher frequency for men (11.8%) than
women (8.9%, p < 0.001). The mean age of patients
was younger (46.2 years) than for COM, regardless of
sex (Table 1). In line with that, the highest COD fre-
quency was observed for men aged 16–25 years and
the presence of this compound in male stones ap-
peared to increase between the age below ten years
and 25 years before decreasing with age (Figure 2).
In women, COD frequency peaked at age 10–15 years

and lowered thereafter.

3.2.2. Carbapatite stones

Carbapatite was globally the second most fre-
quent compound (38.1% of stones). It was mainly a
minor compound, especially in men (Table 1), prob-
ably because it was the most frequent constituent of
the Randall’s plaque found on some calcium oxalate
stones and in such cases, amounted for less than
5% of the stone. Carbapatite was the second most
frequent component in adult women (Table 1 and
Figure 2A) with a frequency of 51.6%, significantly
higher than in men (32.7%) for whom it ranked only
at the third place, after calcium oxalates. The low-
est frequency was observed in girls aged 10–15 years,
and in men it tended to decline with age as for COD
(Figure 2).
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Figure 2. Component frequency by age groups
and gender between 2009 and 2019.

3.2.3. Uric acid stones

Uric acids held the fourth place in compound fre-
quency for both gender, reaching 13.5% for anhy-
drous uric acid (AU0) and 5.6% for uric acid dihydrate
(AU2), with a mean age of patients of 61.7 and 59.9
years, respectively, which are the highest observed
in our study (Table 1). Both type of uric acids were
about twice more frequent for men than women (p <
0.0001, Table 1) and when it accounted for more than
50% of the stone, AU0 was the second most frequent
compound for men (11% of cases) but only the fourth
for women (5.3%, p < 0.0001), the latter being older
when experiencing such calculi (p < 0.05 for AU0,
and p < 0.01 for AU2). Finally, the number of uric acid
stones increased with age, from the fourth decade
in men but only from the sixth decade in women
(Figure 2).

3.2.4. Struvite stones

Struvite (magnesium ammonium phosphate
hexahydrate) was identified in 290 calculi (2.8% of
stones; Table 1). More women than men experienced
struvite calculi (4.4% and 2.1%, respectively, Table 1),
with a frequency as main component also statisti-
cally different between gender (3.3% for women and
1.5% for men, p < 0.0001). The mean age of patient
was also lower for women (51.2 versus 59.9 years,
respectively; p < 0.001), and this was partly due to
the age groups below 15 years who had the highest
number of struvite calculi (Figure 2A).

3.2.5. Brushite stones

Brushite (dicalcium phosphate dihydrate) was
identified in 104 stones (1.0% of stones; Table 1),
more for men than women (1.2% and 0.6%, respec-
tively, Table 1). The difference in the mean age of
both gender (39.5 years for women and 48.5 for men)
was statistically significant (p < 0.05).

3.2.6. Other components

Ammonium hydrogen or sodium hydrogen urates
were present in 0.9 and 0.6% of calculi, respectively
(Table 1), with a higher prevalence in younger men
for the latter (p < 0.01, Table 1). Surprisingly, am-
monium hydrogen urate was the second compound
found for boys below 10 years, after calcium oxalate
monohydrate, whereas it ranked at the fifth place for
girls, after calcium oxalates and struvite (Figure 2).

Cystine calculi were rare: 62 from 35 patients in
ten years, with a mean age of 45.9, higher in women
than in men (49.9 versus 43.6 years). Cystine was the
major compound in all cases.

Finally, we identified 15 stones made up of the
drug atazanavir (n = 13, 11 patients, 1 woman and
10 men), amoxicillin (1 woman), or mesalazine
(5-aminosalicylic acid, 1 man) crystals. No 2,8-
dihydroxyadenine stone was detected.

3.3. Evolution of age at stone episode

For children below 15 years, the number of analysed
calculi remained unchanged and low along the years
(Figure 3). No clear evolution was observed between
2009 and 2019 for both gender at age 16–25. For men
and women, the highest increase of number of stone
analysed was observed for patients aged from 41 to
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Figure 3. Number of stones by age groups and
year of analysis.

60 years old (about 4-fold). This age group accounted
for about half of the stones per year for men re-
gardless of the year. Male patients of 26–40 and 61–
80 years had also an increase in number of calculi,
which was stronger for the latter (Figure 3B). On the
contrary, the tendency of increase in stone numbers
was similar for the same age groups in women (Fig-
ure 3A), but the proportion of stones for the 26–40
group age was higher than for men. Finally, all pa-
tients aged over 80 years showed also an increasing
trend to have more stone episodes.

3.4. Evolution of stone composition

Overall no trends regarding a change in compound
frequency were observed along the ten years (Fig-
ure 4), except for COD whose frequency increased
along the years, particularly in women (23.1% to
47.4%; Figure 4A). Carbapatite frequency did not

change, being always higher for women (Figure 4B).
Anhydrous and dihydrate uric acids showed no clear
tendency whatever the sex but were every year higher
in men than in women (Figure 4C). Finally presence
of struvite did not change along the years and was in
general more frequent in women (Figure 4D).

Among the less common components, brushite
had an increasing trend during the period of 2009
to 2019, especially in women (0% in 2009 to 1.3% in
2019, data not shown).

3.5. Presence of Randall’s plaque on calcium ox-
alate stones

Randall’s plaque (RP) is a calcium phosphate deposit
at the tip of the renal papilla, considered to be at the
origin of calcium oxalate stones [9]. In our labora-
tory, they were characterized or described only since
2015. Frequency of RP on 4829 COM-containing cal-
culi was 7.4% irrespective of gender (Table 2). The
composition of RP determined by FTIR was carba-
patite in 86%, sodium urate in 6% and mixed in 1%
of cases. In 7% of RP, the crystalline phase could not
be identified. Only men had sodium urate in Ran-
dall’s plaque (data not shown). Patients with RP were
significantly younger (mean age of 45.8 versus 52.4
years, p < 0.0001), and this was not influenced by sex.
The age group of 26 to 40 years appeared to have the
highest prevalence of RP, whereas children and pa-
tients over 60 years had the lowest number of stones
with RP.

4. Discussion

Environmental factors account for a large part in the
development of nephrolithiasis, making epidemio-
logical studies of particular interest to identify means
of action to decrease incidence and prevalence of
this disease. This descriptive and retrospective study
tried to enhance the understanding of the trend
over ten years regarding the chemical components
of urinary tract stones. It provides the largest series
of stone analyses in Switzerland, with 18,804 com-
pounds identified in 10,437 calculi from patients liv-
ing in the west and French-speaking part of the coun-
try and gathered between 2009 and 2019. To our
knowledge, no comparable series has yet been de-
scribed in this country.
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Figure 4. Evolution with time of component frequency by gender. F, female; M, male.

4.1. Stone numbers

The number of stones analysed has grown annually.
However such a 3-fold increase in ten years cannot
be explained only by a higher incidence and is also
probably due to a rise in the number of sources sub-
mitting stone analyses to our laboratory.

4.2. Age

Analysed stones were from patients with a mean age
of 50.6 years. Patients who experienced the highest

number of stones were between 41 and 60 years of
age. These results are similar to those described in
some studies from other countries [10–14].

4.3. Sex

The overall male-to-female ratio was 2.49:1 and re-
mained stable over the ten years. This proportion is
between the one observed in France (2.1:1; [15]) and
in Germany (2.7:1; [16]), two neighbouring countries,
but largely different from the one measured in the
United States (1.37:1 or 1.55:1, [17,18]).
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4.4. Chemical components

In our study, the most frequent component was COM
with a frequency of 78.1% followed by carbapatite
(38.1%), COD (34.4%) and uric acids (19.1%). Oth-
ers crystalline phases such as struvite, brushite, and
urates showed a frequency below 10%. Consider-
ing components present as major compound (>50%
of the stone), the highest frequency was observed
for COM, carbapatite, COD and AU0. These propor-
tions were comparable to those described for other
countries [10,15]. Calcium oxalates are the most fre-
quent compounds found in a broad majority of cal-
culi around the world [19]. In our study, their pre-
dominance was similar to what has been observed
in France. However, in our case, frequency of mono-
hydrate calcium oxalate when present as the main
component was similar for both gender, whereas
French men had more stones with large amount
of COM than French women [15,19]. For COD, de-
spite an overall frequency as main component lower
than in France, we also observed a statistically dif-
ference between gender, men having more calculi
with COD as the major compound. Although COM-
containing calculi were the most common for both
gender, women’s stones contained more often carba-
patite (51.6% versus 32.7% for men). This ranking was
found similar in other countries [13,15,17,19].

A gradual increase in frequency of uric acid stones
has been observed for the recent years in different
countries [6,11,14,18]. This progression seems to be
due to the increase of obesity and type 2 diabetes
mellitus associated with a higher susceptibility of
women to develop nephrolithiasis in those cases. As
in France [15], our results indicates that uric acid
containing-stones rank at the fourth place in terms of
number for both men and women. Their frequency
also increases with age, men experiencing about
twice more uric acid calculi than women [19]. In Ger-
many, a study from 2011 put uric acid at the sec-
ond most common composition in each gender [16].
In our case, the frequency of anhydrous uric acid as
main component ranked at the second place but only
for men. It would then be interesting to compare our
results from the western and French-speaking part of
Switzerland to the incidence of uric acid stones in the
German-speaking part of the country.

Struvite-containing stones were less frequent
in our study (2.8%) compared to others in France

(4.5% [15]), in the United States (3.7% for men, 3.0%
for women, [18]), but at a similar rate to the one ob-
served in China (3%, [13]). When considering the fre-
quency of struvite as main component, we observed
a two-fold difference between women and men
(3.3% versus 1.5%, respectively), which was close to
the results of Daudon et al. [15] (2.3% versus 1.1%,
respectively). As in Yang et al. [13], our data showed
that girls below 15 years had the highest number of
struvite stones illustrating the higher prevalence of
urinary tract infection for this age group.

Finally, cystine frequency (0.6%) was similar to
that in other countries such as France (0.9%, [15]),
Germany (0.6%, [16]), China (1.1%, [12]; 0.6%, [13]),
and the United States (0.4%, [18]).

4.5. Time-related evolution of components

Within the most frequent compounds, we did not ob-
serve any evolution over the ten years except an in-
crease for COD frequency (23.1% to 47.4%). A gradual
frequency rise of uric acid stones [6,11,14,18] was not
found in our series. For these latter components, our
results did not show any clear growing trend along
the ten years studied as reported in a German study
from 1977 to 2006 [16]. Again a comparison of our
data with the incidence of uric acid stones in the
German-speaking part of the country would be of
interest. However, conclusion concerning uric acid
stones must be made with great caution as they are
the best candidate for stone dissolution by medical
treatment after identification by dual-energy com-
puted tomography, which probably leads to an un-
derestimation of their frequency in the laboratory
cohort.

4.6. Age-related evolution of components

Influence of age on stone composition has been
known for many years. As observed in many stud-
ies, mean age of patients experiencing stones of cys-
tine, COD, carbapatite, brushite and ammonium hy-
drogen urate were under 50. Conversely, the old-
est patients had more uric acids as major compo-
nent of their stones, which is consistent with previ-
ous observations showing a rising number of UA cal-
culi with age [14,16,17,19]. Finally, COM was the ma-
jor component in each age group except for children
younger than ten years, for whom carbapatite was
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the predominant component and accounted for 30%
of all stones for each gender.

Uric acids showed a significant increase of 20%
in oldest patients while COD decreased in the same
proportion for the same age groups. Infectious com-
ponents such as struvite and ammonium hydrogen
urate were very common in children’s stones, and
struvite frequency rose in people over 80 years old.

4.7. Sex-related evolution of components

Our results highlighted significant differences in
stone composition between women and men, espe-
cially for uric acids, COD and carbapatite. Although
COM was the most common component for both
gender, women’s stones contained more often car-
bapatite (51.6% versus 32.7% for men). This rank-
ing was found to be similar to those in other coun-
tries [13,15,17]. COD stones were also related to gen-
der and more present in men. Furthermore, the drop
of COD frequency was also initiated at the age range
of 16–25 years in women while it was delayed to the
age of 26–40 years in men.

Lastly, the increase of uric acid stones started later
in women (from range 61–80 years) compared to men
(from range 41–60 years).

4.8. Randall’s plaque

Over the last five years, around 7.5% of COM-
containing stones of our database were developed
from Randall’s plaque. This prevalence is low com-
pared to others countries [10,20]. A large part of
COM-containing stones were not intact when they
arrived in our laboratory for analysis, which surely
impaired RP’s detection. Accordingly, we observed an
umbilication for only 11% of stones (data not shown)
which probably reflects this stone fragmentation. We
also did not systemically scratch the stone umbili-
cation to identify a RP component when RP was not
visible under binocular magnifier, which certainly
also decreased our RP’s frequency.

Two different crystalline phases, carbapatite and
sodium urates, were described with a predominance
for calcium phosphate. Only men had sodium urate
in Randall’s plaque, which may be linked to a high
level of dietary salt consumption [21], as a “Swiss
survey on salt intake” revealed that dietary salt in-
take in the Swiss population was clearly above the

international recommendation of 5 g/day, and more
markedly so in men than in women [22].

Finally, as observed by Letavernier et al. [20], pa-
tients who showed RP were significantly younger
whatever the gender.

5. Conclusion

This report is a first picture of the chemical compo-
sition of stones and influence of age and gender over
the last ten years in the west of Switzerland. Although
it includes a rather large number of calculi for a rel-
atively small country (8.5 million people), this study
deserves further analysis on number of stones ex-
perienced by patients, details on stone composition
at first episode associated with degree of recurrence,
and patient comorbidities. These will be the topics of
a future publication.
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submitted more stones (3549) than women (1426) with global men-to-women ratio at 2.4 (1.0 to 2.79).
In the whole series, type Ia was a main morpho-constitutional presentation of whewellite (surface
morphology), accounting for 41.9%; the types Ib, Ic, Id and Ie corresponded to 2.2%, 0.16%, 0.94%
and 0.46%, respectively. Type IIa accounted for 16.4% and types IIb and IIc for 5.7% and 0.18% of
weddellite stones. Types IIIa, IIIb, IIIc and IIId accounted for 4.4%, 3.8%, 0.1% and 0.3%, of uric acid
and urate stones respectively. The frequency of calcium phosphate type IVa was 4.7% followed by type
IVb (3.5%), IVc (1.3%), IVd (1.4%) and IVa2 (0.3%). Type Va (cystine stones) accounted only for 1.1%
and Vb for only 0.1%. The rare, but very specific types Ic, Ie, Id, IIId, IVa2 and V pointed to precise
entities such as primary hyperoxaluria type 1, enteric hyperoxaluria, urinary tract abnormalities,
hyperuricosuria with diarrhoea, distal tubular acidosis and cystinuria respectively. In terms of the
major physico-chimical component, 75.4% of stones contained calcium oxalate (whewellite (52%)
and weddellite (22.7%)), 12% calcium phosphate (carbapatite (6.7%)), and 9.8% uric acid, mainly
anhydrous (9.1%). The struvite stones accounted for 106 (2.1%) and predominated in women.

Conclusions: High frequency of types Ia and IIa suggest that diet related hyperoxaluria and idiopathic
hypercalciuria are the leading lithogenic disorders in Belgian kidney stone formers.

Keywords. Kidney stones, Epidemiology, Infrared spectrophotometry, Stereomicroscopy, Morpho-
constitutional classification.
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1. Introduction

Kidney stone disease (KSD) is a chronic disorder
of mineral metabolism with preventable acute re-
nal manifestations and chronic extrarenal complica-
tions [1–5].

The chemical composition and the structural
characteristics of kidney stone (KS) vary with age
and gender and country [6]. In industrialized coun-
tries [7,8], Arabian Peninsula [9] and Maghreb [10],
calcium oxalate (CaOx) accounts for the majority of
KS, followed by calcium phosphate (CaP), uric acid
(UA) and in a minority by cystine (Cys).

The growing prevalence of stones is likely related
to dietary factors (high intake of animal protein, fruc-
tose, and salts), low water intake, hot climate, eco-
nomic status, and urbanization [11–17]. Moreover,
KSD is strongly associated with obesity and type 2
diabetes mellitus [18,19]. Metabolic syndrome has
been identified as an independent risk factor for
stone formation [20–23]. Although rare, inborn dis-
orders need to be appropriately identified and effi-
ciently treated as the risk of stone recurrence and loss
of kidney function is high in this background [24].
Stone formation could also be promoted indepen-
dently by urine flow slowdown secondary to acquired
or congenital abnormalities of kidney and urinary
tract (CAKUT) or urinary tract infections [25].

Therefore, each patient displays a specific combi-
nation of both biological (metabolic) abnormalities
and/or clinical factors (urinary tract disease, use
of some drugs, etc.) creating an individual micro-

and macroenvironment driving firstly crystalliza-
tion and secondly growth of urinary stones [26–32].
All the above induce prolithogenic modification
in urine composition allowing formation and re-
currence of stones [27]. International guidelines
and recent consensus recommend a metabolic as-
sessment of kidney stone formers (KSF) to iden-
tify the aetiology of stone and a correction of all
lithogenic factors, especially in the case of recurrent
disease [33,34].

Given the continuous increase in the prevalence
of KSD in adults during the last 30 years, and wor-
rying occurrence in what were previously consid-
ered lower risk groups (post-menopausal and preg-
nant women and the paediatric population) [35–40],
KSD stands as a worldwide public healthcare bur-
den [41,42]. Therefore, global improvement in ae-
tiological diagnostics and collaborative care among
healthcare providers in pediatrics as well as adults is
urgently needed [43–46].

The morpho-constitutional classification (MCC)
established by Prof Michel Daudon [47] allows very
granular understanding of the whole lithogenesis
process within each stone, which can vary during the
patient’s life [48,49]. The fundamental clinical value
for clinicians of using MCC is an opportunity to ac-
curately identify all lithogenic factors responsible for
stone formation and/or recurrence as well as offering
the opportunity to identify easily KSF at a high risk of
recurrence [47,48,50–52].

In our laboratory we built such expertise through
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theoretical learning and practice guided by the ex-
perts in this field [53]. In the present work, we report
the demographic distribution of stones classified ac-
cording to MCC in our centre during a five-year pe-
riod. We discuss available evidence supporting our
findings in terms of aetiologies proposed by MCC.

2. Materials and methods

This single-center study carried out by University
Hospital Erasme in Brussels, Belgium was evaluated
and approved by the local Ethic Committee (No.:
P2014/444). All procedures were performed in ac-
cordance with the institutional and national ethi-
cal standards on human experimentation, and with
the Helsinki Declaration of 1975, revised in 2013.

We retrospectively analyzed the results of MCC
from all samples submitted to this evaluation in our
department of clinical chemistry. The data for anal-
ysis were extracted from a local perspective data-
base (GLIMS, CliniSys Group, Gent, Belgium). The KS
were provided by hospitals and laboratories located
in Brussels as well as from neighbouring provinces
(Hainaut, Brabant-Wallon and Namur). Between Jan-
uary 2007 and January 2013, a total of 5480 samples
were investigated. Only stones larger than 0.5 mm
have been included.

The KS morphology was described under optic
stereomicroscope study (MOTIC-ST-39-Series). The
stones were assessed for shape, color, organization
from surface throughout the section into the nucleus.
After detailed morpho-constitutional analysis, each
stone was classified into one of seven main mor-
phological types and 22 subtypes. The comprehen-
sive specification of each type and subtype has been
extensively described previously and the main char-
acteristics of MCC are summarized for non-familiar
readers in Table 1 [48,50,54]. The physico-chemical
components of stones were identified and semi-
quantified (in %) by physical methods using FTIR
spectroscopy (Bruker-Optics-FTIR-Tensor-27) as de-
scribed previously [53]. Examples of photomicro-
graphs of various stone types and corresponding
FTIR spectra are depicted in Figure 1.

We recorded gender and age of all patients at the
presentation, KS numbers in the submitted sample
(single or multiple stones or fragments), and charac-
teristics of the samples in terms of stone fragments
or whole stones, morphological type according to the

surface and section, composition (expressed in %) of
each chemical component obtained by FTIR spec-
troscopy in global powder for all included stones.

We first expressed results as the main component
accounting for more than 50% of the stone. Pure
stone has been defined as a stone that contained
less than 10% of other components. Secondly, we
analyzed their distribution according to gender and
age of KSF.

Our main aim was to analyze the epidemiology
of stones according to the MCC approach and main
physico-chemical component to establish their dis-
tribution according to age classes and gender and
find the suggestive aetiologies.

2.1. Statistical analysis

The statistical analysis was performed with
Statistica® (StatSoft Inc., Europe, GmbH, Hamburg,
Germany). The distribution of data by gender and
age intervals was tested by the Shapiro-Wilk test.
The binary variables or categories are presented as
a percentage. The comparison of proportions was
analyzed using Pearson Chi2 or Fisher’s exact test
for small sample size. A P-value lower than 0.05 was
considered as statistically significant.

3. Results

Among 5480 samples we excluded 453 samples from
analysis for the following reasons: urine samples
without stones (71%), presence of filter material
(9.7%), absence of stone (7.7%), undefined precipita-
tion (5.3%), spurious stones (3%), tissue fibre (0.2%),
tooth (0.2%) biliary stone (0.2%) or unidentified sam-
ple (0.8%).

Finally, we included all complete MCC and
physico-chemical data of 5027 (96.7%) KS that ful-
filled the inclusion criteria. Samples smaller than 0.5
mm were excluded.

3.1. Global distribution of kidney stones in Brus-
sels cohort

The KS were provided from patients with first KS
manifestation as well as during the follow-up.
Single stones corresponded to 2783 (96.4%) and
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Table 1. Main characteristics of surfaces and sections of kidney stones, corresponding to physical com-
ponents (crystalline phase) and type of Daudon’s morpho-constitutional classification. The value of this
method consists in the particularly granular view of associated aetiologies pointing directly to specific
diagnostic management and indirectly allowing the improvement of the therapeutic strategy

Surface Section MCC type/subtype FITR component Aetiology

Mammillary with
frequent umbilication
and Randall’s plaque
indicative of papillary
origin. Color: brown

Compact concentric
layers with a
radiating
organization. Color:
brown

Ia Whewellite Intermittent and moderate
hyperoxaluria (a high
consumption of oxalate-rich
foods or of
hydroxyproline-rich foods,
low intake of calcium) and
/or low water intake resulting
in low diuresis

Mammillary and rough
without umbilication.
Color: brown to dark
brown

Compact
unorganized
sometimes, the
presence of gaps.
Color: brown,
dark-brown

Ib Whewellite Stasis, low diuresis,
crystalline, conversion form
weddellite to whewellite

Budding. Color: light
cream to pale
yellow-brown (whitish in
children)

Finely granular and
poorly organized.
Color: light cream to
pale yellow-brown

Ic Whewellite Primary hyperoxaluria (most
commonly type 1 related to
AGXT mutation)

Smooth. Color:
homogeneous, beige or
pale brown

Compact with thin
concentric layers.
Color: beige or pale
brown

Id Whewellite Malformative uropathy,
stasis, presence of multiples
stones

Locally budding,
mammillary, or rough.
Color: often
heterogeneous, pale
yellow-brown to brown

Locally unorganized
and loose structure,
locally more
compact radiating

Ie Whewellite Enteric hyperoxaluria related
to inflammatory bowel
diseases, especially after ileal
resection for Crohn’s disease,
in children with cystic
fibrosis with a severe
pancreatic deficit, after
bariatric surgery such as
jejuno-ileal bypass or
Roux-en-Y gastrojejunal
bypass

Spiculated with
aggregated right angles
and sharp edged
bipyramidal crystals.
Color: pale yellow-brown

Loose of radial
crystallization.
Color: pale
yellow-brown

IIa Weddellite Hypercalciuria no matter
what its cause with high
urinary calcium/citrate
molar ratio

Spiculated and showing
aggregated bipyramidal
crystals with blunt angles
and ridges. Color: pale
yellow-brown

Compact,
unorganized
crystallization.
Color: pale
yellow-brown

IIb Weddellite Both idiopathic
hypercalciuria and moderate
hyperoxaluria associated
with stasis and low diuresis

(continued on next page)
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Table 1. (continued)

Surface Section MCC type/subtype FITR component Aetiology

Rough. Color: grey-beige
to dark yellow-brown

Unorganized core
with a diffuse
concentric compact
structure at the
periphery. Color:
grey-beige to dark
yellow-brown

IIc Weddellite Hypercalciuria and an
obstructive anatomic
abnormality with multiple
stones resulting from stasis
conditions.

Homogeneous smooth.
Color: homogeneous,
typically orange,
sometimes cream, ochre
or yellowish

Homogeneous
compact, concentric
structure with a
radiating
organization. Color:
typically, orange

IIIa Uric acid
anhydrous

low urine pH, stasis, prostate
hypertrophy, metabolic
syndrome, ammoniagenesis
defect

Heterogeneous
embossed, rough and
porous surface.
Heterogeneous color
from beige to
brown-orange

Poorly organized
section with
frequent porous
areas. Color: orange

IIIb Uric acid
dihydrate ±
uric acid
anhydrous

Insulin resistance, metabolic
syndrome, type 2 diabetes,
low urinary pH,
ammoniagenesis defect

Homogeneous or slightly
heterogeneous rough
and locally porous.
Color: homogeneous,
cream to greyish

Unorganized porous.
Color: whitish to
greyish

IIIc Urate salts,
including
ammonium
hydrogen urate

Hyperuricosuria, no trial or
alkaline urine pH, urinary
tract infection by urea
splitting microorganisms

Heterogeneous
embossed, rough and
porous, heterogeneous.
Color: greyish to dark
brown

Alternated layers,
thick and brownish
or thin and greyish,
locally porous.
Color: Sometimes,
locally purplish

IIId ammonium
hydrogen
urate

Chronic diarrhoea,
electrolytes and alkali loss,
high urate concentration in
urine, low phosphate intake,
laxative abuse

Homogeneous rough.
Color: whitish to beige

Poorly organized, or
diffuse concentric
layers. Color: whitish
to beige

IVa1 Carbapatite Hypercalciuria and/or
urinary tract infection

Embossed and varnished
with small cracks. Glazed
appearance. Color:
homogeneous, pale
brown-yellow to pale
brown

Section made of
compact alternated
layers, thick
brown-yellow and
thin beige. Often,
multiple nuclei
(from collecting duct
origin)

IVa2 Carbapatite Inherited or acquired distal
renal tubular acidosis,
Sjogren syndrome, chronic
hepatitis

(continued on next page)
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Table 1. (continued)

Surface Section MCC type/subtype FITR component Aetiology

Heterogeneous, both
embossed and rough
with confluent
superficial deposits.
Heterogeneous color:
cream to dark brown

Section made of
irregularly
alternating thick,
whitish, and thin,
brown-yellow layers

IVb Carbapatite
other calcium
phosphates
(±struvite)

Latent urinary tract infection,
especially if they contain
small amounts of ACCP,
whitlockite or
struvite-markers of urinary
tract infection. Sometimes
related to the minor defect in
tubular acidification, or
hypercalciuria (primary
hyperparathyroidism),
especially when they also
contain weddellite

Homogeneous made of
amalgamate crystals with
blunt angles and edges

Crude radial
crystallization.
Color: whitish

IVc Struvite Urinary tract infection by
urease producing bacteria

Finely rough or dappled.
Color: whitish to beige

Radial crystallization
with more or less
visible concentric
layers. Color: whitish
to beige

IVd Brushite Hypercalciuria, primary
hyperthyroidism, phosphate
leak, medullary sponge
kidney

Rough surface. Color:
yellowish

Poorly organized,
sometimes a
radiating
organization. Color:
yellowish

Va Cystine Cystinuria

Smooth. Color:
homogeneous, cream to
yellowish

Concentric layers at
the periphery, an
unorganized core.
Color:
heterogeneous,
cream (periphery) to
yellowish (core)

Vb Cystine Cystinuria associated with
inadequate diet and or
medical management or
urinary stasis

Homogeneous matrix
soft stones. Color: cream
to pale brown

Unorganized
section. Color:
cream to pale brown

VIa Proteins Urinary tract infection and
chronic pyelonephritis

Heterogeneous,
irregularly rough, locally
scaled. Color: dark brown
to black

Crude and diffuse
foliated. Color: dark
brown to black.
Other components
often present in
these stones may
alter the structure
and the color

VIb Proteins ±
drugs or
metabolic
compounds

Proteins with metabolic
components or drugs
(quinolones, triamterene,
atazanavir, . . . )

(continued on next page)
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Table 1. (continued)

Surface Section MCC type/subtype FITR component Aetiology

Homogeneous, smooth
surface with clefts and
scales. Color: dark brown

Dark brown protein
shield surrounding a
loose, unorganized
light core containing
whewellite crystals
mixed with proteins

VIc Proteins with
whewellite

Typically seen, in end stage
renal disease related to
relatively high calcium
concentration in the urine
due to chronic calcium
substitution and high
vitamin D intake

Various morphologies
and colors according to
the stone composition
(infrequent purines and
drugs)

Variable
organization and
color according to
the stone
composition.

VII Miscellaneous Other aetiologies

Adapted from Daudon M et al. [48] and Pozdzik A et al. [54].

Figure 1. Illustrations of representative photomicrographs obtained during the assessment of kidney
stone’s morphology under optic microscope (A, C and E) and their corresponding typical FTIR absorption
spectra (B, D and F). (A) Type Ia and IIa mixed stones. Type Ia is characterized by a spherical form with
a smooth and dark-brown surface seen in the patients with intermittent hyperoxaluria. The surface of
type IIa is typically yellow or light-brown prickly, spiculated surface due to the presence of aggregated
pyramidal crystals with very sharp angles and edges, their morphology characteristic of idiopathic
hypercalciuria. (B) FTIR absorption spectrum of whewellite and weddellite mixed stone shown in (A).
(C) Type IIIa stones. They have a smooth, typically orange surface and their section is characterized
by concentric layers with radiating organization around very well-defined nucleus. (D) FTIR absorption
spectrum of anhydrous uric acid identified in type IIIA stones shown in (C). (E) Type Va stones. They
have a rough crystalline surface of yellowish color (their section is typically poorly organized, sometimes
a radiating organization can be found, not shown in the picture). (F) FTIR absorption spectrum of cystine
identified within type Va stones shown in (E).
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Figure 2. Global distribution of all analyzed kidney stones (n = 4975) according to gender and age
classes.

Table 2. Global distribution of studied kidney stones (n = 4975) by age and according to the gender of
kidney stone formers

Age (years) All stone formers
(n = 4975)

Number (%)

Women
(n = 1426)

Number (%)

Men
(n = 3549)

Number (%)

Men to
women ratio

P-value

0–9 54 (1.1) 27 (1.9) 27 (0.8) 1.00 0.0005

10–19 102 (2.1) 42 (3.0) 60 (1.7) 1.43 0.005

20–29 440 (8.8) 161 (11.3) 279 (7.9) 1.73 0.0001

30–39 874 (17.6) 244 (17.1) 630 (17.8) 2.58 0.59

40–49 1223 (24.6) 329 (23.1) 894 (25.2) 2.72 0.12

50–59 1038 (20.9) 274 (19.2) 764 (21.5) 2.79 0.07

60–69 760 (15.3) 204 (14.3) 556 (15.7) 2.73 0.23

>70 484 (9.7) 145 (10.2) 339 (9.6) 2.34 0.57

Statistical analyses of distribution (women vs men) were performed using Pearson
Chi2. Presented P-value reflect the significance of differences in the proportion (%)
of kidney stones in studied groups considering the small number of kidney stones in
some groups.

multiple stones to 437 (3.6%). Intact stones corre-
sponded to 3226 (64.1%) and 1801 (35.9%) of samples
corresponded to stone fragments. Stones were statis-
tically more frequent from men (3554) than women
(1473) (70.6% vs 29.4%, respectively).

We submitted the data of MCC for a total of 5027
stones provided by 4975 KSF for analysis by age inter-
vals and gender (Table 2, Figure 2).

Global men-to-women ratio was 2.4 (3549 men
and 1426 women) and varied from 1.43 to 2.79
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(ages 10 to 19 and 50 to 59-years respectively) except
for patients younger than 10 years old where male-
to-female ratio was 1.0.

The number of stones increased steadily with
patient age in both genders, reaching a maximum
between 40 to 49 years, and decreased thereafter.
The lowest number of stones (n = 54, 1.09%) was
recorded in the age group between 0 to 9 years
(1.8% in girls and 0.7% in boys). The highest number
of stones (n = 1223, 24.6%) was found in the group
aged between 40 to 49 years in both genders.

3.2. Main morphological types of kidney stones

Furthermore, we analyzed the age distribution of
4635 kidney stones classified according to type I, II,
III, IV and V of Daudon’s MCC. The lower number of
stones included in this analysis is related to the fact
that 362 out of 5027 KS were too small to provide a
reliable classification (Tables 3 and 4). We found all
morphological types in the surface and section.

Surface morphological type I accounted for 2302
KS, type II for 1145 and type III, IV and V for 466, 556
and 54, respectively.

However, the section morphological type I ac-
counted for 2657 of KS, type II for 916 and type III,
IV and V for 436, 576 and 52, respectively.

Type I composed of Whewellite (Wh) and type
II composed of Weddellite (Wd) were the most
frequent and predominant types in the age class
40–49 years.

Type III composed of UA progressively increased
from the age class 40–49 years and reached the high-
est frequency after 60 years.

Type IV composed of CaP was mainly observed in
age groups from 30 to 49 years and decreased slowly
thereafter.

Type V composed of Cys was found mainly in age
classes 20 to 29 and 30 to 39.

3.3. Distribution of KS according to morphologi-
cal subtypes and the patient’s gender

According to the surface morpho-constitutional sub-
type the statistically significant higher proportion
of subtype Ia (p < 0.0001), IIa (p = 0.0003) and

IIIa (p = 0.007) was observed in men as compared
with women (Table 5). However, a statistically signif-
icant higher proportion of subtypes IVa, IVb and IVc
(p < 0.0001, p < 0.0001 and p = 0.006 respectively)
was observed in women as compared with men. The
most common Ia/IIIa combination in stone surface
was found in women vs men (p < 0.0001) but Ia/IIa
in men vs women (p < 0.0001).

According to the section morpho-constitutional
subtype, a significantly higher proportion of sub-
types Ia, IIa and IIIa was also observed in men as
compared with women (p < 0.0001, p = 0.007 and
p = 0.001 respectively). On the other hand, subtypes
IVa, IVb and IVc were observed more frequently in
women as compared with men (p < 0.0001, p <
0.0001 and p < 0.0001 respectively, Table 6).

The rare types Ic, Ie, IIId, IVa2 and V corresponded
to 0.1%, 0.4%, 0.1% 0.3% and 1.1% respectively but
suggested the involvement of a very specific lithogen-
esis process.

Within the type V, 55 stones represented the sur-
face morphology of type Va and the morphology Vb
was found in nine (0.1% of all stones).

3.4. Distribution according to the main physic-
ochemical component (crystalline phase) of
KS

Stones containing mainly Wh account for the
majority of KS in the whole cohort (75.4%)
(Table 7).

Within 3759 CaOx stones, 2629 (52.7%) corre-
sponded to Wh and 1130 (22.7%) to Wd. Among the
540 phosphate stones, 338 were made of CA, 106 of
struvite, 62 were brushite, 30 amorphous carbonated
calcium phosphate (ACCP) stones and only four oc-
tacalcium phosphate pentahydrate stones.

The UA stones accounted for 491 (9.87%) stones
(UA anhydrous (UAA) 9.17 and UA dihydrate (UAD)
0.7%).

Stones containing cystine were rare and ac-
counted for 1.2% (64 stones in whole cohort).

Protein composition was found in 44 (0.8%) of
all stones. Only 86 stones were classified as mis-
cellaneous (unknown composition). We did not
detect drug(s) related stones or containing rare
metabolic components such as dihydroxyadenine,
xanthine, methyl-1 uric acid, . . . .
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Within CaOx stones, Wh was identified as the
main component of more than half of all analyzed
samples (n = 2629) and was significantly more com-
mon in men than in women (55.1% vs 46.7%, p <
0.0001). The second most frequent crystalline phase
was Wd corresponding to 1130 KS, also significantly
more common in men than women (24.7% vs 18.9%,
p = 0.0001).

The UAA corresponded to 457 KS mainly provided
from men (9.7% vs 7.6%, p = 0.02).

In contrast, phosphate stones were less frequent
(338 CA (6.8%) and 106 struvite stones (2.1%)) and
were significantly more common in women as
compared to men ((14.1% vs 3.8%, p < 0.0001) and
(3.8% vs 1.4%, p < 0.0001) for CA and struvite respec-
tively). Women submitted more ACCP stones than
men (1.2% vs 0.3%, p = 0.0001).

3.5. Most common physico-chemical combina-
tion of kidney stones

In the constitutional analysis of 5027 samples, stones
with a single component accounted for 2035 (40.4%
pure stones), stones with two components for 1432
(28.4%) and stones with more than two components
for 1560 (31%) out of the all KS. Note that minor
protein content was not taken into account.

Wh was the main single component in 1621 stones
and was followed by Wd and UAA (175 and 114
stones, respectively), which were observed mainly in
men KSF (35.5% vs 25.1%, 3.9% vs 2.7% and 2.5% vs
1.7% respectively) (Table 8).

We found the most common combinations to be
Wd + Wh + CA, Wd + Wh and Wd + CA (729, 620 and
307 stones).

The combinations Wd+Wh were significantly
higher in men than in women (14.3% vs 7.8%,
p = 0.0001) contrasting with the higher distribu-
tion of combinations Wd + Wh + CA, Wh + CA and
CA + ACCP in women as compared with men (16.6%
vs 13.8%, p = 0.01; 10.8% vs 3.3%, p < 0.0001 and
4.3% vs 0.8%, p < 0.0001, respectively).

3.6. Distribution of main crystalline phase types
according to patients’ age and to gender

3.6.1. Calcium oxalate kidney stones

Whewellite. The distribution of Wh stones (type I)
increased steadily with patient age in both gen-
ders (Figure 3A). Lowest distribution was recorded

Figure 3. Kidney stone distribution by gender
and age intervals according to the main physical
component (crystalline phase). (A) Whewellite,
(B) Weddellite, (C) Uric acid, (D) Carbapatite.
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Table 5. Global and gender distribution of analyzed kidney stones according to the main morpho-
constitutional type detected in the surface of stones and as a function of gender (n = 4985)

Stone
surface type

Total
(n = 4985)

Number (%)

Women
(n = 1431)

Number (%)

Men
(n = 3554)

Number (%)

Men to
women ratio

P-value

Type I: Calcium oxalate monohydrate (Wh)

Ia 2088 (41.9) 530 (37.0) 1558 (43.8) 2.94 <0.0001

Ib 113 (2.3) 42 (2.9) 71 (2.0) 1.69 0.04

Ic 8 (0.2) 1 (0.1) 7 (0.2) 7.00 NS*

Id 47 (0.9) 18 (1.3) 29 (0.8) 1.61 0.14

Ie 23 (0.5) 6 (0.4) 17 (0.5) 2.83 0.78

Type II: Weddellite (Wd)

IIa 818 (16.4) 192 (13.4) 626 (17.6) 3.26 0.0003

IIb 284 (5.7) 77 (5.4) 207 (5.8) 2.69 0.54

IIc 9 (0.2) 3 (0.2) 6 (0.2) 2.00 NS*

Type III: Uric acid (UA) and urate

IIIa 222 (4.5) 46 (3.2) 176 (5.0) 3.83 0.007

IIIb 194 (3.9) 58 (4.1) 136 (3.8) 2.34 0.71

IIIc 5 (0.1) 2 (0.1) 3 (0.1) 1.50 NS*

IIId 15 (0.3) 5 (0.4) 10 (0.3) 2.00 NS*

Type IV: Calcium and/or magnesium phosphates

IVa 237 (4.8) 129 (9.0) 108 (3.0) 0.84 <0.0001

IVb 179 (3.6) 100 (7.0) 79 (2.2) 0.79 <0.0001

IVc 66 (1.3) 29 (2.0) 37 (1.0) 1.28 0.006

IVd 72 (1.4) 21 (1.5) 51 (1.4) 2.43 0.93

Type V: Cystine

Va 55 (1.1) 21 (1.5) 34 (1.0) 1.62 0.12

Type V: Protein

VIa 15 (0.3) 7 (0.5) 8 (0.2) 1.14 NS*

VIb 14 (0.3) 4 (0.3) 10 (0.3) 2.50 NS*

Most frequently observed mixed stones

Ia/IIa 269 (4.6) 54 (3.8) 215 (6.1) 3.98 <0.0001

Others 239 (4.8) 74 (5.1) 165 (4.6) 2.23 0.43

Statistical analyses of distribution (women vs men) were performed using Pearson
Chi2 or * Fisher’s exact test for small group. Presented P-value reflects the signifi-
cance of differences in the number of kidney stones in the studied groups.

between 0 and 9 years (0.3%) and highest distribu-
tion between 40 to 49 years (27.7%); patients aged
more than 70 years accounted for 8.6%. Men submit-
ted more Wh stones than women in all age classes
(the men-to-women ratio varied from 1.0 to 3.6).

Weddellite. Similarly, the distribution of Wd stones
(type II) increased steadily with patient age in both
genders, reaching a maximum earlier between 30 and
39 years and decreasing thereafter with male pre-
dominance in all age groups except for the age classes
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Table 6. Global and gender distribution of analyzed kidney stones according to the main morpho-
constitutional type observed in the section of stones (n = 4985)

Stone
section type

Total
(n = 4985)

Number (%)

Women
(n = 1431)

Number (%)

Men
(n = 3554)

Number (%)

Men to
women ratio

P-value

Type I: Calcium oxalate monohydrate

Ia 2499 (50.1) 612 (42.8) 1887 (53.1) 3.08 <0.0001

Ib 91 (1.8) 32 (2.2) 59 (1.7) 1.84 0.17

Ic 3 (0.1) 1 (0.1) 2 (0.1) 2.00 NS*

Id 32 (0.6) 11 (0.8) 21 (0.6) 1.91 0.48

Ie 17 (0.3) 4 (0.3) 13 (0.4) 3.25 NS*

Type II: Calcium oxalate dihydrate

IIa 663 (13.3) 161 (11.6) 502 (14.1) 3.12 0.007

IIb 236 (4.7) 65 (4.5) 171 (4.8) 2.63 0.69

IIc 5 (0.1) 2 (0.1) 3 (0.1) 1.50 NS*

Type III: Uric acid and urate

IIIa 242 (4.9) 47 (3.3) 195 (5.5) 4.15 0.001

IIIb 186 (3.7) 48 (3.4) 138 (3.9) 2.88 0.37

IIIc 4 (0.1) 2 (0.1) 2 (0.1) 1.00 NS*

IIId 1 (<0.1) 0 (0.0) 1 (<0.1) NA NS*

Type IV: Calcium and/or magnesium phosphates

IVa 203 (4.1) 108 (7.6) 95 (2.7) 0.88 <0.0001

IVb 163 (3.3) 89 (6.2) 74 (2.1) 0.83 <0.0001

IVc 140 (2.8) 63 (4.4) 77 (2.2) 1.22 <0.0001

IVd 69 (1.4) 20 (1.4) 49 (1.4) 2.45 0.96

Type V: Cystine

Va 52 (1.0) 21 (1.5) 31 (0.9) 1.48 0.06

Type VI : Protein

VIa 7 (0.1) 5 (0.4) 2 (0.1) 0.40 0.02*

VIb 9 (0.2) 2 (0.1) 7 (0.2) 3.50 NS*

Others 363 (7.3) 138 (9.6) 225 (6.3) 1.63 <0.0001

Statistical analyses of distribution (women vs men) were performed using Pearson
Chi2 comparison or * Fisher’s exact test for small group. Presented P-value reflects
the significance of differences in the number of kidney stones in the studied groups.

from 0 to 9. Peak distribution was observed between
40 and 49 years for women and 10 years earlier in
men (Figure 3B). Men submitted more Wd stones
than women in all age classes (the men-to-women
ratio varied from 1.1 to 4.6, except for patients
less than 10 years old where M/F ratio was lowest
at 0.6).

3.6.2. Uric acid stones

The distribution of UA (type III) increased steadily
with patient age in both genders. In our cohort, low-
est distribution was recorded between age 10 to 19
years and reached a maximum between 60 to 70
years (Figure 3C). Men accounted for more KSF than
women in all age classes (men-to-women ratio varied
from 1.3 to 3.7).
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Table 7. Global and gender distributions of analyzed kidney stones according to the main physicochem-
ical component identified within the stones (n = 4985)

Main
physicochemical

component

Total
(n = 4985)

Number (%)

Women
(n = 1431)

Number (%)

Men
(n = 3554)

Number (%)

Men to
women

ratio (2.5)

P-value

Calcium oxalate monohydrate 2629 (52.7) 669 (46.7) 1960 (55.1) 2.9 <0.0001

Calcium oxalate dihydrate 1130 (22.7) 271 (18.9) 859 (24.7) 3.2 0.0001

Uric acid anhydrous 457 (9.2) 110 (7.7) 347 (9.8) 3.2 0.02

Carbapatite 338 (6.8) 202 (14.1) 136 (3.8) 0.7 <0.0001

Magnesium ammonium phosphate 106 (2.1) 55 (3.8) 51 (1.4) 0.9 <0.0001

Cystine 64 (1.3) 24 (1.7) 40 (1.1) 1.7 0.12

Dicalcium phosphate dihydrate 62 (1.2) 17 (1.2) 45 (1.3) 2.6 0.82

Proteins 44 (0.9) 15 (1.1) 29 (0.8) 1.9 0.82

Uric acid dihydrate 35 (0.7) 11 (0.8) 24 (0.7) 2.2 0.72

Amorphous carbonated calcium phosphate 30 (0.6) 18 (1.3) 12 (0.3) 0.7 0.0001

Octacalcium phosphate pentahydrate 4 (0.1) 2 (0.1) 2 (0.1) 1.0 NS *

Miscellaneous 86 (1.7) 37 (2.6) 49 (1.4) 1.3 0.35

Statistical analyses of distribution (women vs men) were performed using Pearson Chi2 comparison or
Fisher’s exact test (*) for small group. Presented P-value reflect the significance of differences in the number
of kidney stones in studied groups.

3.6.3. Calcium and magnesium phosphate stones

In our patients, CA was the most common crys-
talline phase of CaP stones. CA stones (type IV) were
found in 6.8% of all stones and predominated in
women (14.1% vs 3.8% in men, p < 0.0001) (Fig-
ure 3D). The number of KS containing CA increased
in patients older than 20 years and reached a plateau
from 30 years (Figure 3D). Except for the age inter-
val 10 to 19 years, women submitted more CA stones
than men (men-to-women ratio < 1.0).

In our cohort 117 stones (2.3%) contained struvite.
This crystalline phase was more frequent in women
KSF as compared to men (3.8% vs 1.4%, p < 0.0001).

Among phosphates, whitlockite was found in 19
cases (0.4%). In all cases, whitlockite was found
admixed with more abundant species, mainly CA
(63.2% of cases).

4. Discussion

To our knowledge, we report the largest Belgian co-
hort of stone types according to Daudon’s MCC and

we provide a statistical analysis of their demographic
distribution in relation to age classes and gender.

Within both gender categories, the overall distri-
bution of KS increased with age, peaking at age 40
to 50 years, and decreasing thereafter as reported
in Germany and France [55,56] but later than re-
ported in Nepal (peak of prevalence 2nd and 4th
decades) [57] and occurring earlier as compared with
the cohort from Mayo Clinic and Northwestern Uni-
versity of Chicago (45.6% of age more than 60) [58,
59]. The peak age interval is shifted ten years ear-
lier as compared with the data from the Liège region
in the North-East region of Belgium [60]. The differ-
ences could be linked to a characteristic of the stud-
ied population, the patients from Liège region were
older.

As reported by others [41,55,60], men submitted
more stones than women and we observed male pre-
dominance for CaOx and UA stones, and female pre-
dominance for CaP stones [3,52,61–63]. The predom-
inance of oxalate stones within mixed stones (83%)
and the prevalence of UA stones (54%) in “pure” kid-
ney stones as analyzed by FTIR spectroscopy has
been recently reported also in the European part of
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Table 8. Global and gender related distribution of kidney stones according to the main physicochemical
component and the most frequent combination of components as determined by the analysis of a global
powder of stones by FTIR spectroscopy

Main
physicochemical

component

Total
(n = 4985)

Number (%)

Women
(n = 1431)

Number (%)

Men
(n = 3554)

Number (%)

P-value

Wh 1621 (32.5) 359 (25.1) 1262 (35.5) <0.0001

Wd + Wh + CA 729 (14.6) 237 (16.6) 492 (13.8) 0.01

Wd + Wh 620 (12.4) 111 (7.8) 509 (14.3) <0.0001

Wd + CA 307 (6.2) 93 (6.5) 214 (6.0) 0.53

Wh + CA 271 (5.4) 154 (10.8) 117 (3.3) <0.0001

UAA + UAD 254 (5.1) 58 (4.1) 196 (5.5) 0.03

Wd 175 (3.5) 39 (2.7) 136 (3.9) 0.06

UAA 114 (2.3) 25 (1.8) 89 (2.5) 0.11

CA + ACCP 89 (1.8) 61 (4.3) 28 (0.8) <0.0001

Miscellaneous 805 (16.2) 294 (20.5) 511 (14.9) <0.0001

Statistical analyses of distribution (women vs men) were performed using
Pearson Chi2 comparison or * Fisher’s exact test for small group. Presented P-
value reflects the significance of the difference in the number of kidney stones
in the studied groups.

Abbreviations: Wh: whewellite; Wd: weddellite; UAA: uric acid anhydrous;
CA: carbapatite; ACCP: amorphous carbonated calcium phosphate; UAD: uric
acid dihydrate.

the Russian Federation [64]. In China, CaOx corre-
sponds to 65.9% of new-onset male KSF [65].

The increase in the proportion of calcium stones
mainly in women has been reported in a retrospec-
tive study of 1516 patients followed from 1980 to 2015
in the USA [66]. Talati and coworkers reported that
as stone formers age, the men-to-women ratio de-
creased significantly from 2005 to 2015 (from 1.8 to
1.08) concomitantly with the alarming increase in the
frequency of obesity in American women [59]. Ad-
ditionally, Taiwanese women with stones exhibited
a higher risk of chronic kidney disease (CKD) as re-
ported by multivariate analysis (ORs 5.31; 95% CI:
3.3–13.7) [67]. These data are alarming and invite a
broader revision of current management of KSF with
additional focus on the prevention of CKD.

More than half of the stones mainly contained cal-
cium oxalate: 79.8% in men and 65.6% in women. Wh
accounted for 55.1% of stones in men and 46.7% in
women while Wd accounted for 24.7% in men and
18.9% in women. As previously reported [26,50,68],

subtype Ia indicated intermittent or moderate hyper-
oxaluria whereas types IIa and IIb were suggestive
for hypercalciuria, whether associated or not with
hyperoxaluria of dietary origin or inadequate water
intake.

This hypothesis is supported by preliminary data
from the retrospective cohort including 112 recurrent
KSF that provide the urinary metabolic lithogenic
risk factors and KS composition in adult patients
from the Brussels region [69]. The physico-chemical
analysis of 53 stones demonstrated that Wh has been
more prevalent than Wd. In addition, subtype Ia has
been found in a higher proportion than subtype IIa
suggesting hyperoxaluria and hypercalciuria of di-
etetic origin as a main urinary abnormality. Indeed,
this presumption has been confirmed by the data
of 24 h urine collection performed during the first
metabolic assessment. Hyperoxaluria followed by id-
iopathic hypercalciuria has been the most frequent
direct lithogenic abnormality, in addition to the high
frequency of hypernatriuresis (an indirect promoter
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of lithogenesis) that has been highlighted. The au-
thors conclude that the leading metabolic disorders
involved in the formation of KS in recurrent KSF in
Brussels are dietary hyperoxaluria followed by idio-
pathic hypercalciuria in correlation with high salt
intake. These conclusions corroborate the aetiolo-
gies suggested by applying the MCC of stones to our
cohort.

The recognition of the existence of Wh and Wd
crystalline conversion process is crucial for the clin-
ician. The crystalline conversion from Wd to Wh de-
fines a specific situation when the contradiction ap-
pears between the FTIR spectroscopy information
about the presence of Wh and morphological find-
ings of bipyramidal crystallites related to Wd [26].
It is admitted that Wh indicates hyperoxaluria and
Wd is related to hypercalciuria [26,48], therefore Wh
and Wd indicate distinct aetiologies and thus a very
different treatment. Bazin et al. [70] underlined that
if crystalline conversion occurs, the clinician needs
to focus on the stone’s morphology rather than on
the FTIR spectrum as the major focus for assess-
ment of urinary abnormalities. Indeed, he demon-
strated that in the case of crystalline conversion from
Wd to Wh the FTIR spectra are related to the forma-
tion of amorphous whewellite. In this case, hyper-
calciuria suggested by the stone morphology needs
to be considered as a primum movens for stone for-
mation instead of hyperoxaluria suggested by FTIR
analysis.

Although composed of Wh, the particular mor-
phology of subtypes Ic and Ie, suggests a very dis-
tinct lithogenic process [48]. In case of Ic stone, pri-
mary hyperoxaluria (an inborn metabolic disease
leading to severe systemic complications and kid-
ney failure) should be systematically sought [45] and
in the case of type Ie stone, heavy hyperoxaluria
of enteric origin related to increased gut oxalate
absorption (short bowel syndrome, pancreatic insuf-
ficiency, etc.) should be considered. Types Ib and Id
subtypes, although composed also of Wh, are related
to precise conditions such as low urine output and
urinary stasis, associated or not, with kidney and uri-
nary tract abnormalities. They were not as common
in our series as reported by others [60,69].

Type III (UA) progressively increased with age
from 40 and reached the highest frequency after age
60, mainly in men as reported in France, in Tunisia
and USA [56,62,66]. High temperature and humidity

have been reported to impact UA stone formation in
Florida [7]. Any relationship between serum UA and
KS has been found in a logistic regression of individ-
ual data of 6398 KSF from the UK biobank [71], cor-
roborating the postulate of Sakhaee et al. [18,21,32]
suggesting the major role of urinary pH in AU stone
formation.

Low urine pH, recognized as a key factor of UA
composed stones, has frequently been reported in
observational studies of type 2 diabetic patients and
overweight subjects with insulin resistance, as a fac-
tor in forming stones. Recently genetic data has rein-
forced this association [72,73]. During the metabolic
work-up of UA stone formers the evaluation of in-
sulin resistance should be a rule and indicate the risk
of existence of metabolic syndrome. Early therapeu-
tic interventions should be set up to prevent progres-
sion to diabetes and related cardiovascular complica-
tions [74].

The pathogenesis of type IV stones is mixed, com-
bining hypercalciuria and alkaline urine pH higher
than 6.0 [50]. The type IV stones were submitted
mainly by women aged more than 30-years and ac-
counted for 12%, similar to that reported in France
(15%) [75]. A plausible hypothesis could be vitamin D
and high calcium supplementation to prevent post-
menopausal osteoporosis [50,51].

The subtype IVa was the most frequent in both
genders and suggests the pathogenic role of hy-
percalciuria and/or hyperparathyroidism and/or
UTI [25,75]. The subtype IVa2 accounted for 0.3%
of stones and pointed to the very specific clinical
entities involved in CaP formation such as alkaline
urinary pH especially related to renal distal tubular
acidosis whatever its origin, inherited, autoimmune,
of iatrogenic origin or related to medullary sponge
kidney [52,75,76].

The stones of subtype IVb indicate past or la-
tent UTI with abnormally high alkaline urine and
predominate in women, correlating with the evi-
dence of a higher rate of UTI in women than in
men [75,77]. Women with infectious stones have al-
most twice as high risk for postoperative fever, indi-
cating longer antimicrobial therapy in the postoper-
ative period [78].

Only 66 stones (1.3%) were classified as type IVc
and were mainly seen in women (2.0% vs 1.4%,
p < 0.0001) correlating with French data (1.2%) [48].
This type unambiguously results from UTI by urea
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splitting bacteria. Within our cohort, 106 stones
(2.13%) contained struvite as a main component and
were mainly seen in women. In all analyzed stones
and fragments the overall frequency of struvite ac-
counted for 2.3%, similar to the frequency reported
in Canada (2%), China (2.7% to 3%), Argentina (3%),
Iraq (3%), Poland (3%) Italy (3.5%), but lower than
the frequency reported in France (7.2%), or in Brazil
(8.3%) [65,79–81]. The discrepancy between our data
findings and data from Pakistan (18%) or India (23%)
or data from paediatric patients from Morocco (18%)
could be attributed to the differences in epidemio-
logical characteristics of the populations studied, es-
pecially a low human development index and related
low access to healthcare (late diagnosis and/or delay
in accurate treatment of UTI) rather than tempera-
ture and humidity [81]. It was recently reported that
neurological bladder and CAKUT contributed to 38%
of infectious stones in pediatric populations [25].

The carbapatite stones admixed with struvite ex-
hibit a high content of carbonate ions revealing UTI
by urea-splitting bacteria [82]. Indeed, in analysis of
the physico-chemical composition of stones the cal-
culation of the content of carbonate ions within the
carbapatite (carbonation rate, CR) is helpful to assess
UTI as an aetiological factor involved in the stone’s
formation. Carpentier et al. [82] reported a close rela-
tionship between the carbonation rate of carbapatite
(the amounts of carbonate ions (CO2−

3 ) in relation to
the amount of phosphate ions (PO3−

4 ) and the num-
ber of bacterial imprints within 39 urinary idiopathic
hypercalciuric stones but without struvite. This data
needs more attention as identification of bacterial
imprint could be helpful in controlling stone forma-
tion, in case of negative results of urine culture [83].

In the cross-sectional study including 107 KSF
in tertiary hospitals in Nepal, Escherichia coli was
the major non-urease producing organism isolated
in the preoperative urine culture [57]. Recently the
presence of whitlockite structures detected by SEM
and synchrotron radiation has been proposed as
a new criterion to identify the infectious origin of
stones [84]. In our cohort only 0.3% contained whit-
lockite as a physical signature of non-urea splitting
bacteria involvement in stone genesis.

In the absence of carbonation rate measurements,
our data underestimate the prevalence of infectious
stones within our cohort as we defined the infectious
aetiology stones based on the presence of struvite. In-

deed, it has been proposed that low CR value (<10%)
in type IV stones suggest a metabolic origin without
the participation of UTI; on the contrary CR > 15%
indicates the involvement of past or actual UTI in the
lithogenesis [82].

The association between the presence of struvite
identified by FTIR analysis and type II morphology
was suggestive for both UTI by urea-splitting bac-
teria and hypercalciuria in the patient. Interestingly
54% of paediatric patients (n = 111) with infectious
stones (22%) presented hypercalciuria [25]. Indeed,
evidence suggest that oral vitamin D supplementa-
tion may induce hypercalciuria among children un-
der five years of age [85].

The cumulative frequency of stones containing
carbapatite, struvite, brushite, ACCP was 10.8% in
our study, corroborating the average cumulative fre-
quency of all calcium and magnesium phosphate
stones (9%) analyzed in the smaller series of stones
from different countries (n = 1204) as recently re-
ported by Halinski et al. [80].

Stones with type IVd morphology accounted for
1.4% and 62 stones (1.24%) were composed mainly
of brushite in our experience. Type IVd has been re-
ported in 14% of patients with primary hyperthy-
roidism in some series [86].

Distinctive morphology of V allowed us the diag-
nosis of cystinuria [87,88]. The subtype Va is pathog-
nomonic of a heavy cystinuria.

In our series, the subtype Vb was less common,
and its frequency was similar to that reported by
Daudon et al. (0.1% vs 10%). The type Vb stones sug-
gest uncontrolled cystinuria associated with inade-
quate diet and/or medical management or urinary
stasis.

We recognize the limitations of our study, in-
cluding the absence of concomitant 24 h urine
collection data to correlate the urinary abnormalities
with the aetiologies evoked as suggested by MCC.
Such correlation has been previously reported for
Wh and Wd stones. Lithogenic factors identified in
the 24 h urine collection correlate with the main
stone composition identified by physical methods,
although the morphological type of KS is unknown in
those reports [89–91]. The discordance between the
findings from 24 h urine collection and aetiologies
evoked by MCC occurs mainly in case of intermit-
tent hyperoxaluria and hypercalciuria, especially if
the patient already performed diet and/or hydration
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habit modifications. Unfortunately, in every day clin-
ical practice this is by far the most frequent clinical
scenario as the patient undergoes metabolic evo-
lution at least two months after the acute manifes-
tation or urological intervention (according to cur-
rent guidelines). In this context, the identification of
prior urine metabolic abnormalities involved in ini-
tiation and growth of stones could be revealed only
by adequate morphological and physicochemical
analysis of stones as described by Daudon [2], which
should integrate a metabolic work-up guidelines as
previously proposed.

Astonishingly, there is discrepancy between
the propositions of the “best” stone classification.
Thongprayoon Ch and coworkers [42] proposed a
classification of kidney stones according to major
chemical composition into the following seven mu-
tually exclusive groups: calcium oxalate (if majority),
hydroxyapatite (if majority), uric acid (if any), stru-
vite (if any), brushite (if any), cystine (if any) and
others (including stones composed of drugs). How-
ever it has been admitted that classification based
on chemical analysis is too inadequate to accurately
recognize KS components, and could even fail to
detect certain elements, such as rare purine stones
and drug-induced stones [92].

Recently Williams and coworkers [93] have re-
ported the value of micro-CT technique alone to suc-
cessfully identify majority of the apatite, brushite,
uric acid, and struvite stones and additionally the
three-dimensional nature of micro-CT also allows
the visualization of surface features in stones, which
is valuable for the study of stone formation. The lim-
itation observed by the authors concerned the detec-
tion of small quantities well below 1% of minor min-
erals, such as apatite in CaOx or calcium salts in UA
stones.

Our results highlight the need for field-specific
standardization of clinical protocols in terms of stone
assessment procedures, as well as in defining clin-
ically relevant metadata including MCC type and
physical composition of stones considering the ini-
tiative of European Renal Stone Network for a com-
mon database for observational research [94,95].

Currently the Daudon’s MCC remains a gold stan-
dard method in KSF assessment [52,96].

4.1. Conclusions

According to Daudon’s MCC, the leading metabolic
disorders involved in lithogenesis in the Belgian pop-
ulation are intermittent hyperoxaluria (Ia), hypercal-
ciuria (IIa), hypercalciuria ± hyperoxaluria ± hypoc-
itraturia (IIb), low urine pH or stasis (IIIa) and di-
abetes with metabolic syndrome (IIIb). Rare mor-
phologies, types Ie, Id, IIId and IVa2 point to pre-
cise clinical entities such as enteric hyperoxaluria,
urinary tract abnormalities, hyperuricosuria with di-
arrhoea and distal tubular acidosis respectively. In a
few cases, very distinctive morphology such as Ic and
V allowed the rapid diagnosis of primary hyperox-
aluria type 1 and cystinuria respectively, both severe
inborn disorders of metabolism.

Based on our and other experiences, we em-
phasize that international guidelines for the assess-
ment and management of KSF need to be actual-
ized and should strongly highlight the contribution
of Daudon’s MCC to the clinical reasoning of physi-
cians.

Abbreviations

[H]

ACCP amorphous carbonated calcium
phosphate

CA carbapatite

CaP calcium phosphate

CKD chronic kidney disease

CAKUT congenital anomalies of the kidney
and/or urinary tract

CaOx calcium oxalate

Cys cystine

FTIR Fourier Transform Infrared
(Spectroscopy)

KS kidney stones

KSD kidney stones disease

KSF kidney stones formers

MAP magnesium ammonium phosphate
hexahydrate

MCC morpho-constitutional classification

UA uric acid

UAA uric acid anhydrous

UAD uric acid dihydrate

UTI urinary tract infection

Wd weddellite

Wh whewellite
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Abstract. Medullary sponge kidney (MSK) is an anomaly of the kidney with cystic enlargement of
distal tubules generating stasis zones where calcium salt deposits may form and grow locally. From
an epidemiological point of view, MSK is reported in 2% to more than 20% of calcium stone formers.
The association of stasis and various metabolic disorders explains a high recurrence rate of stones in
affected patients. The composition of stones has been poorly investigated. The aim of this study is to
compare stone composition and morphology in MSK and non-MSK patients.

Material and methods: 1036 stones from MSK patients and 31,494 stones from non-MSK patients
were submitted to a morpho-constitutional analysis based on morphological typing under stereo
microscope and precise characterization of chemical and crystalline phases by Fourier transform
infrared spectroscopy.

Results and discussion: Regarding patients, the male to female ratio was significantly lower in MSK
vs non-MSK subjects (1.48 vs 2.09, p < 0.00001). The recurrence rate was significantly higher in MSK
patients (85.0% vs 39.5% in non-MSK, p < 0.000001). Stones were more often spontaneously passed in
MSK vs non-MSK subjects (45.7% vs 34.6%, p < 0.000001). Stones were mainly composed of calcium
oxalate in both groups (66.3% vs 72.5%). However, the slight decrease in the occurrence of calcium
oxalate stones was mainly supported by weddellite calculi, less frequent in MSK (17.0% vs 21.6% in
non-MSK, p < 0.001). The main point was the high proportion of stones mainly composed of calcium
phosphates: 28.9% in MSK vs 13.9% in non-MSK patients) with a high proportion of stones exhibiting
a IVa2 morphology which is a marker for distal tubular acidification defect (12.1% in MSK vs 0.4% in
non-MSK patients, p < 0.000001). Finally, while stones nucleated from a papillary Randall’s plaque
were found with a similar frequency in both groups, calcium phosphate nucleus was significantly
more frequent in MSK than in non-MSK stones (68.8% vs 48.9%, p < 0.000001), suggesting a frequent
initiation of stones from calcium phosphate plugs in distal tubules ectasias.
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1. Introduction

Medullary sponge kidney (MSK) is a common anom-
aly in recurrent stone formers who present more se-
vere stone disease than other conditions [1–3]. MSK
is a congenital disease with a familial transmission
in some cases where GNDF/RET genes mutations
were suspected to play a major role to explain ab-
normal development of the kidneys in affected pa-
tients [4–6]. The occurrence of MSK among stone for-
mers is controversial in the literature, ranging from
2% up to 25% [7–14]. Indeed, tubular ectasias may
be located only in a caliceal group of one kidney
or may be extended to all calices of both kidneys,
making very diverse the clinical expression of this
malformative uropathy. In addition, metabolic dis-
orders that favour urine supersaturation and crystal
formation may be diverse, including hypercalciuria,
hyperoxaluria, hypocitraturia, hypomagnesuria. As a
result, clinical signs of the disease range from the
absence of any kind of stones to multiple and re-
current stones with nephrocalcinosis affecting one
or both kidneys. It is largely accepted that stones
are made of calcium salts, including calcium oxalate
and calcium phosphate, but also in some cases uric
acid [2,10,15]. However, very few studies have inves-
tigated more precisely the stone composition and
morphology in MSK patients [13,14,16,17]. Examin-
ing our stone database, we found that about one
thousand calculi analysed in our lab were from pa-
tients suffering from MSK. The aim of this work is to
provide accurate information regarding composition
and morphology of the stones associated with MSK
and to compare these data with the ones recorded in
common stone disease.

2. Materials and methods

From 1990 to 2020, we received about 77,500 stones
for morpho-constitutional analysis based on opti-
cal examination of the surface and the section of
the stones in order to classify them according to a
morphological type completed by a sequential in-
frared analysis from the core to the surface providing
a quantitative crystalline composition as previously
described [18–20]. Among them, 32,532 stones were
accompanied with a query sheet providing clinical
information on comorbidities and the presence or
not of urological or kidney anomalies: 31,494 stones

came from patients without any malformative anom-
aly (control group) while 1036 stones came from MSK
patients. In case the query sheet mentioned MSK
and other clinical disease such as primary hyper-
parathyroidism, renal tubular acidosis or other cause
of nephrocalcinosis, the stone was excluded from the
study. MSK diagnosis was made by trusted urologists
or nephrologists aware of the limitations of imaging
for such a diagnosis. Most urologists who mentioned
MSK have performed endoscopic examination of the
kidney(s). For nephrologists, the diagnosis was based
on the results of a CT scan with injection of contrast
product and furosemide and, for the oldest cases, on
the results of an intravenous urography.

Scanning electron microscopy was performed on
a selected sample of MSK stones to better describe
crystal morphologies and stone organization. For this
purpose, surface and section of selected stones were
examined using a FEI/Philips XK-40 environmental
scanning electron microscope. Such apparatus does
not need conductive coating and permits direct ob-
servation of the sample.

Statistical comparisons were based on the Chi-
square test and Fisher’s exact test when appropriate.
Statistical significance was considered for p < 0.05.

3. Results

3.1. Patients

Demographic and clinical data are summarized in
Table 1. Among 31,494 patients without MSK, 21,315
were males and 10,179 were females (sex ratio M/F =
2.09). Among 1036 patients with MSK, 618 were males
and 418 were females (sex ratio = 1.48; p < 0.00001 vs
non-MSK patients). Recurrence of clinically sympto-
matic stone episodes accounted for 85% of cases in
MSK vs 39.6% in non-MSK patients (p < 0.000001).
Because many MSK patients had multiple stones in
one or both kidneys, it is difficult to conclude that a
new stone episode is actually a stone recurrence. By
contrast, in non-MSK patients, it is easier to assert
stone recurrence when imaging reveals the patient is
stone-free after a previous stone. Males were more
prone than females to recurring stones in non-MSK
patients (41.4% vs 35.9%, p < 0.000001). No signifi-
cant difference was found in MSK patients (M: 86.7%,
F: 82.2%, NS).

The mean age of MSK patients was moderately
lower than in non-MSK patients (45.5 ± 13.3 vs 48.3
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Table 1. Demographic and clinical data

MSK Non-MSK

Males Females Total Males Females Total

Number 618 418 1036 21,315 10,179 31,494

Mean age 45.5 ± 12.6 45.9 ± 13.7 45.5 ± 13.3 48.4 ± 14.4 48.1 ± 16.4 48.3 ± 15.3

BMI (kg/m2) 25.0 ± 3.7 23.8 ± 6.4 24.6 ± 5.0 25.8 ± 4.4 25.8 ± 6.3 25.8 ± 5.2

Stone recurrence 86.7a 82.2a 85.0a 41.31 35.7 39.5
ap < 0.000001 vs non-MSK.
1p < 0.000001 vs females in the same group.

Table 2. Mode of stone removal

MSK Non-MSK

Males Females Total Males Females Total

Spontaneously passed 328 (53.1)d,5 145 (34.7)a 473 (45.7)d 8066 (37.8)5 2841 (27.9) 10,907 (34.6)

Endoscopy 167 (27.0)c,4 178 (42.6) 345 (33.3) 7425 (34.8)5 3986 (39.2) 11,411 (36.2)

ESWL 72 (11.6) 35 (8.4)a 107 (10.3)a 2987 (14.0) 1321 (13.0) 4308 (13.7)

NLPC 27 (4.4)a 31 (7.4)a 58 (5.6)b 1611 (7.6)5 1228 (12.1) 2839 (9.0)

Surgery 16 (2.6)a,1 24 (5.7) 40 (3.9)a 1102 (5.2) 746 (7.3) 1848 (5.9)

Coelioscopy 0 0 0 13 (<0.1) 11 (0.1) 24 (<0.1)

Unknown 8 (1.3) 5 (1.2) 13 (1.25) 111 (0.5) 46 (0.45) 157 (0.5)

Total 618 418 1036 21,315 10,179 31,494

ap < 0.01; bp < 0.001; cp < 0.0001; dp < 0.000001 vs non-MSK.
1p < 0.01; 2p < 0.001; 3p < 0.0001; 4p < 0.00001; 5p < 0.000001 vs females in the same group.

± 15.3 years, p < 0.000001). BMI was similar in both
groups at the upper limit of the normal range (24.6 ±
5.0 in MSK vs 25.8 ± 5.2 kg/m2 in non-MSK subjects,
NS).

3.2. Urological procedures

Whilst only 34.6% of stones are spontaneously passed
in non-MSK patients, we found that 45.7% of the
stones were expelled without any urological proce-
dure in MSK subjects (p < 0.000001), the propor-
tion increasing up to 53.1% in male patients. A uro-
logical treatment was required for removal of 54.3%
of the stones. As shown in Table 2, percutaneous
nephrolithotomy was performed in 5.6% of cases and
ESWL was used in 10.3% of cases. The most common
treatment for stone removal was endoscopy, includ-
ing JJ stents, rigid or flexible ureteroscope, and basket
to trap stones. Endoscopic procedures were applied

in 33.3% of cases. Open surgery accounted for only
3.9% of urological treatment and for less than 1% of
cases in recent years.

3.3. Stones

3.3.1. Main component

Calcium oxalate was the main component in
76.2% of stones in MSK males and 51.7% in MSK
females (Table 3). Such difference between gen-
ders was also found in non-MSK patients. Of note,
among crystalline phases of calcium oxalate, wed-
dellite was significantly less frequent in MSK patients
(p < 0.0001).

The striking difference between MSK and non-
MSK stones was the very high proportion of stones
mainly composed of calcium phosphates in the case
of MSK (28.9% vs 13.8%, p < 0.000001) in both gen-
ders. As shown in Table 3, carbapatite and brushite
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Table 3. Main components in MSK and non-MSK related stones

Main component MSK Non-MSK

Males Females Total Males Females Total

N 618 418 1036 21,315 10,179 31,494

Calcium oxalate 471 (76.2)3 216 (51.7)v 687 (66.3) 16,759 (78.6)z 6079 (59.8) 22,838 (72.5)c

Whewellite 341 (55.2)2 167 (40.0) 508 (48.9) 11,402 (53.5)z 4627 (45.5) 16,029 (50.9)

Weddellite 130 (21.0)1 49 (11.7) 179 (17.0) 5357 (25.1)z 1452 (14.3) 6809 (21.6)b

Calcium phosphate 118 (19.1)∗,3 181 (43.3)y 299 (28.9) 1737 (8.1)z 2612 (25.7) 4349 (13.8)e

Carbapatite (CA) 87 (14.1)∗,3 166 (39.7)y 253 (24.4) 1307 (6.1)z 2369 (23.3) 3676 (11.7)e

CA without MAP 77 (12.5)∗∗,1 144 (34.4)z 221 (21.3) 998 (4.7)z 1553 (15.3) 2551 (8.1)e

Brushite 27 (4.4)∗ 13 (3.1)v 40 (3.9) 380 (1.8) 150 (1.5) 530 (1.7)d

Presence of brushite 47 (7.6)∗∗∗ 24 (5.7)v 71 (6.9) 650 (3.0) 300 (3.0) 950 (3.0)e

Other calcium phosphates 4 (0.6) 2 (0.5) 6 (0.6) 50 (0.2)z 93 (0.9) 143 (0.5)

Struvite (MAP) 0 1 (0.2)v 1 (0.1) 143 (0.7)z 251 (2.5) 394 (1.3)b

Presence of MAP 9 (1.5)2 30 (7.2)v 39 (3.8) 563 (2.6)z 1189 (11.7) 1752 (5.6)

Uric acid and urates 22 (3.6)∗∗ 14 (3.3)v 36 (3.5) 2102 (9.9)z 770 (7.6) 2872 (9.1)e

Uric acid anhydrous 21 (3.4)∗ 12 (2.9)v 33 (3.2) 1767 (8.3)z 650 (6.4) 2417 (7.7)e

Uric acid dihydrate 1 (0.2)∗ 0 1 (0.1) 299 (1.4)y 73 (0.7) 372 (1.2)

Ammonium urate 0 1 (0.2) 1 (0.1) 29 (0.1)x 42 (0.4) 71 (0.2)

Cystine 3 (0.5) 1 (0.2)v 4 (0.4) 252 (1.2)z 212 (2.1) 464 (1.5)a

Proteins 4 (0.6) 4 (1.0) 8 (0.8) 160 (0.8)v 109 (1.1) 269 (0.9)

Others 0 1 (0.2) 1 (0.1) 169 (0.8)v 151 (1.5) 320 (0.3)

Total 618 (100) 418 (100) 1036 (100) 21,315 (100) 10,179 (100) 31,494 (100)

ap < 0.01; bp < 0.001; cp < 0.0001; dp < 0.00001; ep < 0.000001 vs MSK.
1p < 0.001; 2p < 0.00001; 3p < 0.000001 vs MSK females.
∗p < 0.0001; ∗∗p < 0.00001; ∗∗∗p < 0.000001 vs non-MSK males.

vp < 0.01; wp < 0.001; xp < 10−4; yp < 10−5; zp < 10−6 vs non-MSK females.

were two times more frequent in MSK patients. De-
spite stasis induced by tubular ectasias, infection
stones seemed infrequent since the presence of stru-
vite was not increased in MSK vs non-MSK patients.
In agreement with such observation, the mean con-
tent of carbapatite in MSK stones was significantly
increased by comparison with non-MSK stones in
both genders (17.4% of stone weight in average in
MSK vs 9.4% in non-MSK), the difference being more
marked in female (26.6% vs 13.7%, p < 0.000001)
than in male patients (12.2% vs 7.1%, p < 0.0001).

3.3.2. Stone morphology

Regarding stone morphology, which is an impor-
tant marker in addition to stone composition for the
relation to etiology [21,22], the first message deduced
from morpho-constitutional stone analysis was that

pure stone types (Table 4) were significantly less fre-
quent in MSK patients (33.9% vs 44.6% in non-MSK
patients, p < 0.000001). As observed in common
stone disease, the main type was Ia (13% vs 18.6%,
p < 0.00001 MSK vs non-MSK), followed by IVa2
stones (5.2% vs 0.4%, p < 0.000001 MSK vs non-MSK)
and by IIa or IIb stones (5.0% vs 9.0%, p < 0.00001
MSK vs non-MSK).

Interestingly, IVa2 morphology, which is a marker
for distal acidification defect [23] was thirty times
more frequent in MSK patients. IVa2 morphology was
observed as pure or mixed type on the surface or
within the stones with a high frequency in MSK pa-
tients: 12.1% vs 0.4% in non-MSK (p < 0.000001). The
occurrence of type IVa2 was significantly higher in
female than in male patients (20.6% vs 6.0%, p <
0.000001).
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Table 4. Pure morphological types

Morphological type MSK Non-MSK

Males Females Total Males Females Total

Ia 94 (15.2)a 41 (9.8)a 135 (13.0)c 4295 (20.2)4 1565 (15.4) 5860 (18.6)

Ib 0 1 (0.2) 1 (0.1) 162 (0.8) 72 (0.7) 234 (0.7)

Ic 0 0 0 23 (0.1) 10 (0.1) 33 (0.1)

Id 1 (0.2) 3 (0.7) 4 (0.4) 125 (0.6) 53 (0.5) 178 (0.6)

Ie 0 0 0 79 (0.4) 44 (0.4) 123 (0.4)

IIa or IIb 43 (7.0)a,1 9 (2.2)a 52 (5.0)c 2272 (10.7)4 573 (5.6) 2845 (9.0)

IIIa 1 (0.2) 0 1 (0.1)a 244 (1.1)2 65 (0.6) 309 (1.0)

IIIb 15 (2.4)b 5 (1.2)a 20 (1.9)c 1232 (5.8) 453 (4.4) 1685 (5.4)

IIIc 0 0 0 50 (0;2) 27 (0.3) 77 (0.2)

IIId 0 0 0 2 (0.01) 14 (0.1) 16 (0.05)

IVa1 11 (1.8) 16 (3.8) 27 (2.6) 177 (0.8)4 440 (3.3) 617 (2.0)

IVa2 8 (1.3)c,4 46 (11.0)d 54 (5.2)d 49 (0.2)4 74 (0.7) 123 (0.4)

IVb 5 (0.8)3 24 (5.7) 29 (2.8) 260 (1.2)4 773 (7.6) 1033 (3.3)

IVc 0 0 0 26 (0.1) 38 (0.4) 64 (0.2)

IVd 10 (1.6) 7 (1.7) 17 (1.6)a 180 (0.8) 76 (0.7) 256 (0.8)

Va or Vb 2 (0.3) 0 2 (0.2)a 218 (1.0) 175 (1.7) 393 (1.2)

VIa, b or c 3 (0.5) 0 3 (0.3) 134 (0.6) 52 (0.5) 186 (0.6)

Others 1 (0.2) 5 (1.2) 6 (0.6) 95 (0.4) 32 (0.3) 127 (0.4)

Total 194 (31.4)d 157 (37.6)a 351 (33.9)d 9623 (45.1) 4536 (44.6) 14,159 (45.0)

ap < 0.01; bp < 0.001; cp < 0.00001; dp < 0.000001 vs non-MSK.
1p < 0.001; 2p < 0.0001; 3p < 0.00001; 4p < 0.000001 vs females in the same group.

Examples of stone morphology in MSK patients
are given in Figures 1 and 2 for examination under
stereo microscope and in Figure 3 for SEM examina-
tion. One of the main features of the stones produced
by these patients was the high diversity of stone com-
position and morphology among calculi produced
by the same patient. There was no similar finding in
non-MSK patients (Table 5).

In more than 12% of cases (thirty times more fre-
quent than in non-MSK patients), IVa2 type (white
arrows on Figures 1C and E) is observed among the
stones, suggesting distal acidification defect in the
patients.

As shown in Table 5, mixed types were more fre-
quent in MSK patients. The main associations were
type Ia or Ib mixed with type IIa or IIb (26.9%),
ternary associations of type Ia or Ib mixed with type
IIa or IIb mixed with type IVa or IVb (14.6%) and as-
sociations of type IIa or IIb mixed with type IVa or IVb

(11.1%). These associations accounted for more than
52% of all stones in MSK patients.

3.3.3. Stone nucleus

As a result of the high occurrence of stone frag-
mentation by extracorporeal lithotripsy or in situ
fragmentation by laser during ureteroscopic proce-
dures, stone nucleus was available in only 816 stones
from MSK patients and 24,079 stones from non-MSK
patients. Main components found in stone nucleus
are gathered together in Table 6.

In MSK patients, 68.8% of all stones (vs 48.9%
in non-MSK patients) were initiated from a calcium
phosphate nucleus (p < 0.000001). However, the oc-
currence of RP was similar in both groups (Table 6).
Calcium oxalate nuclei accounted for 21.2% of stones
from MSK patients and weddellite was involved only
in 5.5% of cases. The main components of RP in MSK
are given in Table 7.
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Table 5. Mixed morphological types

Mixed types MSK Non-MSK

Males Females Total Males Females Total

I + II∗ 207 (33.5)b,4 72 (17.2) 279 (26.9) 5562 (26.1)4 1833 (18.0) 7395 (23.5)

II + IV∗ 65 (10.5) 50 (12) 115 (11.1) 2419 (11.3) 1280 (12.6) 3689 (11.7)

I + II + IV∗ 79 (12.8)c 72 (17.2)c 151 (14.6)c 1205 (5.6)3 729 (7.2) 1934 (6.1)

I + III∗ 11 (1.8) 4 (1.0) 15 (1.4) 479 (2.2) 154 (1.5) 633 (2.0)

I∗+ IVa1 6 (1.0)2 19 (4.5) 25 (2.4) 197 (0.9)4 350 (3.4) 547 (1.7)

IVa1 + IVd 13 (2.1)c 5 (1.2) 18 (1.7)b 84 (0.4) 50 (0.6) 134 (0.4)

IVd + II∗ 7 (1.1) 0 7 (0.7) 134 (0.6) 44 (0.4) 178 (0.6)

II∗+ IVa1 + IVd 4 (0.6) 2 (0.5) 6 (0.6) 98 (0.5) 39 (0.4) 137 (0.4)

I + II + III∗ 3 (0.5) 2 (0.5) 5 (0.5) 174 (0.8) 73 (0.7) 247 (0.8)

Ia + II∗+ IVd 3 (0.5) 2 (0.5) 5 (0.5) 21 (0.1) 4 (<0.1) 25 (<0.1)

Ia + IVa2 + IVd 3 (0.5) 0 3 (0.3) 0 0 0

IVa + VIb 5 (0.8) 2 (0.5) 7 (0.7) 106 (0.5)4 205 (2.0) 311 (1.0)

Others 21 (3.4)a,1 31 (7.4) 52 (5.0) 1213 (5.7)4 882 (8.7) 2095 (6.7)

Total 424 (68.6)c 261 (62.4)a 685 (66.1)c 11,692 (54.9) 5643 (55.4) 17,335 (55.0)
∗Subtypes a or b for each type.

ap < 0.01; bp < 0.0001; cp < 0.000001 vs non-MSK.
1p < 0.01; 2p < 0.001; 3p < 0.00001; 4p < 0.000001 vs females in the same group.

4. Discussion

To the best of our knowledge, this series is the largest
database regarding stone characteristics from MSK
patients. The first information deduced from this co-
hort is the relatively low male to female sex ratio
(1.48/1) in comparison to the control group (2.09/1,
p < 0.000001). Thus, women seem more prone than
men to present canalicular ectasias and stones in this
context, confirming the previous reports of Yagisawa
et al. [10] and Fabris et al. [2]. The second point is the
high stone recurrence rate in MSK patients (85% vs
39.5% in non-MSK, p < 0.000001) as underlined by
several authors [2,24,25]. Of note, stones in MSK pa-
tients have a high propensity to expel spontaneously
as shown in Table 2 (45.7% vs 34.6% in non-MSK
patients, p < 0.000001). Spontaneous stone passage
is more frequent in men than in women (53.1% vs
34.7%, p < 0.000001). The high rate of stone activity
in MSK patients may be explained by stasis in tubular
ectasias, in addition to metabolic risk factors found
as frequently as in other stone patients, mainly hy-
percalciuria and hypocitraturia, and less frequently
hyperoxaluria and hyperuricosuria [2,10,26].

Stone composition shows that calcium oxalate is
the main component of 76.2% of stones in males
and 51.7% in females. Among crystalline phases,
weddellite, which can be considered as a calcium-
dependent species [27–30] appears to be less fre-
quent in MSK patients while hypercalciuria is often
reported as a frequent finding among metabolic fac-
tors explaining stone formation [1,2,8,24,26]. How-
ever, in agreement with our data, other studies report
a less frequent occurrence of hypercalciuria in MSK
patients when compared to other stone formers [10].

Stone composition and morphology are both
highly suggestive of high occurrence of an acidifi-
cation defect in MSK patients. Arguments for this
are the high proportion of calcium phosphate con-
taining stones (28.9% vs 13.9% in non-MSK patients,
p < 0.000001), including carbapatite and brushite
crystalline species and the very high proportion of
type IVa2 as morphologic characteristics of surface
and/or inner structure of the calculi (12.1% vs 0.3%
in non-MSK, p < 0.000001). This finding is espe-
cially true for stones from female patients: 20.6%
vs 6.0% in males, p < 0.000001). Hypocitraturia,
which is considered as a marker for renal acidifica-
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Table 6. Main component of the stone nucleus

Component MSK Non-MSK

Males Females Total Males Females Total

Ca oxalates 144 (29.1) 74 (23.0) 218 (26.7) 6981 (42.3) 2330 (30.7) 9311 (38.7)

COM 110 (22.2)d 63 (19.6) 173 (21.2)e 5124 (31.0)2 1801 (23.7) 6925 (28.8)

COD 34 (6.9)b 11 (3.4)a 45 (5.5)d 1857 (11.3)2 529 (7.0) 2386 (9.9)

Ca phosphates 326 (65.9)f 235 (73.2)f 561 (68.8)f 7606 (46.1)2 4165 (55.0) 11,772 (48.9)

Carbapatite 304 (61.4)f 223 (68.5)f 527 (64.6)f 7231 (43.8)2 3946 (52.1) 11,177 (46.4)

Brushite 10 (2.0)c 2 (0.6) 12 (1.5)b 113 (0.7) 35 (0.5) 148 (0.6)

Other CaP 12 (2.4) 10 (3.1) 22 (2.7) 262 (1.6) 184 (2.4) 447 (1.9)

Struvite 1 (0.2) 0 1 (0.1) 78 (0.5)2 187 (2.5) 265 (1.1)

Uric acids 15 (3.0)d 9 (2.8)b 24 (2.9)e 1308 (7.9) 516 (6.8) 1824 (7.6)

Urates 1 (0.2) 2 (0.6) 3 (0.4) 51 (0.3) 57 (0.7) 108 (0.4)

Cystine 3 (0.6) 1 (0.3) 4 (0.5) 173 (1.0) 129 (1.7) 302 (1.3)

Proteins 4 (0.8) 2 (0.6) 6 (0.7) 189 (1.1) 104 (1.4) 293 (1.2)

Others 1 (0.2) 1 (0.3) 2 (0.2) 114 (0.7) 90 (1.2) 204 (0.8)

RP 153 (30.9)1 54 (16.8) 207 (25.4) 4459 (27.0)2 1447 (19.1) 5906 (24.5)

Total 495 321 816 16,501 7578 24,079

Other CaP = whitlockite, octacalcium phosphate pentahydrate, amorphous carbonated calcium
phosphate.

RP = Randall’s plaque.

ap < 0.05; bp < 0.01; cp < 0.001; dp < 0.0001; ep < 0.00001; fp < 0.000001 vs non-MSK.
1p < 0.00001; 2p < 0.000001 vs females in the same group.

Table 7. Components of Randall’s plaques in
MSK patients

Components found in RP MSK

Carbapatite 205 (99.0)

ACCP 18 (8.7)

Monosodium hydrogen urate 6 (2.9)

Brushite 2 (1.0)

tion defect (in the absence of urinary tract infection)
was often described as a major metabolic disorder
in MSK patients [2,10,26] and several works confirm
an acidification defect in MSK patients [31,32] even
if other studies failed to demonstrate any abnormal
response to dynamic acidification tests [33]. In our
experience, proven severe distal acidification defect
responsible for stone formation is associated with
a very high proportion of calcium phosphate-rich
stones exhibiting the type IVa2 morphology [23,34].

Thus, the relatively high proportion (12.1%) of MSK
patients producing IVa2 stones suggests a high oc-
currence of distal acidification defects in this context
but affecting less than 50% of MSK patients. Of note,
the occurrence of IVa2 morphology was three times
more frequent in females than in males without any
evident explanation. Perhaps MSK women in our se-
ries presented with more extended and severe form
of MSK, but we have no radiographic data to confirm
such hypothesis.

Another interesting point regarding stone mor-
phology is the relatively high occurrence of mixed
stones in MSK patients (66.1% vs 55% in non-MSK
subjects, p < 0.000001), the difference being more
marked in males (68.6% in MSK vs 54.9% in non-MSK
patients). About 16.5% of stones exhibit three differ-
ent morphological types, which is two times more
than in non-MSK patients (7.4%).

Regarding stone nucleation, we underlined in pre-
vious reports that about 50% of calcium stones were
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Figure 1. Heterogeneity of stone morphology and composition in MSK patients. Each photograph shows
multiple stones spontaneously passed by one patient. Figures A, B and F show calculi mainly composed
of calcium oxalate monohydrate mixed with calcium oxalate dihydrate and containing only small pro-
portions of carbapatite. Figures C–E illustrate calcium stones where calcium oxalate monohydrate and
calcium oxalate dihydrate are associated with high proportions of carbapatite which is the main compo-
nent of calculi in Figure E. Bars = 2 mm.

initiated from a calcium phosphate nucleus even
when the stone was nearly pure in calcium ox-
alate [35]. A significant part of these stone nuclei were
made of a Randall’s plaque (RP), a papillary calci-
fication mainly composed of carbapatite [36,37]. In
MSK patients, the frequency of RP as the nucleus of

calcium stones was similar to that observed in non-
MSK patients. However, we observed an increased
proportion of stones initiated from a calcium phos-
phate (68.8% vs 48.9% in non-MSK, p < 0.000001). A
high occurrence of calcium phosphate plugs in tubu-
lar ectasias may explain this phenomenon.
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Figure 2. Examples of inner structure of stones formed in MSK patients. (A) Stone section showing that
two initial stones have secondly merged to form only one stone. The partition line between the two stones
is indicated by the red arrow. Of note, one of the stones was initially in straight contact with another
stone as suggested by the presence of a joining face (white arrow). Bar = 1 mm. (B) Stone section made of
numerous concentric cream to pale yellow-brown layers mainly composed of carbapatite. Bar = 1 mm.
(C) Stone sections mainly made of calcium oxalate monohydrate (brown crystalline layers with radial
organization) surrounding a whitish core made of carbapatite. Bar = 1 mm. Of note, in Figures D and E,
which is a magnification of Figure C, the stone core is made of multiple type IVa2 spheres of carbapatite
first formed within collecting ducts of the kidney. Bars 1D = 1 mm; 1E = 0.5 mm. (F) Another example
of MSK stones mainly composed of carbapatite whose inner structure corresponds to IVa2 morphology
which is highly suggestive of distal acidification defects. Bar = 1 mm.
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Figure 3. Scanning electron microscopy photographs of MSK stones. (A) Type IVa2 surface, embossed
with cracks. Bar = 20 µm. (B) Inner loose layer with carbapatite spherules. Bar = 5 µm. (C) Section of type
Ia stone with concentric layers and radial crystallization. Bar = 50 µm. (D) Whewellite crystals poorly
organized in deep layers of a stone. Bar = 50 µm. (E) Periphery of a MSK stone with weddellite crystals
locally covered by small aggregates of whewellite crystals (black arrows). Bar= 100µm. (F) Typical crystals
of brushite at the surface of a type IVd stone. Bar = 20 µm.

As evidenced by stone analysis, not all MSK pa-
tients suffer renal acidification defect. On the other
hand, metabolic evaluation of patients in various se-
ries found a variety of metabolic disorders as re-
ported in non-MSK, suggesting that some patients,
independently of their tubular ectasias, may present

risk factors of stone formation related to other causes
such as metabolic syndrome or diabetes mellitus.
Thus, it is not surprising to find uric acid stones in
MSK patients. Of note, 83.3% of MSK patients pro-
ducing uric acid stones in our database were over-
weight or obese. However, we can note that uric acid
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calculi account for only 3.5% of the series, i.e., three
times less than in common stone formers. We found
also a small proportion (0.4%) of cystine stones.

A limitation of our study is that MSK diagnosis was
made by different ways, either endoscopic examina-
tion for urologists or intravenous urography or CT
scan in other cases. We cannot rule out false neg-
ative cases (undiagnosed MSK) but the number of
false positive cases was probably limited by the fact
that most of stones analysed were sent by trusted
urologists or nephrologists aware of the limitations
of MSK diagnosis. Of note, repeated misdiagnosis of
MSK would have blunted the differences between
MSK and non-MSK-related kidney stones.

5. Conclusion

Kidney stones developed in MSK patients present
morphological and compositional characteristics
significantly different from that observed in non-
MSK stones. Both stasis and metabolic disorders
may contribute to stone formation. The key point of
our results is the high proportion of calcium phos-
phates, as main components of the stones and even
more as the nucleus of a large number of MSK calculi.
These data are in agreement with a more frequent
acidification defect than in other clinical contexts
of stone disease as suggested by the literature and
also in our study by the high frequency of stones
exhibiting IVa2 morphology.
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Abstract. Primary hyperoxaluria is the most severe stone disease responsible for multiple stone recur-
rence and impairment of kidney function. It is a rare inherited disease with an autosomal transmis-
sion. Due to the high proportion of consanguineous marriages by comparison to other areas in the
world, this pathology is more frequent in North Africa. Stones are made of calcium oxalate monohy-
drate, which is not unique to the disease and cannot help physicians for the diagnosis. By contrast,
stone morphology may be a useful marker of the pathology. We report our experience based on 614
stones from Moroccan children analyzed by infrared spectroscopy and examined by stereomicroscopy
for the determination of their morphological type. Our results show that 85 stones (13.8%) exhibit
a type Ic morphology, strongly suggestive of the disease in children patients. It was confirmed in all
subjects of a subgroup of 43 patients who benefited from urinary biochemical explorations revealing
whewellite crystalluria and a very high oxalate to creatinine ratio.

Keywords. Primary hyperoxaluria, Type Ic, Stone morphology, Infrared spectroscopy, Whewellite,
Crystalluria.
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1. Introduction

Primary hyperoxaluria (PH) is one of the most severe
hereditary kidney stone diseases and is caused by
defects in glyoxylate metabolism, resulting in over-
production of oxalate and eventually end stage renal
disease (ESRD). Three different genetic forms have
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been identified to date, related to mutations on three
genes coding for three enzymes, namely alanine gly-
oxylate aminotransferase (PH1) [1,2], glyoxylate re-
ductase hydroxypyruvate reductase (PH2) [3,4] and
4-hydroxy-2-oxo-glutarate aldolase 1 (PH3) [5,6]. In
all cases, the high production of oxalate, mainly by
the liver, is the cause of recurrent urolithiasis and
nephrocalcinosis which are the main markers of the
disease. At the stage of severe chronic kidney dis-
ease, plasma oxalate increase leads to a systemic
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oxalosis characterized by calcium oxalate deposits in
all tissues, in particular bones and the cardiovascu-
lar system [7,8]. Furthermore, it accounts for 1 to
2% of cases of pediatric ESRD, according to registries
from Europe, the United States, and Japan [1,9,10],
but it appears to be more prevalent in countries in
which consanguineous marriages are common (with
a prevalence of 10% or higher in some North African
and Middle Eastern nations), but it is certainly un-
derestimated [11]. From an epidemiological point of
view, PH1 is the most frequent (60–75% of cases) and
unfortunately the most severe form of the disease.
Theoretically, the diagnosis of PH should be based
on the measurement of oxalate in urine and/or blood
and confirmed by genetic determination of the gene
mutations. Unfortunately, for economic reasons and
logistics, these tools are not available in many coun-
tries around the world, thus inducing an absence of
diagnosis or a delay in the diagnosis of this pathol-
ogy with dramatic consequences for the patient [1,12,
13]. Moreover, due to inadequate pre-analytical con-
ditions by untrained laboratories, oxalate measure-
ment in urine may fail to demonstrate elevated levels
because of oxalate loss as a result of massive calcium
oxalate crystalluria. Even in western countries, the
diagnosis may be missed because the clinical course
of the disease is only calcium oxalate stone disease,
the composition of calculi being very common since
they are made of calcium oxalate, the main compo-
nent of about 70–90% of the stones throughout the
world. Thus, a number of PH cases are diagnosed
in patients with ESRD and even after a failed kidney
transplant [13–15]. Actually, data from PH cohorts in
industrialized countries show that the diagnosis was
only made after progression to ESRD in more than
30% of patients [1,9,12,16].

The number of PH cases in Morocco is currently
unknown because PH is under-diagnosed. The ob-
jective of this study on a group of Moroccan children
is to show that calcium oxalate monohydrate (COM)
stone with type Ic morphology is associated with high
oxalate excretion, which should lead to PH investiga-
tion and genetic assessment.

2. Material and methods

2.1. Study population

This study was based on the current morpho-
constitutional stone analysis [17,18] performed

routinely in the Laboratoire de Recherches et
d’Analyses Médicales de la Gendarmerie Royale
in Morocco. From 1999 to 2020, we analyzed urinary
calculi from 614 children aged less than 18 years old,
i.e., 419 boys and 195 girls. Because type Ic morphol-
ogy of stones has been described as a strong marker
suggesting PH [18,19], we focused our attention on
patients who formed COM stones with a type Ic mor-
phology. Of our 614 patients, 85 children (53 boys,
32 girls) met this criterion. However, urine samples
required for determining oxalate concentration and
the oxalate to creatinine ratio were not available for
all patients. Only 43 patients who formed Ic-type cal-
culi were able to benefit from additional biochemical
exploration including the study of crystalluria and
oxalate assay in urine samples. They were compared
to a control group of 92 children (55 boys, 37 girls
aged from 1 month to 17 years old) who produced
stones with other morphological types including
only 10 patients with type Ia stones. Ideally, the con-
trol group should have included pure calcium oxalate
stones with morphologies other than type Ic, but this
group, very common in adult patients, hardly exists
in children in our series where many stones have an
infectious component and include either phosphates
or ammonium urate. None of the patients presented
with chronic pancreatitis or inflammatory bowel
disease or other cause of absorptive hyperoxaluria.

2.2. Methods

2.2.1. Morpho-constitutional analysis of urinary
stones

Each calculus was checked for its morphologi-
cal characteristics using a stereomicroscope to de-
fine the morphological type according to the previ-
ously reported classification [17,18] and to select the
representative parts of the stone (core, inner layers
and surface) for specific infrared analysis. Among cal-
cium oxalate stones, it was shown that type I stones
mainly formed of COM are related to hyperoxaluria.
By contrast, type II stones are mainly associated to
hypercalciuria. Type I may be subdivided in five sub-
types, namely Ia, Ib, Ic, Id and Ie [20–22]. Type Ia
stones are essentially related to intermittent hyperox-
aluria from dietary origin while type Ic stones are very
widely associated with PH and type Ie stones to en-
teric hyperoxaluria. Type Ic stones, that are strongly



Faïza Meiouet et al. 283

Figure 1. Morphological aspect of pure type Ic calcium oxalate monohydrate stones (surface).

suggestive for PH have a particular morphology char-
acterized by a pale, yellowish budding surface and a
loose, finely granular and unorganized section with
light color, cream to pale yellow-brown as shown in
Figures 1 (surface) and 2 (section). Stone morphology
is very different from that observed in common type
Ia COM stones resulting from dietary habits and/or
low diuresis. As shown in Figure 3, type Ia COM
stones are characterized by a dark-brown smooth
surface with nipples. The stone section is dark-brown
in color and made of concentric layers with radial
crystallization.

A sequential infrared analysis is the second step
of the morpho-constitutional analysis. For this pur-
pose, a fraction of 1–2 mg of each calculus sample
selected under the stereomicroscope was pulverized
and crushed in 100–200 mg of pure and dry potas-
sium bromide for IR spectroscopy analysis [25]. The
mixture was transformed into a transparent pellet of
13 mm in diameter using a press under a pressure of
10 tons/cm2 as previously described [25]. The pel-
let was then placed in a special holder and inserted
into the infrared spectrophotometer for analysis.

The instrument used was a Nicolet IS10 Fourier
transform infrared spectrometer from Thermo-
Nicolet. The infrared spectra were recorded on the
wavelength range from 2.5 to 25 µm (4000–400 cm−1)
with a resolution of 4 cm−1. Air was used as the
reference. The resulting spectra were identified by
comparison with available reference spectra [25,26].
Thereafter, in order to assess the total composition
of the stone, each calculus was pulverized in its to-
tality and a fraction of the powder was again used to
prepare a pellet to be analyzed.

2.2.2. Crystalluria studies

For half of the patients with type Ic stones (n = 43),
at least one and often several urine samples were
available for metabolic evaluation and crystalluria
analysis. We performed crystalluria studies to con-
firm the diagnosis and for the follow-up of the pa-
tients. Thus, we examined 173 crystalluria in fresh
first-voided morning urine samples, according to a
uniform protocol described elsewhere [27]. In short,
urine samples brought to the laboratory within
2 hours of voiding were kept at room temperature
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Figure 2. Examples of poorly organized inner section of type Ic stones [23,24].

and were rapidly processed. Urine-specific grav-
ity and pH were measured. Undiluted urine was
then homogenized by gentle shaking and turning
over (neither centrifuged nor filtered) and imme-
diately placed in a Malassez cell (CML, Nemours,
France) containing 10 mm3, then examined by light
microscopy using a polarizing microscope (Nikon,
Champigny-sur-Marne, France). The entire cell was
examined at ×200 magnification to localize crys-
tals and aggregates, then at ×400 magnification
(high power field). All crystals and aggregates were
counted on the entire cell. The results were expressed
as number of crystals by mm3.

2.2.3. Metabolic evaluation

Because it is very difficult to collect reliable 24 h-
urine samples in children for biochemistry measure-
ments, we determined the concentrations of urine
solutes in the first-voided morning urine samples.
In every sample, urinary concentrations of calcium,
magnesium, phosphate, sodium, urate, urea, pro-
teins and creatinine were measured. All parameters
were determined on a Roche Cobas 8000 analyzer.

Oxalate concentration was measured enzymatically
with oxalate oxydase at 590 nm (Oxalate kit reference:
2401, SOBIODA, France). Citrate concentration was
enzymatically determined by UV spectroscopy with
citrate lyase at 340 nm.

Lithogenic risk thresholds for oxalate, citrate,
magnesium, urate, phosphate and calcium were de-
fined as follows [28–30]: oxalate > 0.3 mmol/l, citrate
< 1 mmol/l, calcium > 3.8 mmol/l, magnesium <
2 mmol/l, urate > 2 mmol/l at pH < 5.5 and >3.5
mmol/l at pH > 6, phosphate > 13 mmol/l at pH >
7.5 and >24 mmol/l at pH < 6.5.

In order to assess the excretion of oxalate, we cal-
culated the ratio of oxalate concentration to crea-
tinine concentration, which is considered a strong
marker for heavy hyperoxaluria of genetic origin [31,
32]. The reference values used to interpret the ox-
alate/creatinine ratio (mmol/mmol) by age group
are: ≤6 months: <0.36; 7–12 months: <0.23; 1–2
years: <0.18; 3–<5 years: <0.10; 5–<12 years: <0.08;
≥12 years: <0.07 [31].

Data are presented as means ± SEM. Intergroup
comparisons used Student t-test, or analysis of
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Figure 3. Examples of surface and inner section of common type Ia COM stones [23].

variance (ANOVA) for continuous variables, and the
χ2 and Fisher’s exact tests for categorical variables.
A p value less than 0.05 was considered statistically
significant. Statistical procedures used the SPSS.23
software.

3. Results

3.1. Localization of calculi

The anatomical localization was specified for 55
stones (64.7% of cases). The stones were found within
the kidney in 84% of cases, in the ureter in 8% and in
the bladder in 8%. No statistical difference was found
between girls and boys regarding stone location.

3.2. Infrared analysis

The results of stone analysis by Fourier transform
infrared (FTIR) spectroscopy are summarized in Ta-
ble 1. The results are expressed as the main com-
ponent for each stone. Type Ic morphology being

reported as pathognomonic of PH [19,33,34], it de-
served special attention including at the infrared
spectrum level where some differences could be ob-
served by comparison with common COM spectra .

COM was the most frequent main component
of stones, found in 248 calculi (40.4%), followed by
MAP (114 stones, 18.6%) and COD (65 stones, 10.6%).
However, only 110 stones contained more than 95%
COM. Among the 85 Moroccan children who had
type Ic calculi, 83 formed stones containing more
than 95% COM. They accounted for 75.5% of cases.
One stone with Ic morphology actually had a mixed
morphology Ic + IIa and contained 82% COM and
18% COD. The last one contained 90% COM and 10%
carbapatite.

The molecular and crystalline identification of dif-
ferent areas of the type Ic COM stones analyzed
by FTIR spectroscopy showed a chemical compo-
sition similar to that of most urinary calculi, i.e.,
mainly consisting of calcium oxalate monohydrate
(COM, whewellite) which was the main component
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Table 1. Frequency of main components identified in Moroccan children stones

Main component Girls (n = 195) Boys (n = 419) Overall (n = 614)

COM 107 (54.9) 141 (33.7) 248 (40.4%)

COD 22 (11.3) 43 (10.3) 65 (10.6%)

Carbapatite 15 (7.7) 45 (10.7) 60 (9.8%)

Brushite 1 (0.5) 1 (0.2) 2 (0.3%)

Struvite 18 (9.2) 96 (22.9) 114 (18.6%)

Uric acid 3 (1.5) 15 (3.6) 18 (2.9%)

Ammonium urate 17 (8.7) 41 (9.8) 58 (9.4%)

Cystine 5 (2.6) 28 (6.7) 33 (5.4%)

Xanthine 2 (1.0) 2 (0.5) 4 (0.7%)

Drugs 3 (1.5) 4 (1.0) 7 (1.1%)

Others (proteins, lipids,. . . ) 2 (1.0) 3 (0.7) 5 (0.8%)

of all stones. COM is characterized by its bands on
the infrared spectrum at 1619 cm−1, 1316 cm−1 and
780 cm−1 (Figure 4). Of note, by contrast with syn-
thetic whewellite, the infrared spectrum of all urinary
stones exhibits an additional broad vibration about
1100 cm−1 (black arrow in Figure 4A), the intensity
of which being close to the absorption of the mi-
nor peak of whewellite at 886 cm−1. That vibration
does not belong to whewellite and results from the
ν3 vibration of the PO4 group present in organic ma-
terial such as uropontin which is known to have a
strong affinity for several crystalline faces (100/121)
of COM [35]. It has been shown that this organic
phosphate may be converted into apatite after pyrol-
ysis of COM stones [36].

The comparison between type Ia and type
Ic stones regarding the ratio of peak heights
1100/949 cm−1 is particularly interesting from a
clinical point of view. For type Ia stones, the ratio
was >1 in 72.3% of cases, around 1 in 17% of cases
and slightly decreased below 1 but greater than 0.7 in
only 10.7% of cases. By contrast, in type Ic stones, the
ratio was >1 in only 3.6% of cases, about 1 in 7.1% of
cases and below 1 in 89.3% of cases. Of note, among
type Ic stones with a decreased ratio, 80% of stones
had a ratio below 0.7.

3.3. Demographic profile of type Ic stone formers

The mean age (±SD) of the patients was 7.09 ± 3.7
years. The patient’s age ranged from 1 to 17 years

among boys with an average age of 7.5 ± 3.8 years
and from 1 to 15 years in girls with an average age
of 6.45 ± 3.5 years. Figure 5 shows the patient’s age
at the first stone episode. Of note, 28.2% of stones
were observed before the age of 5, 47.1% in patients
aged from 5 to 10 years and 24.7% above the age of 10
years. The mean male to female ratio for the whole
series was 1.66.

3.4. Crystalluria

Among those children with COM stones of type Ic
morphology, 43 patients provided spot urine for ex-
amining biochemistry and crystalluria. In all cases,
abundant crystalluria mainly composed of typical
COM oval crystals with depressed core (Figure 6) was
observed. Usually, voluminous aggregates of COM
crystals are also observed (Figure 7). The average
number of crystals was 151 ± 12 /mm3 and the global
crystal volume for COM was 14,632± 1225µm3/mm3

as calculated according to the previously published
formula [37]: N × L3 × 0.19 (where N is the number
of crystals/mm3 and L is the mean size of the crys-
tals). By contrast, in urine samples that have hyper-
oxaluria (oxalate concentration above 0.3 mmol/l) for
various reasons in the absence of primary hyperox-
aluria, the average number of whewellite crystals was
6 /mm3 and the corresponding crystal volume was
350 µm3/mm3 (p < 0.0001). These results, like stone
morphology, highly suggested primary hyperoxaluria
in this cohort of patients [7,19,33,34,37–39].
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Figure 4. Infrared spectra of pure calcium ox-
alate monohydrate (COM) stones: (A) spectrum
of common biological whewellite; (B) spectrum
of whewellite found in a number (not all) type
Ic stones; (C) detailed part of the spectrum
shown in Figure 4A; (D) detailed part of the
spectrum shown in Figure 4B (note the weak
absorbance of the 1100 cm−1 area by compar-
ison with Figure 4C).

Figure 5. Distribution of type Ic morphology
according to patient’s age.

3.5. Biochemical examination of first morning
urine samples

The different urinary parameters evaluated in type
Ic COM stone formers and in the control group are
summarized in Table 2. Of note, no significant differ-
ence between boys and girls was found for any pa-
rameter, neither in the patients with type Ic COM
stone nor in the control group.

Our data showed that hyperoxaluria was the most
common abnormality and was coexisting with a dra-
matically elevated urinary oxalate-to-creatinine ratio
in all the children with type Ic stones as previously
reported in PH patients [1,31]. The mean value for
oxalate concentration in type Ic COM stone formers
was 1.01 ± 0.042 mmol/l (vs 0.136 ± 0.029 mmol/l in
the control group, p < 0.0001). All but one urine sam-
ples exhibited oxaluria >0.3 mmol/l, i.e. above the
threshold value of oxalate for the crystallization risk
of calcium oxalate [40]. Of note, the oxalate to crea-
tinine ratio was high (0.1 mmol/mmol) for this pa-
tient. In the control group, 83 samples (90.2%) had
a concentration level of oxalate below 0.3 mmol/l
(p < 0.0001). Very high level of the oxalate/creatinine
ratio was observed in type Ic COM stone formers:
0.26 ± 0.012 vs 0.03 ± 0.010 in the control group, p <
0.0001 suggesting the diagnosis of PH in the absence
of other cause of hyperoxaluria. Hypocitraturia was
coexisting in 66.7% of the samples and low calcium
concentration <1 mmol/l was observed in 56.7% of
the cases. These findings were similar in the control
group: 64.1% of the patients had citrate concentra-
tion in urine below 1 mmol/l and 55 subjects (59.8%)
had urine calcium concentration below 1 mmol/l.
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Figure 6. Oval crystals of whewellite with a depressed center. (A) Polarized light; (B) white light.

Figure 7. Voluminous aggregates of whewellite crystals. (A) Polarized light; (B) white light.

By contrast, only 4.8% of urine samples from type Ic
COM stone formers presented with hypomagnesuria
(Mg concentration < 2 mmol/l) while that criterion
was observed in 44.6% of the subjects in the control
group. Of note, proteinuria was slightly increased in
type Ic COM stone formers (0.24 ± 0.04 g/l vs 0.15
± 0.03 g/l in CG, p = 0.002), perhaps as a marker of
some degree of kidney damage.

Figure 8 shows the correlation between urinary
oxalate concentration and oxalate/creatinine ratio
with a distinct distribution of the two groups.

3.6. Influence of age

As seen above, the clinical significance of the oxalate
to creatinine ratio is changing with patient’s age. It
is also a common finding for other urinary solutes
of interest for stone disease like calcium or uric acid.

Figure 8. Relationship between oxalate and ox-
alate/creatinine ratio in spot morning urines of
type Ic stone formers and control groups. Blue
circles = control group; red circles = type Ic
stone formers.
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Table 2. Urinary biochemical evaluation in first-morning urine samples of children with type Ic COM
stones and in the control group

Type Ic COM stone formers Control group

Number 43 92

Mean ± SEM Median Mean ± SEM Median P value Ic
stones vs CG

Age 7.09 ± 0.74 6.0 8.36 ± 0.51 8.5 NS

pH 6.07 ± 0.11 5.90 6.04 ± 0.08 5.93 NS

Specific gravity 1012.8 ± 1.0 1013 1010.6 ± 0.7 1010 NS

Creatinine (mmol/l) 5.11 ± 0.62 4.25 4.78 ± 0.43 3.74 NS

Calcium (mmol/l) 1.03 ± 0.29 0.73 1.63 ± 0.2 0.68 NS

Phosphate (mmol/l) 14.6 ± 1.5 11.9 13.1 ± 1.0 10.9 NS

Sodium (mmol/l) 63.9 ± 3.6 53 32.2 ± 2.4 32 <0.0001

Magnesium (mmol/l) 4.94 ± 0.46 3.94 3.03 ± 0.32 2.53 NS

Urate (mmol/l) 2.06± 0.22 1.56 1.70 ± 0.15 1.22 0.02

Oxalate (mmol/l) 1.010 ± 0.042 0.9 0.136 ± 0.029 0.1 <0.0001

Citrate (mmol/l) 0.70 ± 0.12 0.39 0.89 ± 0.08 0.57 NS

Proteins (g/l) 0.24 ± 0.04 0.14 0.15 ± 0.03 0.09 0.002

Urea (mmol/l) 205.9 ±18.8 190.7 186.9 ± 12.8 162.0 NS

Ratio calcium/creatinine (mmol/mmol) 0.21± 0.06 0.17 0.42 ± 0.04 0.20 NS

Ratio oxalate/creatinine (mmol/mmol) 0.27 ± 0.012 0.26 0.03 ± 0.010 0.03 <0.0001

The explanation is that, at birth, tubular immaturity
is common and may affect either proximal or distal
tubular cells or both, modifying secretion and reab-
sorption of these substances. It is the reason why the
oxalate to creatinine ratio may be high at birth, for
example about 0.1 mmol/mmol without any genetic
disease. In normal subjects, the ratio should decrease
rapidly over time to 0.03 mmol/mmol. If we subdi-
vide our series of patients in age classes, we can ob-
serve the change in oxalate to creatinine ratio (Fig-
ure 9). Age classes were defined as follows: class 1: <1
year; class 2: 1–2 years; class 3: 3–<5 years; class 4:
5–<12 years; class 5: ≥12–<18 years. Because class
1 and class 2 included only 2 patients either in the
control group or in the type Ic stone group, these age
classes were not shown on the figure below. The high-
est value of the oxalate to creatinine ratio was ob-
served in the age class 3 with a median value at 0.33
for type Ic stone patients and ten times lower at 0.04
for the control group (p < 0.0001). As expected, the
ratio decreased with age in both groups, by about
50% in the age class 4 for PH patients, and by about
25% in the control group. Then, the ratio slightly de-
creased in class 5 for both groups.

4. Discussion

PH is the most severe lithogenic disease associated
with highly recurrent stone formation and gradual
deterioration of kidney function. Thus, it is of prime
importance to identify early this disease because
treatment with vitamin B6 is able to reduce effec-
tively oxalate excretion in about 25% of PH1 patients,
which may stop or delay the impairment of kidney
function [41–43]. Moreover, very promising therapy
based on siRNA treatments able to reduce the oxalate
synthesis by the liver is now available [44,45]. Actu-
ally, diagnostic delay is still responsible for ESRD in
at least one third of the patients. Several explana-
tions for such delayed diagnosis may be proposed:
non typical course of the disease, common crys-
talline composition of the stones, inaccessibility
to oxalate testing, false results of the dosages as a
consequence of inadequate pre-analytical con-
ditions, high cost of genetic studies, and so on.
However, almost all of the patients who suffer PH
throughout the world had recurrent stones and these
stones can be analyzed. Unfortunately, an accurate
identification of the crystalline compounds based on
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Figure 9. Evolution of the oxalate/creatinine
ratio (mmol/mmol) according to patient’s age.
CG = control group; Ic stones = type Ic COM
stone formers; Age classes: 3 = 3–<5 years;
4 = 5–<12 years; 5 = 12–<18 years.

physical methods such as infrared or Raman spec-
troscopy or X-ray diffraction is not sufficient to guide
the diagnosis because they only identify COM which
is the most common component of urinary stones.
Fortunately, the study of stone morphology, although
not much used around the world, could be of great
help, as shown by this study. It may help the diagno-
sis instantly and is very inexpensive and not so time-
consuming by comparison to other methods such as
infrared spectroscopy alone when considering the
additional benefit for the etiological orientation of
stone disease. Morphological classification of the
stones constitutes the preliminary work to the ge-
netic study that will confirm the diagnosis of primary
hyperoxaluria, the type of PH (PH1, PH2, and PH3)
and the characterization of the genes’ mutations that
may be relevant for the medical management of the
disease.

Several works emphasized the link between
stone morphology and the cause of hyperoxaluria
[19,33,46]. They highlight the interest of performing

a morphological classification of the stones in addi-
tion to stone composition. This is in agreement with
the results observed in a study involving 124 patients
affected with PH1 and where most calculi exhib-
ited a peculiar morphology with COM composition

identified by FTIR and scanning electron microscopy
(SEM) [34].

In case of inherited lithogenic diseases, like PH,
the main clinical interest of morphological analysis
of the stones by optical examination is to orient im-
mediately the diagnosis to severe diseases, especially
when diagnosis by other methods is not easy to per-
form.

In our series of 614 stones from children, we found
that COM was the main component in 248 cases
(40.4%) confirming our previous observations [47]
while calcium oxalate dihydrate accounted only for
10.6% of cases. It is well known that hyperoxaluria fa-
vors COM (as opposed to calcium oxalate dihydrate)
which is favored by hypercalciuria [28,40]. Thus, our
results suggest that hyperoxaluria is more prevalent
than hypercalciuria in the formation of urinary cal-
culi in Moroccan children. Of interest is the mor-
phology of stones containing 90% or more of COM
(n = 123, i.e., 20% of all stones and 49.6% of stones
mainly composed of COM). We found that type Ic
stones accounted for 83 cases (13.5% of the series
and 67.5% of stones containing at least 90% COM).
Two stones had a mixed morphology, Ic + IIa in
one case, Ic + IVa in the other. They contained 20%
of COD and 12% of carbapatite respectively. It was
shown that COM stones with a type Ic morphology
are most strongly associated with primary hyperox-
aluria [18,19,33]. In our series of stones, which today
include 614 samples from 419 boys and 195 girls, type
Ic morphology was observed in 85 calculi (13.8%). In-
frared analysis of these stones revealed a high pro-
portion (89.3%) of stones with a decreased ratio of
peak heights 1100/949 cm−1 by comparison to com-
mon type Ia stones. From a clinical point of view,
the band at 1100 cm−1, which corresponds to organic
material deposited on the crystals can be considered
as a marker of slow and/or intermittent growth of
the whewellite stone. By contrast, when whewellite
crystals are abundant and rapidly formed and aggre-
gated, as in primary hyperoxaluria, such organic ma-
terial is often less incorporated to the crystal aggre-
gates and we observe that the relative intensity of
the peak at 1100 cm−1 is then significantly decreased
as shown in Figure 4D. In our experience, this find-
ing is in agreement with a rapid crystallization of
whewellite due to heavy hyperoxaluria.

Biological data were available for a subset of 43 pa-
tients with type Ic stones. All of these patients had
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a high oxalate to creatinine ratio for their age class.
These data suggest that a high percentage of COM
stone formers in Moroccan children may have PH.
These data seem in agreement with other reports:
due to the high degree of consanguinity [48], the
prevalence of homozygous primary hyperoxaluria
was found significantly higher in North Africa than in
the industrialized countries [49].

Moreover, crystalluria of 43 children with
type Ic COM stones showed many COM crystals
(Whewellite) with an oval or dumb-bell shape,
commonly associated with high levels of urine ox-
alate [50]. These results indicate a very active cal-
cium oxalate crystallization. This is in agreement
with other reports [39]. The global crystal volume
of COM was very high (14,632 ± 1225 µm3/mm3).
Of note, the average number of COM crystals found
in our series of patients was below the threshold
published by Cochat et al. The explanation is that
recommendations published in Nephrology, Dialy-
sis and Transplantation intended to alert the reader
on the very suggestive criteria of the disease to en-
courage them to undertake further investigations [7].
In our experience, about 70% of patients who have
urine samples that contain more than 200 COM
crystals per mm3 suffer from primary hyperoxaluria.
However, according to our data, a threshold of 150
COM crystals per mm3 could be a better value to
systematically look for primary hyperoxaluria.

In addition to the abundance of whewellite crys-
talluria observed in all these urines, the regular
biological monitoring of these children has re-
vealed significant abnormalities, particularly hy-
peroxaluria with a very high oxalate/creatinine ratio
for the whole series: mean ± SEM = 0.27 ± 0.012
mmol/mmol, range: 0.1 to 0.7 mmol/mmol, vs 0.03 ±
0.01 mmol/mmol in children who do not suffer from
primary hyperoxaluria (p < 0.0001). Thus, we can
confirm that type Ic morphology for urinary stones is
a very interesting marker to orient easily physicians
toward primary hyperoxaluria, which still need fur-
ther analysis to be confirmed. Of note, among our 85
children with type Ic stones, 14 have had a genetic
analysis. In all cases, mutations of the gene AGXT
responsible for PH1 have been identified.

We have also noted low levels of urinary calcium
in our series. This finding has been reported by oth-
ers authors, specifying this decrease in PH1 and PH2
and not in PH3 where the level of urinary calcium

may vary and in some instances is quite high [8,51].
Among the other parameters studied, magnesium
measurement was performed in our study because
of its protective role against urolithiasis. We found
very few cases of hypomagnesuria by comparison
with the control group (4.8% vs 44.6%, p < 0.001).
This could be explained by conservative treatment of
these children based on a supplementation with pyri-
doxine and magnesium (MAGNE-B6®) [43]. In con-
trast, hypocitraturia as a lithogenic risk factor was
observed in our series with a significant proportion
(72.1%) whereas citrate is known to prevent crys-
tallization of calcium salts [17]. Our observation of
hypocitraturia in paediatric stone-formers has previ-
ously been described by several authors in children
stone formers [52–54]. Despite the low proportion of
urinary calcium above 3.8 mmol/l, the high occur-
rence of hypocitraturia, although similar to that ob-
served in the control group, could be an argument for
supplementation with potassium and/or magnesium
citrate.

Regarding calcium oxalate crystal phase, a contro-
versy has been raised by some authors who found
COD crystals in stones from PH patients [55]. This
finding is not surprising because crystalline phases
of calcium oxalate first depend on the calcium to ox-
alate ratio and may be influenced by various other
urine parameters such as ionic strength and the cit-
rate content for example. Contrary to the claims of
these authors, whewellite found in stones from PH
patients does not come from a crystalline conver-
sion of weddellite, which is a common finding in the
case of stones related to dietary conditions. In the
case of PH, COM crystals are directly formed from
the high content of oxalate in urine as previously re-
ported [34,40] and confirmed by the crystalluria stud-
ies of the present work. All the patients who present
with PH have COM crystals in their urine. Moreover,
COM is often the unique crystal phase observed in
such patients. However, in PH patients who have, in
addition to hyperoxaluria, normal or increased uri-
nary calcium, sometimes COD crystals may be ob-
served in association with COM.

This study has at least three limitations: first, ge-
netic diagnosis was only available for a small number
of patients. Second, only half of the patients with a
type Ic stone provided a urine sample for crystalluria
study and biochemical evaluation. Third, our con-
trol group is not perfect because only a small num-
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ber of urine samples from other types I stone formers
was available for biochemical comparisons. Never-
theless, all samples from patients with type Ic stones
show heavy COM crystalluria, heavy hyperoxaluria
and very high oxalate to creatinine ratio, all markers
of primary hyperoxaluria.

5. Conclusion

This study confirms the clinical interest of morpho-
logical classification associated with the identifica-
tion of crystalline components by physico-chemical
methods. It highlights correlation between the type Ic
morphology of COM stones in Moroccan stone chil-
dren, the presence of COM crystalluria, the high con-
centration of oxalate in urine as well as the high val-
ues of the oxalate/creatinine ratio usually accepted
as a strong marker of primary hyperoxaluria in the
absence of bowel diseases. Because measurement of
oxalate in biological fluids is not easily available and
due to its scarcity, primary hyperoxaluria is often
misdiagnosed or diagnosis is delayed, leading to an
impairment of kidney function. Nevertheless, early
diagnosis is crucial, and can be implemented by a
morpho-constitutional analysis of the first calculus
identified in the child. Type Ic morphology is a very
useful tool for the detection of the disease while stone
composition is not suggestive.

Genetic diagnosis, now more easily available, is
mandatory to identify potential mutations invested
in the process and help in the clinical management
of the patients.
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Abstract.

Introduction: Drug-induced calculi are rarely reported in literature but represent a seldom reported
complication of long-term or high-dose prescription of certain medications. We review here some
drugs involved in stone formation from first case reports of sulfonamides in the 1930s to protease
inhibitors and sulfadiazine with more recent emergence of HIV and opportunistic infections. Finally,
we will study in particular sulfasalazine and mesalazine, two different forms of a drug used for
treatment of ulcerative colitis or Crohn’s disease.

Material and methods: Review of the literature and report of a series of ten new cases of mesalazine-
induced nephrolithiasis.

Results and discussion: Ten patients (eight women and two men) produced stones spontaneously
passed (n = 9) or surgically removed (n = 1). Patients received mesalazine either for ulcerative colitis
(n = 6) or Crohn’s disease (n = 4). The daily oral dose was 4 g/d in nine patients and only 2 g/d in
one subject. The duration of medication before stone episode ranged from one month up to 15 years
with an average of four years. Stone analysis found pure mesalazine in all stones analyzed (n = 9).
Rod-shaped crystals found in urine of one patient (stone unavailable) were identified as mesalazine
by Fourier transform infrared spectroscopy.
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Conclusion: We report the largest case-series of mesalazine nephrolithiasis, and the first case of
mesalazine crystalluria to date. Nonmetabolized mesalazine composition of concretions suggests
peculiar drug absorption and/or metabolism in these patients. Of note, women seem to be more
affected by this side effect.

Keywords. Drug-induced kidney stones, Sulfamides, Triamterene, Protease inhibitors, Sulfasalazine,
Mesalazine (5-ASA).
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1. Introduction

Drug-induced nephrolithiasis is rarely discussed in
medical literature except through isolated case re-
ports. From an epidemiological point of view, only
few data are available from laboratories that have an-
alyzed urinary stones by physical methods such as in-
frared spectroscopy or X-ray powder diffraction [1–3].
In 1989, Jungers et al. have reported a 2% incidence
of drug-induced urolithiasis [4]. Due to changes in
drug availability with time, such incidence seems
to be decreasing in the last decades [5]. Although
it is uncommon, it is a seldom reported compli-
cation of the long-term and/or high-dose prescrip-
tion of certain drugs with high renal excretion [5,6].
Among these, the first drugs identified leading to
nephrolithiasis and/or crystal nephropathy are sul-
fonamides [7]. Since the end of the 1930s, the first
cases of kidney stones and renal failure related to the
use of these products were reported, yet, widely pre-
scribed for their antibiotic properties [7–10]. Subse-
quently, the evolution of the pharmacopoeia with the
development of more soluble sulfonamides gradu-
ally made the clinicians forget the renal risks associ-
ated with the crystallization of these products, even if
some sporadic publications have described cases of
urolithiasis or acute renal failure in patients treated
with different sulfonamides antibiotics [11–16]. For
more than forty years, the presence of numerous
drugs, namely foscarnet [17–19], atazanavir [20,21],
and cisplatin [22,23] have been reported as causative
of nephrolithiasis and/or crystalline nephropathy or
have been identified in kidneys.

2. Main drugs involved in nephrolithiasis

2.1. Triamterene

At the end of the 1970s, nephrologists lost sight of
sulfonamides, supplanted by a new molecule, tri-
amterene, an antihypertensive of the pteridine fam-
ily. In large studies conducted in the United States

with laboratory analysis through physical methods
such as X-ray diffraction or infrared spectropho-
tometry, it has been shown that 0.4% of all calculi
analyzed by these laboratories were made, totally or
partially, of triamterene metabolites [24–27].

In Europe, and particularly in France, this drug
has been identified with the same frequency as in
the United States [28], which means that triamterene
was the main cause of drug-induced stones in the
world for nearly a decade, with also several reported
cases of triamterene-induced crystal nephropathies
[29,30].

Studies conducted to identify risk factors for crys-
tallization of triamterene [31] have shown less sol-
ubility in acidic urine vs alkaline urine and, above
all, that low urine pH reduces its tubular reabsorp-
tion. Furthermore, the hepatic metabolism of tri-
amterene led to the predominant formation of 4′-
hydroxytriamterene sulfate with high urinary excre-
tion (Figure 1). This metabolite was often abundant,
sometimes predominant, and even almost pure in
some stones [28,32].

2.2. Glafenin

Triamterene shared, at least in France, the first place
among lithogenic drugs with another molecule,
glafenin (not FDA approved, banned in early 1990s
in Europe). It was a non-steroidal anti-inflammatory
drug (NSAID) from the 4-amino-quinoline family
which was widely prescribed by general practition-
ers, rheumatologists, and dentists because of its ef-
fective analgesic properties [33]. Several dozen cases
of renal lithiasis (as well as biliary) were described
between 1980 and 1993 [6,34–38]. Glafenin-induced
lithogenesis appeared to be related to the concomi-
tant presence of bacteria in urine. Glafenin was me-
tabolized by the liver and eliminated primarily by
the kidney in the form of glucuronide glafenic acid,
a soluble derivative without reason to crystallize.
However, the stones were composed of free glafenic



Guillaume Chebion et al. 297

Figure 1. Triamterene and its major urinary metabolites.

acid and, to a lesser extent, of free 4-hydroxy-glafenic
acid, therefore unconjugated, and poorly soluble in
urine (Figure 2).

As the glucuronidation properties are important
in the liver, ensuring detoxification of many sub-
stances, the hepatic origin of free glafenic acid was
unlikely. Moreover, it is known that certain bac-
teria have very active beta-glucuronidases which
have been shown to be implicated in bilirubin de-
conjugation, at the origin of certain pigment gall-
stones [39,40]. More than 80% of patients who devel-
oped glafenic acid stones were found to have a clin-
ically symptomatic urinary tract infection, which is
quite unusual in drug-induced stones [5].

Identified species were mainly Escherichia coli, a
species known to possess glucuronidases, and, more
rarely, Proteus mirabilis which by its capacity to
strongly increase the urinary pH, can saponify the
glucuronide function.

Apart from renal lithiasis, perhaps linked to a
particular environment, glafenin has been shown to
be a nonexceptional cause of degradation of renal
function, sometimes of crystalline origin, but above
all for reasons of renal toxicity linked to immuno-

allergic reactions [41,42], which led to the publica-
tion of a special issue of the Presse Médicale journal
in 1972 [43] and to the withdrawal of this molecule
in 1992 after multiple cases, sometimes fatal, of ana-
phylactic shock and liver toxicity.

2.3. Protease inhibitors

In the 1990s came the protease inhibitors used in
tri-therapies against HIV, first indinavir sulfate [44–
48] then barely ten years later, atazanavir [49–60].
In both cases, nephrolithiasis was explained by the
short drug half life and its high urinary excretion,
leading within 90–120 min after intake, to a peak
elimination of poorly soluble unchanged form. As for
sulfonamides and other drugs able to crystallize in
the urinary tract, nephrolithiasis [49–51] and/or crys-
talline nephropathy [52–60] cases were reported, new
anti-retroviral drug protocols with the appearance of
new molecules have led to a significant reduction in
stones and drug-induced renal complications over
the past five years.
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Figure 2. Glafenin and metabolites.

2.4. Antibiotics

Certain molecules from antiseptics or antibiotics
class, such as amoxicillin, ceftriaxone, ciprofloxacin
or vancomycin, are still occasionally reported as
drug nephrolithiasis [61–67] and more often respon-
sible for crystalline-induced nephropathies [68–83].
It should be noted that ceftriaxone and ciprofloxacin
crystallize in the form of salts, calcium for ceftriax-
one, magnesium for ciprofloxacin, which suggests
that the individual metabolic status of the patient
may be involved in the crystallogenic risk of these
drugs [84,85].

2.5. Sulfadiazine

In the context of the opportunistic infections in AIDS
patients [86], cases of lithiasis and acute renal failure
reappeared in the early 1990s, induced by a first-
generation sulfonylurea, sulfadiazine, the only one
still currently used in clinical practice (Figure 3). It

is still effective against severe forms of toxoplasmosis
as the small size of the molecule allows it to cross the
blood–brain barrier, but clinicians had forgotten how
to avoid renal complications related to the high-dose
prescription of this molecule, often several grams per
day [87–91].

Sulfadiazine leads to stone formation and
crystalline-induced acute kidney injury due to the
low solubility in acidic urine of the molecule and its
main metabolite, N-acetylsulfadiazine, mainly ex-
creted by the kidney. Not all sulfonamides used have
this propensity to easily crystallize in urine, either
because of a lower dosage, a better solubility, or fi-
nally because of their own metabolism limiting their
urinary excretion.

3. Sulfasalazine and mesalazine

In this work we addressed the specific case of sul-
fasalazine. It is a sulfonylurea that has been used
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Figure 3. Molecular structure of sulfadi-
azine and N-acetylsulfadiazine identified in
nephrolithiasis and crystal nephropathies.

for several decades for the treatment of inflamma-
tory bowel diseases, mainly in ulcerative colitis and
Crohn’s disease [92]. It is also used to a lesser ex-
tent in the treatment of rheumatoid arthritis [93].
To our knowledge, this is the only drug which has
led over the last thirty years to two different forms
of nephrolithiasis and urinary crystallization, one
concerning sulfapyridine, the other 5-aminosalicylic
acid, two molecules resulting from the catabolism of
sulfasalazine.

Sulfasalazine, also called salazosulfapyridine (Fig-
ure 4), is used per os at high doses as starting treat-
ment (4–6 g/d) and at lower doses (2–3 g/d) for the
long-term maintenance treatment.

About 20% of the ingested dose is absorbed
through the digestive mucosa and metabolized in
the liver. The peak serum concentration is reached
between 3 to 12 h after taking the drug, depending on
the individual. Sulfasalazine is essentially cleaved by
the gut microbiota into sulfapyridine and 5-amino-
salicylic acid (5-ASA, also named mesalamine or

mesalazine), which constitute two active forms of
the drug in the digestive mucosa (Figure 4).

The absorption of these metabolites is considered
to be low, but variable depending on the individual
and the condition of the intestinal mucosa. Sulfapyri-
dine is absorbed much faster and importantly than
mesalazine. Both of them can undergo hepatic acety-
lation, the speed and extent of which depend on the
acetylation functions of the liver (with genetic and
other drug intake influence) [94].

The N-acetylated derivatives (Figure 5) essentially
are eliminated in the urine [95]. Due to their low sol-
ubility, they can lead to the formation of crystals and
stones in the urinary tract. The use of sulfapyridine
for its antiseptic properties in the 1940s had already
led to cases of crystal nephropathies, including sev-
eral fatal cases, observed in particular among certain
Indian soldiers of the British army, after administra-
tion of doses of ≥4 g/d, while most patients were hy-
drated and had alkaline urine [96–100]. Hypersensi-
tivity related to the ethnicity of the subjects had been
mentioned [101].

Forty years later, the use of sulfasalazine, trans-
formed by the gut microbiota into sulfapyridine, cor-
responds to a slightly different context, but which
does not exclude the complications initially reported
for sulfapyridine. The cleavage of sulfasalazine by in-
testinal bacteria releases quantities of sulfapyridine,
a part of which may be more or less rapidly absorbed
and transported to the liver where it is transformed
into an N-acetyl derivative which will then be mainly
excreted in the urine. In fact, as early as 1993, a first
case of N-acetylsulfapyridine lithiasis was described
by Sillar and Kleinig [102] in a patient treated with
sulfasalazine and the following year a new case of
bilateral lithiasis composed of N-acetylsulfapyridine
was reported by Erturk et al. [103]. Several other cases
of urolithiasis were then reported [104–108] and also
several cases of kidney injury resulting from crystal
deposition in the parenchyma [105,106,109].

Following various studies on the mode of action of
sulfasalazine, it quickly became clear that 5-ASA re-
leased by bacterial hydrolysis of sulfasalazine repre-
sented an interesting compound due to its lower di-
gestive absorption and its longer action in situ. For
this reason, 5-ASA, also called mesalazine, replaced
sulfasalazine just over two decades ago. Considered
to be the main active anti-inflammatory metabolite,
mesalazine is effective in the treatment of ulcerative
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Figure 4. Simplified metabolism of sulfasalazine in the digestive tract.

colitis and moderate forms of Crohn’s disease [110].
Its efficacy is considered to be proportional to its in-
traluminal concentration [111,112]. It is used orally
(tablets or granules) or rectally (suppositories or sus-
pension) at doses of 2–4 g/d.

The absorption of mesalazine from the intestinal
mucosa appears to be variable among individuals
and slower than that of sulfapyridine. Overall, its ab-
sorption is estimated to be around 60% of the in-
gested dose, around 35% in the small intestine and
25% in the colon. The absorbed mesalazine is then
metabolized by the liver and other tissues to the
N-acetyl derivative which is mainly excreted in the
urine [113]. In fact, several dozens of cases of tubu-
lointerstitial nephritis during mesalazine treatment
have been reported, but no case of lithiasis [114,115].
The retained mechanism was cellular nephrotoxic-
ity by analogy with aspirin and phenacetin [114]. The
first cases of 5-ASA nephrolithiasis were described in
2013, one by Hasan and Tiselius [116], the other by Ja-
cobsson et al. [117]. The first observation concerned
a 32-year-old woman treated with mesalazine at a
dose of 6 g/d for ulcerative colitis. The stones were
spontaneously expelled. They were analyzed by the

Herring laboratory in the USA that revealed they were
composed of free mesalazine. Reducing the dose to
2 g/d with increased diuresis prevented recurrence.
In the second case, it was also a 32-year-old woman
treated during only six months with mesalazine at an
unknown dosage. The patient expelled several stones
identified as derivatives of mesalazine, without fur-
ther indication. In 2018, a third case was reported in
a 23-year-old woman treated for four years for ulcer-
ative colitis with mesalazine at a dose of 4 g/d, plus
local administration of 500 mg [118]. She presented
with a left renal colic rapidly resolving with medi-
cal management. A computerized tomography with-
out injection did not show any stone. No stones were
recovered, but the following year, during a new re-
nal colic, the patient expelled small orange-colored
stones of which infrared analysis revealed to be com-
posed of mesalazine. The following year, Simsek and
de Boer described the case of a 33-year-old woman
receiving 4 g/d of mesalazine for ulcerative colitis,
who began to spontaneously expel stones after six
months of treatment while she had no history of
nephrolithiasis [119]. The calculi were composed of
85% mesalazine without specifying the other pos-
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Figure 5. N-acetyl derivatives of sulfasalazine metabolites.

sible compounds. On the occasion of this case re-
port, the authors recall that 48 cases of urolithia-
sis under treatment with mesalazine were the sub-
ject of reports to the European Pharmacovigilance
Commission (Eudra Vigilance), but that only the four
cases reported above have demonstrated the pres-
ence of the drug in the stones. Two other cases were
reported in 2020 by Vilchez et al. in subjects treated
over several years with 4 g/d of mesalazine [120]. Fi-
nally, data from FDA reports updated in March 2021
implied 64 cases of kidney stones while patients were
treated with mesalazine [121] with no detailed infor-
mation regarding stone composition.

4. Case presentation

A series of cases is presented here, of ten patients
with mesalazine kidney stones, collected between
2014 to 2020 (8 women and 2 men), being the biggest
case-series to date. They were treated either for ul-
cerative colitis or for Crohn’s disease with daily doses

of mesalazine between 2 g (n = 1) and 4 g (n =
9). The data for each patient are summarized in
Table 1.

The average age was 34.8 years, the disease had
been progressing for 4.5 years without flare-up while
on treatment. All patients had normal kidney func-
tion. Patients had been taking the treatment for four
years on average before the first stone event. None of
them had previous history of nephrolithiasis, most of
the calculi were spontaneously passed, and six of the
ten patients stopped the treatment due to this side
effect.

All stones and crystals were identified as pure
mesalazine by Fourier transform infrared (FTIR)
spectroscopy or X-ray diffraction. The infrared spec-
trum is presented in Figure 6.

The stones had a particular morphology, with
a rough orange- or pink-colored surface. The sec-
tion was identical to the surface without detectable
organization. For one of the patients, the stone
could not be recovered, but the examination of the
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Figure 6. Infrared spectrum of mesalazine (5-aminosalicylic acid) stone. Y -axis: infrared absorption
intensity; X -axis: wavelength (cm−1).

Table 1. Patient characteristics

Patient
characteristics

1 2 3 4 5 6 7 8 9 10

Sex category Female Female Female Female Male Female Female Female Female Male

Age (years old) 29 50 29 44 30 24 38 33 60 48

Pathology UC1 CD2 UC CD UC UC & CD CD CD UC UC

Number of year of disease
progression (years)

1 15 6 7 Mo3 4 3 2 15 12 4 Mo3

Nature of material
identified

Stone Stone Stone Stone Stone Stone∗+
Crystalluria

Stone Stone Stone Stone

History of previous
nephrolithiasis under

5-ASA

No No No No No No No Yes Yes No

Posology of medication
(g/d)

4 4 4 4 2 4 4 4 4 4

Route of admission po4 po po po po po po po po po

Duration of medication
intake before stone

(years)

1 2 6 0.5 1 Mo3 3 0.5 15 12 4 Mo3

Stone treatment Spont5 JJ stent Spont Spont Spont Spont Spont Spont Spont Spont

Treatment discontinuation Yes Yes No Yes Yes Yes Yes No No No

Stone recurrence No No Yes No No No No No No No

Other lithogenic drugs No No No No No No No No No No

Legend: Ulcerative colitis1, Crohn’s disease2, Months3, Per OS4, Spontaneous emission5, Stone not available for analysis∗.
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urine revealed the presence of needle-shaped or
rod-shaped crystals, more or less aggregated, whose

infrared spectrum after centrifugation and drying of
the sediment revealed that they were made from pure
mesalazine (Figure 7).

Figure 7. A. Mesalazine stone; B. Mesalazine crystalluria, original magnification: 400×.

5. Discussion

From a general point of view, drugs may be divided
into two different categories according to the mecha-
nism involved in calculi formation [5,122]. The first
one includes poorly soluble drugs that favor crys-
tallization and calculi formation. The second cate-
gory includes drugs that enhance calculi formation
through their metabolic effects (loop diuretics, car-
bonic anhydrase inhibitors, laxatives).

In the case of mesalazine, only the unmetabolized
drug was clearly identified in urinary stones and crys-
tals. Although no study has been carried out to date
to verify it and understand its mechanisms, it can be
thought that the formation of urinary stones com-
posed of mesalazine is preceded by a digestive ab-
sorption of this compound greater than in other sub-
jects, may be due to a peculiar digestive environment
or metabolism.

Furthermore, patients with inflammatory bowel
disease suffer from chronic hydro electrolytic losses,
increasing therefore the urinary concentration of the
drug above its solubility product, thus favoring its
crystallization. Moreover, due to the more rapid uri-
nary excretion (approximately 1 h) [123] of nonme-
tabolized mesalazine by comparison to that of N-
acetyl derivative, one would expect, as it had been
observed for protease inhibitors [5] at a peak excre-
tion within two hours of absorption. In addition, in
low acetylators for genetic reasons or because of mul-

tiple drugs therapy, it is reasonable to expect higher
mesalazine concentrations in plasma and urine, with
an increased risk of crystallization in urine.

In patients with normal renal function, the
plasma concentration of mesalazine can reach 2–
3 µg/mL [108], which suggests an urinary excretion
of 20–30 mg within 60–120 min after absorption of
the product. In patients with low urine output (1 L/d,
or 40 mL/h), a urine concentration of 600–650 mg/L
can be predicted and it can probably be higher in
subjects with very low urine output. Knowing that
the urinary solubility of mesalazine is approximately
800 mg/L [112], it is quite possible that, if the cir-
cumstances are favorable (higher dosage, increased
digestive absorption, less hepatic N-acetylation, low
diuresis, urine pH < 6), mesalazine supersaturation
can lead to crystallization in the kidneys and urinary
tract.

Renal toxicity of 5-ASA has been well documented,
yet, none of our patients experienced renal impair-
ment. Perhaps, as recently reported for vancomycin,
mesalazine-related kidney injury could be, at least in
part, related to crystallization of the drug [71]. To pre-
vent such consequences, it could be relevant to in-
crease water intake associated to the drug intake and
within 2 h after, as has been shown to be efficacious
for preventing stones with indinavir [6].

Of note, among our 9 cases of mesalazine stones,
all were made of pure mesalazine. No metabolic
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compound neither acetylated metabolites were de-
tected in the stones by FTIR spectroscopy. Another
remarkable point of our small cohort of patients is
the very high gender ratio F/M, which was equal to
4.0 while the sex ratio F/M for common stone disease
is about 0.5 or less in western countries. However,
it seems that women are slightly more exposed than
men to inflammatory bowel diseases, especially for
Crohn’s disease. A sex ratio F/M was reported rang-
ing from 1.1 to 1.35 for ulcerative colitis and from 1.18
to 1.65 for Crohn’s disease [124–127], i.e., a female
to male ratio significantly lower than in our series of
stone cases. Such a finding suggests a special sen-
sitivity of women to the risk of forming mesalazine
stones. However, it was not reported that women
have a mesalazine metabolism significantly different
from that observed in men. Further studies are re-
quired to explain such difference between genders.

6. Conclusion

Drug-containing stones are infrequent and result in
most cases from specific characteristics of the drug,
i.e., high dosage, high urine excretion, low solubility
of the drug or its metabolites. Regarding mesalazine,
the occurrence of urine crystallization could be un-
derestimated. Several factors may be involved in
stone formation: higher absorption of mesalazine by
the gut, lower acetylation of the drug by the liver,
lower urine volume than in patients free of stones, all
of which deserve further investigations.
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Abstract. The analysis of 35,087 kidney stones revealed that 60% of uric acid stones originate from
the left kidney whereas other stones are homogeneously distributed (p < 0.001). The analysis of
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or right kidney, did not reveal any difference in urine from left and right kidney. Patients affected by
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to uric acid stone lateralization on the left side.
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1. Introduction

Urolithiasis prevalence is increasing in all industrial-
ized countries, affecting more than 10% of the pop-
ulation [1–4]. Among renal stone formers, uric acid
stones affect 10% of patients, mainly men after the
fourth decade [5,6]. During the past years, several
studies have shown evidence that metabolic syn-
drome and type 2 diabetes are associated with an in-
creased risk of uric acid stone [7–10]. Uric acid crys-
tals and stone formation are specifically promoted
by increased uric acid urinary concentration, due to
purine and fructose consumption, and by low uri-
nary pH [10–12]. Permanent acid urine over a 24-h
period is a hallmark of metabolic syndrome and
type 2 diabetes, due to impaired ammoniagenesis
and to an increased daily net acid excretion in uric
acid stone formers [10–13]. Beyond these well recog-
nized biological risk factors for uric acid stones, data
from a large stone database provided evidence that
uric acid stones originate mainly from the left kid-
ney, whereas other stones are more homogenously
distributed in both kidneys [4]. This original observa-
tion suggests that left kidney may conceal a specific
risk factor for uric acid stone formation and we show
herein that uric acid stone formers have an increased
frequency of renal cysts in the left kidney.

2. Patients and methods

2.1. Morphoconstitutional analysis of renal
stones

The Cristal laboratory has been collecting stones sent
for identification and classification from >200 hospi-
tals in France during several decades. Morphologic
examination and classification of urinary stone sur-
face and section were combined with Fourier trans-
form infrared spectroscopy (FTIR) to classify stones
and identify the different crystalline phases [14,15].
Starting from a database of more than 78,000 urinary
stones collected in adults between 1990 and 2020,
stones whose origin side (left or right kidney) was cer-
tain have been selected, limiting the study to 38,349
stones. Other clinical data including the notion of di-
abetes were recorded in the database when available.
The proportions of the main stone components were
assessed, as well as the internal structure of the stone
according to FTIR and to the morphoconstitutional

stone classification [14,15]. All stones have been ana-
lyzed by a single investigator (MD).

2.2. Lateralization of uric acid renal excretion
and urine pH in kidney stone formers

To assess whether kidney side would influence uric
acid excretion or urine pH in kidney stone formers,
we measured uric acid and pH in urine from left
or right kidney collected during reno-ureteroscopic
procedures. Urine samples were collected in 38 renal
stone formers at the beginning of reno-ureteroscopic
procedures in the left (22 patients) or the right kid-
ney (16 patients) in a single center (Tenon Hospi-
tal, Paris). In parallel, bladder urine (i.e. mixed urine
from the left and the right kidney) was collected.
We deliberately did not collect urine from both kid-
neys during the same procedure to stay in the rou-
tine practice procedure and avoid any risk of ureteral
or kidney damage on the other side. Serum samples
were collected during preoperative check-up. All pa-
tients gave a written consent and the procedure was
in accordance with routine practice. Serum and urine
parameters including uric acid, creatinine, and pH
were assessed as previously described [16].

We assessed uric acid/creatinine ratio in urine
and uric acid fractional excretion defined by the for-
mula: (urine uric acid ∗ serum creatinine)/(serum
uric acid ∗ urine creatinine). The lateralization ra-
tio was defined by the (left or right kidney uric
acid/creatinine)/(bladder uric acid/creatinine) ratio.
Urinary pH was measured in all samples.

2.3. Uric acid fractional excretion and pH in
renal transplant kidneys

To assess whether kidney side would influence uric
acid excretion or urine pH, we also measured uri-
nary uric acid and pH in a cohort of renal graft recip-
ients who received either a left or a right kidney. Uric
acid fractional excretion and fasting urine pH were
analyzed retrospectively in 181 renal transplant re-
cipients whose data had been recorded in the Bichat
Hospital (Paris) transplant recipient cohort [17]. Re-
nal transplant recipients had a systematic measure
of GFR 3 months or one year after kidney graft and
uric acid fractional excretion was calculated as stated
above.
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2.4. CT-scan analysis of kidneys in uric acid and
calcium oxalate stone formers

To assess whether uric acid stone formation would be
influenced by morphological changes in the left kid-
ney, we assessed kidney and urinary tract morphol-
ogy by CT-scan in uric acid stone formers. We ana-
lyzed CT-scans of uric acid stone formers who ful-
filled the following criteria: (1) uric acid stones ana-
lyzed in the Cristal laboratory and (2) CT-scan per-
formed in the radiology unit of Tenon Hospital at ±1
year from stone removal or expulsion. Overall, 25 pa-
tients fulfilled the criteria (23 males/2 females, mean
age 62 years). A control group of 25 patients matched
by age and sex and affected by calcium oxalate stones
who performed a CT-scan in the same conditions was
designed (23 males/2 females, mean age 60 years). In
the view of the high number of cysts observed in left
kidneys of uric acid stone formers, a trained radiol-
ogist (CM) reviewed all CT-scans retrospectively (un-
blinded procedure as uric acid density is lower than
calcium oxalate). Renal or ureteral malformations in-
cluding the presence of cysts and the number, size
and type of renal cysts were recorded.

2.5. Statistical analyses

χ2 test was used for epidemiological data. Fisher’s ex-
act test and Mann–Whitney test were used to com-
pare other categorical or quantitative variables, re-
spectively. Reported values represent mean ± SEM
and median ± interquartile range-IQR. A p value <
0.05 was considered significant. Statistics were per-
formed independently by two authors using both
NCSS 6.0 and Statview softwares.

3. Results

3.1. Uric acid renal stones lateralization

Among more than 78,000 renal stones analyzed be-
tween 1990 and 2020, 38,349 stones from adult pa-
tients, whose origin (left or right kidney) was certain,
were identified. Among these stones 3195 had uric
acid as main component and 61% of these stones
originated from the left kidney (p < 0.001), a specific
feature of uric acid stones since stones made prin-
cipally of calcium oxalate (monohydrate/whewellite
and dihydrate/weddellite), carbapatite, brushite,

Figure 1. Lateralization of uric acid stones
on the left side. Lateralization ratio (number
of left kidney stones/number of right kidney
stones) is shown for 38,349 stones whose main
component is calcium oxalate monohydrate
(COM), calcium oxalate dihydrate (COD), ap-
atite (CA), brushite (BR) uric acid (UA, global
and with/without notion of diabetes), struvite
(PAM) or cystine (CYS). ∗: p < 0.001. Lateraliza-
tion ratio was significantly lower when patients
affected by uric acid stones were known to be
affected by diabetes (#: p = 0.02).

struvite, or cystine were more homogeneously
distributed (Figure 1). The notion of diabetes was
recorded for 416 patients whose uric acid stone was
analyzed. Among these diabetic patients, the lateral-
ization ratio (left/right kidney stones) was lower than
in all other patients affected by uric acid stones (1.26
versus 1.6; p = 0.02, Figure 1).

3.2. Similar composition of urine from left and
right kidneys

Uric acid supersaturation in urine is driven by
(i) low pH and (ii) high uric acid concentration:
both parameters were analyzed in urine from left
and right kidneys during renoureteroscopy and in
kidney allograft recipients. Uric acid/creatinine me-
dian ratio was similar in urine collected in both
left and right kidney at the beginning of uretero-
scopic interventions performed in routine practice
(0.35 [0.30, 0.48] mmol/mmol and 0.32 [0.17, 0.39]



310 Emmanuel Letavernier et al.

Figure 2. (A,B) Absence of lateralization of uric acid excretion in kidney stone formers. Uric
acid/creatinine ratio was measured at the same time in the urine from the left or the right kidney at the
beginning of reno-ureteroscopic procedures and in the bladder of 38 patients (mixed urine from both kid-
neys). We did not see a significant lateralization of uric acid excretion on the left side. Results are shown
as median ± IQR. (C,D) Absence of lateralization of urine pH in kidney stone formers. pH was measured
at the same time in the urine from the left or the right kidney at the beginning of reno-ureteroscopic pro-
cedures and in the bladder of 38 patients (mixed urine from both kidneys). We did not observe a lower
pH on the left side. Results are shown as median ± IQR (brackets show IQR 25–75).

mmol/mmol respectively (p = 0.15, Figures 2(A)
and (B)). When compared to the bladder urine
(integrating left and right kidney uric acid secre-
tion), there was no significantly increased uric acid
excretion in the left kidney (left and right lateraliza-
tion ratio respectively at 1.19 [0.97, 1.78] and 1.05
[1.00, 1.20], p = 0.31). In the same vein, urinary pH
did not differ significantly in lateralized or mixed
urines. Urinary median pH from the left and right
kidney was at 6.45 [5.55, 7.31] and 5.78 [5.44, 6.34]
respectively (p = 0.11, Figures 2(C) and (D)). Among
the 38 patients whose urine has been analyzed, most
had calcium oxalate stones and uric acid stones have
been reported in 3 patients only. Of notice, these
three patients had a left lateralization ratio of uric
acid at 1.26, 1.81 and 2.41 respectively.

In addition, uric acid fractional excretion and uri-
nary pH were analyzed in 181 renal transplant recip-

ients who received either a right (n = 71) or a left
kidney (n = 110). Kidney side (in the donor) did not
affect significantly uric acid fractional excretion or
fasting urinary pH in the recipient (Figures 3(A), (B)).

3.3. CT-scan analysis of kidneys in uric acid and
calcium oxalate stone formers

To assess whether kidney structure would be related
to uric acid stone formation, CT-scan were retrospec-
tively analysed in 25 kidney stone formers affected by
uric acid urolithiasis and 25 patients affected by cal-
cium oxalate urolithiasis. The frequency of renal cysts
was higher in patients affected by uric acid stones
(68%) than in calcium oxalate stone formers (16%,
p < 0.001). In uric acid stone formers, 9 had left re-
nal cysts, 7 had bilateral cysts and 1 had right re-
nal cysts (Figures 4(A)–(C)). Cysts were often multiple
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Figure 3. (A) Uric acid excretion in renal transplant recipients grafted with left or right kidney from the
donor. Uric acid fractional excretion (FE) was similar in renal transplant recipients who received either a
right or a left kidney. Results are shown as mean ± SEM. (B) Fasting urine pH in renal transplant recipients
grafted with left or right kidney from the donor. Fasting urine pH was similar in renal transplant recipients
who received either a right or a left kidney. Results are shown as mean ± SEM.

in affected kidneys. Two patients had left parapyelic
cysts and 2 had bilateral parapyelic cysts. Among the
25 patients affected by calcium oxalate stones, only
2 had left renal cysts and 2 had right renal cysts.
Kidney stones were evidenced in CT-scans but there
was no evidence for close relationships between cysts
and stones or chronic obstruction (Figures 4(A), (B)).
None of these patients was affected by autosomal
dominant polycystic kidney disease (ADPKD).

4. Discussion

Based upon a collection of 38,349 stones from adult
stone formers, 3195 were made of uric acid (main
component) and predominated in the left kid-
ney. Although a moderate left/right lateralization
was observed in calcium oxalate (1.09 and 1.11 for
whewellite and weddellite as main component, re-
spectively), brushite (1.17) and cystine (1.11) stone
formers, the lateralization ratio was dramatic in uric
acid stone formers (1.55, more than 61% in the left
kidney). In addition, CT-scan analysis evidenced an
association between uric acid stones and left renal
cysts.

Previous studies evidenced a trend toward later-
alization of kidney stones in the left kidney. For in-
stance, Buck et al. have observed in 127 normocalci-
uric stone formers that 50.4% had left kidney stones
and 41.7% right kidney stones, and in 148 hypercal-
ciuric patients that 46.6% had left kidney stones and
40.6% right kidney stones [18]. Nevertheless, stone

composition was not assessed and left lateralization
was not statistically significant.

Uric acid crystals and kidney stones are promoted
by (i) urinary uric acid concentration, due to low
diuresis and/or increased uric acid excretion and
(ii) low urine pH. Acid urine pH results mainly from
decreased renal ammoniagenesis, a common setting
in diabetes and metabolic syndrome, and from an in-
creased acid load [7–13]. The increasing prevalence
of obesity, metabolic syndrome and diabetes may ex-
plain why uric acid urolithiasis is relatively frequent
in industrialized countries, resulting in about 10% of
renal stones [4–6]. Our studies provide evidence for
the first time to our knowledge that more than 60% of
uric acid stones originate from the left kidney, a spe-
cific feature since other stones are equally distributed
in both kidneys. Interestingly, the lateralization ratio
was significantly lower in patients declared to be di-
abetic (1.26). Uric acid stones may form in both kid-
neys in patients affected by diabetes with low urine
pH, whereas local factors may increase the risk of uric
acid stone formation in the left kidney.

Based upon the analysis of urine biochemistry
from the left or the right kidney collected in kidney
stone formers, we did not find a lateralization of uric
acid excretion or a lower pH in urine from the left kid-
ney. Of notice, most of patients were affected by cal-
cium oxalate stones, consistent with kidney stones
epidemiology. In addition, left or right grafted kid-
neys do not differ statistically regarding uric acid
excretion or urinary pH. Overall, these results rule
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Figure 4. (A,B) Representative CT-scans from patients affected by renal cysts and uric acid stones.
Patients were sometimes affected by (multiple) parapyelic cysts or isolated cysts without clear evidence
of spatial relationships between stones and cysts. (C) Number of left, right or bilateral cysts in 25 uric acid
stone formers (SF) and 25 calcium oxalate (CaOx) stone formers. We observed a dramatic number of left
renal cysts in uric acid stone formers when compared to control CT-scans performed in 25 CaOx stone
formers (p < 0.001).

out the hypothesis that kidney side would influence
kidney physiology, at least in calcium oxalate stone
formers and kidney donors.

Nevertheless, patients affected by uric acid stones
are more frequently affected by renal cysts than renal
calcium oxalate stone formers, particularly in the left
kidney.

On the one hand, it has been reported that both
hyperuricemia and high uric acid fractional excretion
are independent “risk factors” for the presence of
simple renal cysts [19]. The presence of renal cysts
might be a consequence of hyperuricemia and/or
increased uric acid excretion, potentially through the
formation of urate crystals in renal tissue or uric acid
crystals in renal tubules.

On the other hand, the presence of cysts could be
responsible for uric acid crystal formation or aggre-
gation. Kidney cysts are the ending product of tubu-
lar alterations resulting in tubule dilation and inverse
cellular polarity associated with aberrant ionic trans-
ports [20]. The content of renal cysts was analyzed,
revealing an increased uric acid and urea concen-
tration in cystic fluid compared to plasmatic levels
whereas electrolyte concentrations were similar [21].
We may therefore hypothesize that tubular cells un-
dergoing cystic formation would be responsible for
locally increased uric acid and/or increased proton
excretion. Interestingly, the proportion of uric acid
stones has been previously described to be high in
patients affected by ADPKD, due to PKD1 or PKD2
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genes mutation [22,23]. A majority of ADPKD pa-
tients has a low urinary pH (<5.5), probably due
to a defect in ammoniagenesis but the underlying
mechanisms remain elusive [23–25]. It seems likely
that low urinary pH in polycystic patients, in addi-
tion to the distorted renal structure, may enhance
uric acid stone risk. It has been shown that Pkd1
± mice on 129/Sv genetic background (which are
not affected by renal cysts) develop increased uric
acid excretion when compared to controls. Surpris-
ingly, the nestin-Cre Pkd1-targeted cystic mice, on a
c57bl/6 genetic background, do not have increased
uric acid excretion [26]. The mechanisms underlying
the role of Pkd1 in uric acid transport remain un-
known. Another hypothesis is that renal distortion
due to cysts may promote urine stasis and crystal for-
mation, growth or aggregation. However, these hy-
potheses do not address why uric acid stones are lat-
eralized on the left side.

Previous studies have shown that renal malfor-
mations are more often found on the left side, in-
cluding renal agenesis/aplasia, renal ectopia, pelvi-
ureteral junction obstruction and non-obstructive
non-refluxing megaureter [27]. Of notice, unilateral
multicystic dysplastic kidneys are more frequently lo-
cated on the left side [28]. It has been hypothesized
that genes that are differentially expressed at both
sides of the embryo during development would be
involved in unilateral kidney malformations. Among
these genes, those involved in the cilium function are
particularly of interest since they are involved both in
abnormal left–right body axis and cystic diseases. For
instance, mutations of INVS causing nephronophti-
sis type 2 or mutations of BBS genes responsible for
Bardet–Biedl Syndrome are related to renal cyst for-
mation and, in some cases, random left–right axis
specification resulting in situs inversus [29,30]. Mice
affected by nek8 or pkd2 loss develop cystic kidney
disease and left–right asymetric defect [31]. We may
hypothesize that the predominance of renal cysts in
the left kidney would explain the lateralization of uric
acid stones.

Our study suffers from limitations. It would be
of interest to assess whether uric acid stone form-
ers affected by isolated left cysts have an increased
uric acid fractional excretion or lower urine pH in
the left kidney. Although we analyzed lateralized uric
acid excretion in a large number of patients, only 3
were affected by uric acid stones. Interestingly, left

lateralization ratio of uric acid seemed increased in 2
of them but we did not collect data relative to kidney
morphology in these uric acid stone formers and the
number of patients was too low to draw any conclu-
sion. To date, we have no proof that isolated cysts or
nephrons undergoing cystic formation modify urine
composition.

In conclusion, we describe that uric acid stones
predominate on the left side and are frequently as-
sociated with left renal cysts. These observations de-
serve further studies to identify genes involved in left
renal cysts and uric acid stone formation.
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Abstract. Most papers on kidney stones arising from infection concentrate on the mineral struvite. In
this contribution, we would like to call attention to other mineral phases such as highly carbonated
calcium phosphate apatite, ammonium urate, and whitlockite, by presenting clinical and chemical
data. We start with epidemiological data which emphasize the increase in the prevalence of kidney
stones related to infection. Then we present a statistical analysis of more than 85,000 stones which
have been analysed at the Laboratoire des Lithiases of Assistance Publique-Hôpitaux de Paris which
gives insights regarding the link between urinary tract infection and struvite, carbonated calcium
phosphate apatite (carbapatite), and also surprisingly whitlockite. Some information regarding the
pathogenesis of kidney stones linked to infection, the nature of the bacteria which have been iden-
tified, and the approach to precisely analyse infrared spectra to identify struvite, carbapatite, and
whitlockite, conclude this first part. To complete this clinical description, we describe the crystallo-
graphic structure and the chemistry of three relevant compounds namely carbonated calcium phos-
phate, struvite, and whitlockite. To conclude this second part, the dependence of crystallite morphol-
ogy of struvite on pH and on the presence, or absence, of bacteria, is described. Based on clinical and
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chemical data, it is becoming clear that struvite is not the only mineral intimately related to renal in-
fectious processes, but that whitlockite and carbapatite with a high carbonation rate are strongly as-
sociated with urinary tract infection as well.

Keywords. Infection-induced calculi, Struvite, Whitlockite, Amorphous carbonated calcium phos-
phate, Carbapatite, Carbonation rate, Urease-splitting bacteria.
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1. Introduction

Urinary tract infections (UTI), ranging from un-
complicated cystitis to severe pyelonephritis and
nephrolithiasis, are the third most common type of
infection in human medicine (after respiratory and
alimentary infections), affecting 150 million people
each year worldwide [1,2]. As reported by Flores-
Mireles et al. [3], the societal costs of these infec-
tions, including health care costs and time missed
from work, are approximately US$3.5 billion per year
in the United States alone.

Regarding clinical presentation, UTI is associated
with flank or abdominal pain (70%), typical renal
colic (rare), fever (26%), gross haematuria (18%),
and sepsis (1%), but can be asymptomatic (8%—
incidental diagnosis). Infection of the urinary sys-
tem may lead to the formation of concretions [4–
9] as well as an incrustation of JJ stents [10–13].
It is well known that infection stones form sec-
ondary to urease-splitting organisms such as Proteus,
Klebsiella, Pseudomonas, or Staphylococcus, among
others. With elevated urine pH due to infection
of the urinary tract, the patient becomes prone to
form magnesium ammonium phosphate hexahy-
drate (MAP or struvite), carbonated calcium phos-
phate apatite (carbapatite or CA), or amorphous car-
bonated calcium phosphate (ACCP) stones [14,15].

It is worth noting that while infection can initiate
the stone, it can also contribute to the progression of
a pre-existing metabolic stone: in practice, the reality
is undoubtedly more complex. Letavernier [16] sug-
gests that a urinary metabolic anomaly such as hy-
percalciuria could favour crystallization of calcium
phosphate in the presence of non-ureasic bacteria
like Escherichia coli. It is a new concept in addition
to classical situations described by Miano et al. [17]
which consider two different clinical pictures: stones
that develop following UTI, and stones complicated
by UTI (stones with infection) which are metabolic
stones that passively trap bacteria from coexistent
UTIs and may or may not contain calcium.

This short review provides an overview of infec-

tion kidney stones (IKS) and treats both clinical and
chemical data. We will start by considering epidemi-
ologic data which indicate a significant increase in
the prevalence of IKS. Thanks to the data bank from
the Laboratoire des Lithiases of Assistance Publique-
Hôpitaux de Paris which details the chemical com-
position of kidney stones determined by Fourier
Transform InfraRed (FTIR) spectroscopy [18,19] as
well as clinical data from more than 85,000 patients,
we will establish a significant relationship between
UTI and different chemical compounds namely MAP,
CA, ACCP and whitlockite (Wk). Information on the
pathogenesis of IKS as well as the nature of the bac-
teria identified in the patients concludes this section.
To complete this clinical description, the crystallo-
graphic structure and chemistry of three chemical
compounds, namely MAP, CA and Wk, are presented,
concluding with descriptions of crystallite morphol-
ogy of these three chemical phases in the presence or
absence of bacteria.

2. Clinical data regarding IKS

2.1. Some epidemiological data

In developing countries, major differences in the in-
cidence of infection stones have been observed de-
pending on continent and region, from 2.7% in Asia
Minor to 13% in South America and 42.9% in Sub-
Saharan Africa. These differences reflect the infec-
tious risk factors specific to certain populations, such
as nutrition and availability of modern medicine and
antibiotics in each specific area [20].

Considering all criteria from stone analysis sug-
gestive of infection-related stones, we and others [18,
21,22] in industrialized countries observed a de-
crease of infection stones over several decades be-
fore 2000, but a constant increase in the proportion
of stones related to infection in both sexes there-
after (Figure 1). Such a significant increase may be
due to different factors such as the evolution of bac-
teria resistant to antibiotics, or more limited access
to medicine. Of note, the relative proportion of UTI
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Figure 1. Evolution of infection stones in hu-
mans as a function of age and time period: A =
men; B = women (from Ref. [18]). After a con-
stant decrease in the proportion of infection
stones in the second part of the twentieth cen-
tury, we observed a new increase of infection
stones at the beginning of the twenty-first cen-
tury.

stone occurrence in men ranged from 3.2 to 10.1%
and was slightly higher at the extremes of life [21].
As shown in Figures 1A and B, infection stones oc-
cur more frequently in female than in male patients
across all ages.

2.2. Chemical phases related to clinically indi-
cated UTI

Each stone sent for analysis in our lab is accom-
panied by an information sheet including anthro-
pometric and clinical data. A clinically symptomatic
urinary tract infection is one of the queries. Based on
the data bank, the relationship between UTI and the
main chemical compound present in the chemical

composition of the stones removed from patients is
summarized in Table 1. Consistent with the literature,
the first compound in Table 1 is struvite, considered
as a strong marker of this lithogenic process [23–30].
We note surprisingly that UTI was clinically identified
in only 65.8% of cases where the stone contains any
proportion of struvite. The link is slightly stronger for
stones mainly composed of struvite (71.2%).

The statistical analysis (Table 1) clearly implicates
a new compound as strongly related to UTI, namely
Wk. Actually, more than 50% of patients with whit-
lockite stones had clinically recognized UTI. Such a
result is in line with previous publications in which
the content of Wk in kidney stones greater than 20%,
estimated by FTIR, was related to infection with a
high degree (80% of cases) [31]. Such relationship has
been found also in a recent publication dedicated to
Wk [32].

Considering CA, we also found a relationship be-
tween this compound and UTI. More precisely, we
have previously noticed a significant association be-
tween a high CO2−

3 /PO3−
4 ratio in CA, and both the

presence of ACCP as determined by FTIR, and the
presence of bacterial imprints as shown by scan-
ning electron microscopy (SEM) [33–37]. Ammo-
nium urate (AmUr) is another chemical compound
in Table 1 related to UTI [36–38]. Quite recently,
Chou et al. [39] have noticed that comorbidities of
ammonium acid urate urolithiasis stones included
chronic kidney disease (60%), UTI (52%), irritable
bowel syndrome (36%), and gout (28%). For stones
composed of the other compounds, namely brushite
(Br), cystine (CYS), uric acid, or calcium oxalates, less
than 25% of patients had a urinary tract infection
(p < 10−3).

While MAP, Wk, and apatite have been identified
in concretions at the surface of JJ stents, it seems
that Wk is quite rare among the chemical phases
present. Indeed, in a recent study on the mechanical
properties of used JJ stents [40–42], chemical anal-
ysis of the calcifications at the surface of 52 stents
shows the presence of different chemicals including
ACCP, CA, Br, octacalcium phosphate pentahydrate
(OCP), MAP, AmUr, weddellite (calcium oxalate di-
hydrate or COD), whewellite (calcium oxalate mono-
hydrate or COM), CYS, mucopolysaccharides (MPS),
proteins (PRO), and triglycerides (TRG), but no Wk.
Such chemical specificity for the JJ stent is confirmed
by a statistical study based on 1676 JJ stents char-
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Table 1. Relationship between UTI and the chemical composition of stones determined by FTIR spec-
troscopy

Main crystalline or
amorphous phase

Number of
UTI∗

Number of patients
without recognized UTI

Occurrence
of UTI (%)

Struvite 477 193 71.2d

Wk 35 31 53.0a,c,e

ACCP 21 20 51.2a

CA with CO3 rate ≥ 15% 354 323 52.3a,d

OCP 21 42 33.3

CA (overall) 1024 2276 31.0b

AmUr 27 62 30.3b

Brushite 160 579 21.7g

UA0 542 2558 17.5

CYS 89 427 17.3

UA2 47 402 10.5f

COM 1900 16,675 10.2

COD 613 7148 7.9

Total 4956 30,413 14.0
∗UTI was defined as UTI clinically diagnosed on the basis of urine culture and biological signs in patients.

COM = calcium oxalate monohydrate, COD = calcium oxalate dihydrate, Cys = cystine, OCP = octacal-
cium phosphate pentahydrate, UA0 = uric acid anhydrous, UA2 = uric acid dihydrate.
ap < 0.01 vs MAP; bp < 10−6 vs MAP.
cp < 0.001 vs CA; dp < 10−6 vs CA.
ep < 10−6 vs metabolic compounds (UA0, UA2, CYS, COM, COD).
fp < 0.001 vs AU0.
gp < 10−4 vs Wk, UA2, COM, COD.

acterized at the Crystal Laboratory of Tenon Hospi-
tal; only one device had Wk as a major component,
and Wk was present in 26 other stents. These obser-
vations correspond to 1.6% of cases, while in kidney
stones the occurrence of Wk is equivalent to 4.4%.
Note that, in the case of MAP, the same percentage
is observed for both kidney stones and the JJ stent i.e.
7.2% [37].

2.3. Pathogenesis of IKS

The literature indicates clearly that the pathogenesis
of IKS is the consequence of a high urine pH and
of the production of NH+

4 ions as a result of urea
hydrolysis by bacterial urease [5,9,43,44]. As noted by
Konieczna et al. [45], urease (urea amidohydrolase)
was the first enzyme to be crystallized (1926). It was

also the first enzymatic protein in which nickel ions
were observed [46].

Hydrolysis of urea by urease is a complex pro-
cess [45]. The first step generates one molecule of
ammonia and one of carbamate appears. In aqueous
solution, carbamate spontaneously converts into the
second ammonia molecule and carbonic acid. Proto-
nation of ammonia (Figure 2) results in a pH increase.

High urine pH also results in an increased calcium
phosphate supersaturation, which facilitates the for-
mation of insoluble salts such as CA and ACCP (Fig-
ure 3). However, other changes of urine biochemistry
result from ureolysis, such as an increase in CO2−

3
ions that may end up incorporated within CA and
ACCP structures.

As Figure 3 shows, four chemical phases com-
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Figure 2. Mechanism of urea hydrolysis
(Konieczna et al. [45]).

Figure 3. Pathogenesis of infection stones in-
duced by urease-producing bacteria.

monly occur, namely struvite, ACCP, CA and AmUr.
Other chemical phases may be present in IKS but
an agglomeration of small crystallites trapped in the
biofilm produced by bacteria could be an explana-
tion of the presence of these, which may be related
to other metabolic disorders as well.

From a clinical point of view, one cannot com-
pletely exclude the possibility of struvite stones re-
lated to conditions other than UTI if urine biochem-
istry is similar (for other pathological reasons) to that
produced by urea-splitting bacteria. To date, no re-

ports of such conditions have appeared in humans.
Thus, our discussion of the potential link between
UTI and various crystalline phases identified in uri-
nary calculi will omit any unsubstantiated causes of
struvite formation.

2.4. Nature of the bacteria related to UTI

As reported in several publications [47–51], the most
common pathogens in UTI are the members of
the Enterobacterales order (Gram-negative bacte-
ria found in the gut, namely Escherichia coli, Kleb-
siella spp., pathogens of the CES group (Citrobacter–
Enterobacter–Serratia), members of the Proteae tribe
(Proteus–Providencia–Morganella) with a very high
proportion of urease-positive strains; other causative
agents include Gram-positive cocci (Enterococcus
spp., Streptococcus spp., Staphylococcus saprophyti-
cus, Staphylococcus epidermidis and Staphylococcus
aureus), non-fermenting Gram-negative bacteria
(Pseudomonas spp. and Acinetobacter spp.), atypical
microorganisms (Mycoplasma, Ureaplasma species)
and yeasts (Candida spp.).

A generally urease negative species is Escherichia
coli, among strains of which only about 1% of urease-
positive isolates were found. In Table 2 we summa-
rize the main micro-organisms identified in urine
samples from 980 patients of our cohort with uri-
nary stones containing any proportion of MAP. Urea-
splitting bacteria were most frequent (72.0%).

Table 3 shows that the distribution of micro-
organism strains in urine from patients who have
formed Wk-containing stones is different from that
observed for MAP stones.

3. Infrared spectroscopy identification of MAP
and Wk

Infrared spectroscopy is one of the most common
physical techniques used for stone analysis [52–60].
An infrared spectrum can be considered as the finger-
print of a compound or a mixture of several compo-
nents in various proportions. However, because min-
erals, in particular phosphate compounds, exhibit
broad peaks and are often present as mixtures in the
same stone, it may sometimes be difficult to identify
each crystalline phase accurately.

However, for clinical purposes, it is very important
to detect the presence of certain components such as
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Table 2. Microorganisms identified in urine of stone formers with MAP-containing calculi

Bacterial strain Number of cases % Urease

Proteus mirabilis 528 53.9 +
Escherichia coli 188 19.2 −

Pseudomonas aeruginosa 53 5.4 +
Enterococcus faecalis 48 4.9 −

Klebsiella pneumoniae 42 4.3 +
Staphylococcus aureus 29 3.0 +
Enterobacter cloacae 25 2.6 −

Staphylococcus epidermidis 15 1.5 +
Corynebaterium urealyticum 13 1.3 +

Serratia marcescens 7 0.7 +
Citrobacter freundii 7 0.7 −

Candida albicans 6 0.6 −
Morganella morganii 5 0.5 +
Providencia stuartii 4 0.4 +

Proteus vulgaris 4 0.4 +
Staphylococcus saprophyticus 4 0.4 +

Ureaplasma urealyticum 2 0.2 +
Total 980 100.0

Table 3. Occurrence of micro-organisms identified in urine samples from patients who form stones
without MAP

Bacterial strain Patients with
Wk-containing stones

Patients with stones
without Wk

p vs Wk stones

Number % Number %

Proteus mirabilis 20 11.8 134 10.7 NS

Escherichia coli 99 58.6 632 50.2 NS

Pseudomonas aeruginosa 24 14.2 83 6.6 0.001

Enterococcus faecalis 7 4.1 124 9.9 NS

Klebsiella pneumoniae 7 4.1 68 5.4 NS

Staphylococcus sp. 5 3.0 88 7.0 NS

Enterobacter cloacae 2 1.2 24 1.9 NS

Corynebaterium sp. 3 1.8 3 0.2

Citrobacter freundii 2 1.2 16 1.2 NS

Candida albicans — — 21 1.7

Others — — 65 5.2 —

Total 169 100.0 1258 100.0

MAP or Wk that may be markers for urinary tract in-
fection as the cause of the stone. When MAP is the
main component, it is easy to identify as shown in

the infrared spectrum of pure struvite in Figure 4. Its
main characteristics are a very strong ν3 PO3−

4 vibra-
tion at 1005 cm−1 with a strong and broad absorp-
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Figure 4. Struvite infrared spectrum.

Figure 5. Mixed struvite (red arrows) and cal-
cium phosphate (black arrows) stone.

tion between 3700 and 2100 cm−1 due to ν3 stretch-
ing vibrations of hydrogen peaks of the six water
molecules and of the NH4+ group, with a decrease
on the right side as a pseudo-plateau between 2500
and 2345 cm−1 [61,62]. Another interesting vibration
is the ν2 bending peak of the ammonium group at
1435 cm−1. Finally, a ν2 peak of the PO3−

4 group can
be observed at 571 cm−1. Note that ν2 and ν4 bend-
ing vibrations of water molecules can be seen at 1675
and 760 cm−1 respectively.

When MAP is a minor component in a phosphate
mixture, it is of prime importance to detect its in-
frared bands, mainly the plateau at 2345 cm−1. The
ν2 peak of NH+

4 is also relevant. In the case of very
common mixtures of MAP with carbonated calcium
phosphates, it is often shifted on the right side due
to its association with the ν3 stretching band of the
CO2−

3 group. Finally, the ν3 PO3−
4 peak of MAP can

be obscured by the broad ν3 PO3−
4 peak of other

phosphates between 1020 and 1040 cm−1.

Figure 6. Mixed calcium stone mainly con-
taining calcium oxalate monohydrate with
small proportions of ACCP (green arrow), CA
(black arrows) and MAP (red arrows). (A) FTIR
spectrum on the wavenumber range 4000–
400 cm−1. (B) Enlargement of a portion of Fig-
ure 6A to better see the shoulders on the broad
ν3 phosphate band.

As shown in Figure 5, in calcium orthophosphate
mixtures containing less than 30% MAP, the pseudo-
plateau arising at 2345 cm−1 is less intense, the ν3

PO3−
4 peak at 1035–1030 cm−1 is slightly shifted to-

wards lower wavenumbers and the edge of the peak
to the right is a discrete shoulder at about 1005 cm−1

(red arrows).
The same criteria can be useful when MAP is

only present as a small proportion of the mixture.
For example, the spectrum in Figure 6 mainly
shows whewellite (calcium oxalate monohydrate),
carbapatite (10%), and struvite (≤5%). Note that
the pseudo-plateau between 2500 and 2345 cm−1

is only very slightly above the baseline at 2100–
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Figure 7. Another mixed stone containing
struvite. (A) FTIR spectrum on the wavenum-
ber range 4000–400 cm−1. Note the presence
of a plateau between 2500 and 2345 cm−1 in-
dicative of struvite. (B) Enlargement of a por-
tion of Figure 7A to see more easily some de-
tails of the phosphate bands. Shoulders at 1035
and 600 cm−1 correspond to CA bands (blue ar-
rows) while peaks at 1006 and 574 cm−1 (red ar-
rows) correspond to struvite. Other peaks indi-
cate the presence of calcium oxalate monohy-
drate.

2150 cm−1. However, other markers of MAP can be
used such as the discrete shoulder at 1005 cm−1

(black arrow) and that to the left of the ν4 PO4 peak
at 572 cm−1 (red arrow on the expanded spectrum in
Figure 6B).

The expanded spectrum (Figure 6B) reveals a third
phosphate, namely ACCP, detected by the slight con-
vexity (green arrow) between the ν3 PO3−

4 peak of car-
bapatite at 1036 cm−1 and its left-hand shoulder at
1097 cm−1 [63,64].

The final spectrum (Figure 7) shows a mainly

Figure 8. Whitlockite infrared spectrum.

whewellite composition, with struvite content less
than 15%. The pseudo-plateau at 2345 cm−1 is more
prominent and the ν3 PO3−

4 peak at 1005–1006 cm−1

is not shifted, due to a very low proportion of calcium
phosphates.

Nevertheless, the spectrum expansion in Fig-
ure 7B reveals shoulders due to the presence of CA
(blue arrows) on the left of the struvite peaks. CA
accounted for less than 10% of the mixture.

Whitlockite is another compound often related to
urinary tract infection. Its infrared spectrum is shown
in Figure 8 where a small proportion of proteins may
also be detected (black arrows).

Characteristic vibrations for Wk are observed as
a strong band with two maxima at 1078 (ν3 HPO2−

4 )
and 1025 (ν3 PO3−

4 ) cm−1 with shoulders at 1135 and
990 cm−1 (red arrows). A third shoulder can be ob-
served at 922 cm−1 (red arrow). Note the peak at
1078 cm−1 is more intense than the one at 1025 cm−1.
The ν2 and ν4 PO3−

4 bending vibrations are observed
at 603 and 558 cm−1.

As with MAP, Wk is rarely the only phosphate
present. It is almost always accompanied by CA. In
such cases, the ν4 PO3−

4 band of Wk at 558 cm−1 is
slightly shifted above 560 cm−1. Thus Figure 9 shows
an infrared spectrum where whewellite is the main
component accompanied by a small proportion of
Wk (about 7–8%) and of CA (≤5%).

In cases where CA is the main component (Fig-
ure 10), it is of prime importance to look for other
phosphates and particularly Wk. For this purpose,
one must detect a shoulder at 990 cm−1 to the
right of the ν3 stretching band of CA and an-
other shoulder to its left side at about 1135 cm−1
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Figure 9. Kidney stone mainly containing
whewellite accompanied by a small propor-
tion of whitlockite (about 7–8%) and of car-
bapatite (less than 5%). (A) FTIR spectrum on
the wavenumber range 4000–400 cm−1. (B) En-
largement of a portion of Figure 9A to better see
some details of the phosphate bands: shoul-
ders of the whitlockite at 1135 and 991 cm−1 are
marked by the black arrows.

(see the expanded spectrum). Note that, in addi-
tion, the spectrum shows a small proportion of
proteins (ν3 C–H stretching bands between 2860
and 2960 cm−1).

4. Physicochemical data regarding IKS

4.1. Crystallographic structure of chemical
phases related to infection

4.1.1. Struvite

This compound was named after Heinrich
Christoph Gottfried von Struve (1772–1851) of

Figure 10. Carbapatite and whitlockite stone.
(A) FTIR spectrum on the wavenumber range
4000–400 cm−1. (B) Enlargement of a portion
of Figure 10A to see some details of the phos-
phate bands, especially shoulders of whitlock-
ite at 1135 and 990 cm−1.

the Russian diplomatic service who was a co-
founder of a natural science museum in Hamburg.
Struvite (MgNH4PO4·6H2O), a white inorganic crys-
talline mineral, crystallizes in the orthorhombic
system with cell dimensions a = 6.941 ± 0.002 Å,
b = 6.137± 0.002 Å, c = 11.199± 0.004 Å. The space
group is Pmn21 and there are two molecules in the
unit cell [65–70]. Figure 11A shows the atomic scale
structure of struvite and Figure 11B the morphology
of the struvite crystal [68]. As we will see, struvite may
present very different morphologies.

4.1.2. Carbapatite

The mineral’s name is derived from the Greek
word απατεíν (apatein), which means to deceive
or to be misleading. The crystallographic structure
of calcium phosphate hydroxyapatite (HAP) is well
known. The space group is P63/m (Figure 12A), the
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Figure 11. (A) The structure of struvite:
PO3−

4 and NH+
4 tetrahedra and Mg[H2O]2+

6
octahedra—orange, blue, and green polyhedra,
respectively; O and H atoms—red and white
balls, respectively; c-axis is polar; plane of
observation: (010). (B) Crystallographic faces
of struvite crystals (from Prywer et al.,
2009 [68]).

values for the crystallographic parameters being a =
b = 9.41844 Å, c = 6.88374 Å [71–77].

Biological apatites have some structural speci-
ficities. These arise firstly from the stoichiometric
formula which in reality is not the canonical Ca10

(PO4)6(OH)2 but in practice Ca10−x+u□x−u (PO4)6−x

(CO3)x (OH)2−x+2u□x−2u where squares correspond
to vacancies or additional cations and anions while
x and u values are as follows: 0 < x < 2 and 0 <
u < x. Such complexity takes into account substitu-
tion processes [78–80] as well as Ca2+ and OH− va-
cancies [81,82] (Figure 12B). In the case of biological
apatites, the diffraction peak (hkl = 002) is sharper
than the other peaks, indicating the anisotropy of
nanocrystals (needle and/or platelet-like morphol-
ogy) [83]. Note that a structured hydrated layer exists
at the surface of biological apatite which serves as an
exchange area with the biological environment (Fig-
ure 12C) [84–87].

4.1.3. Whitlockite

Whitlockite was named after Herbert Percy Whit-
lock (1868–1948), a curator of minerals at the Amer-
ican Museum of Natural History in New York (USA).
Wk is a complex material which involves cation
substitutions, cation vacancies, and protonation of
phosphate groups [88–90]. Using quantum chemical
structural optimization by Density Functional The-
ory (DFT) calculations, Debroise et al. [90] were able
to quantify the ability of Wk to hold these substi-
tutions and vacancies in preferential sites. The im-
pact of Ca2+/Mg2+ substitutions on X-ray diffrac-
tion (XRD), IR, and Raman characteristics fell within
the scope of DFT and compared with experiment. In
particular, the crystallographic positions of the va-
cancy and optimal Ca+2/Mg2+ substitution sites were
identified (Figure 13). Mg2+ concentration could be
quantified from the variation in length of the unit
cell parameters. Also, they show clearly that Raman
spectroscopy is very sensitive to the Mg2+ substitu-
tions and to the presence of impurities such as Fe2+.
The theoretical IR spectra enabled unequivocal as-
signment of observed spectral bands to specific vi-
brations. As with Raman, IR spectra were found to
be very sensitive to the presence of defects, and the
Mg2+ concentration.
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Figure 12. (A) Spatial distribution of different atoms in HAP. Hydrogen and oxygen atoms of the hydroxyl
groups represented in blue are located on the c-axis. (B) and (C) Schematic model of the surface hydrated
layer of poorly crystalline apatite nanocrystals (from Refs. [84,85]).

4.2. Synthesis of chemical phases related to IKS

In this section, we will not describe the synthesis of
calcium phosphate apatite as its presence in bone
has resulted in a considerable literature (see for ex-
ample [91–97]).

4.2.1. The case of struvite

Several papers, arising in two very different re-
search fields, wastewater treatments, and medicine,
describe the synthesis of MAP [98–111]. Different
precursors have been used in in vitro experiments.
For example, introduction of Mg2+ cations can be
performed by addition of MgSO4, MgCl2·6H2O,
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Figure 13. (A) Whitlockite unit cell showing vacancies indicated by purple spheres, which correspond to
the crystallographic Ca2+ site number 4. (B) Whitlockite unit cell showing the half unit cell with 3Mg2+

substitutions on the Ca2+ sites. Crystallographic site 5 was found to be the most favourable energetically
for substitution by Mg2+. Ca: blue, Mg: gold, P: grey, O: red and H: white (from Debroise et al. [90]).

C4H6MgO4 to the synthesis solution. In the case of
Ca2+ cations, CaCl2·2H2O is usually used. Some of
these synthetic struvite crystals, such as the one pub-
lished by Manzoor et al. [106], have been obtained in
the presence of creatine.

In urine, crystallization of struvite is highly depen-
dent on pH and relative concentrations of magne-
sium, phosphate and ammonium as shown in Fig-
ure 14.

For a similar magnesium ammonium phosphate
molar product (pMAP), the relative concentrations
of ions involved in pMAP can be very different as

shown in Table 4, explaining the fact that bacterial
urease activity is not the unique condition for struvite
crystallization and that the urine biochemistry of the
patient can also be involved (Figure 15). Neverthe-
less, as shown in Figure 14, urine pH is a very strong
determinant for MAP crystallization. Below pH 6.5,
the concentrations of magnesium, ammonium, and
phosphate, required for MAP formation are too high
to correspond to any physiological or pathological
condition; this is why MAP in urinary concretions is
commonly considered a marker of alkaline urine re-
lated to urinary tract infection by urea-splitting bac-
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Figure 14. Crystallization of struvite is highly dependent on urine pH. FP is the formation product of
MAP, i.e., the limit of pMAP above which MAP crystals spontaneously form in urine.

teria.

As shown in Table 4, the FP for MAP required for
crystallization is very high for pH < 6.8 and rarely en-
countered in urine. In cases of UTI by urea-splitting
bacteria, the increase of urine pH by production of
NH3 from urea strongly reduces the pMAP needed for
crystallization, mainly encountered in UTI by micro-
organisms with urease. However, metabolic condi-
tions which allow MAP crystallization without infec-
tion should not be ruled out. This might explain the
discrepancy between the occurrence of clinically rec-
ognized UTI reported by physicians and the presence
of MAP in stones although to date no metabolic con-
dition has been clearly identified as a cause of MAP
stones without UTI in humans.

However, such conditions have occasionally been
reported in animals [111]. Another explanation is
related to the time elapsed between stone forma-
tion and stone removal. In the absence of clinically
recorded UTI with stones that contain MAP, we noted
that MAP was mainly located in the nucleus of the
stone (89.8% of cases), which could be a marker for
a transient episode of UTI.

As shown in Figure 15, the urinary excretion of
solutes markedly reflects the risk of crystallization
of a given species. For example, in the case of MAP
and brushite crystals, and to a lesser extent for ACCP,
the excretion of phosphate ions is significantly higher
than for other crystalline species, irrespective other
parameters such as urine pH.

4.2.2. The case of whitlockite

Only a few publications report the synthesis of
Wk [113–118], among them note the work of Jang
et al. introducing a new synthetic route to pure
Wk nanocrystals precipitated under Mg2+-rich and
physiological conditions [114]. Qi et al. [115] gen-
erated Wk microspheres which displayed high bio-
compatibility and an excellent ability to promote
adhesion and spreading of MC-3T3 osteoblasts
using a novel microwave-assisted method. Also,
hydrothermal growth of Wk on a β-TCP surface to
enhance osteogenesis has been investigated by Guo
et al. [116]. Finally, Wk nanoparticles can also be pre-
pared by precipitation using calcium hydroxide and
magnesium hydroxide [117].
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Figure 15. On the y axis, are shown the mean values of oxalate to creatinine ratio ( ), urate to creati-
nine ratio ( ), phosphate to creatinine ratio ( ), magnesium to creatinine ratio ( ) and calcium
to creatinine ratio ( ) for the different crystalline phases described below. Cr− = absence of crystals.
Crystalline phases: Wh = whewellite; Wd = weddellite; Br = brushite; ACCP = amorphous carbonated
calcium phosphate; CA = carbapatite; UA2 = uric acid dihydrate; UAam = uric acid amorphous; MAP =
struvite; Cys = cystine; Calc = calcite.

Recently, Wang et al. [118] have developed an
interesting synthesis of Wk nanocrystals using a
tri-solvent system for the solid–liquid–solution
process, which offers the opportunity to generate
Wk nanocrystals with tuneable size, morphology
(nanoplates, nanospheres), and surface properties
(hydrophobic, hydrophilic), impossible to achieve
using the traditional precipitation method.

Regarding the role of pH in the synthesis of Wk, it
is worth underlining that, as noted by Jang et al. [114],
Wk had greater stability than HAP in acidic condi-
tions below pH 4.2. These authors also confirmed
that calcium phosphate apatite can directly trans-
form into Wk under appropriate acidic pH condi-
tions with a sufficient Mg2+ cations content in the
medium.It is notable that, in urinary stones, Wk has
occurred mixed with MAP in 11.3% of cases and that a
mixture of WK and MAP was found in the same layers

of more than 100 stones, suggesting that acidic con-
ditions are not required for Wk formation under bio-
logical conditions.

4.3. Crystallite morphology of chemical phases
related to IKS

4.3.1. Morphology of MAP crystallites

Various publications have reported the morphol-
ogy of MAP crystallites [112,119]. Prywer et al. [112]
have used scanning electron microscopy to corre-
late crystal morphology with the pH of artificial urine
(Figure 16).

As shown by Daudon and Frochot [120], MAP is
highly dependent on urinary pH and may occur in a
range between 6.8 and 9.0 (Figure 17).
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Figure 16. SEM micrographs illustrating the dependence of morphology and habits of struvite on pH of
artificial urine; left column: single hemimorphic crystals obtained at pH range 7.2–9.0; middle column:
contact (t1) and penetration (t2) twins obtained at pH range 9.0–9.5; right column: X-shaped (d1)
and fern-leaf (d2) dendritic crystals obtained at the highest pH values (pH 9.5); arrow indicates CA
precipitation (from Prywer et al. [112]).

At this point, it is worth underlining those bacteria
are able to affect and modify the dimensions or the
morphology of MAP crystals [112,119–123]. For ex-
ample, the results of Sun et al. [123] show that MAP
particles produced in the presence of bacteria are
larger than in the absence. It is possible that bacte-
rial biomolecules may act as templates to induce the
nucleation, growth, and aggregation of struvite crys-
tals.

4.3.2. Morphology of CA and Wk crystallites

Several investigators have reported the presence
of bacterial imprints in renal stones using transmis-
sion and scanning electron microscopy [124–126].
Indeed, this approach may help identify bacteria
that may contribute to stone formation, even though
urine culture results might be negative.

More specifically, it was reported that in IKS bac-
terial imprints are only observed on areas composed
of CA and not on MAP crystals [127], as has also been

observed in IKS containing Wk (Figure 18). In a con-
tribution to this special issue we have shown that Wk
crystallites display a specific morphology [32].

5. Conclusions and perspectives

The comprehensive set of clinical and physicochem-
ical data presented in this contribution shows clearly
that IKS display a complex chemistry which is clearly
not limited to struvite. For the clinician, such chemi-
cal complexity calls for a precise analysis of different
infrared spectra related to the core and the surface of
a kidney stone. With the increase of bacterial antibi-
otic resistance and the paucity of new antibiotics (as
underlined by the World Health Organization),1 it is

1https://www.who.int/news/item/17-01-2020-lack-of-new-
antibiotics-threatens-global-efforts-to-contain-drug-resistant-
infections.

https://www.who.int/news/item/17-01-2020-lack-of-new-antibiotics-threatens-global-efforts-to-contain-drug-resistant-infections
https://www.who.int/news/item/17-01-2020-lack-of-new-antibiotics-threatens-global-efforts-to-contain-drug-resistant-infections
https://www.who.int/news/item/17-01-2020-lack-of-new-antibiotics-threatens-global-efforts-to-contain-drug-resistant-infections
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Figure 17. MAP crystals as seen under polarized light (from Daudon and Frochot, 2015 [120]). (A) A
coffin-shaped crystal of MAP. (B) Rod-shaped and coffin-shaped crystals of MAP. (C) A hexagonal crystal
of MAP and small agglomerates of amorphous carbonated calcium phosphate grains. (D) Trapezoidal
crystals of MAP. (E) A large X-shaped dendritic crystal of MAP with birefringent small aggregates of
ammonium hydrogen urate crystals (black arrows).
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Table 4. Formation product (FP) for MAP (pMAP) at different urinary pH and ion concentrations
(adapted from Boistelle et al. 1984 [110])

Ion concentration (mmol/L) Formation product (FP)
of pMAP (µmol/L3)

pH at FP

Mg PO4 NH4

1 5 10 50 8.7

1 10 15 150 8.0

1 10 50 500 7.45

2 20 20 800 7.3

3 20 30 1800 6.95

2 10 100 2000 7.0

2 100 10 2000 7.0

4 30 30 3600 6.8

6 30 40 7200 6.75

3 10 300 9000 6.7

7 30 50 10,500 6.65

7 40 80 22,400 6.5

7 50 100 35,000 6.4

7 100 200 140,000 6.15

8 150 300 360,000 6.0

Figure 18. SEM image showing bacterial im-
prints (red arrows) in a stone made of whitlock-
ite (blue arrows) mixed with carbapatite.

quite clear that IKS constitute a major topic of inter-
est for the medical community. It is thus of primary
importance to accurately detect the presence of MAP
and Wk in urinary stones as well as to precisely mea-
sure the carbonation rate of calcium phosphate ap-
atite by FTIR spectroscopy.
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Abstract. Chronic urinary tract infections by urease-producing bacteria may increase urine pH and
promote thereby the formation of recurrent kidney stones made of highly carbonated calcium phos-
phate apatite and struvite, a magnesium ammonium phosphate. To date, there is no safe and effective
treatment decreasing urine pH on a long term. We hypothesized that fludrocortisone, a mineralocor-
ticoid, would decrease urine pH by increasing proton secretion in the kidney collecting tubule. We
report three cases of patients with kidney stone suffering from chronic urinary infection by urease-
producing germs, treated by fludrocortisone on a long term. Urine pH decreased sustainably over sev-
eral months and tolerance was good.
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1. Introduction

Infectious urolithiasis accounts for 10 to 15% of all
urinary stones [1]. The development of infection-
related urinary stones is promoted by alkaline urine.

∗Corresponding author.

Actually, chronic urinary tract infection by urease-
producing bacteria increases pHu. The bacterial ure-
ase hydrolyses urea to produce ammonia and carba-
mate, then carbamate rapidly hydrolysis to ammonia
and carbonic acid. Urease activity increases thereby
pHu, frequently above 7.0, promoting calcium phos-
phate supersaturation (apatite, pKa 6.8) and its crys-
tallization in urine. Calcium phosphate stones pro-
moted by urea-splitting bacteria frequently contain
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high amounts of carbonate due to increased bicar-
bonate concentration in urine [2]. Calcium phos-
phate phases are mainly carbonated apatite (CA) and
amorphous carbonated calcium phosphate (ACCP).
Magnesium ammonium phosphate (struvite) is also
frequently identified in infectious stones. The pres-
ence of struvite even in small amounts in urinary
stones is pathognomonic for the presence of urease-
producing bacteria. The crystallization of struvite is
promoted by both increase in pHu (pKa 7.2) and in-
crease in ammonia production; the role of magne-
sium in its formation remains poorly understood [3,
4]. Finally, infectious stones may contain ammonium
urate (AmUr), usually as a minor component, whose
crystallization is promoted by alkaline pH (pKa 7.95)
and high concentration of ammonia (and urate) [5,6].

Urine culture from patients with infectious stone
may be negative or reveal the presence of other bac-
teria without urease activity, suggesting that low-
grade urease-producing bacteria are present in the
kidney stone vicinity but may not be always success-
fully identified [7–9]. Both gram-positive and gram-
negative species can have urease activity. The most
frequently incriminated bacteria with urease activity
are Proteus mirabilis, Staphylococcus, Pseudomonas,
Providencia and Klebsiella.

Because the supersaturation of struvite, AmUr
and CA is increased by alkaline pH, acidification of
urine can be helpful in the management of infec-
tious stone [10]. Moreover, urine alkalinization may
be promoted by a lack of proton supply in the dis-
tal part of the renal tubule (distal tubular acidosis),
by chronic digestive loss of hydrochloric acid (vom-
iting or gastric aspiration) or by ion exchange (chlo-
ride and bicarbonate) in patients affected by urinary
diversion with intestinal segments. The latter case
is at risk for chronic colonization by urea-splitting
germs.

Direct delivery of acid valences through am-
monium (sulfate, nitrite or chloride) or oral L-
methionine (metabolized to sulfate and hydrogen
ions) has been tested to acidify urine of patients suf-
fering from infectious urolithiasis [11]. However, this
strategy induces gastrointestinal tract irritation and
systemic hyperchloremic acidosis with headaches
and dizziness.

Therefore, we suggest a new way to sustainably
acidify urine by increasing tubular proton secretion
in the collecting duct. For this purpose, we were in-

spired by the acute urine acidification tests described
by Walsh et al. [12]. Indeed, this study demonstrated
capacity of the distal part of the nephron to acidify
urine after a single administration of 1200 µg fludro-
cortisone, a mineral corticoid. The acidification ca-
pacities of the kidney were considered as preserved if
pHu decreased lower than 5.3 after a single dose. Flu-
drocortisone induces principal cell sodium reabsorp-
tion and alpha-intercalated cells H+ secretion in the
distal nephron [13]. However, this high dose of flu-
drocortisone is not acceptable for a daily use. We hy-
pothesized that fludrocortisone on a long term and
at a milder dose (100 µg BID) would reduce pHu
and could thereby prevent infectious stone formation
(Figure 1). We present herein the preliminary results
obtained in three patients treated on a long term with
fludrocortisone for urinary infectious stone.

2. Patients and methods

We report three cases of patients referred to our
nephrology unit for urolithiasis. All patients were af-
fected by infectious urolithiasis and had high pHu.
None of them had conditions that would have con-
traindicated the use of fludrocortisone, i.e. hyper-
sensitivity to fludrocortisone, cirrhosis, hypertension
and heart failure, thyroid disease, myasthenia or oc-
ular infection due to herpes simplex virus. After re-
ceiving information relative to potential side effects,
they all gave informed consent for testing the min-
eralocorticoid treatment on a long term, to acidify
their urine. Fludrocortisone (Flucortac®) was started
at 50 µg BID, with monitoring of serum potassium
level and pHu. If the pHu did not fall below 7, the
dosage of fludrocortisone was increased to 100 µg
BID with a new control of serum potassium level.
Clinical tolerance was assessed in parallel.

3. Results

3.1. Patient no. 1

Patient 1 was a 28-year-old man with spinal muscu-
lar atrophy type 1. He was bedridden, diabetic, with
gastrostomy feeding, indwelling urinary catheter and
mechanical ventilation by tracheostomy. Enteral nu-
trition provided 1.397 kcal and hydration was 1.5
l/24 h. His body mass index (BMI) was 18. The
first stone episode occurred when he was 7 years
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Figure 1. Concept of the use of fludrocortisone for slowing down the process of infectious urolithiasis.
Blue dotted arrow: representation of the effect (positive or negative) of fludrocortisone on pHu and of
pHu on the formation of carbapatite, struvite and ammonium urate; black arrow: chemical reaction;
black dotted arrow: origin of the molecules (i.e. it is not the exact chemical reaction).

old. He experienced five extracorporeal shock-wave
lithotripsies and was hospitalized several times for
urinary tract infections and sepsis. At the age of 26,
stone formation accelerated with the need for four
ureteroscopy (URS) treatments, and two admissions
in intensive care unit in 24 months. The spectro-
morphometric analysis concluded in ammonium
urate stones of subtype IIId, composed of 90% am-
monium urate, 5% CA and 5% struvite. Biological
assessment (Table 1) revealed a serum creatinine
at 0.9 mg/l (7.9 µmol/l), a 24 h urine volume at
1.4 l containing urea 13 g (216 mmol)/24 h, uric
acid 363 mg (2.15 mmol)/24 h, Na+ 45 mmol/24 h,
K+ 38 mmol/24 h, Cl− 41 mmol/24 h, Ca2+ 13 mg
(0.32 mmol)/24 h and oxalate 15 mg (166 µmol)/24 h.
Urine pH was 8.0. The cytobacteriological exami-
nations of the urine (CBEU) revealed the presence
of three different urease-producing bacteria: Pseu-
domonas aeruginosa, Serratia marcescens and Pro-
teus mirabilis. Flucortac® treatment was started at
50 µg BID and increased to 100 µg BID. Urine
pH decreased from 8 to 5 (month 1), 7 (month 2)
and 6 (month 3, Figure 2). A CT-scan performed
3 months after initiation of fludrocortisone showed
stable kidney stones and the presence of a blad-
der stone at the end of the ureteral catheter. The

Figure 2. pHu before and after treatment by
fludrocortisone.

stones were removed by flexible ureteroscopy. The
stones were CA subtype IVa, consisting of 90% CA,
5% ammonium urate and 5% struvite. Under treat-
ment, the patient presented mild lumbar oedema
without hypertension. He experienced an episode of
hypokalaemia rapidly corrected by potassium oral
supplementation.



338 Arnaud Lionet et al.

Table 1. Biological values before and after fludrocortisone

Patient no. 1 Patient no. 2 Patient no. 3

Delay after fludrocortisone (months) 0 3 0 4 0 8

Serum

Creatinine mg/L (µmol/L) 0.9 (7.9) 0.9 (7.9) 4.1 (36.2) 4.2 (37.1) 5.2 (45.9) 8 (70.7)

Potassium (mEq/L) 3.9 3.5 5.7 3.7 4 4.8

Bicarbonate (mmol/L) 21 22 20 31 28 31

Urine

24 h Volume (L) 1.4 2 2.2 2.4 1.7 1.5

BUN g/24 h (mmol) 13 (216) 10 (166) 10.3 (171) 10.6 (176) 15 (245) 16.4 (275)

Creatinine mg/24 h (µmol/24 h) 54 (477) 20 (176) 440 (3890) 380 (3360) 510 (4508) 626 (5533)

Calcium mg/L (mmol/L) 9 (0.22) 38 (0.94) 97 (2.42) 34 (0.84) 51 (1.27) 26 (0.64)

Calcium mg/24 h (mmol/24 h) 13 (0.32) 76 (1.89) 213 (5.31) 94 (2.34) 87 (2.17) 39 (0.97)

Phosphorus mg/L (mmol/L) — 182 (5.8) 20 (0.64) 140 (4.51) 222 (7.16) 522 (16.8)

Phosphorus mg/24 h (mmol/24 h) — 364 (11.74) 44 (1.4) 336 (10.8) 377 (12.16) 783 (25.25)

Uric acid mg/L (mmol/L) 250 (1.48) — 125 (0.74) 140 (0.83) 272 (1.61) 324 (1.92)

Uric acid mg/24 h (mmol/24 h) 363 (2.15) — 275 (1.63) 336 (1.99) 462 (2.74) 486 (2.89)

Oxalate mg/24 h (µmol/24 h) 15 (166) — 17 (188) 22 (244) <2 (22) <2 (22)

Oxalate mg/L (µmol/L) 10.7 (188) 7.7 (85.5) 9.1 (101.6) <2 (22) <2 (22)

pHu 7 6 8 6 8 5

CBEU
P. aeruginosa
S. marcescens
P. mirabilis

— K. pneumoniae
E. coli and

P. aeruginosa
E. coli E. coli

3.2. Patient no. 2

Patient 2 was a 40-year-old woman patient with
spina bifida. A lumbosacral myelomeningocele-
induced hydrocephalus was treated with a ventric-
ular peritoneal shunt. She was affected by paraple-
gia, osteoporosis and neurogenic bladder symp-
toms. A trans-ileal ureterostomy (Bricker’s diversion)
was performed in 2013. After the Bricker’s diver-
sion, she had episodes of hyperkalaemia and a mild
hyperchloremic acidosis (chloride 113 meq/l, CO2

20 meq/l), attributed to ion exchanges between the
urine and blood through the digestive mucosa. She
received sodium polystyrene sulfonate to decrease
serum potassium levels. Two large stones were in-
cidentally identified in the right kidney in 2016,
measuring 25 × 13 mm and 20 × 16 mm and with
a low density on CT-scan (530 Hounsfield Units).
The patient underwent two flexible ureteroscopies
during the next two years, due to the recurrence
of kidney stones in the right kidney. Unfortunately,
none of the stones were analysed. After an increase

in drinking water, the urine tests showed: pHu 8,
diuresis 2.2 l/24 h, urea 10.3 g (171 mmol)/24 h,
Ca2 + 213 mg (5.31 mmol)/24 h, phosphorus 44 mg
(0.64 mmol)/24 h, uric acid 275 mg (1.63 mmol)/24 h
and oxalate 17 mg (188 µmol)/24 h. CBEU identi-
fied two urea-splitting bacteria, Klebsiella pneumo-
niae and Proteus mirabilis. Flucortac® was started
at 50 µg BID then increased to 100 µg BID. Urine
pH decreased from 8 to 7 (month 1), 6 (month 3), 7
(month 6) and 7 (month 12). Concomitantly, serum
potassium levels decreased and sodium polystyrene
sulfonate was discontinued. The patient developed
slight oedema of the lower limbs without arterial
hypertension.

3.3. Patient no. 3

Patient 3 was a 26-year-old woman with spina bi-
fida. Myelomeningocele was also responsible for
hydrocephalus, paraplegia and neurological blad-
der. A trans-ileal ureterostomy was performed
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in 2017. Two renal stones appeared one year af-
ter the surgery. They were removed with flexible
ureteroscopy but not analysed. The disease recurred,
with three new kidney stones over two years. Urine
analysis found: diuresis 1.7 l/24 h, pHu 8 and 9, Na+

85 mEq/24 h, uric acid 462 mg (2.74 mmol)/24 h,
Ca2+ 87 mg (2.17 mmol)/24 h, phosphorus 377 mg
(12.16 mmol)/24 h, urea 15 g (245 mmol)/24 h, ox-
alate <2 mg/24 h (<22 µmol). CBEU was positive
for Escherichia coli but no urease-producing bac-
teria could be evidenced. Flucortac® was started at
50 µg BID. Under treatment, the urine pH dropped:
9 (month 0), 8 (month 1), 7 (month 3), 6 (month 5).
At 1 year the urine pH was 5. At that time, the patient
was under antibiotic treatment for an infection of the
vertebral osteosynthesis pin. The patient described
spontaneous expulsion of stones through the ileal
stoma. CT-scan at 12 months showed a single 6 mm
stone in the left kidney. Eighteen months after ini-
tiation of the treatment the urine pH was back to 8.
The patient did not develop oedemas, hypertension
or hypokalaemia.

4. Discussion

We report the use of mineralocorticoids in three pa-
tients in order to acidify their urine. All three pre-
sented typical characteristics of patients with infec-
tious stone: reduced mobility, presence of bacteria
with urease activity responsible for increased pHu,
multiple urological interventions and in two out of
three cases a urinary intestinal diversion. Patients’
pHu were between 7 and 9 before treatment and de-
creased in all cases with fludrocortisone. We thus
observed efficient urine acidification for these pa-
tients while the dose of mineralocorticoid used was
six times less than proposed by Walsh et al. for the
acute functional acidification test [12]. Some prelimi-
nary studies allowed us to hope for these results. Ape-
ria et al. studied the urine acidifying power of min-
eralosteroids in 1974 [14]. The test consisted of an
ammonium chloride load and a bicarbonate infu-
sion, before and after 4 to 6 days of mineralocorticoid
treatment in five young girls. The children received
400 µg/1.73 m2 body surface/day of fluorohydrocor-
tisone with a supplement of potassium. In all patients
the urine acidification occurred during fluorohydro-
cortisone administration.

There is probably an attenuation of the urine acid-
ification effect over time, as shown by the pHu of pa-
tients 2 and 3, which was above 7 after one year of
treatment. This loss of efficacy over time could be
due to the adaptation of bacteria with the induction
of urease enzyme activity and/or to the loss of urine
acidification capacity by the distal nephron. Even if
urine acidification might not persist through time,
the use of fludrocortisone may be of help to slow
down infectious urolithiasis formation. Although this
benefit cannot be stated with certainty in our pa-
tients, patient no. 1 modified his urolithiasis profile.
Indeed, kidney stone components changed from 90%
AmUr (pKa 7.95) to 95% CA (pKa 6.8). This change in
crystalline nature could reflect the decrease in pHu.
For patients no. 2 and no. 3 we can only note the ab-
sence of new stone formation without being able to
affirm that this is due to fludrocortisone.

pHu is directly influenced by the presence of bac-
teria. But variations in pHu can also influence the
bacteria behaviour in the urinary tract. Urine acidi-
fication could reduce bacterial growth and decrease
its cytoadherence [15,16]. It could also have a syner-
gistic effect with antibiotics since the activity of many
antibiotics becomes optimal with acid pH [17,18].
However, antibacterial effects of acid pH have been
demonstrated only in vitro. In a polymicrobial en-
vironment it cannot be excluded that acidification
leads to the emergence of a subgroup of acidophilic
bacteria. It remains to be determined whether fludro-
cortisone allows a significant decrease in urine pH to
obtain an antibacterial effect.

Treatment with fludrocortisone needs to be done
with caution, as patients may be affected by short-
term and long-term side effects, particularly elec-
trolyte imbalance. There is a risk of sodium reten-
tion contraindicating its use in patients affected by
uncontrolled hypertension, cirrhosis and heart fail-
ure. Fludrocortisone-induced fluid retention resulted
in oedema in two of our patients. Oedema was lim-
ited and the use of diuretics was not necessary. If
the situation had required it, we would have had the
choice of either discontinuing fludrocortisone ad-
ministration or adding a diuretic. In this case, the
use of a loop diuretic would increase the flow of
sodium to the distal nephron and, in theory, main-
tain (or even increase) the acidifying power of the
urine by fludrocortisone. The second early adverse
effect observed was hypokalaemia in patient no. 1.



340 Arnaud Lionet et al.

Metabolic alkalosis and hypokalaemia are due to the
urinary excretion of H+ and potassium, respectively,
under the action of fludrocortisone. Hypokalaemia
is easily detected by blood tests and can be cor-
rected by oral potassium supplementation. These bi-
ological modifications can sometimes be beneficial
for the patients. This was the case for patient no. 2
who had a trans-ileal urine diversion. In this type of
surgery, the contact of the urine with the digestive
mucosa is responsible for chloride/bicarbonate ion
exchanges which lead to hyperchloremic metabolic
acidosis and hyperkalaemia. In this case, fludrocorti-
sone can help to correct the metabolic acidosis and
thus control hyperkalaemia. Long-term use of flu-
drocortisone could expose patients to hepatic glyco-
gen accumulation that could adversely affect nitro-
gen balance if protein intake is inadequate [19,20].
Fludrocortisone may also increase bone turnover in-
ducing osteoporosis with increased urinary calcium
excretion [19,21]. However, urine calcium excretion
was relatively low in the three patients. The main
risk with a long-term use of fludrocortisone remains
adrenal insufficiency. It results from a progressive in-
hibition of corticotrophin secretion by fludrocorti-
sone. This inhibition occurs at prolonged and high
doses (400 µg/day) of fludrocortisone [22]. Moreover,
patients with infectious urinary lithiasis present high
risk for urinary tract sepsis with acute exacerbation of
underlying adrenal insufficiency. Therefore, fludro-
cortisone dose should be less than 400µg/day and/or
prescribed for a limited period of time. Patients and
caregivers should be informed and educated about
the risk of adrenal insufficiency in the event of sep-
sis on fludrocortisone. In this way, bacterial infec-
tions can be treated quickly and adrenal insufficiency
detected early. Risk of malnutrition should also be
prevented, and osteoporosis should be detected and
treated in case of treatment duration over one year.

Infectious stones are a serious cause of morbid-
ity and mortality for which treatment is still unsat-
isfactory. These fast-growing stones may reappear
quickly, within 4 to 6 weeks following surgery [23,24].
Complete removal of stones by surgery is essential:
patients with struvite stone fragments three months
after a surgery have a higher rate of stone progression
(+78%) than stone-free patients [25]. Antibiotics have
a pertinent role pre-operatively, post-operatively and
potentially in the presence of residual stone frag-
ments. However, evidence for specific antibiotic reg-

imens is lacking and guidelines are not prescriptive
regarding the nature of the molecules to be used,
their dose and duration of treatment [26–29]. Other
treatment strategies have failed. The urease inhibitor
(acetohydroxamic acid) has only shown a modest
benefit with many side effects (22 to 62%) and is no
longer used [30–32]. Citrate forms protective com-
plexes with Ca2+ and Mg2+, limiting in theory stone
formation, but is lost in infectious conditions due
to the metabolism of citrate by bacteria [18]. Thus,
after supporting surgery with antibiotics, secondary
prevention of infectious stones is often disappoint-
ing and limited to increased water intake and correc-
tion of potential nutritional risk factors. New thera-
peutics are therefore required and we think that the
use of fludrocortisone in order to acidify urine de-
serves further investigation. Its use in a selected pop-
ulation seems to be safe but the modality of use must
be specified and its effectiveness monitored. Fludro-
cortisone could be particularly useful for patients
with digestive urine diversion to prevent or treat hy-
perchloremic acidosis and hyperkalaemia. This treat-
ment could also be used as secondary prevention af-
ter surgery of infectious stones.

Our study suffers from limitations. The most im-
portant is the lack of a control group. In the absence
of a control group, we cannot state that the changes
in pHu that we observed in our patients are totally at-
tributable to fludrocortisone. Although the pHu de-
creased in the three cases, the limited number of pa-
tients did not allow to draw any definitive conclu-
sion and we could not perform relevant statistical
analyses. Moreover, pHu may vary during the day.
These variations depend on the pharmacokinetics of
Flucortac® but also on food intake. Further studies
may focus on pHu variations over the diurnal cy-
cle under treatment. Finally, as evidenced by patient
no. 3, urine acidification can be influenced by the
use of antibiotics if they are effective on the urease-
producing bacteria present in the urinary tract. Nev-
ertheless, pHu dropped early and sustainably in pa-
tient no. 3, before the onset of antibiotics.

5. Conclusion

Fludrocortisone appears to be a potential therapeu-
tic tool in the treatment of infectious urolithiasis. It
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may actually decrease pHu by increasing proton se-
cretion by the distal nephron. The expected bene-
fit of this treatment is to increase the solubility of
struvite, AmUr and CA with also potential antibacte-
rial effects. Moreover, fludrocortisone use could de-
crease the risk of hyperchloremic acidosis induced by
digestive urine diversions. We reported three cases
with decreased pHu after fludrocortisone use and
good tolerance. Further studies are needed to deter-
mine the best strategy for the use of this therapy (pa-
tient typology, dosage, presence of concomitant an-
tibiotics use, duration) and to confirm clinical bene-
fits for the patients.
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Abstract. In this contribution dedicated to kidney stones containing Whitlockite (Wk), we addressed
three questions, namely, the presence of iron in Wk, the relationship between bacterial imprints and
the presence of Wk, and finally the relationship between the crystal size of Wk-bearing stones and
infection. The complete dataset indicates that iron is not present in our Wk stoichiometry. We also
note the presence of bacterial imprints for kidney stones with a high, but sometimes a low content,
of Wk. Finally, we propose FE-SEM as a diagnostic tool for stone patients who have a negative urine
culture associated with kidney stones containing less than 20% by weight Wk, a low level of carbonate
in apatite, and no struvite. Such a diagnostic tool would represent a significant benefit to the clinician.

Keywords. Kidney stone, Infection, Whitlockite, Diagnosis, X-ray scattering, SEM.

Published online: 20 May 2021

1. Introduction

Numerous studies have underlined a significant
global increase in prevalence and incidence of
nephrolithiasis [1–4]. Part of this increase is re-
lated to the relationship between urolithiasis and
major public health problems such as metabolic syn-
drome [5,6]. Urinary tract infection (UTI) leading to
the formation of kidney stones can also be consid-
ered a relevant factor [7,8]. In view of the increase in
infection-related stones over the past two decades,
UTI must always be considered a significant possible
cause of urolithogenesis [9–13].

Several kidney stone chemical phases are related
to kidney infection [14–18]. Among them we can
cite calcium phosphate apatite with a high level of
carbonate [19–21], ammonium urate [22], struvite
[23–26] and whitlockite (Wk) [27,28]. High carbonate
calcium phosphate apatite and struvite are related to
urease-producing bacteria, while Wk may be related
to infection by non-urease-producing bacteria. There
is another major difference between struvite and Wk.
While the presence of struvite (independently of its
weight fraction) is directly related to infection, the
weight fraction of Wk in kidney stones, estimated by
Fourier transform infrared spectroscopy (FTIR), was
related to infection with a high degree (80%) of statis-
tical significance if greater than 20% [15].

For further insight into the relationship between
infection and kidney stones containing Wk without
struvite, we have used physicochemical characteri-
zation techniques [29–32] to obtain a precise multi-
scale description of such concretions [33–37]. First,
by analogy with geological studies [38], we assessed
the presence of iron in Wk by X-ray fluorescence
(XRF) [39–41] using synchrotron radiation (SR) as a
probe [42–46]. Iron in Wk may modify the position
of IR absorption bands and thus may confuse the
analysis of IR spectra. Then, we address the size of Wk

nanocrystals for an initial set of infection-related kid-
ney stones containing more than 20% Wk in weight,
using SR-wide angle X-ray scattering (WAXS) [47–52].
We use the definition of the terms “nanocrystals” and
“crystallites” of Van Meerssche and Feneau-Dupont,
i.e. crystallites (typically measuring tens of microme-
tres) composed of accretions of nanocrystals (typ-
ically measuring hundreds of nanometres), to de-
scribe the structural hierarchy of pathological calci-
fications [53].

For the first set of kidney stones, field emission
scanning electron microscopy (FE-SEM) observa-
tions allowed precise crystallite definition in order to
ultimately pinpoint bacterial imprints. For the sec-
ond set, containing less than 20% by weight Wk, FE-
SEM was also performed for bacterial imprints to es-
tablish a possible infection process. Such a multiscale
approach taking into account chemistry and mor-
phology has already been used to develop new diag-
nostic tools, or to deduce the very first steps of calci-
fication pathogenesis [54–59].

2. Materials and methods

2.1. Samples

Kidney stones (Tenon Hospital) from 31 patients (12
males, 19 females) were investigated (see Tables 1
and 2).

2.2. Investigational tools

Initial analysis was carried out at the hospital us-
ing a stereomicroscope for morphological typing and
a FTIR spectrometer to accurately determine stone
composition [60–63]. FT-IR experiments were per-
formed in transmission mode using a FTIR spec-
trometer Vector 22 (Bruker Optics, Marne-la-Vallée,
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Table 1. Clinical data for the first set of kidney stones containing more than 20% in weight of Wk and
related to infection

Sex, age
(year)

Location Chemical composition estimated through FTIR Carbonate
level

Crystal size
estimated

through WAXS

T10508 F, 59 Staghorn_Kidney 38% CA, 28% Wk, 20% glafenic acid, 10% Prot, 4% C1 /

T12487 F, 54 Ureter 50% CA, 23% Wk, 20% C1, 7% Prot 5% /

T12900 M, 55 Kidney 35% CA, 25% Wk, 25% ACCP,10% C1,5% Prot

T17405 M, 65 Kidney 50% CA, 25% Wk, 20% ACCP, 5% Prot 19% /

T17615 M, 36 Bladder 40% CA, 28% Wk, 26% ACCP, 4% Prot, 2% C2

T29735 F, 59 Urinary tract 30% CA, 25% Wk, 20% ACCP, 15% Prot, 5% TGL, 5% C2 19% /

T32616 F, 22 Kidney 30% Wk, 21% C1, 20% CA, 15% C2, 7% Prot 7% 290 nm ± 10 nm

T38693 M, 52 Staghorn 35% Wk, 24% C1, 19% CA, 16% C2, 8% Prot 7% /

T38952 M, 3 Urethra 40% Wk, 13% C1, 20% CA, 15% ACCP, 5% C2, 7% Prot 5% 90 nm ± 10 nm

T43068 F, 54 Kidney 66% Wk, 19% CA, 9% Prot, 6% C1 / 30 nm ± 10 nm

T43736 M, 4 Kidney 67% Wk, 3% C1, 20% CA, 10% Prot 6% 250 nm ± 10 nm

T44112 M, 87 Expelled 42% Wk, 20% C1, 20% CA, 11% C2, 7% Prot 7% /

T45449 F, 39 Ureter 75% Wk, 12% Prot, 8% CA, 3% C1, 2% TGL / 330 nm ± 10 nm

T51263 M, 70 Urinary tract 75% Wk, 12% Prot, 10% CA, 3% C1 / 330 nm ± 10 nm

T52975 F, 89 Urinary tract 60% Wk, 25% CA, 10% Prot, 5% TGL 10% 130 nm ± 10 nm

T55785 F, 54 Kidney 50% Wk, 7% C1, 33% CA, 10% Prot, 5% 190 nm ± 10 nm

T58866 F, 77 Tubular 52% Wk, 25% CA, 15% ACCP, 8% Prot, 25% /

T71739 F, 69 Kidney 45% Wk, 25% CA, 22% ATZ 8% Prot, / /

T74647 F, 72 Ureter 75% Wk, 20% CA, 5% Prot 8% 90 nm ± 10 nm

T74808 M, 34 Prostate urethra
26% Wk, 21% C2, 17% Br, 14% CA, 10%

OCP, 7% Prot, 3% C1, 2% TGL
6% 120 nm ± 10 nm

Wk=whitlockite; Br=brushite; CA= carbonated calcium apatite; C1=whewellite; C2=weddellite; ACCP= amorphous
carbonated calcium phosphate; Prot = protein; TGL = triglycerides; ATZ = atazanavir; OCP = octacalcium phosphate.

France) covering the mid-infrared range from 2.5 to
25 µm.

A Zeiss SUPRA55-VP scanning electron micro-
scope with an energy-dispersive X-ray (EDX) spec-
trometer was used for direct microstructure obser-
vation. Images were obtained without any conduc-
tive coating on the sample. This field emission gun
microscope can operate at 0.5–30 kV accelerating
voltage. High resolution observations were obtained
around 1 kV using two secondary electron detectors:
an in-lens and an Everhart–Thornley detector [64].
Note that such observations allow the clinician to
determine the morphology of crystallites which is a
major parameter in nephrology [65–68].

One set of X-ray fluorescence experiments as well
as three sets of X-ray scattering measurements were
conducted at the synchrotron facility SOLEIL (Saint-
Aubin, France). The X-ray fluorescence experiments

were carried out at the Diffabs beamline (e.g. Fig-
ure 1). The main optical system includes a fixed-exit
double crystal monochromator composed of two in-
dependent Si(111) crystals and located between two
long mirrors (50 nm Rh-coated Si) [25].

The X-ray scattering experiments were performed
at the Cristal beamline during two consecutive
SOLEIL synchrotron sessions, using first a 18.446 keV
(λ= 0.67212 Å) and then a 17.017 keV (λ= 0.72857 Å)
monochromatic beam. Note that the monochroma-
tor was calibrated using a standard LaB6 powder
(NIST SRM 660b). The samples, introduced in kap-
ton capillaries (ø = 0.7 mm), were mounted on a
spinner rotating at 5 Hz to improve particle orien-
tational averaging. Data were collected in Debye–
Scherrer mode using a 21 Si(111) crystal analyser.
With this setup and for each sample, two high an-
gular resolution diagrams recorded in about one
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Table 2. Clinical data related to the second set of struvite-free kidney stones containing less than or equal
to 20% in weight of Wk and a low carbonate level for the apatite

Sex, age
(year)

Location Chemical composition estimated through FTIR Apatite carbonate
level

T3347 M, 86 Bladder 70% CA, 15% Wk, 10% C2, 5% C1 9%

T4216 F, 31 Ureter 60% C2, 20% CA, 12% Wk, 8% Prot /

T9261 M Bladder 69% CA, 18% Wk, 8% C2, 3% C1, 2% Prot 8%

T9491 F, 43 Ureter 55% CA, 18% C1, 15% Wk, 8% Prot 3%

T10410 M, 65 Kidney 61% CA, 16% Wk, 15% C1, 8% Prot 6%

T11564 F, 40 Urinary tract 70% CA, 15% Wk, 7% C2, 5% OCP, 3% C1 7%

T11866 F, 58 Ureter 35% CA, 33% C1, 17% Wk, 15% C2 6%

T18382 F, 34 Ureter 52% CA, 30% C1, 14% Wk, 4% Prot 4%

T22610 F, 68 Kidney 45% CA, 20% Wk, 17% C1, 10% Prot, 8% ACCP /

T33101 F, 50 Kidney 45% CA, 30% C1, 18% Wk, 7% Prot 10%

Wk = whitlockite; Br = brushite; CA = carbonated calcium apatite; C1 = whewellite; C2 = weddellite; ACCP
= amorphous carbonated calcium phosphate; Prot = protein; TGL = triglycerides; ATZ = atazanavir; OCP =
octacalcium phosphate.

hour were summed since sample degradation under
the X-ray beam was not significant (Figure 2). De-
tails regarding the experimental set up can be found
in reference [69]. To allow for their subsequent su-
perimposition in the same figures, all the collected
X-ray diffractograms were first preprocessed using
the freely available Graphical User Interface WIN-
PLOTR software [70]. The mean size of the coher-
ently diffracting crystals was calculated using the
GSAS software [71].

3. Results and comments

As emphasized by Borghi et al. [72], the relation-
ship between nephrolithiasis and urinary tract in-
fections is complex and difficult to analyse both
from a pathophysiological and clinical point of view.
This has prompted several investigations to under-
stand the relationship between infection and uri-
nary stones [73,74], most of them focussing on stru-
vite [75–81]. Here we attempt to broaden the scope
of studies of this pathogenesis by describing in de-
tail the physicochemical characteristics of stones
containing Wk without struvite. At this point, it is
worth bearing in mind that Wk has been reported
in different parts of the body including lungs [82],
breast [83], gallstone [84], prostate [85,86], aorta [87],
bone [88], cartilage [89] and salivary glands [90], and

to note that emerging evidence indicates that bacte-
ria are present in and contribute to other calcifica-
tions such as vascular calcification [91].

Wk has also been identified as a kidney stone
component [92–94]. While several publications con-
centrate on kidney stones containing struvite, lit-
tle is known regarding the relationship between in-
fection and kidney stones containing Wk. Interest-
ingly, hyperthermophilic bacteria (70–110 °C) have
been shown to be able to convert an amorphous cal-
cium phosphate phase into fully crystalline Wk min-
eral, and spherulitic clusters that we interpret to be
hydroxyapatite-like nanocrystals [95].

One of the various geological studies of Wk [96–
98] underlines the presence of iron in the crystal-
lographic structure [38]. To assess the presence of
this element in Wk of biological origin, we began
our investigation with SR-XRF experiments. Figure 1
shows X-ray fluorescence spectra of different kid-
ney stones. The presence of Ca as well as Zn has
been already discussed [44,45,99–102]. Note that al-
though the Zn signals are more prominent than those
of Ca, it doesn’t indicate higher Zn content. Various
correction procedures have to account for the self-
absorbing matrix and the fact that measurements
have been performed in air, the nature of the matrix,
absorption by air, incident beam energy, and the ion-
ization and X-ray emission cross-sections associated
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Figure 1. Normalized X-ray fluorescence spec-
tra (the contribution of Ca is set to 1) collected
for different kidney stones (T10508, T12487,
T29735, T74647) containing Wk. The contribu-
tions of Ca (Kα = 3.691 keV, Kβ = 4.012 keV), Zn
(Kα = 8.638 keV, Kβ = 9.572 keV) are clearly vis-
ible. Note the absence of a significant contribu-
tion from possible iron.

with each element [103,104]. In our case, the experi-
ment was optimized for the X-ray fluorescence of Zn
(Kα = 8.638 keV, Kβ = 9.572 keV).

As the majority of the fluorescence events arise
from photons with energy just above the absorp-
tion edge, the SR-XRF sensitivity is optimized for el-
ements with X-ray fluorescence lines just below the
monochromatic excitation energy, which in this case
is Zn. In addition, X-ray production cross-sections
are a function of Z4 for SR-XRF, where Z is the atomic
number of the target element. Finally, characteris-
tic Zn X-ray emissions occur at higher energy than
those of Ca (Kα = 3.691 keV, Kβ = 4.012 keV), which
is thus more susceptible to absorption and signifi-
cantly affected by air between the sample and the
detector.

Figure 2. Typical high resolution X-ray powder
diffractogram measured on the Cristal beam-
line for sample T74808 (λ = 0.67212 Å). The
whitlockite diffraction peaks are marked with
an arrow. Note the prominent 010 reflection
of the octacalcium phosphate (OCP) crystalline
phase, which occurs at 2θ = 2.051° and two
other Bragg reflections [100,110] pertaining to
OCP for 2θ = 4.117° and 4.261°, respectively
(see inset). Note that the associated OCP phase
has only been detected by FTIR spectroscopy
through detailed analysis based on spectral
derivatives. OCP indicates possible hypercalci-
uria without any link with infection. Accord-
ingly, we will not discuss the presence of this
compound further.

The intensity of Zn X-ray fluorescence seems to
be related to the carbonated calcium apatite (CA)
content. High intensity values correspond to sam-
ples with a high CA content (38% CA for 10508,
50% CA for T12487) and weak ones to lower (30%
CA for 29735, 20% CA for T74647). Note the weak
signal for Zn X-ray fluorescence for sample T74647
which contains 75% by weight Wk. In all these
measurements the absence of a significant contribu-
tion from iron is striking, implying the stoichiometric
formula Ca9Mg(HPO4)(PO4)6 for kidney stones con-
taining Wk.

Iron is an element of considerable biological im-
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Figure 3. Sample T51263 (75% Wk, 12% Prot,
10% CA, 3% C1) (a) characteristic pseudocu-
bic morphology of Wk as seen by FE-SEM and
corresponding EDX spectrum (b) in which the
contributions of C (Kα = 0.277 keV), O (Kα =
0.525 keV), Mg (Kα = 1.253 keV), P (Kα = 2.014
keV), and Ca (Kα = 3.691 keV, Kβ = 4.012 keV)
are clear. Note the presence of a sum peak (SP)
due to the coincidence of two O Kα photons.

portance due instance to its presence in major pro-
teins such as haemoglobin, and links to some genetic
diseases; for this reason we have already proposed
the use of X-ray fluorescence to detect it in biological
tissue [105,106]. It is quite clear that there is no iron
in the stoichiometric formulation of biological Wk.

Next, SEM observations were made on kidney
stones with high Wk content; these (Figure 3a) clearly
show pseudocubic crystallites with a trigonal geom-
etry. Associated EDX spectra shows contributions of
the different elements in the Wk stoichiometric for-
mula Ca9Mg(HPO4)(PO4)6, namely O, P, Mg and Ca
(Figure 3b). One interesting fact lies on the morphol-
ogy of Wk crystallites.

Figure 4. (a, b) The morphologies for Wk crys-
tals. Reprinted from [96], with the permission
of Mineralogical Society of America. (c) SEM
observation of the Wk part of kidney stones
related to infection. (d) SEM observation of
breast calcifications made of Wk.

According to Frondel [96], crystals are usually sim-
ple rhombohedra as shown in Figure 4a, but are
sometimes modified by small faces as shown in Fig-
ure 4b. Here, we have always observed the first one
(white arrows on Figure 4c). However, in the case
of synthetic Wk [107,108] as well as in the case of
breast cancer, the second morphology was observed
(white arrows on Figures 4d,e). It seems thus that in
the case of infection, the local biochemical environ-
ment defined by the kidney and/or by the bacteria
induce the formation of Wk crystallites with a pecu-
liar morphology.
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Figure 5. Bacterial imprints (red arrows) ob-
served close to Wk crystallites (white arrow).

Figure 6. Wk crystallites (red arrows) present
in bacterial imprints.

The mineralogical composition of the kidney
stones as given by FTIR spectroscopy (Tables 1
and 2) explains the presence of carbon (Figure 3b). In
kidney stones containing a high level of Wk, bacterial
cell imprints are clearly visible at the surface of and
probably within the apatitic part of the kidney stones
(red arrows in Figure 5) but not at the surface of Wk
crystallites (white arrow on Figure 5) [109].

Finally, at higher magnification, it is possible to
observe Wk crystallites in bacterial imprints (red ar-
rows on Figure 6). Such an observation is consistent
with the fact that, as previously emphasized, an inti-
mate link exists between Wk and bacteria [15].

In some kidney stones, FE-SEM did not reveal a
large number of automorphic Wk crystallites. Instead
some microscale crystallites were observed (red ar-

Figure 7. Sample T17615 (40% CA, 28% Wk,
26% ACCP, 4% Prot, 2% C2) (a) Wk (red arrows)
as observed by its trigonal morphology in
FE-SEM, and corresponding EDX spectrum
(b) showing contributions from C (Kα = 0.277
keV), O (Kα = 0.525 keV), Mg (Kα = 1.253
keV), P (Kα = 2.014 keV), Ca (Kα = 3.691 keV,
Kβ = 4.012 keV). Note the presence of a sum
peak (SP) due to the coincidence of two O Kα

photons.

rows on Figure 7a) in which EDX clearly shows con-
tributions from Mg (Figure 7b).

The second part of this investigation on the
first set of kidney stones (with Wk content greater
than 20% by weight) focuses on the size of the Wk
nanocrystals, characterized using high resolution
X-ray powder diffraction on selected examples
(Figure 2).

For one sample, it was possible to measure the
mean size of the coherently diffracting crystals. For
the other samples, we used the Scherrer formula
[110,111] D(2θ) = Kλ/Lcos(θ), a relationship between
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Figure 8. Widths of the Wk-specific scattering
Bragg peak (2 −1 0 reflection, d = 5.165 Å) for
those kidney stones measured. Note in particu-
lar: (1-white circle) = T43068 (66% Wk), (2-bold
solid line) = T51263 (75% Wk). Note that the
wavelength chosen to superimpose all X-ray
diffractograms is 0.67212 Å, as in Figure 2.

D(2θ), the diameter of the crystallites, and the width
of the scattering peak L. Note that K is a dimension-
less geometrical factor of the order of 1 related to
the specific shape of the targeted nanocrystal. As re-
ported previously, this factor was set to unity in our
evaluation of the crystal size [112].

Such simple analysis supposes similar peak
broadening due to microstrain for all the samples
and an isotropic morphology for the Wk crystals
(which is the case for the automorphic crystals) [113].
Figure 8 shows that the scattering peak characteristic
of Wk in the different experimental diffractograms
displayed very different widths. In fact, it was impos-
sible to investigate kidney stones with lower Wk con-
tent using X-ray scattering, suggesting that Wk exists
in an amorphous state in low Wk content stones.

Table 1 shows that the size distribution of the Wk
nanocrystals is quite large, which may be a func-
tion of various chemical parameters such as pH and

ionic concentration as shown in a recent investiga-
tion of struvite [114]. These results seem to indicate
that there is no specific size for the Wk crystals when
there is an infection.

To understand the relationship between Wk in
kidney stones, and infection, the foregoing structural
description of Wk has to be complemented by chem-
ical information. The ratio of Mg/Ca in stoichio-
metric Wk is 0.0643. In urine, this ratio is around
0.4 if we consider that normal calcium excretion is
around 5 mmol/day and magnesium excretion is
around 2 mmol/day. The normal value for phosphate
is around 20 mmol/day, so all the elements present
in the stoichiometric formula of Wk are present
and so Wk biogenesis may well occur alongside
that of CA.

In fact, the formation of CA as well as Wk requires
destabilisation of the water molecules around the
Ca2+ and Mg2+ cations. Based on molecular dynam-
ics simulations using a polarizable potential, Jiao
et al. [115] have shown that the lifetime of water
molecules in the first solvation shell of Mg2+ is on the
order of hundreds of picoseconds, in contrast to only
a few picoseconds for Ca2+, K+, or Na+. Such a simu-
lation indicates that the stability of water molecules
around Mg2+ is higher than the one around Ca2+,
favouring the formation of CA over Wk, the forma-
tion of the first one is hence favoured. To promote
the formation of Wk, the first hydration shell of Mg2+

cations has to be destabilized. We propose that this
may be achieved by physisorption of Mg2+ at the sur-
face of bacteria [116].

Several points lead to the proposition that bacte-
ria may play a key role in this destabilization process.
Firstly, among one hundred chemical phases iden-
tified in kidney stones only two common ones con-
tain Mg2+, namely struvite and Wk, and these two
chemical phases are related to infection. Secondly,
Mg2+ cations play a key role in bacterial metabo-
lism [117,118]. Finally, we have observed Wk crys-
tallites inside bacterial imprints. These facts indicate
the possibility of destabilization of the Mg2+ hydra-
tion shell by bacteria. Note that such a hypothesis
also implies that for bacteria with urease, the decom-
position of urea constitutes a much favourable path-
way, leading to the formation of struvite and highly
carbonated apatite, than the formation of Wk.

Finally, we consider a set of kidney stones (Table 2)
with Wk content equal to or less than 20% by weight.
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Figure 9. (a) For sample T3347 (15% by
weight), very small Wk crystallites (blue arrows)
as well as bacterial imprints (red arrows) are
observed. (b) Bacterial imprints and Wk crys-
tallites are not observed for the sample T9491
(Wk-free based on FTIR estimates).

In some samples, bacterial imprints were observed
along with Wk crystallites, as in sample T3347 (Fig-
ure 9a). For other stones, no bacterial imprints, or
Wk crystallites, could be detected (Figure 9b). Even
though our sample number is quite low, this sug-
gests that in the case of infection, Wk crystallites are
observed. Otherwise, Wk may be present but in an
amorphous state.

What is the benefit of these investigations to the
clinician? Firstly, we confirm that kidney stones con-
taining more than 20% by weight of Wk are related
to infection. This is consistent with previous stud-
ies which indicate a content of 25% in weight of
Wk [15]. Second, this study proposes a new approach
for the characterization of kidney stones containing
less than 20% by weight of Wk, a low level of car-
bonate in apatite, and no struvite, in patients pre-

senting a negative urine culture. At this point, we
must underline that according to the data gathered
in our laboratory, which are based on the analysis of
70,728 kidney stones, 3171 kidney stones contain Wk.
Among these, 1728 contain less than 20% in weight
of Wk, a low level of carbonate in the apatite and
no struvite, and are associated with a negative urine
culture. For these 1728 stones, which correspond to
2.5% of the patients, the relationship with infection
is not clear. In the present instance, we found that 4
stones out of a set of 11 presented bacterial imprints
by FE-SEM.

We propose that, for these patients, FE-SEM could
represent a significant diagnostic tool able to disclose
possible infection. If FE-SEM underlines the pres-
ence of bacterial imprints, there are two possibili-
ties to explain such observation. Is the stone linked
to previous infection? In that case the clinical data
doesn’t contain such information and it is of primary
importance to have such information regarding eti-
ology. Is the stone linked to present infection? In that
case, the lithogenic process is active for the patient
and antibiotic have to be given. In both cases, it is
clear that FE-SEM bring major information to the
clinician.

We propose thus that for patients having kidney
stones without struvite, carbapatite with a low level
of carbonate and a low content of Wk, FE-SEM could
represent a significant diagnostic tool able to disclose
possible infection.

4. Conclusion

These investigations focused on kidney stones con-
taining Wk, a mineral closely correlated with bacte-
rial infection when its content is greater than 20% by
weight by FTIR spectroscopy. Firstly, we stress that
iron is not present in Wk when the latter occurs in
kidney stones. Secondly, FE-SEM supports the re-
lationship between Wk and infection. Bacterial im-
prints were observed in all the kidney stones contain-
ing higher than 20% by weight Wk. Moreover, WK re-
lated to infection seems to have a specific morphol-
ogy. Thirdly, a measurement of Wk crystal size has
been performed by X-ray diffraction based on the
width of a specific diffraction peak (i.e. [210]). A de-
tailed analysis of the high resolution X-ray powder
diffratograms indicates a large distribution of crys-
tal sizes between samples. It seems thus that Wk
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content, but not crystal size, in kidney stones cor-
relates with infection. Finally, based on FE-SEM ob-
servations as well as molecular dynamics’ simula-
tions, we propose that bacteria are able to desta-
bilize the first hydration shell of Mg2+ cations. For
bacteria with urease, the decomposition of urea to
ammonia provides a more favourable chemical path-
way, to struvite and carbonated apatite, than to Wk.

In conclusion, we propose FE-SEM as a diagnos-
tic tool for patients with kidney stones containing
less than 20% Wk, a low level of carbonate in apatite,
without struvite, and with a negative urine culture.
FE-SEM observations will give direct evidence of bac-
terial imprints at the surface. These may eventu-
ally be observed through tomography, if experimen-
tal configurations such as Nanoscopium [119,120] or
Anatomix [121] are able to deal with biological sam-
ples with low acquisition time and submicrometer
spatial resolution.
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Abstract. Urinary supersaturation is important for crystallization and likely cause of stone formation
on ductal plugs. Formation of idiopathic stones that develop on Randall’s plaques in the presence of
low supersaturation is, however, dependent upon immunological responses of the kidneys. Experi-
mental data suggests osteogenic and inflammatory processes playing pivotal role in plaque forma-
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1. Introduction

Most idiopathic kidney stones are composed of an or-
ganic matrix and crystals of calcium oxalate (CaOx)
mixed with small amounts of apatitic calcium phos-
phate (CaP). Consensus is that these CaOx stones
are formed in association with Randall’s plaques (RP)
or Randall’s plugs (RPg) on the renal papillae [1–3].
The plaques are suburothelial deposits of hydroxya-
patite and originate deep inside the papillary tissue,
suggested to start in the basement membrane of the
loops of Henle. The plugs are crystalline deposits in
the terminal collecting ducts. This article explores the
role of inflammation and injury in the pathogenesis
of CaOx kidney stones with emphasis on the devel-
opment of RPs and production of stone matrix con-

tents.

2. Randall’s plaques

Plaques are suburothelial deposits of biological ap-
atite on renal papillary surface [1,4–6]. They start as
interstitial deposits of CaP deep in the renal papil-
lary tip and are common in both the stone form-
ers and non-stone formers. All of the plaques, how-
ever, are not associated with or support kidney stone
formation [7]. It has been proposed that plaque for-
mation starts as concentrically laminated spherulitic
CaP crystals in the tubular basement (Figures 1, 2),
most likely that of loops of Henle. Such crystals, 0.5–
2 µm across, are seen in the tubular basement mem-
brane and renal interstitium. The calcification pro-
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Figure 1. TEM of a section of renal papilla from
CaOx kidney stone former. There are a num-
ber of damaged tubules surrounded by calcium
phosphate (CaP) deposits.

ceeds from the tubular basement membrane through
the interstitium and reaches the base of the papillary
surface urothelium. Erosion of the covering urothe-
lium exposes the underlying crystalline plaque to the
urine with its various urinary components. Stones
form on the exposed plaque by the addition of
crystals on the exposed surface through nucleation,
growth and aggregation. The interstitial calcifications
include highly dense deposits of elongated calcified
strands aggregated with spherulitic units of varying
diameters. In addition, collagen fibers, unidentified
fibrillary material, (Figures 2, 3) membrane-bound
vesicles, and cellular degradation products are also
detectable [8]. The results of electron diffraction of
the calcified deposits demonstrated a range of crys-
tallinity with the center being more crystalline than
the periphery. Higher magnification of the plaques
as shown in Figures 2 and 3 clearly demonstrate that
spherulites and other crystals are actually a complex
of crystals and organic matrix, so called biocrystals.
Plaques also express osteopontin (OPN), heavy chain
of inter-α-trypsin-inhibitor [2,9], and zinc [10].

A number of hypotheses have been put forward
to explain the pathogenesis of Randall’s plaque. One
theory proposes that calcium excretion plays a cen-

Figure 2. TEM of renal interstitium of a stone
former showing aggregated calcium phosphate
(CaP) deposits as well as a spherical (CaPs).
Interstitium is filled with collagen (C) and other
unidentified fibers, and vesicles (V). Part of a
normal appearing epithelial cell with nucleus
(N) and basement membrane are also seen.

tral role in the development of the plaques [11]. This
theory describes plaque and stone formation as basi-
cally a supersaturation dependent chemical reaction
between various ions. The proposed mechanism in-
volves decreased reabsorption of calcium in the prox-
imal tubule leading to increased calcium in the thick
ascending limbs of the loop and reabsorption into
the interstitium. This leads to an increased supersat-
uration for CaP in the interstitium around the limbs
of the loops of Henle promoting the formation of
CaP crystals [12,13]. Proponents of the hypercalciuria
theory reported the absence of any signs of cell in-
jury, inflammation, interstitial fibrosis or intratubu-
lar crystal deposition.

Other studies of renal papillary tips from idio-
pathic stone formers have reported the existence of
cellular injury and inflammation in association with
the interstitial RPs. Analysis of kidneys obtained from
patients undergoing radical nephrectomy showed
the presence of mineral deposits in all human
renal tissues with as well as without the RPs. Both
intratubular and interstitial crystalline deposits were
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Figure 3. TEM of renal interstitium of a stone
former filled with CaP deposits and masses of
fibrillary material. Some of them clearly col-
lagenous (C). One of the collagen strands ap-
pears to have been calcified (CC).

discovered, intratubular in the outer medulla, and
interstitial in the papillary tips in close alignment
with the vasa recta. A positive correlation was found
between proximal intratubular and the distal in-
terstitial crystal deposition. Both types of deposits
were made of CaP but intratubular deposits were
comprised of large spherical aggregates of several
hundred nanometer long plate or needle shaped
crystals while interstitial deposits contained small
spherical entities united together and embedded in
a collagenous matrix. Both types of deposits stained
positive for OPN, osteocalcin (OC) and bone spe-
cific protein (BSP) [14]. Additionally, vasa recta and
renal tubules were also positive for OPN and OC.
It was concluded that both vasa recta and renal
tubules participate in interstitial calcification and
perhaps proximal intratubular CaP deposition stim-
ulates distal interstitial deposition [15]. It is inter-
esting to note that OPN, OC and BSP are osteoblast
markers and play a well-established role in vascu-
lar calcification. OPN is a known participant in in-
flammation and a well-known modulator of miner-
alization. It is ubiquitous in matrices of soft tissue
calcifications, RPs and stone and urinary crystal.

Osteocalcin is found in matrices of both the bone
and stone matrices [16,17]. Bone specific protein
is involved in both physiological and pathological
conditions [18–20].

Our ultrastructural observations of the renal
papillae from both the primary hyperoxaluric [21],
as well as idiopathic stone formers [8], have shown
clear signs of cellular injury and inflammation. His-
tological examination of paraffin embedded papil-
lectomy specimens from a patient with malabsorp-
tion revealed interstitial fibrosis, and focal epithe-
lial hyperplasia in association with PAS (periodic
acid schiff) positive calcification [21]. Ultrastructural
analysis of the calcified areas disclosed enlarged
interstitium filled with myofibroblasts, abundant
collagen, unidentified fibrils, and necrotic cellular
debris. Tubular epithelial cells appeared necrotic
with swollen mitochondria and vesiculating endo-
plasmic reticulum. Basement membrane of the ep-
ithelial cells appeared thickened and multilayered.
CaP deposits included 120–150 nm diameter lam-
inated spherules with needle-shaped crystals. In
addition, there were large electron dense deposits
of CaP which were surrounded on the periphery by
vesicular and fibrillary material.

Ultrastructural analysis of renal papillary tissue
obtained from 15 idiopathic stone patients through
cold cup biopsy revealed pathology somewhat sim-
ilar to that described above [8]. Two basic configu-
rations of crystals, both identified as basic CaP, were
seen in the renal interstitium (Figures 2, 3). Spheri-
cal, 0.5–2 µm in diameter, concentrically laminated
units were found throughout, within the tubular
basement membrane as well as interstitium. Some
of them retained concentrically arranged needle-
shaped crystallites while others lost them during pro-
cessing leaving behind the organic matrix as crys-
tal ghosts. Large electron dense calcifications were
aggregates of elongated calcified strands mixed with
spherulites and were located mainly in the inter-
stitium. They were surrounded by collagen fibers,
membrane bound calcified and non-calcified vesi-
cles and a variety of cellular degradation products.
Peripheral strands showed a distinct banding pat-
tern, reminiscent of the banding pattern of close
by collagen fibers. Center of the large deposits was
more compact and appeared more crystalline with
radiating needle-shaped crystallites compared to the
surface which was less compact and crystalline. Elec-
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tron diffraction confirmed ultrastructural observa-
tions that central hydroxyapatite was more crys-
talline than the peripheral ones. The epithelial cells
with large numbers of spherical CaP crystals in their
basement membrane, appeared necrotic. The inter-
stitium was replete with membrane bound vesicles,
other forms of cellular degradation products, col-
lagen and other fibriller material. Lumens of some
tubules appeared blocked with cellular degradation
products and perhaps even CaP crystals.

Nanoscale studies of incipient and fully developed
Randall’s plaque using field emission scanning elec-
tron microscopy with energy-dispersive X-ray micro-
analysis, µ-Fourier transform infrared spectroscopy,
cryo-transmission electron microscopy coupled with
selected area electron diffraction and electron en-
ergy loss spectroscopy showed the presence of micro-
calcifications around both the loops of Henle and
vasa recta [22,23]. Two types of micro-calcifications
were identified including calcified vesicles and min-
eral granules both containing CaP with carbonate in
their cores. Secondary calcifications were found em-
bedded in a fibrillary organic material.

A recent study using a combination of techniques
including micro-CT imaging, multiphoton and con-
focal fluorescence imaging and infrared microscopy
found a blue autofluorescence signature unique to
RP, suggesting a unique nature of the molecules
within [24]. Based upon its intrinsic fluorescence, fib-
rillar collagen was identified in the plaque.

Another study investigated the presence of crys-
tals and the expression of known kidney stone related
genes in kidneys from stone formers and non-stone
formers [25]. Calcific crystal deposits were found in
both groups. Stone formers kidneys showed signif-
icantly more crystals in renal medullas and papil-
lae. More crystals were seen in the papillae of stone
formers than those of controls. There were signs of
crystal movement from tubular lumen to the inter-
stitium. Osteopontin expression was higher and that
of THP lower in stone formers papillae. Expression of
superoxide dismutase was also low, indicating signs
of oxidative stress. The presence of renal papillary
crystals was determined to be significantly related to
stone formation (odds ratio 5.55, 95% confidence in-
terval 1.08–37.18, P = 0.0395). Based upon the ob-
servations of the presence of intratubular crystals in
proximal medullary tubules and interstitial crystals
later in the renal papillae, a new theory entitled, “up-

stream mineral formations initiate downstream Ran-
dall’s plaque” has been presented [26].

Investigation of renal papillary tissue using the
technique of genome-wide gene expression profiling
revealed considerable differences between the tis-
sue from idiopathic CaOx stone formers and con-
trols. Differences were also found between stone
formers Randall’s plaque and non-Randall’s plaque
tissues. There was an increase in the expression
of LCN2, IL11, PTGS1, GPX3 and MMD, and de-
crease of SLC12A1 and NALCN in the renal pap-
illary tissue associated with Randall’s plaque com-
pared with the normal non-plaque associated papil-
lary tissue [27]. There was also an increase in num-
ber of immune cells and apoptotic cells in renal tis-
sue associated with Randall’s plaque compared with
non-plaque associated renal papillary tissue. The
above mentioned genes play important roles in in-
flammatory processes. There is also an increase in
M1 macrophage related genes and a decrease in M2
macrophage related genes in renal papillary tissue
of stone patients [28]. Presence of giant cells in the
renal interstitium, where crystals are surrounded by
macrophages, is a well-known occurrence [29].

A study of renal papillary tips of kidney stone
patients utilizing the technique of quantitative PCR
showed a significant increase, compared to con-
trols, in the presence of inflammatory cytokine,
CCL2, CCL5, CCL7, CC-chemokine receptor 2 (CCR2),
CD40, macrophage colony-stimulating factor 1 re-
ceptor (CSF1), CXC-chemokine ligand 9 (CXCL9),
CXCL10, Fas ligand (FASLG), receptor interacting
serine–threonine kinase 2 (RIPK2), e-selectin (SELE)
and Toll-like receptor 3 (TLR3), irrespective of the
stone type [30].

2.1. Randall’s plugs

Randall described two types of renal papillary le-
sions, Type 1 and Type 2, as sites for future stone
formation. Plaque 1 is now generally known as Ran-
dall’s plaque and Type 2 plaque is mostly referred
as ductal plug. Plaques are present on the papillary
surface while plugs are crystalline deposits clogging
the openings of the terminal collecting ducts [1,6,31].
As discussed above, Randall’s plaques are deposits
of mostly apatitic CaP crystals and are found in
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idiopathic CaOx, brushite, primary hyperparathy-
roid, small bowel resection, ileostomy stone dis-
ease [4]. The composition of ductal plugs varies.
Plugs can be apatitic in primary hyperparathyroid
stone formers, mixed with CaOx in brushite stone
formers, obesity bypass patients, patients with small
bowel resection, renal tubular acidosis. Ductal plugs
can also be apatite mixed with urate in ileostomy
stone formers [4]. The Randall’s plugs of stone
patients with primary hyperoxaluria are made of
CaOx [4,21]. Plugging is also common in non-stone
forming kidneys where it is mainly composed of
carbonate apatite and amorphous CaP [32].

Obviously, plug formation is a result of crystal re-
tention within the terminal collecting ducts. Results
of animal model and tissue culture studies clearly
show that crystals can be retained by either attach-
ment to the epithelial surface or aggregation dur-
ing excessive supersaturation [33–35]. Crystal nu-
cleation, and aggregation can be supported by the
membranous products of renal tubular injury [36–
38]. Massive crystallization is possible in the pres-
ence of acute or persistent urinary supersaturation
and excretion of poorly soluble salts and cause tubu-
lar plugging in any section of the renal tubules [32].
Examples include CaOx ductal plugs in patients
with primary hyperoxaluria [21,39], or cystine crys-
tal plugs in the cystine stone formers [39]. The over-
growth on plugs will form an attached stones. Parts
of a stone may break off and act as nidus for an unat-
tached stone [6,40]. Plugs are exposed to two differ-
ent environments, tubular and pelvic, with different
urinary composition. As a result the final product, the
stone, may have one crystalline type on the tubular
side and another on the pelvic side. Thus an apatite
nucleus may have brushite on the one side and CaOx
on the other [41].

3. Organic matrix of idiopathic kidney stones

Calcium oxalate kidneys stones, like other stones,
are composed of crystals (Figure 4) mixed with
small amounts of a pervasive organic matrix (Fig-
ures 5, 6) which contains carbohydrates, proteins
and lipids [37,42,43]. The matrix composition varies
between various stone types. There is more matrix
material in the outer layers of the stones than their
centers and its make-up may change from the sur-
face to the center. Urinary crystals isolated from the

human urine or produced in vitro in human urine
also contain an organic matrix. Similarly CaOx and
CaP crystals and stones produced experimentally in
rats also contain an organic matrix, indicative of uni-
versal phenomenon of incorporation of biological
substances from the immediate environment into
the growing crystals. Both chromatograph, biochem-
ical and microscopic techniques have been used to
study various aspects of organic matrix.

3.1. Results of biochemical, chromatographic,
and spectrophotometric analyses

Ever since Boyce described Substance A as the ma-
jor component of stone matrix, several studies have
examined matrix composition using ever more so-
phisticated techniques with a significant increase in
the number of components identified. Recent stud-
ies, using a variety of methods, have identified up to
1059 unique proteins in stone matrix [44].

Dussol et al. analyzed soluble matrix of 5 dif-
ferent types of kidney stones using electrophoretic
techniques [45], and identified 13 proteins. Human
serum albumin, α1-antitrypsin, α1-microglobulin,
were three of the nine proteins common in all types
of stones. B2-microglobulin was found only in CaOx
stone matrix. THP was not found in matrix of any of
the stones.

Canales et al. used mass spectroscopy to ana-
lyze matrix of 25 stones including 9 CaOx mono-
hydrate (COM), 4 CaOx dihydrate (COD), 9 apatite
and 3 brushite stones [46]. A total of 113 proteins
were identified. 42 proteins were unique to CaOx,
36 to CaP and 35 were common in both. Calgran-
ulin A and B, hemoglobin α and β chains, fibrinogen,
Tamm–Horsfall protein (THP), α 1 antitrypsin, and
vitronectin were found in more than 10 stones. Gene
ontology analysis showed that COM stones matrix
contained more cell structure, cell membrane, intra-
cellular transport proteins and coagulative proteins
while the matric of apatite stones contained more
immunity and defense proteins. Proteins involved in
inflammatory processes were common in both CaOx
and CaP stones.

Marchant et al. analyzed the organic matrix of
stones obtained from 5 patients. They used a va-
riety of techniques including spectrophotometry
and one-dimensional polyacrylamide electrophore-
sis [47]. A total of 158 proteins were identified with
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Figure 4. Calcium oxalate (CaOx) kidneys stone examined using scanning electron microscopy (SEM).
(A) Stone surface showing CaOx dihydrate (COD) crystals sticking out on the surface. (B) Stone surface
showing tops of the tabular CaOx monohydrate (COM) crystals. (C) Fractured surface showing COM
crystals organized in concentric laminations. (D) Spherical calcium phosphate crystals.

28 of them detected in all three LC-MS analyses.
Proteins included such commonly known ones as
THP, OPN, calgranulins, and albumin. Gene ontology
analyses suggested that 61% had extracellular origin,
36% intracellular and 3% intra-/extracellular. Inge-

nuity pathway analyses identified tumorigenesis,
immunological disease and inflammatory disease.
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Figure 5. SEM and TEM appearance of demineralized COM stones demonstrating ubiquitous nature of
the organic matrix, and its intimate association with the crystalline components of the stone. Stone pieces
were demineralized and then processed for electron microscopy. The stone and crystals maintained their
architecture even after the removal of the crystalline component. (A) Low magnification SEM appearance
of demineralized COM stone, very much similar to the non-demineralized stone shown in Figure 4(C).
(B) SEM of the fractured ghosts of tabular COM crystals showing loss of the crystals, leaving behind the
organic matrix which allowed the ghost to maintain tabular morphology. COM crystals tightly organized
in radial striations and concentric laminations. (C) TEM appearance of a COM stone showing ghosts of
both the tabular COM and spherical CaP crysals. The interface is occupied by the organic matrix. Bar =
1 µm. (D) TEM of the cross section of tabular COM crystals demonstrating the inter and intra-crystalline
electron dense organic matrix. Bar = 0.2 µm.
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Figure 6. Organic matrix of the CaP crystals in
a COM stone. (A) SEM of the fractured dem-
ineralized spherical CaP crystals. There is elec-
tron dense organic matrix in the center as well
as on the surface. Closer look at the surface
show needle shaped appearance. (B) TEM of
the CAP crystal ghosts showing electron dense
material organized on the periphery and also
present in the center, similar to what is shown
in A. Bar = 1 µm.

Okumura et al. examined CaOx stones obtained
from 9 stone patients and their organic matrix
was analyzed using nanoLC-MALDI-tandem mass
spectrometry following in-solution protein diges-
tion [48]. A total of 92 proteins were identified and
included proteins of kidney, blood and leukocyte ori-
gin. Osteopontin, prothrombin, THP, serum albumin,
Calgranulins, Fetuin A, Lactotransferin, myeloper-
oxidase were common to all stones. There was an
inverse relationship between Prothrombin and Cal-
granulins. Some samples had more Prothrombin and

OPN while others more Calgranulins. Calgranulins
rich stones were also rich in myeloperoxidase and
lactotransferin.

Boonla et al. analyzed proteome of stone matrix
and urine obtained from same patient to identify
the urinary proteins that become part of the stone
matrix. Proteins known to be involved in inflamma-
tion and fibrosis were detected in both the urine and
stone matrix of stone patients [49]. Eighteen proteins
with a role in immunity, inflammation, coagulation
and fibrosis were common to stone matrix and pa-
tient urine and were absent from normal healthy hu-
man urine. Calgranulin A, a calcium binding protein
with important role in inflammation was suggested
to be a urinary marker of nephrolithiasis.

Rodgers group applied solid state nuclear mag-
netic resonance spectroscopy technique to charac-
terize the biomolecular composition of phosphate
stones. They detected varying amounts of proteins,
glycosaminoglycans (GAGS) and lipids. Their analy-
sis showed that GAGS and proteins, “composited into
or onto the mineral lattice by strong physicochemi-
cal interactions” [50]. Interestingly, their results also
showed that CaOx and uric acid, when present, ex-
isted as separate entities, no direct epitaxial-like rela-
tionship.

3.2. Results of microscopic and immune-
histochemical analyses

Results of the studies discussed above have pro-
vided significant information about the composi-
tion of stone matrix and have identified more than
a thousand proteins. These studies have provided
some indication about the matrix origin as well as
clues for stone pathogenesis. The role of matrix is
however, still uncertain. To appreciate the role we
have to know the exact location of matrix and its
components in the stones and their association with
the crystals. Boyce and associates realized the sig-
nificance of such information and performed some
of the earliest histological and histochemical exam-
inations of kidney stones [51–53]. We performed a
number of light and electron microscopic studies
of decalcified CaOx crystals and stones, both from
stone patients and those produced experimentally
in rats, to localize various matrix components. Scan-
ning electron microscopy and energy dispersive X-
ray microanalysis of CaOx stones after staining with
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colloidal iron showed the presence of acidic muco-
substances in association with CaOx crystals [54].
But stones, particularly CaOx kidney stones, being
highly crystalline, it is difficult to perform critical
microscopic studies of their organic matrix. There-
fore, we developed a technique involving decalci-
fication of stone sections using 0.25 M ethylenedi-
aminetetracetic acid (EDTA), after embedding them
in agar, which allowed full or partial removal of crys-
tals without excessively disturbing the matrix mate-
rial [55]. Crystals were replaced by crystal ghosts (Fig-
ures 5, 6) and could be easily processed for various
microscopic and immune-histochemical techniques.
Light and electron microscopic examination of de-
calcified stones, helped localize the organic matrix
and its various components within the stones and
demonstrated that matrix is ubiquitous within the
stones and is present not only on crystals surfaces
but also within them [56–58]. Crystal ghosts gener-
ally maintained the original shape of the crystals.
Ghosts of CaOx monohydrate crystals appeared as
radially arranged tabular units, showing concentric
laminations and radial striations (Figure 5). Those
of CaOx dihydrate appeared dipyramidal while those
of apatite as spherical units. Matrix contains both
amorphous and fibrous components and could be
stained just like any other tissue components. Stain-
ing of demineralized stones with Sudan Black B
showed sudanophilic material within the intercrys-
talline spaces indicating its lipidic nature [59]. The
presence of lipids in the intercrystalline spaces was
further confirmed through transmission electron mi-
croscopy after malachite green staining [60]. Ultra-
structural studies of kidney stones, crystal deposits
induced in experimental hyperoxaluric rats, as well
as those produced in human urine in vitro, showed
the presence of proteins, membranes and lipids in
their matrices [37]. Crystal ghosts of both CaOx and
CaP were made of amorphous material and were
associated with fibrillary, amorphous and membra-
nous elements including membrane bound vesicles.
Transmission electron microscopy and backscattered
electron microscopy of crystal ghosts revealed the
presence of organic material on the surface as well as
inside the CaOx and CaP crystals and was organized
in discrete layers. In addition the interface between
CaOx and CaP crystals was occupied by an amor-
phous organic material [61].

Figure 7. TEM of the CaP and COM crys-
tal ghosts stained for osteopontin (black dots)
demonstrating its substantial presence in the
matrix. (A) Spherical CaP ghosts. OPN is specif-
ically present in the electron dense organic
matrix in the center and on the periphery of
the ghosts. Electron dense amorphous mate-
rial outside the spherical units is not stained.
(B) Tabular COM ghosts. OPN is specifically as-
sociated with the inter and intra-crystalline or-
ganic matrix of the ghosts. Electron dense ma-
terials outside the ghosts is negative for OPN.
Bar = 200 nm.

We also performed ultrastructural immuno-
detection of OPN, THP and albumin, the three most
common organic matrix proteins, in the CaOx crys-
tals of the human stone and those produced in a
rat model [16]. Osteopontin was a prominent con-
stituent of CaOx crystals and stones (Figures 7, 8).
Intense labelling for OPN was seen in the nucleus,
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Figure 8. OPN staining in demineralized COM
stones. (A) Interface between ghosts of CaP
and COM is occupied by OPN positive electron
dense organic matrix. (B) OPN positive vesicles
in between the ghosts of tabular COM crystals.

laminas and striations of crystal ghost from rat urine.
Similarly, concentric laminas and radial striations
of human CaOx kidney stones were also intensely
positive for OPN. CaOx crystal ghosts were negative
for THP and albumin. Labelling for THP was mostly
seen on the stone surface. Similarly, albumin was
seen on stone surface and between crystals but not
in direct contact with the crystals. Organic material
between the Cox and CaP crystals stained positive
for OPN.

4. Discussion

Results of most current studies indicate that, (1) re-
nal papillae of idiopathic CaOx kidney stone for-
mers show signs of injury and inflammation; and
(2) organic matrix of calcific kidney stones contains

biomolecules known to be involved in immune re-
sponse and inflammation (Table 1). It is however
unclear whether injury and inflammation play a
causative role in the development of RP and stones.
It has been suggested that Randall’s plaque develop-
ment is dependent upon an increase in urinary cal-
cium [11]. Calcium reabsorption is decreased in the
proximal tubules (PT), hence more calcium reaches
the thick ascending limbs of the loop. Calcium reab-
sorption into the interstitium is increased, increasing
the supersaturation thus promoting the formation of
interstitial plaques [12,13,62]. Surprisingly they did
not find any sign of injury or inflammation associ-
ated with the plaque as well as crystal deposits in
the nearby tubules. Surprising, because results of ear-
lier studies including those of Randall implied calci-
fication in association with injury. Randall suggested
“that calcium plaques appear to be a natural repara-
tive process to some form of tubule damage, the oc-
currence of which is in much higher incidence than
actual frequency of renal stone” [63]. Electron micro-
scopic study of necropsy material by Haggit and Pit-
cock described calcification as spherical laminated
electron-dense bodies in the papillary interstitium
and basement membrane of collecting ducts [7].
They showed excessive deposition of collagen in the
papillary interstitium, tubular epithelial necrosis and
thickening of the tubular epithelial basement mem-
brane. We have always found signs of tubular and in-
terstitial injury in association with Randall’s plaque
in renal papillae from idiopathic kidney stone for-
mers [6]. Additionally, in every animal model study
and every tissue culture study where renal epithe-
lial cells become exposed to crystals or even high ox-
alate, there are signs of oxidative stress which eventu-
ally leads to cellular injury [33,34,64–74]. Some stud-
ies of both CaOx and CaP nephrocalcinosis have also
shown signs of osteogenic transformation of renal
tubular epithelial cells [75–77]. In addition, hypercal-
ciuria, genetic or induced by other means, by itself
leads only to tubular deposition of crystals [69]. In-
terstitial crystals have so far only been seen in ani-
mal models of nephrocalcinosis with a deficiency of
crystal inhibitors such as pyrophosphate, OPN and
THP [78–82].

It has been proposed that Randall’s plaque and
stone formation [6,38,83], are mechanistically a form
of ectopic calcification, pathological deposition of
mostly CaP in the soft tissue, analogous to vascu-
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Table 1. Biomolecules involved in both, the inflammation and idiopathic CaOx stone disease

Molecule Description Immune function Findings in
Nephrolithiasis

α-1
microglobulin

(A1M)

A reductase that degrades heme and
removes free radicals and oxidizing
agents from tissue. It is induced by
reactive oxygen species and broken

down in the kidney

Urinary marker for renal inflammation
& hypertension

CaOx crystallization
inhibitor, present in KS

matrix

Albumin (ALB) Globular protein commonly found in
blood and has a good binding capacity

for water, Ca(2+), Na(+), K(+), fatty
acids, and hormones

Decrease in response to inflammation.
Hypoalbuminemia is a predictor of

mortality in patients with chronic renal
failure

Promotes crystallization and
crystal adhesion, present in

KS matrix

Bikunin A single glycosaminoglycan chain, is a
plasma serine protease inhibitor

Anti-inflammatory CaOx crystallization
inhibitor, present in KS

matrix

Calgranulin
(S100)

S100 calcium-binding protein family
(A8, A9, A12) that is expressed in

multiple cell types, including renal
epithelial cells and neutrophils

Inflammatory, act as
damage-associated molecular pattern

(DAMP) proteins, signaling through the
receptor for advanced glycation end

products (RAGE), and acting as
endogenous toll-like receptor 4 (TLR4)

ligands

Inhibitor of CaOx
crystallization in urine,

present in KS matrix

Fetuin-A Also known as alpha-2-HS-glycoprotein
(AHSG), is a human plasma

glycoprotein belonging to the cystatin
proteases inhibitors family that has a
calcium phosphate-binding site and
TGF (transforming growth factor)-β

cytokine-binding motif

Anti-inflammatory (stimulates
anti-inflammatory cationic polyamines

and directly inhibits PAMP-induced
HMGB1 release by innate immune

cells)

Binds to CaP to form
nanoparticles and promotes
crystal aggregation, present

in KS matrix

Fibronectin Glycoprotein of the extracellular matrix
that binds to integrins, collagen, fibrin,

and heparan sulfate proteoglycans

Modulator of inflammation Inhibitor of CaOx
crystallization and adhesion,

present in KS matrix

Heparin sulfate
(HS)

A linear polysaccharide that occurs as a
proteoglycan which is capable of

binding Wnt

Pro-inflammatory by assisting
macrophage attachment and

chemokine binding

Inhibitor of CaOx crystal
growth and adhesion,
present in KS matrix

Inter-α-inhibitor
(IαI)

A plasma proteins consisting of three of
four heavy chains selected from the

group ITIH1, ITIH2, ITIH3, ITIH4 and
one light chain selected from the group

AMBP which function as protease
inhibitors. IαI form complexes with HA

Anti-inflammatory Inhibitor of CaOx
crystallization and adhesion,

present in KS matrix

Matrix-gla-
protein (MGP)

A member of a family of vitamin-K2
dependent, Gla-containing proteins

that binds to calcium. It acts as an
inhibitor of vascular mineralization and

plays a role in bone organization

Anti-inflammatory Inhibitor of mineralization,
present in KS matrix

Osteonectin Also known as secreted protein acidic
and cysteine rich (SPARC), is a calcium

binding glycoprotein that belongs to
the matricellular protein family and is
expressed in remodeling tissues, such

as bone, mucosa of the gut, and healing
wounds

Anti-inflammatory (may regulate
macrophage viability and chronic

immune response)

Inhibitor of CaOx crystal
growth and adhesion

(continued on next page)



366 Saeed R. Khan

Table 1. (continued)

Molecule Description Immune function Findings in
Nephrolithiasis

Osteopontin
(OPN)

A phosphorylated glycoprotein that
binds integrins and functions as a

mediator of cell adhesion, migration,
immune responses, and tissue repair

Pro-inflammatory cytokine Both a promoter and
inhibitor calcification,

crystal aggregation and
attachment; present in KS

matrix

Phospholipids Components of cellular membranes Membrane exposure to reactive oxygen
species creates oxidized phospholipids

which are potent anti-inflammatory
mediators

Membrane lipids provide
site for face selective crystal
nucleation, aggregation and
retention within the kidneys

Prothrombin
fragment 1

Peptide formed during conversion of
prothrombin to thrombin; excreted in

urine

Binds calcium and is involved in
coagulation, as well as in the

recruitment and activation of immune
cells

Inhibitor of crystal growth
and aggregation, present in

KS matrix

Tamm–Horsfall
protein (THP)

Also known as uromodulin, is a large
glycoprotein in the ascending limb of
the loop of Henle extending into the

early portion of the distal tubule and is
the most abundant protein excreted in

normal urine

Modulator of inflammation Important modulator of
CaOx crystallization and

aggregation in urine as well
as CaOx adhesion to

uroepithelium, present in KS
matrix

Modified from Khan et al. [69].

lar/valvular calcification (VC) during atherosclero-
sis (Table 2) [1,69,83,84]. Reactive oxygen species
play a crucial role in both VC and stone forma-
tion [66,68,85,86]. Vascular calcification involves
osteogenic transformation of vascular smooth mus-
cle cells (VSMC) [87–90], in the presence of high cal-
cium and phosphate. Reactive oxygen species play
crucial role [66,68,85,86]. The transcription factors,
Runt-related transcription factor 2 (RUNX2), osterix
and msh homeobox 2 (MSX-2) are upregulated. Bone
morphogenetic proteins and Wnt signaling path-
ways are activated [84,91]. Calcification starts in
membrane bound matrix vesicles or exosomes [92],
produced by the transformed VSMC cells. Apop-
totic bodies produced by the deaths of many other
cells including lymphocytes and macrophages can
also behave as matrix vesicles [90,93–96]. The ma-
trix vesicles contain certain proteins and lipids that
help crystal nucleation. Once formed, needle shaped
CaP crystals pierce through the limiting membrane
of the vesicles inducing mineralization of the sur-
rounding extracellular matrix such as collagen, and
support onward movement of the mineralization
front [90,97]. RPs contain both empty and calci-
fied vesicles [8,23], normal and calcified collagen
fibers [8,24], membranous cellular degradation prod-
ucts, and express various mineralization modulators

such as OPN [27,98]. Progression of mineralization
is accomplished by calcification of apoptotic bodies
and collagen fibers in the extracellular matrix. These
features are similar to what happens during vascular
calcification as briefly reviewed above. Osteogenic
changes and expression of transcription factors in
association with RPs has been suggested but not
been confirmed [99,100]. The appearance of tran-
scription factors may be transient or below the level
of detection by immunohistochemical means. It has
however, been reported in rat models of CaOx and
CaP nephrolithiasis [76,77]. Macrophages play a sig-
nificant role in both vascular and renal papillary cal-
cification. Pro-inflammatory macrophages are im-
plicated in vascular plaque calcification while anti-
inflammatory ones with plaque regression [101–103].
Macrophages are common around renal interstitial
crystals and pro-inflammatory macrophage genes
are increased while anti-inflammatory macrophage
genes are decreased in the kidneys of patients with
kidney stones [28,104–106].

Almost all the recent studies of organic matrix
of idiopathic CaOx kidney stones, have concluded
that injury and inflammation are significant con-
tributors to the formation of matrix constituents.
Over a thousand proteins have so far been identi-
fied therein. Many of them participate in immune re-
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Table 2. Features common to vascular and renal calcification

Vascular calcification Renal calcification

Reactive oxygen species
involvement

ROS activate many steps in
calcification. Both Mitochondria and

NADPH are involved in ROS
production

Crystals and high oxalate induce ROS
production by renal epithelium.

Mitochondria and NADPH oxidase
are involved in ROS production

Inflammation Activation of NLRP 3 inflammasome
is required for VSMC calcification

Activation of NLRP3 Inflammasome

Osteogenic
transformation (OT)

OT of VSMC OT of renal tubular epithelial cells

Transcription factors
involved

RUNX2 and Osterix RUNX1 and 2, Osterix

Bone specific gene and
protein expression

BMP, OPN, OCN, MGP BMP, OPG, OPN, MGP, Osteocalcin,
Osteonectin, Fibronectin

Mineralization
modulators

OPN, OCN, MGP, Fetuin, Lipids OPN, MGP, Fetuin, Osteocalcin,
Lipids, THP

Monocyte/ macrophages Macrophages play critical role in
plaque calcification. M1

macrophages associated with plaque
calcification and M2 with plaque

regression

Macrophages are common around
interstitial crystals. M1 related genes

are upregulated and M2 related genes
are downregulated in kidneys of

stone patients

Matrix vesicles/
exosomes/apoptotic

bodies

VC starts in membrane bound
vesicles produced by transformed

VSMC and apoptotic bodies
produced by death of lymphocytes

and macrophages

Membrane bound vesicles are
associated with both intratubular

and interstitial calcifications and are
likely starting point for interstitial

calcification

Mineralization progress Mineralization continues by
calcification of apoptotic bodies and
collagen fibers in extracellular matrix

Mineralization continues by
calcification of apoptotic bodies and
collagen fibers in extracellular matrix

Results based on animal model, cell culture as well as limited number of clinical studies. (From Khan
et al. [69].)

sponse and are also well-known modulators of crys-
tallization in the urine (Table 1) [1,69,107–112]. Os-
teopontin, a phosphorylated glycoprotein, the most
common matrix constituent, is a pro-inflammatory
cytokine and can act as both a promoter and in-
hibitor of crystal formation, aggregation and attach-
ment to epithelial surfaces. Urinary prothrombin
fragment 1 is formed during conversion of prothrom-
bin to thrombin and is excreted in urine. It binds cal-
cium and plays a role in coagulation, and recruit-
ment and activation of immune cells. It is an inhibitor
of crystal growth and aggregation. Of the many pro-
teins present in the urine, CaOx crystals selectively
incorporate OPN and UPFT-1 [16,113–115]. Albu-

min is common in blood, urine and stone matrix.
It promotes crystal formation and adhesion. Albumin
production is reduced in response to inflammation
and hypoalbuminaemia is considered a mortality
predictor in patients with renal failure. Calgranulins,
a family of S100 calcium binding proteins function
as damage associated molecular pattern signaling
through the receptor for advanced glycation prod-
ucts and as endogenous ligands for tool-like recep-
tor. They are common in stone matrix and have
been shown to inhibit CaOx crystallization in urine.
Tamm–Horsfall Protein or uromodulin, a large gly-
coprotein expressed mainly in ascending limb of the
loop of Henle and proximal part of the distal tubule,
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is excreted in the urine in large amounts. It modu-
lates certain steps in inflammation as well as CaOx
crystallization and their retention within the kidneys.
Inter alpha trypsin inhibitor is a plasma protein com-
plex of a light chain covalently bound to heavy chains
1 and 2. Both light and heavy chains are excreted
in the urine and have been shown to inhibit CaOx
crystallization and adhesion to tubular epithelium.
Matrix-GLA protein contains glutamate residues re-
quiring vitamin K for activation, and functions pri-
marily as an inhibitor of vascular calcification. Fe-
tuin A is plasma glycoprotein, has CaP and TGFB
cytokine binding sites and has anti-inflammatory
properties.

Macromolecules inhibitors of crystallization
present in the kidneys and urine, such as MGP, OPN
and Fetuin A, are also inhibitors of mineralization of
vascular smooth muscle [84]. MGP inhibits vascular
calcification [116] and regulates activities of bone
morphogenetic protein 2 (BMP2) [117]. Even though
it was first isolated from bone [118], the expression
of MGP mRNA is fivefold higher in rat kidneys than
in bone [119]. There is widespread arterial calcifi-
cation in Mgp−/− mice, which starts as amorphous
CaP, and eventually transforms into hydroxyapatite
and carbonate apatite [120]. MGP may also play a
role in kidney stone formation. MGP polymorphisms
might be involved in the development of CaOx kid-
ney stone disease in Japanese [121] and Chinese
patients [122].

Fetuin A, which is encoded by AHSG, has high
affinity for CaP and is highly enriched in both min-
eralized tissues [123] and pathological calcifica-
tions [124]. Knocking out AHSG gene in mice causes
extensive soft tissue calcification [123]. In humans,
cardiovascular calcification and aortic stiffness in
patients with kidney failure is associated with serum
Fetuin A deficit [125,126]. The urine, kidneys and
serum of kidney stone patients have lower Fetuin A
levels than healthy controls [127].

Osteopontin is highly phosphorylated with mul-
tiple functions and plays a role in both calcifica-
tion and inflammation [128–130]. It is modulator of
crystallization of CaOx as well as CaP and is promi-
nent in both mineralized tissue and soft tissue cal-
cifications. Knockout of OPN leads to deposition of
CaOx in hyperoxaluric mice [111]. It is a chemoat-
tractant for macrophages and T-cells and involved
in secretion of IL-3, IL-10, IL-12, interferon-γ, in-

tegrin αvB3, NFκβ. SPP1 gene that encodes for
OPN, is upregulated in renal tissues of kidney stone
patients [28].

Lipids and membranes are present in both the
kidney stone matrix as well as vascular calcifica-
tion. Oxidative stress and inflammation are consid-
ered two major pathological mechanisms for en-
dothelial dysfunction. Membrane bound extracellu-
lar vesicles derived from smooth muscle cells, valvu-
lar interstitial cells and macrophages act similar to
matrix vesicles and act as mediators of calcifica-
tion [92,131]. We have found that lipid contents of
the kidney stone matrix [132], as well as tubular
epithelial brush border membrane vesicles can act
as mediator of both CaP and CaOx crystallization
in vitro [36,133]. Stone formers urine contains more
acidic phospholipids, considered to be involved in
promoting calcification, than the urine of non-stone
formers [134]. The ultrastructure of human calcified
aortic valve [92], appears to be analogous to the ul-
trastructure of Randall’s plaque seen in the kidneys of
patients with idiopathic CaOx kidney stones [1,8,69].
Both show membrane bound vesicles with and with-
out needle shaped crystals associated with collagen
fibers.

As far as the presence of organic matrix is con-
cerned, all calcifications, physiological or patholog-
ical, either human or animal, have a matrix. Ap-
parently any biomolecule present at the site of cal-
cification becomes incorporated into the organic
matrix. However some, such as OPN and urinary
prothrombin fragment 1, and perhaps inter-alpha-
inhibitors are preferentially and specifically incor-
porated into the crystals. Thus crystals are actually
not pure crystals with a protein coat but bio-crystal
unit.

A review of the current literature about Randall’s
plaques, plugs and idiopathic CaOx kidney stone and
experimental data obtained through animal model
and tissue culture studies discussed above indicates
that: (1) at least the early steps of stone pathogen-
esis are more complicated than simple increase in
urinary supersaturation; (2) there is oxidative stress,
injury and inflammation at some stages during stone
pathogenesis; (3) intratubular crystallization and
parenchymal crystal deposition is a common occur-
rence. Based upon these observations, we have pro-
posed that hypercalciuria, hyperoxaluria and hypoc-
itraturia induce tubular crystallization activating
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many systems including renin–angiotensin sys-
tem and nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase, leading to an increase in
the production of reactive oxygen species (ROS).
In response, exposed cells produce crystallization
modulators such as OPN, matrix Gla protein (MGP),
bone morphogenetic proteins (BMPs) and alkaline
phosphatase (ALP). Activation of NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) inflam-
masome, causes the production of caspases and
inflammatory cytokines that promote macrophage
infiltration. Under normal conditions inhibitors keep
the crystals small which are passed out during uri-
nation. Some of the crystals are taken in by the cells
and are phagocytosed. Some are extruded into the
interstitium where they attract macrophages and are
taken care of by them. However, in the presence of
continuing high calcium, oxalate and low citrate, as
is possible in many kidney stone formers, there is de-
velopment of oxidative stress and epithelial cells are
unable to produce sufficient amounts of inhibitors.
Epithelial cells undergo osteogenic changes, produce
inflammatory cytokines attracting macrophages and
their transformation from anti-inflammatory to pro-
inflammatory. This leads to inflammation and depo-
sition of collagen. Transformed epithelial cells, cellu-
lar apoptosis as well as macrophages produce calci-
fying vesicles. From then on, interstitial calcification
progresses through the mineralization of collagen
and other components of the extracellular matrix.
Growing outward it reaches the sub-urothelial space
on papillary surface and appears as Randall’s plaque.
Exposure of the plaque to the pelvic urine might
be brought about by metalloprotease mediated dis-
ruption of the tight junctions between cells of the
covering urothelium. Involvement of matrix metallo-
proteinases (MMP) in crystal associated diseases of
the kidneys has, so far not been investigated. MMPs
are increased by oxidative stress and inflammation
and a number of MMPs are known to play a role in
a variety of kidney diseases [135,136], including vas-
cular calcification in chronic kidney disease [137].
Some of the proposed steps are summarized in
Figure 9.

Once RP’s become exposed to the urine, stones
develop by the addition of CaOx crystals which can
either happen by crystal nucleation on the exposed
plaque or by accretion of CaOx crystals formed in-
dependently in the surrounding urine. Crystalliza-

tion will depend upon the presence of calcium,
and oxalate as well as various crystallization mod-
ulators present in th urine. It should, however, be
recognized that CaOx crystals will not be depositing
or nucleating on CaP crystals. Both CaOx and CaP
crystals as well as the plaque are covered by an or-
ganic matrix. Therefore CaOx crystals would most
probably nucleate on the organic material present
on the CaP crystals or plaque. If there is any speci-
ficity of interaction between the two types of crys-
tals, it is based upon the specific macromolecule
present on crystal surfaces. For example, OPN shown
to be specifically incorporated into the CaOx crystals
is well known for its crystal nucleation capabilities
when adsorbed onto a surface.

The formation of ductal plugs is dependent upon
the supersaturation. Acute and or persistent super-
saturation will result in excessive crystallization re-
ducing their movement with the urine. Slowing will
allow the aggregates to increase their mass and fur-
ther reduce their pace through the tubules eventually
blocking their lumens. Bends in the tubules as well
as changes in their luminal diameter will also ham-
per movement of crystal aggregates. Blockage of the
openings of the terminal collecting ducts would cre-
ate a lesion exposed to the pelvic urine. From this
point, further growth will most likely be similar to
that what happens on the exposed Randall’s plaque
discussed above. Crystalline overgrowth and devel-
opment of stone will depend upon the concentration
of calcium, oxalate, citrate as well as many macro-
molecular modulators of crystallization present in
the pelvic urine.

5. Conclusions

Kidney’s immune system responds to the abnormal
excretion of stone forming ions and salts by produc-
ing macromolecules to control and inhibit crystal-
lization within the renal tubules. Most of the small
crystals are expelled as crystalluria. Others are dis-
patched into the interstitium where macrophages are
responsible for their disposal. Failure of the normal
appropriate renal response leads to injury, inflam-
mation and the formation of the plaques and plugs.
Many of the calcium binding macromolecules pro-
duced to modulate and inhibit crystallization, be-
come incorporated into the crystals and become part
of the organic matrix of the stones. The matrix is
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Figure 9. Proposed scheme for the development of Randall’s plaques based upon experimental and
clinical data as discussed. Urinary supersaturation with respect to the CaOx and CaP, which is mainly
a result of high calcium (Ca) and oxalate (Ox) and lower crystallization inhibitory potential (CIn), is
increased. Transient increase produce small crystals which are excreted in the urine. Some of the crystals
are endocytosed, moved into the interstitium leading to their clearance. Persistent but mild increase in
supersaturation and continued production of intraluminal crystals provokes an immunological response.
There are osteogenic changes and production of inflammatory and crystallization modulatory molecules.
There is production of matrix vesicles through budding from the epithelial cells into the basement
membrane, as well as degradation of interstitial elements and macrophages. Calcification continues with
the mineralization of collagen, matrix vesicles and cellular degradation products, eventually reaching the
base of the urothelium. It is now ready to be exposed to the pelvic urine through the urothelial loss and
become a nidus for the development of a stone.
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neither a glue nor a mortar binding individually-
produced inorganic crystals but a component of the
bio-crystals, biological CaP or CaOx.
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Abstract. The majority of idiopathic calcium oxalate kidney stones form on the Randall’s plaque, a
subepithelial calcium phosphate plaque at the renal papilla. The formation mechanisms of the Ran-
dall’s plaque and associated calcium oxalate stones remain incompletely understood. This article pro-
vides an historical overview of the research performed on this topic, describes the current epidemi-
ological trends of Randall’s plaque-associated kidney stone formation and reviews the suggested for-
mation mechanisms of Randall’s plaque and associated calcium oxalate stones. Finally, this overview
highlights the recent advances made on the subject, including the development of an animal model.

Keywords. Randall’s plaque, Calcium phosphate, Calcium oxalate stones, Kidney stones, Nephrolithi-
asis.
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1. Introduction

Nephrolithiasis is extremely common, with esti-
mated prevalence of 10.6% in males and 7.1% in

∗Corresponding author.

females in the United States of America [1]. In 66.0–
93.0% of kidney stones, the main component is cal-
cium oxalate, comprising calcium oxalate mono-
hydrate (COM) in 42.8–74.4% and calcium oxalate
dihydrate (COD) in 18.6–23.2% [2,3]. Up to 90% of
calcium oxalate kidney stones are categorized as
idiopathic as no causative hereditary or acquired
disease can be detected [4]. The exact mechanism of
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idiopathic calcium oxalate stone formation remains
to be elucidated but the majority of these stones ap-
pears to form by a process of heterogeneous nucle-
ation on a subepithelial calcium phosphate plaque
at the papilla, known as the Randall’s plaque.

The plaque is named after Alexander Randall,
who, in the 1930’s, described the presence of a subep-
ithelial interstitial calcium plaque at the renal papilla
in 19.6% of 1154 pairs of cadaveric kidneys, as an
initiating lesion that precedes kidney stone forma-
tion [5,6]. Randall observed that some of the plaques
lost their epithelial lining and hypothesized that they
would act as a nidus for subsequent stone formation
after their exposure to calyceal urine. Actually, Ran-
dall reported small calculi attached to the calcium
plaque in 2.3% of patients. Additionally, he found
several kidney stones to display a smooth depression,
indicative of prior papillary attachment and on some
of them, remnants of the calcium plaque.

Randall additionally described a second, less fre-
quently occurring papillary lesion, now known as
tubular plugs or Randall’s plugs, which consists of
crystal deposition in the lumina of the collecting
ducts [6]. Tubular plugging rather than interstitial
calcium phosphate plaque formation has been hy-
pothesized as the initiating lesion for brushite stone
formation and for kidney stones formed in patients
with primary hyperparathyroidism, enteric hyperox-
aluria and distal renal tubular acidosis [7–9]. The sub-
ject of tubular plugging is however not the topic of
this overview.

Randall’s groundbreaking publications concern-
ing the interstitial calcium plaque were followed
by several reports of his contemporaries, who con-
firmed the presence of papillary plaques in cadav-
eric kidneys and nephrectomy samples with attached
stones in a proportion of these plaques [10–13].

After a long period with few publications on the
matter, research on the subject of Randall’s plaque
regained new interest at the end of the 20th cen-
tury, likely driven by the increased performance of
urologic endoscopy, during which Randall’s plaques
can be directly visualized at the papillary tip and
due to the increased prevalence of Randall’s plaque-
associated kidney stone formation. Especially the
formation mechanism of Randall’s plaque, which re-
mains incompletely understood, has been addressed
in many publications during the last two decades.

2. Epidemiology

Early publications by Randall [5], Rosenow [10], Ver-
mooten [12] and Haggitt and Pitcock [14] reported
the presence of papillary plaques in 8.3–23.0% of
unselected autopsy kidney specimens, detected by
macroscopic or hand lens examination. The papil-
lary plaques were described as cream-coloured to
white lesions, with size ranging from 1–2 mm to a
surface occupying the entire papilla. Vermooten [12]
described a difference in prevalence between the
Caucasian and the native South African population,
with respectively 17.2 and 4.3% of subjects displaying
Randall’s plaque.

Light microscopic examinations of papillary tis-
sue of unselected autopsy kidneys and nephrectomy
samples, including kidneys affected by nephrolithi-
asis, could detect medullary calcifications in all kid-
neys in the reports of Anderson and McDonald [13]
and Haggitt and Pitock [14], while Anderson could
only detect calcifications in 12% of autopsy kid-
neys [11]. It has to be mentioned that in the last study
children and infants formed 36% of the study pop-
ulation, with only 5.7% of them displaying Randall’s
plaque and frequently examination on only one renal
section, not always containing papillary tissue, was
performed. Finally, Ruggera et al. [15] reported inter-
stitial calcifications detected by microscopic exami-
nation in 42.9% of papillary biopsies performed dur-
ing ureterorenoscopy in stone-forming patients.

Optical microscopy of eliminated kidney stones
grown on Randall’s plaque typically reveals a papil-
lary umbilication, the imprint of the previous pap-
illary attachment, which can be found as an ir-
regular depression, while some stones can display
plaque remnants at the umbilication as well [16] (Fig-
ure 1). Daudon et al. [16] described papillary umbili-
cation in 19.5% of 45,774 examined calculi. The rates
augment to 39.0% taking only spontaneously elim-
inated stones into account and even to 66.1% con-
sidering only spontaneously passed COM stones [4].
Cifuentes Delatte et al. described papillary umbilica-
tion in 28.4% of 500 spontaneously passed stones [17]
and plaque remnants in 72.4% of 87 umbilicated kid-
ney stones [18]. Letavernier et al. [19] reported 34.1%
of 30149 intact calcium oxalate stones to show Ran-
dall’s plaque remnants.

Recently, micro-computed tomographic imag-
ing (micro-CT), using 3-dimensional X-ray imaging
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Figure 1. (a) Optical microscopy showing COM stone without papillary umbilication and without Ran-
dall’s plaque. (b) Optical microscopy showing sectioned COM stone without papillary umbilication and
without Randall’s plaque. (c) Optical microscopy showing COM stone with papillary umbilication. (d) Op-
tical microscopy showing COM stone with papillary umbilication and plaque remnants. (e) Optical mi-
croscopy showing COM stone with Randall’s plaque. White arrow: papillary umbilication, black arrow:
Randall’s plaque remnants, asterisk: massive Randall’s plaque.
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with microscopic level resolution was introduced
by Williams et al. [20], who reported the technique
to be able to detect calcium phosphate deposits in
papillary tissue samples and in eliminated kidney
stones.

Rates of Randall’s plaque detected by endoscopic
urological procedures including ureterorenoscopy
and percutaneous techniques are much higher com-
pared to the rates detected by optical microscopy
as current urological techniques including shock-
wave, ultrasound and laser frequently destroy kid-
ney stones and Randall’s plaques, resulting in loss
of the plaque or papillary umbilication for optical
microscopy. Endoscopic urological examination re-
veals Randall’s plaques as irregular, glossy, whitish
lesions surrounding the opening of the collecting
ducts [7,9] (Figure 2). In American studies performing
endoscopic urology, Randall’s plaque was detected
in 73.7–100.0% of stone-forming patients [9,21,22],
with 47.8–100.0% of idiopathic calcium stone for-
mers showing evidence of attached stones at the
Randall’s plaques [22,23]. European studies have re-
ported lower rates and detected Randall’s plaque in
56.7% of 289 stone formers [24].

A difference in density, determined by com-
puted tomography attenuation values between re-
nal papilla of stone formers and non-stone formers
respectively has been reported [25,26]. In 2013, a
study comparing papillary surface plaque coverage
determined during percutaneous nephrolithotomy
and by means of single- or dual-energy helical com-
puted tomography, reported the absence of corre-
lation between the radiological and endoscopic re-
sults and concluded current computed tomography
techniques not able to detect Randall’s plaque [27].
Indeed, only huge Randall’s plaque can be visual-
ized with computed tomography. In the future, novel
techniques with higher spatial resolution, reduced
image noise and improved material differentiation
might constitute a good means for the non-invasive
detection of Randall’s plaque [28].

Although less prevalent than in stone formers [21,
29] and displaying lower papillary tissue plaque cov-
erage [30], Randall’s plaques are also detected in
non-stone-forming patients, supporting the theory
of their formation as a precursor lesion for kidney
stone formation, with subsequent pathogenic steps
required for actual kidney stone formation. Light mi-
croscopic examination could detect papillary calcifi-

cations in 69.4% of 62 cadaveric kidneys of non-stone
formers [31]. Endoscopic urology detected Randall’s
plaque in 42.9% of seven non-stone-forming pa-
tients in an American study [21], while the rate was
27.7% of 173 non-stone-forming patients in a Euro-
pean study [24]. Finally, incipient papillary Randall’s
plaque could be detected in 72.7% of non-stone for-
mers [32].

Endoscopic urological studies reported Randall’s
plaque to uniformly affect all or nearly all papilla [9,
21,22,24]. Verrier et al. [32] observed that nearly all
examined papilla were affected by incipient intersti-
tial calcifications, suggesting that the process of Ran-
dall’s plaque formation a minima is extremely fre-
quent.

Randall’s plaque has been described in chil-
dren [33,34]. Epidemiological data [19] demonstrate
that the proportion of kidney stones formed on Ran-
dall’s plaque is maximal in the age category of 20–29
years and that this proportion reduces with age, as
opposed to the initial idea that plaque formation and
associated kidney stone formation increases with
age [12]. Additionally, the age of the patients pre-
senting the largest proportion of Randall’s plaque-
associated kidney stone formation has decreased
during the last decades [35].

The frequency of Randall’s plaque-associated
stone formation is rising. In France, a significant
increase in proportion of calcium oxalate stones
formed on Randall’s plaque between the early 1980’s
and the early 2010’s, in both males and females,
but most pronounced in young females was re-
ported [19,35]. In general, the proportion of Ran-
dall’s plaque-associated kidney stone formation
increased from 5.7% in the period 1978–1985 to
23.3% during the period 2000–2006 [16,19]. Addi-
tionally, the proportion of papillary tissue covered
by Randall’s plaque is correlated with the number of
stones formed [30], supporting the theory of Ran-
dall’s plaque as an initiating lesion for kidney stone
formation and highlighting the plaque’s relevance for
recurrent stone formation. The increasing propor-
tion of calcium oxalate stone formation on Randall’s
plaque is hypothesized to contribute to the rising
frequency of calcium oxalate kidney stone forma-
tion in general [36–38]. Additional epidemiological
studies are needed to confirm these findings but
are impeded by the frequent loss of papillary um-
bilication and plaque remnants due to urological
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Figure 2. (a) Endoscopic urological view of Randall’s plaques at the papilla, visible as irregular, glossy,
whitish lesions. (b) Endoscopic urological view of Randall’s plaques with attached COM stones. Black
arrow: Randall’s plaque, white arrow: COM stone.
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fragmentation techniques and by the non-universal
use of morphoconstitutional stone analysis [39–41]
comprising optic microscopy and Fourier-transform
infrared spectroscopy (FTIR) [42] or X-ray analysis
as the gold standard for kidney stone analysis and
Randall’s plaque detection.

3. Update on the mechanism of Randall’s
plaque formation

3.1. Historical data

Already at the initial description by Randall [5] and
later confirmed by other authors [13,14,43,44], it was
reported that Randall’s plaque consists of interstitial
calcification, with sparing of the tubular lumina, nor
were calcifications found in the cytoplasm of tubular
cells [14]. Initially, Randall hypothesized that plaque
formation begins at the basement membranes of the
collecting tubules, initiated by lesions at its epithe-
lium [5]. In the same time period, Vermooten de-
scribed the localization of the calcifications not only
at the collagen fibers of the basement membrane of
collecting tubules but also at collagen fibers of the
vasa recta and in the interstitium [12,43]. In 1970,
Cooke was the first to report the calcifications to be
related to the basement membrane of the thin limbs
of the loop of Henle [31]. At the end of the 20th cen-
tury, Stoller et al. [44] supported the findings of Ver-
mooten [12,43] and reported the calcifications to be
located at the basement membrane of the collecting
tubules, the interstitium and the vasa recta.

3.2. Randall’s plaque formation begins in the
basement membranes of the thin limbs of
Henle’s loop and of the vasa recta

Although the exact mechanism of Randall’s plaque
formation as an ectopic calcification remains to be
elucidated, it has been demonstrated that Randall’s
plaque formation begins in the basement mem-
branes of the thin limbs of the loops of Henle and
of the vasa recta at the tip of the renal papilla,
with subsequent spreading into the interstitial tis-
sue to the suburothelium [7,32]. Electron microscopy
shows that at incipient Randall’s plaques and pap-
illary tissue adjacent to Randall’s plaques, calcifi-
cations can be found around the basement mem-
branes of the thin loop of Henle and of the vasa

recta, in close contact with collagen bundles. Cal-
cifications can be found as isolated, small, spheri-
cal homogeneous electron-dense deposits but can
also be detected as larger deposits with a multilam-
inated morphology showing radial crystallization [7,
32,45]. The small spherical deposits can merge to
form larger depositions, forming syncytia and losing
their identity, spreading in the interstitium, in close
contact with collagen bundles and organizing into
complete or incomplete rings or cuffs, surrounding
the thin loops and the vasa recta. Completely sur-
rounded tubules may show cytoplasm vacuolization
or basement membrane detachment as signs of cel-
lular damage. Evan et al. [7], supported by later publi-
cations [46], confirmed the absence of crystals in vas-
cular and tubular cells even in larger plaques and re-
ported also the tubular lumina to remain free, except
for extensive calcification. The interstitial deposits
can extend to and surround the collecting tubules as
described by Stoller et al. [44], without affecting the
collecting tubular cells, but it is clear that the collect-
ing tubules are not the initial site of Randall’s plaque
formation [7,32].

Scanning electron microscopy of a Randall’s
plaque typically shows the presence of calcified
tubules and calcified blood vessels [18] (Figure 3).
Linnes [9] described in approximately 40% of pa-
tients with Randall’s plaque the occurrence of tubu-
lar plugs, evidenced by means of ureterorenoscopy.
Also Verrier et al. [32] reported tubular plugs consist-
ing of carbonated apatite and amorphous calcium
phosphate to be present in 79.6% of papillary tissues
with or without incipient Randall’s plaques, but the
plugs were not in contact with the interstitial calci-
fications, suggesting that the formation of incipient
Randall’s plaque is not related to these intratubular
crystals. The role of tubular plugs and their interac-
tion with interstitial calcium phosphate deposition
remains unknown.

3.3. In situ calcium phosphate precipitation
driven by calcium phosphate supersatura-
tion and the role of hypercalciuria

The mechanism for calcium phosphate deposition at
the basement membrane of the thin loops of Henle
and of the vasa recta is incompletely elucidated but
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Figure 3. (a) Scanning electron microscopy showing a normal papilla. (b) Scanning electron microscopy
showing a Randall’s plaque fragment in a kidney stone with calcified tubules and tubular plugs. (c) Scan-
ning electron microscopy showing a Randall’s plaque fragment in a kidney stone with calcified tubules.
Black arrow: opening of a collecting duct, white arrow: calcified tubule, orange arrow: calcium phosphate
tubular plug.
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a process of in situ calcium phosphate precipita-
tion, driven by high local calcium phosphate super-
saturation, influenced by high calcium concentra-
tion and high pH is assumed. As no intracytoplas-
mic crystals or calcifications in the tubular epithelial
cells are detected [7] and incipient Randall’s plaque
are not in contact with tubular plugs [32], a pro-
cess of intratubular calcium phosphate crystal for-
mation, driven by high calcium phosphate supersat-
uration in the tubular fluid of Henle’s loop [47] with
subsequent paracellular or transcellular transport-
like endocytosis [48], resulting in basolateral release
of calcium phosphate crystals or increased calcium
phosphate excretion is less likely. The hypothesis of
in situ interstitial calcium phosphate crystal forma-
tion is supported by the description of a medullary
concentration gradient for calcium, caused by pas-
sive calcium diffusion from the loops of Henle, pre-
dominantly at the thick ascending limb, and from
the descending vasa recta [49–51]. It is hypothe-
sized that high calcium delivery out of the proximal
tubule, as seen in idiopathic hypercalciuria, where
there is reduced proximal tubular calcium reabsorp-
tion [52], results in increased passive calcium diffu-
sion at the thick ascending limb of Henle, increas-
ing the medullary calcium concentration. Descend-
ing vasa recta tend to wash this outer medullary
calcium to the inner medulla but are permeable to
calcium, resulting in passive calcium diffusion to the
interstitium, increasing the medullary calcium con-
centration and contributing to the calcium phos-
phate supersaturation at the papillary tip. Addition-
ally, reduced water reabsorption at the collecting
duct due to increased serum calcium levels at the
vasa recta, can additionally increase calcium phos-
phate supersaturation [53]. Finally, it has been hy-
pothesized that there is a high papillary pH in pa-
tients with Randall’s plaque [54], further contributing
to high papillary calcium phosphate supersaturation.
Calcium diffusion from the thin limbs of Henle’s loop
is assumed to contribute very little to the high cal-
cium phosphate supersaturation at their basement
membranes as no vectorial calcium or phosphate
transport occurs at this site and the permeability for
calcium and phosphate is very low. The diffusion
of calcium from the descending vasa recta close to
the thin limbs is assumed to be the major source
of calcium phosphate supersaturation at the inter-
stitium in their vicinity. In fact, the basement mem-

branes of the thin limbs of the loop of Henle are thick,
composed of collagen and mucopolysaccharides, an
electrostatically charged matrix, easily attracting cal-
cium phosphate with progressive calcification. Re-
cently, Evan et al. [55] demonstrated that Randall’s
plaque formation begins at the ascending thin limbs
of Henle’s loop and not at the descending thin limbs.
These findings support the theory of calcium wash-
down from the interstitial tissue at the thick ascend-
ing limb to the interstitial tissue at the papillary tip
and the ascending thin limbs by the vasa recta, as
the descending vasa recta are preferentially located
near the ascending thin limbs of Henle’s loop and as
the ascending thin limbs are impermeable to water
as opposed to the descending thin limbs [56], im-
pairing dilution of the local high interstitial calcium
concentration.

In this “vas washdown” theory, with subsequent
in situ calcium phosphate precipitation at the base-
ment membranes of the vasa recta and of the thin
limbs of the loop of Henle, calcium concentration
of the tubular fluid delivered to the thick ascending
limb is an important determinant of Randall’s plaque
formation. Many findings support this. First, idio-
pathic hypercalciuria is the most common metabolic
abnormality in idiopathic calcium oxalate stone
formers [57]. The coverage of papillary tissue by
Randall’s plaque is correlated with calciuria [29,58].
Randall’s plaque is more pronounced in idiopathic
hypercalciuric stone formers compared to other
stone formers [8]. The importance of calciuria could
also explain the difference in frequency of Randall’s
plaque described by Vermooten [10] between Cau-
casian subjects and the native South African popula-
tion, who are known to have lower levels of calciuria.
Finally, in a study comparing calcium oxalate stone
formers related and unrelated to Randall’s plaque,
Letavernier et al. [19] described higher serum levels
of osteocalcin to be associated with Randall’s plaque
formation, and to a lesser extent increased serum
calcium levels and phosphate reabsorption rate. As
the osteocalcin gene has a vitamin D receptor re-
sponse element in its promotor region, increased
osteocalcin levels are a marker of vitamin D receptor
activation. These findings suggest the implication of
vitamin D activation in Randall’s plaque formation.
Activated vitamin D (1,25-OH2-vitamin D), by means
of increased gastro-intestinal calcium absorption, is
an important mediator of renal calcium excretion.
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Letavernier et al. [19] speculated that the increased
prevalence of Randall’s plaque-associated kidney
stone formation might be partly attributed to the
increased use of vitamin D supplements. Although
controversial, some publications have reported the
relationship between vitamin D supplements and
kidney stone formation, especially when combined
with calcium supplements [59]. Recently, combined
administration of vitamin D and calcium resulted
in accelerated calcification in an animal model of
Randall’s plaque formation [60]. The role of vitamin
D supplementation in the formation of Randall’s
plaque in predisposed subjects was again raised by
the authors but remains a subject of controversy and
debate.

According to this theory, measures that augment
proximal tubular calcium reabsorption and hence re-
duce calcium delivery to the thick ascending limb,
like thiazide diuretics and low sodium diet, could
reduce Randall’s plaque formation. On the other
hand, increased Randall’s plaque formation can be
generated by further increase in calcium phosphate
supersaturation at the papillary tip, which is typically
induced by a Western diet rich in salt and protein,
the major dietary determinants of renal calcium ex-
cretion. Additionally, high protein intake results in
high urinary phosphate excretion and an acid load,
leading to basolateral, interstitial bicarbonate excre-
tion in parallel to tubular proton excretion by alpha-
intercalated cells of the collecting ducts, additionally
raising calcium phosphate supersaturation. Indeed,
besides correlation with calciuria and low urinary
volume, Kuo et al. [29] described low urinary pH to
correlate with Randall’s plaque papillary coverage.

3.4. Crystalline and organic composition of Ran-
dall’s plaque

The main crystalline components of Randall’s plaque
are carbonated apatite (carbapatite) and amorphous
carbonated calcium phosphate [4]. Amorphous car-
bonated calcium phosphate is more predominantly
found at the core of the Randall’s plaque, suggesting
that it is the first crystalline phase formed, with sub-
sequent formation of the more stable apatite at the
surface [61]. Sodium hydrogen urate can be detected
in 3.4% of Randall’s plaque identified during mor-
phoconstitutional kidney stone analysis [4,62]. Addi-
tionally, whitlockite is detected in 1.0% of Randall’s

plaques, identified at kidney stone surface [4] and has
also been observed in incipient Randall’s plaque in
the papilla [32]. Brushite can be detected in 0.34% of
Randall’s plaques, identified at kidney stone surface
[4]. Finally, minor compounds including octacalcium
phosphate, struvite, calcite, uric acid, bobierrite, am-
monium urate, potassium urate, opaline silica and
porphyrines have been detected as well [4,17]. The
variety of the different crystalline phases detected at
the Randall’s plaque and the variable levels of car-
bonation, ranging between 5 and 35% [16] likely re-
flect the involvement of different formation mecha-
nisms.

Randall’s plaque contains an organic matrix rich
in proteins, glycosaminoglycans and lipids, contain-
ing collagen fibers and other yet unidentified fibril-
lary material, membrane vesicles and other cellular
degradation products [45,63]. Already described by
Haggitt and Pitcock in 1971 [14], electron microscopy
shows that deposits can have a multilaminated mor-
phology [7,32]. The lamination reflects the alternat-
ing layers between mineral phases as shown by the
light regions and organic material represented by
the electron-dense layers [64,65]. Evan et al. [65] re-
ported that all mineral deposits, even the smallest,
are surrounded by organic material, with larger de-
posits described to “float in an organic sea”. Already
reported in historical papers [12,43], Khan et al. [45]
confirmed the mineral spherical deposits to be in
close association with collagen fibers and described
the presence of membrane vesicles. The authors hy-
pothesized that in the process of aggregation and
merging of the initial spherical mineral deposits
to form larger deposits, collagen and membranous
degradation products interact with the enlarging cal-
cification, getting calcified as well. Very recently, Gay
et al. [63] demonstrated at higher magnification that,
although plaques are located in collagen-rich re-
gions, there is a gap between the collagen fibers and
microcalcifications in the incipient calcium plaque,
assuming no close interaction with collagen in the
early steps of Randall’s plaque formation. The au-
thors confirmed the findings of Khan et al. [45] and
reported the presence of vesicles containing calcium
phosphate crystals. A predominant macromolecule
detected at Randall’s plaque is osteopontin [66],
which is located at the interface of the apatite crystal
and the surrounding organic matrix [65]. The ex-
act role of this crystallization modulator [67,68],
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which is also implicated in pathological vessel
calcification [69] and bone mineralization, is un-
known. Other macromolecules detected at Randall’s
plaque organic matrix include osteocalcin, bone
sialoprotein and inter-alpha-trypsin inhibitor heavy
chain 3 [70].

Very recently, Winfree et al. [71] described, in a
study using microscopic fluorescence, an autofluo-
rescence signal unique to Randall’s plaque, present
on calcium oxalate stones and in papilla and dif-
ferent from the signal detected from the attached
stone. As autofluorescence originates from proteins
and metabolites, these findings suggest the presence
of a unique, yet unidentified proteinaceous or meta-
bolic deposition in the organic components of Ran-
dall’s plaque, which is absent in stone matrix and
urine. Such results may be in line with the pres-
ence of some specific metalloproteins in the Randall’s
plaque. Actually, high levels of zinc [72] have been
identified at Randall’s plaque, that may be related to
inflammatory processes and to the presence of met-
alloproteinases.

3.5. Alternative theories on Randall’s plaque for-
mation

3.5.1. The vascular theory of Randall’s plaque forma-
tion

The vascular theory of Randall’s plaque formation,
postulated by Stoller and colleagues [73,74], hypoth-
esizes that injury to the vasa recta located at the re-
nal papilla, could lead to an atherosclerosis-like re-
action resulting in vessel wall calcification, through
the implication of oxidative stress and production of
reactive oxygen species (ROS). Erosion of the ves-
sel wall calcification into the surrounding intersti-
tium could subsequently lead to Randall’s plaque for-
mation. Vasa recta at the renal papillary tip are hy-
pothesized to be especially prone to injury due to
several reasons: the changing blood flow from lami-
nar to turbulent, the hypoxic and hyperosmolar en-
vironment and the decreased vascular resistance and
flow velocity in the ascending vessels. The theory
is supported by the association between cardiovas-
cular disease [75], aortic and coronary artery cal-
cification [76], cardiovascular risk factors like hy-
pertension [77], metabolic syndrome, obesity [78]
and diabetes mellitus [79] and kidney stone disease.

Additionally, similarities between vascular calcifica-
tion and Randall’s plaque formation are reported,
comprising the involvement of collagen and mem-
brane vesicles and peripheral growth of the calci-
fication [45], the implication of inflammation and
oxidative stress [80], involvement of the same macro-
molecules regulating urine crystallization and vas-
cular calcification like osteopontin, similarities be-
tween the different types of calcifications involved at
incipient Randall’s plaque and cardiovascular calcifi-
cation [63] and the detection of lipid droplets in in-
terstitial cells of the medulla [81]. Additionally, the
protective effect of statins for the development of
kidney stones was described, suggesting the involve-
ment of a common pathogenic step [82]. So far how-
ever, no report has described the presence of plaques
or calcifications in the vasa recta, which disproves
this theory.

3.5.2. Theory involving progression of proximal in-
tratubular calcifications

Recently, several publications [83–85] provide ar-
guments to support a novel version of a hypoth-
esis postulated in 1954 by Carr [86] in which the
distal interstitial Randall’s plaque is hypothesized
to be formed secondary to intratubular crystal de-
position in the proximal upper medulla and us-
ing the “medullo-papillary complex” as a functional
unit, consisting of a papilla with the correspond-
ing medulla, displaying specific pressure and chem-
ical gradients. Micro-CT and electron microscopy of
nephrectomy samples showed the presence of proxi-
mal intratubular calcifications in all kidneys, even in
those without Randall’s plaques. The amount of prox-
imal intratubular crystal deposition correlated with
the presence of Randall’s plaque interstitial distal
mineralization. The theory postulates that proximal
intratubular crystal deposition, caused by high cal-
cium phosphate supersaturation in short nephrons
that display low fluid velocity, precedes distal inter-
stitial calcification due to changes in fluid dynamics
secondary to obstructed tubular lumina in the proxi-
mal medulla.

3.5.3. The involvement of cellular osteogenic differen-
tiation

Another theory on Randall’s plaque formation hy-
pothesizes the involvement of osteogenic differenti-
ation of cells like pericytes, fibroblasts, vasa recta en-
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dothelial cells and/or tubular epithelial cells. First,
osteopontin, the main protein identified in Randall’s
plaque [65], is also a known marker of osteogenesis.
Additionally, increased expression of the osteogenic
markers Runt-related transcription factor 2 (Runx2),
osteocalcin and osteopontin has been reported in
Randall’s plaque papillary tissue compared to normal
papillary tissue [87]. Mezzabotta et al. [88], perform-
ing experiments on papillary cells from a medullary
sponge kidney (MSK) patient, reported spontaneous
calcium phosphate deposition and osteogenic dif-
ferentiation with expression of osteogenic markers
by cells resembling pericytes or stromal stem cells.
The authors hypothesized that the papilla might be a
perivascular niche where pericytes, involved in other
ectopic calcification processes and present around
the vasa recta can undergo osteogenic differentiation
leading to Randall’s plaque formation. These find-
ings were however contradicted by a study of Evan
et al., who could not detect interstitial mineral de-
position in areas positive for Runx2 and osteoblast
transcription factor (osterix) gene expression in pap-
illary biopsies of MSK patients [89]. Additionally, no
Runx2 or osterix gene expression was observed at
Randall’s plaque in idiopathic calcium stone formers.
Zhu et al. [87] showed that under osteogenic condi-
tions also renal interstitial fibroblasts can display an
osteogenic phenotype, forming calcium phosphate
nodules similar to Randall’s plaque calcium phos-
phate deposition, with increased expression of os-
teogenic markers, hypothesizing the implication of
osteogenic differentiation of fibroblasts in the forma-
tion of Randall’s plaque. Finally, Priante et al. [90] re-
ported the osteogenic differentiation of human renal
proximal tubular cells with expression of osteogenic
markers and leading to deposition of calcium phos-
phate crystals in osteogenic conditions. Also Khan
et al. [91,92] hypothesize that cellular osteogenic dif-
ferentiation is implicated in Randall’s plaque forma-
tion and postulate that in conditions of stress, like ex-
posure to calcium oxalate crystals, hyperoxaluria, hy-
percalciuria or hypocitraturia, renal epithelial cells or
vasa recta endothelial cells undergo osteogenic dif-
ferentiation, associated with increased expression of
osteogenic markers, reduced expression of crystal-
lization inhibitors like fetuin and matrix Gla protein
and the release of membrane vesicles.

4. Mechanism of stone formation

The disruption of the papillary epithelium with
subsequent exposure of the plaque to the calyceal
urine [45,93] occurs through an unknown mecha-
nism, although the involvement of matrix metallo-
proteinases and sheer force due to the growth of the
plaque has been suggested [94].

Although Randall initially hypothesized Randall’s
plaque to act as a nidus for the formation of different
types of stones including calcium oxalate, calcium
phosphate and uric acid [6], it is now known that the
bulk of stones formed on Randall’s plaque are COM
stones [17,46]. Analysed by FTIR, 89.5% of 10462 Ran-
dall’s plaque-associated kidney stones were made of
COM pure or mixed with COD [62]. Alternatively,
88% of calcium oxalate stone formers have endo-
scopic evidence of Randall’s plaque [21] and 66.1% of
spontaneously passed COM stones display papillary
umbilication [4]. Randall’s plaque was most com-
mon in calcium oxalate stone formers compared to
stone formers of other stone types [58]. Addition-
ally, the crystalline phase in direct contact with the
Randall’s plaque is almost exclusively COM [16] (Fig-
ure 4). Other crystalline phases may be present, like
COD, hydroxyapatite and uric acid but these are not
in direct contact with the Randall’s plaque [35,93].
Calcium oxalate crystal nucleation is driven by cal-
cium oxalate supersaturation, influenced by urinary
volume, urinary calcium and oxalate concentration
and concentration of crystallization inhibitors like
citrate.

At this point, it is worth to recall some physico-
chemical properties of biological apatites to assess
the interface between the Randall’s plaque and COM
crystallites. Biological apatites which belong to phys-
iological or pathological calcifications share physico-
chemical characteristics [95–97]. The morphology of
biological apatite nanocrystals can be described as
a thin platelet morphology elongated towards the c-
axis with crystal size of less than 50–100 nm length
and a few nanometers of thickness [98]. As discussed
in detail in several papers [99–101], it seems that ap-
atite nanocrystals display an apatitic core and a more
or less structured surface hydrated layer including
non-apatitic domains. As discussed previously, on
this amorphous surface of biological apatite, proteins
are present, with Tamm–Horsfall protein (THP) and
osteopontin identified at the interface. Such struc-
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Figure 4. (a–c) Scanning Electron Microscopy showing the interface of Randall’s plaque and COM
crystals at different magnification. (a) Black arrow: COM stone, white arrow: Randall’s plaque. (b) White
arrow: carbonated apatite spherical deposits at Randall’s plaque, orange arrow: COM crystals. (c) Black
arrow: carbonated apatite spherical deposits at Randall’s plaque, orange arrow: COM crystals.
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tural characteristics are thus not compatible with an
epitaxy between the Randall’s plaque and COM crys-
tals [102,103]. As illustrated by Figure 4c, large ran-
domly oriented COM crystals are trapped on a phase
of carbapatite crystals embedded in proteins acting
as a “glue” [104]. This mechanism explains why pa-
tients without risk to generate kidney stones (the size
of COM crystals is compatible with natural expul-
sion) become at risk due to the presence of the Ran-
dall’s plaque.

Other mechanisms of calcium oxalate stone for-
mation on Randall’s plaque have been proposed.
First, the efficient nucleation of calcium oxalate by
apatite has been demonstrated in vitro [102,103].
Evan et al., in a study on biopsy specimens compris-
ing papillary stones with their renal attachment [93],
described the plaque, exposed to calyceal urine, to be
covered by a “ribbon” composed of alternating lay-
ers of organic material and mineral phases, which
were identified by FTIR as amorphous phosphate.
Eventually, progressing through the alternating lay-
ers of the interface, the authors reported that calcium
oxalate crystals get mixed with apatite and progres-
sively become the dominant mineral phase, result-
ing in calcium oxalate stone formation. Also Khan
et al. reported Randall’s plaque crystal deposits to
be present under a fibrous layer [45] and hypoth-
esized that stone growth occurs by organic matrix-
associated nucleation of calcium oxalate or by the
transformation of the outer layer of calcium phos-
phate crystals into calcium oxalate crystals [91]. It has
been suggested that in case of low diuresis or high
acid load, proton secretion in the distal nephron re-
sults in low urinary pH leading to dissolution of cal-
cium phosphate crystals, giving rise to increased cal-
cium concentration and increasing calcium oxalate
supersaturation, resulting in replacement of the ex-
ternal calcium phosphate crystals at the plaque by
calcium oxalate crystals by a process of crystal dis-
solution and recrystallization [105–107]. Sethmann
et al. [46] however described in a study examining
papillary stones the presence of an initial layer of
COM crystals at the surface of the Randall’s plaque,
subsequently covered by a “crust” containing cal-
cium phosphate, suggesting no macromolecular in-
terface at COM crystal precipitation.

5. Recent developments

Recently, research on Randall’s plaque is not just
merely focusing on factors influencing urinary
lithogenicity or supersaturation but also recognizes
factors aiding crystal nucleation or crystal germi-
nation, as the first step of Randall’s plaque forma-
tion [108], like membrane vesicles, which can be
linked to inflammation.

5.1. The role of membrane vesicles in crystal nu-
cleation

The presence of membrane vesicles at Randall’s
plaque was first described by Khan et al. [45] and
later confirmed by Verrier et al. [32]. Recently, in their
nanoscale analysis of incipient Randall’s plaque, the
same research group [63] confirmed these obser-
vations as they described the presence of different
types of calcifications. Next to the earlier described
microcalcifications, situated at collagen-rich ar-
eas, which can either be homogeneous, rounded,
electron-dense, small spheres with an approximate
diameter of 50 nm or display a larger, multilami-
nated morphology with 0.5–2 µm diameter [45], they
observed various types of nanocalcifications: soli-
tary mineral particles with an average diameter of
100 nm, but also vesicles with a nitrogen-rich “mem-
brane”. These membrane vesicles contain nanocrys-
tals with a diffraction pattern that suggests the pres-
ence of crystalline apatite and can be found solitary
or in clusters, giving rise to larger depositions and
subsequently form microcalcifications. Membrane
vesicles or exosomes, consisting of phospholipids
can be liberated by all cell types as a response to
certain physiological and pathological stimuli and
have been suggested to be implicated in other phys-
iological and pathological calcification processes
including bone formation [109] and vascular calcifi-
cation [110]. In vitro, it has been demonstrated that
phospholipids induce apatite precipitation [111]. In
animal models, experimentally induced calcium ox-
alate crystals are always accompanied by membrane
fragments [112]. Although it remains unclear from
which cells these membrane vesicles are released,
their presence at the incipient Randall’s plaque, their
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nanocrystal content and the analogy with other cal-
cification processes lead the authors to hypothesize
membrane vesicles to be implicated in the very first
steps of Randall’s plaque formation by aiding the
heterogeneous nucleation of calcium phosphate.

In addition, Gay et al. [63] described a variety
of compositions of different mineral particles. All
mineral particles were mainly composed of calcium
phosphate but more than half of them additionally
had calcium carbonate located at their centre, while
other mineral particles do not contain calcium car-
bonate but display high amounts of organic com-
pounds. The authors suggested that both carbonate
and organic compounds act as driving factors for nu-
cleation of the respective mineral particles.

5.2. The role of inflammation, oxidative stress
and immunity

Although Evan et al. [7] explicitly reported the ab-
sence of cellular injury, inflammation and interstitial
fibrosis, recently, the involvement of the immune sys-
tem, inflammation, oxidative stress, apoptosis and
kidney injury in the pathogenesis of Randall’s plaque
and in the formation of calcium stones in general, has
received much attention [113–115].

First, certain biomolecules detected at Randall’s
plaque, including THP, osteopontin and inter-alpha-
trypsin inhibitor are also implicated in the im-
mune/inflammatory system. Additionally, the high
zinc content of Randall’s plaque described by Car-
pentier et al. [72] points towards an inflammatory
mechanism involved in Randall’s plaque formation,
as zinc has been demonstrated to be implicated in
inflammation [116,117]. Further, the presence of
sodium hydrogen urate, although rare, in Randall’s
plaque, was accompanied by various cells, suggest-
ing an inflammatory process [62]. It is known that
not only sodium hydrogen urate, but also many
other crystals, are involved in inflammation by trig-
gering the nod-like receptor protein 3 (NLRP3) in-
flammasome pathway and other pathways lead-
ing to IL-1 production and innate immune cell re-
cruitment [118]. Additionally, Taguchi et al. [66] de-
scribed the upregulation of gene expression path-
ways associated with inflammation, oxidative stress
and kidney injury and the increased expression
of proinflammatory cytokines, immune cells and
cellular apoptosis in Randall’s plaque tissue com-

pared to non-Randall’s plaque papillary tissue of
calcium oxalate stone formers. Sun et al. [119] re-
ported increased gene expression of inflammatory
cytokines in papillary tissue of stone formers com-
pared to controls, with the upregulation of CCL-2,
CCL-7, CCR-2 and CSF1 suggesting the involvement
of monocyte activation. Microarray analysis of genes
expressed in renal papillary tissue of stone formers
demonstrates an upregulation of genes associated
with an M1 inflammatory macrophage phenotype
and downregulation of genes linked to an M2 anti-
inflammatory macrophage phenotype [120]. In fact,
two macrophage phenotypes have been described
with M2 anti-inflammatory macrophages being
associated with crystal phagocytosis, suppression
of stone formation and suppression of inflamma-
tory damage, while M1 inflammatory macrophages
would be associated with stone formation [121].

Animal and in vitro experiments have demon-
strated that intratubular calcium oxalate crystals,
formed in conditions of hyperoxaluria, induce an in-
flammatory response, that implicates ROS produc-
tion, increased NLRP3 inflammasome activation and
expression of inflammation-related genes and in-
creased synthesis of molecules implicated in the in-
flammatory cascade including osteopontin, matrix
Gla protein, fetuin and monocyte chemoattractant
protein-1 (MCP-1) [122,123]. The inflammatory re-
sponse leads to monocytes migration, surrounding
intratubular and interstitial calcium oxalate crys-
tals [112], followed by in situ monocytes differenti-
ation towards macrophages. Depending on the lo-
cal cytokine milieu and influenced by other media-
tors, a preferential differentiation towards an inflam-
matory macrophage phenotype is induced, result-
ing in tissue damage through the production of ROS
and bioactive lipids like prostanoids and leukotrienes
versus differentiation towards an anti-inflammatory
phenotype, associated with crystal phagocytosis and
prevention of kidney injury. M2 anti-inflammatory
macrophages have been shown to clear calcium ox-
alate crystals by processes of clathrin-mediated en-
docytosis and phagocytosis, followed by release of
inflammatory cytokines by the macrophages, lead-
ing to the additional recruitment of macrophages,
neutrophils and dendritic cells. Patel et al. [124] hy-
pothesized that an imbalance between oxidative and
antioxidative forces with increased ROS production,
induced by excessive calcium oxalate crystal depo-
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sition, may result in mitochondrial damage of the
monocytes, leading to impaired crystal elimination
capacities and perhaps resulting in macrophage po-
larization towards an inflammatory phenotype and
further enhancing tissue inflammation. Additionally,
a possible role of the NLRP3 inflammasome [125]
and the androgen receptor [126] in the differential
polarization towards an inflammatory macrophage
phenotype and tissue damage caused by calcium
oxalate crystals has been suggested. Alternatively,
the implication of Sirtuin 3 [127], a mitochondrial
enzyme that decreases the production of ROS, in
the preferential anti-inflammatory polarization of
macrophages has been proposed. Finally, while short
period exposure to calcium oxalate crystals induces
an anti-inflammatory macrophage phenotype, pro-
longed exposure results in switch to a proinflamma-
tory phenotype [128].

Although most animal and in vitro studies have fo-
cused on calcium oxalate crystals, some in vitro stud-
ies have reported similar reactions of renal epithelial
cells after exposure to calcium phosphate crystals in-
cluding cellular injury, increased production of ROS,
cellular injury, upregulation of inflammatory medi-
ators, production of MCP-1 and increased apoptotic
activity [123,129,130].

Of note, most of the animal models based upon
urinary calcium oxalate crystallization induce crys-
talline nephropathies (intratubular crystal precipita-
tion) rather than kidney stone formation. Whether
calcium oxalate crystals forming stones in urinary
cavities induce inflammatory processes has not been
proven in humans.

It is hypothesized that repeated and continuous
exposure of renal epithelial cells to conditions like
hyperoxaluria, hypercalciuria, calcium oxalate or cal-
cium phosphate crystals induces oxidative stress and
an inflammatory cascade including polarization to-
wards an inflammatory macrophage phenotype and
possibly the production of membrane vesicles as a
facilitator of calcium phosphate nucleation. The en-
suing continuous inflammation can lead to papillary
damage, collagen deposition and calcification and
ultimately Randall’s plaque formation. An alternative
hypothesis suggests the implication of inflammation
only in the process of urothelial rupture after inter-
stitial calcium phosphate deposition, resulting in ex-
posure of the plaque to the calyceal urine and subse-
quent aggregation of calcium oxalate crystals [130].

Despite these findings, patients exhibiting Ran-
dall’s plaque seem not prone to develop chronic kid-
ney disease, although exact data on this subject are
lacking.

5.3. Development of an animal model and the
role of inorganic pyrophosphate

Advances in the knowledge of the formation mecha-
nism of Randall’s plaque have partly been hampered
by the lack of an appropriate animal model of Ran-
dall’s plaque formation. In the past, hyperoxaluric
animal models [112,131,132] developed intratubular
calcium oxalate crystal deposits with subsequent
stone formation while animal models of hyper-
calciuria [133,134] developed intratubular calcium
phosphate deposits with subsequent stone forma-
tion. Npt2−/− mice, knockout of NPT2 (SLC34A1),
a Na+-dependent phosphate transport protein 2A
expressed on the luminal surface of the proximal
tubule, produce both interstitial and intratubular
deposits [135], just like THP-deficient mice [136,137].
Osteopontin-deficient animals did not consistently
show interstitial calcifications [137,138]. Finally,
Na+/H+ exchanger regulatory factor-1 (NHERF-1)
knockout mice develop interstitial calcifications
that are however not located at the basement mem-
brane of the thin loops of Henle [139]. In conclu-
sion, no model of interstitial calcification deposi-
tion as seen in Randall’s plaque was developed until
recently.

Pseudoxanthoma elasticum is a hereditary dis-
order characterized by ectopic calcification of elas-
tic fibers in skin, retina and peripheral arteries. The
disease is caused by mutations in the ABCC6 gene,
which encodes an ATP-binding cassette transporter,
implicated in extracellular release of ATP, which due
to its catabolism by ectonuclotide pyrophosphatase
phosphodiesterase-1 (ENPP1) is the major source of
inorganic pyrophosphate [140]. Inorganic pyrophos-
phate is a long known mineralization inhibitor and
acts through inhibition of calcium phosphate crystal-
lization and precipitation [141]. Low serum levels of
inorganic pyrophosphate have been detected in pa-
tients with pseudoxanthoma elasticum [140]. Up to
39.8% of pseudoxanthoma elasticum patients have
a history of nephrolithiasis [142,143], with morpho-
constitutional stone analysis and results from com-
puted tomography in a few patients suggesting a
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Randall’s plaque-driven stone formation. Rare cases
reported even nephrocalcinosis [144,145]. Abcc6−/−

mice have lower inorganic pyrophosphate urinary
excretion and serum levels compared to controls
and spontaneously develop interstitial calcifications
at the tip of renal papilla with ageing [143]. The
demonstrated interstitial calcifications are similar to
the calcifications of Randall’s plaque, namely located
at the basement membrane of the loops of Henle
and the vasa recta specifically at the tip of the re-
nal papilla, consisting of spherulites with alternat-
ing concentric layers of calcium phosphate and or-
ganic compounds and containing apatite and amor-
phous calcium phosphate [143]. Supplementation
with inorganic pyrophosphate results in increased
serum inorganic pyrophosphate levels and reduced
tissue calcifications [146–148], while combined ad-
ministration of vitamin D and calcium accelerated
interstitial calcifications in Abcc6−/− mice [60]. The
Abcc6−/− mice animal model of Randall’s plaque
formation hence suggests the role of inorganic py-
rophosphate in the formation of Randall’s plaque,
while the presence of merely hyperoxaluria, hyper-
calciuria or deficiency in macromolecules is insuf-
ficient to constitute a reliable model of Randall’s
plaque formation. In fact, not all studies were able
to find a difference in urinary calcium excretion be-
tween calcium oxalate stone formers with and with-
out Randall’s plaque respectively [19,149] and uri-
nary calcium excretion in Abcc6−/− was not different
compared to wild type mice, suggesting that hyper-
calciuria is insufficient for the development of Ran-
dall’s plaque and that additional deficiency of in-
hibitors like inorganic pyrophosphate is mandatory.
Low urinary levels of inorganic pyrophosphate have
been reported in stone formers [150–153], but cur-
rently it is unknown if patients with Randall’s plaque
display lower urinary levels of inorganic pyrophos-
phate compared to patients with stone formation
unrelated to Randall’s plaque. Measurement of in-
organic pyrophosphate levels has been difficult in
the past due to absence of reliable methods and
the very low concentrations of inorganic pyrophos-
phate. As it has been demonstrated that oral py-
rophosphate is partly absorbed [154] and increases
serum levels, inorganic pyrophosphate supplemen-
tation can possibly constitute a treatment option for
the prevention of Randall’s plaque formation in the
future.

6. Conclusion

The recent development of an animal model of Ran-
dall’s plaque formation will likely accelerate research
on Randall’s plaque and associated kidney stone for-
mation and will hopefully bring clarity to the ex-
act formation mechanism of both Randall’s plaque
and associated calcium oxalate kidney stones. Ad-
ditionally, the identification of inorganic pyrophos-
phate as a probable important determinant for the
development of Randall’s plaque leads to not only ad-
ditional, so far unresolved, questions and problems
like the development of reliable inorganic pyrophos-
phate measurement methods but also to some hope-
ful prospects for the future, as inorganic pyrophos-
phate supplementation might constitute a treatment
option in patients with Randall’s plaque-associated
kidney stone formation.
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ease [1–4]. This purine metabolism disorder results
in an increased production and urinary excretion
of 2,8 dihydroxyadenine (2,8-DHA) which is poorly
soluble in urine, leading to recurrent urolithiasis and
crystalline nephropathy. Actually, the main feature
of this disease is the development of a chronic kid-
ney disease resulting from crystallites precipitation
in renal tubule, engulfment of crystallites by tubu-
lar epithelial cells and interstitial accumulation of
2,8-DHA and, finally, renal fibrosis. In the absence
of a specific treatment, patients develop end-stage
renal disease (ESRD). As renal transplantation does
not cure the enzymatic deficiency, kidney transplant
recipients are also affected by a high rate of recur-
rence leading to graft loss if the disease has not been
diagnosed previously [5–7].

The disease is considered to be very rare and a
majority of the cases have been reported in Iceland,
France and Japan [4,8–11]. A missense (homozygous)
mutation in exon 3 (Asp65Val) accounts for all cases
of APRT deficiency in Iceland, suggesting the exis-
tence of a founder effect [4,12]. In Japan, a missense
mutation in exon 5 (Met136MThr) affects 70% of pa-
tients [11]. By contrast, in 53 cases of APRT defi-
ciency (from 43 families) identified at a single in-
stitution in France, 18 distinct mutations have been
identified [9]. As suggested by Edvardsson et al. APRT
could be massively unrecognized [4]. Actually, the
estimated pathogenic mutation frequency in vari-
ous populations could range from 0.4 to 1.2% [3,4,
10]. This suggests that homozygous or compound
heterozygous carriers should be at least 1:50,000–
100,000, i.e. 3000 cases in the USA and 9000 cases
in Europe for instance. On the other hand, a recent
study based upon six population genomic databases
reported that the large number of cases in Japan
and Iceland was consistent with a founder effect
in these populations. In other countries, the minor
allele frequency of pathogenic variants seems rel-
atively low, suggesting that there is no widespread
underdiagnosis of this nephropathy [13]. In France,
many cases have been diagnosed with the help
of crystalluria, morphoconstitutional kidney stone
analysis including Fourier transform infrared (FTIR)
spectroscopy and FTIR microscopy evidencing the
crystalline phase in kidney biopsies, including kid-
ney graft biopsies [9,14–16]. Measurement of enzyme
activity in red blood cell lysates and genetic anal-
yses were usually performed after identification of

crystals and one may hypothesize that many pa-
tients with undiagnosed chronic kidney disease are
affected by APRT deficiency. The widespread use of
whole-exome sequencing in patients with unidenti-
fied nephropathy and who are candidates for an allo-
graft should be informative in a near future.

There is a need for an early diagnosis as there is
an efficient treatment: xanthine oxidoreductase in-
hibitors, allopurinol and febuxostat, which decrease
2,8-DHA synthesis and excretion in urine [17]. If ini-
tiated early, a lifelong therapy associated with high
fluid intake may stabilize kidney function. Neverthe-
less, renal function recovery is often limited and there
may be a place for other therapeutics to improve re-
nal function recovery [7,18].

Klinkhammer et al. highlighted recently the im-
portant role of innate immunity in 2,8-DHA crys-
talline nephropathy, and described the presence of
granuloma in a murine model of the disease [19]. As
we have observed frequent and massive macrophage
infiltrates and granuloma-like structures in biopsies
from patients affected by APRT, we assessed sys-
tematically inflammatory infiltrates in a series of 17
biopsies. We performed in vivo animal studies to
highlight the role of inflammation in this disease.
In addition, we hypothesized that targeting the im-
mune response induced by 2,8-DHA crystalline de-
posits might be protective and showed that corti-
costeroids or anakinra may improve renal outcome,
when added to the conventional therapy (allopuri-
nol), in a model of 2,8-DHA nephropathy.

2. Material and methods

2.1. Human kidney tissue biopsies

Seventeen biopsies from 17 patients affected by
APRT deficiency were analyzed, including 12
biopsies performed in kidney grafts. All biopsies
were sent to Tenon and Necker hospitals, Paris, to
diagnose the nature of the crystalline nephropathy.
Kidney tissues were fixed in formalin and embed-
ded in paraffin. Four micrometer tissue sections
were deposited on low emission microscope slides
(MirrIR, Keveley Technologies, Tienta Sciences, In-
dianapolis, IN, USA). FTIR hyperspectral images
were recorded with a Spectrum spotlight 400 FTIR
imaging system (Perkin Elmer Waltham, MA, USA),
with a spatial resolution of 6.25 µm and a spectral
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resolution of 4 cm−1. The spectra were recorded in
the 4000–700 cm−1 mid-Infrared range. Each spec-
tral image, covering a substantial part of the tissue,
consisted of about 30,000 spectra. Histopathological
lesions were analyzed in 4 µm sections stained with
Masson Trichrome and Hematoxylin/Eosin staining,
by two independent nephrologists trained in renal
pathology. 2,8-DHA was identified using µ Fourier
Transform InfraRed spectrometry in the 17 biop-
sies. For immunohistochemistry experiments, kid-
neys sections were dewaxed, heated in citric acid
solution and next incubated with one of the follow-
ing primary antibodies overnight at 4 °C: Anti-CD3
(Polyclonal, A0452 (Dako, Agilent, Santa Clara, CA,
USA), Rabbit anti-mouse CD3 (Polyclonal, ab5690,
Abcam, Cambridge, MA, USA), Rat anti-mouse pan-
macrophages (Oxford Biotech, Oxford, UK), Anti-
CD68 (PG-M1, M0876, Dako, Agilent, Santa Clara,
CA, USA), Anti-CD163 (ab182422, Abcam, Cam-
bridge, MA, USA). After washing, immunostaining
was revealed with Histofine secondary antibodies
(Nichirei Biosciences, Tokyo, Japan) and then re-
vealed with AEC (k34769, Dako, Santa Clara, USA).
Nuclei were counterstained with hematoxylin. Neg-
ative controls were performed by omitting the pri-
mary antibody. Tissue sections deposited on Mirr
IR slides were examined with a Zeiss SUPRA55-VP
Field Emission scanning Electron Microscope (Zeiss
France, Marly-le-Roi, France). Measurements were
performed at a low voltage (1.4 keV).

2.2. Crystal synthesis

2,8-DHA crystals were obtained from kidney stones
containing 100% 2,8-DHA according to FTIR analy-
sis. Stone fragments were ground in a mortar with
100% pure ethanol. Crystals were filtered in 100 µm
sieve before washing in ethanol and warm steriliza-
tion. Monosodium urate (MSU) crystals were pre-
pared with 500 mL of boiling water and 2 g of uric
acid (U2625, Sigma Aldrich, St Louis, MO, USA).
pH solution was maintained at 8 by adding NaOH
(1 M). Solution was cooled and kept 24 h during
crystals formation. Crystals were filtered in 100 µm
sieve before washing in ethanol and warm steriliza-
tion and characterized by FTIR analysis. Monoclinic
calcium pyrophosphate dihydrate (mCPPD) crystals
were synthesized and characterized as previously re-
ported [20]. mCPPD crystals were characterized by

X-ray diffraction (Seifert XRD-3000TT diffractometer
with Cu Kα radiation, in the 2θ range 2°–70° with step
size 0.02° and scan step time 16 s at 298 K), FTIR spec-
troscopy (Thermo Nicolet 5700 Fourier-transform
infrared spectrometer) and scanning electron mi-
croscopy (SEM, Leo 435 VP microscope). All crystals
were dispersed by brief sonication and suspended at
2 mg/mL in phosphate buffered saline (PBS). They
were prepared under endotoxin-free conditions and
tested negative with Pierce Limulus amebocyte Assay
(Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Animal models

Eight-week old male C57Bl/6J mice were used for in
vivo experiments. After purchase, mice were housed
one week before experimentation. All mice were
housed and bred in similar conditions at INSERM
UMR S 1155 Mouse Facility, with a 12-h dark/light
cycle. All mice received standard chow (or adenine-
enriched diet). All animal procedures were per-
formed in accordance with the European Union and
National Institutes of Health guidelines for the care
and use of laboratory animals (Comité d’Ethique
en Experimentation Charles Darwin C2EA-05). The
project was authorized by the Health Ministry and
local Ethics Committee (authorization numbers
#13902 and #16615).

2.3.1. Mouse air-pouch model

Eight-week old male C57Bl/6J mice were used to
perform an air-pouch model (six animals/group).
Air pouches were created by two dorsal subcuta-
neous injections of 3 mL of sterile air (day 0 and
day 3), under isoflurane anesthesia. At day 6, PBS
(1 mL) in control mice or crystals (2,8-DHA, mCPPD
or MSU, 1 mg/mL, diluted in PBS) were injected di-
rectly into the air pouch. Six hours after crystal stim-
ulation, air pouch lavages were performed and col-
lected for cytokine quantification and cell isolation.
Infiltrated cells were counted and phenotyped by
flow cytometry. IL-1β cytokine production in super-
natants or air pouch lavages was measured in the
6 animals (one missing data in the MSU group) by
using ELISA kit (Invitrogen-Thermo fisher scientific,
Waltham, MA, USA).
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2.3.2. Flow cytometry

105 cells from air pouch lavages were stained with
anti-F4/80-APC (clone REA126; Miltenyi Biotechnol-
ogy, Bergish Gladbach, Germany) and anti-Ly6G-PE
mouse monoclonal antibodies and clone 1A8 (Mil-
tenyi Biotechnology, Bergish Gladbach, Germany)
for 20 min at 4 °C, washed in PBS and analyzed
with a BD FACS Canto II cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Data were analyzed with
BDFACS Diva software (BD Biosciences, Franklin
Lakes, NJ, USA).

2.3.3. Adenine model

Thirty-two animals had a free access to tap water
and received adenine enriched diet (chow contain-
ing 0.25% adenine, A8626 Sigma Aldrich, St-Louis,
MO, USA) during 4 weeks to induce a 2,8-DHA
nephropathy. After two weeks of adenine-enriched
diet, animals were divided in 4 groups of 8 ani-
mals: control, allopurinol, dexamethasone and al-
lopurinol, anakinra and allopurinol. Except control
animals, all groups received allopurinol in tap wa-
ter at 250 mg/L during the 2 last weeks as the stan-
dard therapy against 2,8-DHA. Each group received
100 µL/day subcutaneous injections during these
two last weeks, with either isotonic sodium chlo-
ride (control and allopurinol groups), dexametha-
sone (1 mg/kg/day–Mylan, Canonsburg, PA, USA)
or anakinra (100 mg/kg/day–Sobi France, Puteaux,
France).

Animals were sacrificed 4 weeks after initiation of
the adenine-enriched diet, blood and kidneys were
collected. Blood samples were collected to assess
serum urea, serum creatinine and serum uric acid
levels with an IDS-iSYS automat (Immunodiagnostic
Systems Holdings PLC, Pouilly-en-Auxois, France).

Left kidneys were fixed in formaldehyde and em-
bedded in paraffin. X-ray computed tomography
imaging of the left kidney was performed using a
Skyscan 1272 (Bruker, Anvers, Belgium). A 6 µm
resolution scale was obtained. Data were recon-
structed using N-recon software (Bruker, Anvers, Bel-
gium). The Mimics Innovation suite 20.0 (Materi-
alise, Leuven, Belgium) was used to perform three-
dimensional modeling of crystalline deposits in the
kidney and quantify crystalline volume. Four-µm
thick sections were stained with Masson trichromic
solution and Hematoxylin/Eosin standard protocol

to reveal 2,8-DHA deposits in polarized light, or with
sirius red in picric acid solution to assess fibrosis. A
morphometric analysis of fibrosis tissue surface was
performed with the Image J software (NIH) on 5 rep-
resentative fields at ×200 magnification by using po-
larized light. For each animal, the mean value has
been considered.

Crystalline deposits observed in tissue sections
were characterized using FTIR microscopy as de-
scribed above. Four-µm tissue sections were de-
posited on low-emission microscope slides (MirrIR;
Keveley Technologies, Tienta Sciences, Indianapolis,
USA) and FTIR hyperspectral images were recorded
with a Spectrum spotlight 400 FT-IR imaging system
(PerkinElmer, Waltham, USA).

2.3.4. Quantitative RT-PCR

mRNA from kidney was extracted using Trizol
solution (Life Technologies BRL, Gaithersburg, MD,
USA). RNA concentration was measured by using
NanoDrop1000 spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA). RT-PCR was performed
using SYBR green and specific probes on the light
cycler 480 (Roche Diagnostic). Specific primers for
TNF-α ForTCTTCTCATTCCTGCTTGTGG, RevATGA-
GAGGGAGGCCATTTG and IL1-β ForTGTAATGAAA-
GACGGCACACC RevTCTTCTTTGGGTATTGCTTGG,
PCR was also carried out for the housekeeping
gene HPRT ForGGAGCGGTAGCACCTCCT RevCTG-
GTTCATCATCGCTAATCAC to normalize the Q-PCR
results, using Roche LightCycler 2.0 software (Roche
Diagnostics Indianapolis, IN, USA). Results are ex-
pressed as 2−∆∆CT, where CT is the cycle threshold
number.

2.4. Statistical analyses

Data are expressed as mean (±SEM). Data were ana-
lyzed with non-parametric tests (Kruskal Wallis fol-
lowed by post hoc tests and Mann–Whitney test),
using Statview and GraphPad Prism 7.0 softwares
(GraphPad Software Inc., San Diego, CA, USA). The
level of significance was set at <0.05.

3. Results

3.1. Clinical study

The histological lesions and the presence and type of
inflammatory cells were assessed in kidney biopsies
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from 17 patients, including 12 biopsies performed
in renal transplant recipients. Acute tubular lesions
were noticed in all biopsies and features of tubu-
lar atrophy and interstitial fibrosis were significant
in 14 biopsies. Crystallites morphology was hetero-
geneous with irregular structures (N = 17), round
shaped (N = 16) or ring-shaped (N = 10) deposits
(Figure 1A–D). Crystallites were present in the tubu-
lar lumen (N = 16), in tubular cells (N = 17) and in
the interstitial tissue (N = 12). Under polarized light,
deposits were frequently radial (N = 17), sometimes
needle-like (N = 7) and the typical “maltese cross” as-
pect was evidenced in 6 biopsies. In all biopsies, the
presence of 2,8-DHA had been previously confirmed
by FTIR microscopy. Scanning electron microscopy
revealed the topography of the birefringent deposits
(Figure 1E).

The presence of epithelioid granuloma was ob-
served in 15/17 biopsies (88%). These granulomas
were centered by 2,8-DHA crystals and made of ep-
ithelioid cells and giant multinucleated cells (Fig-
ure 1A–D). Immunostaining confirmed that granu-
lomas contained mainly macrophages, with a pre-
dominance of macrophages type M2 (CD163+) over
macrophages type M1 (CD68+), and T-cells (CD3+)
(Figure 1F–H).

4. In vivo air-pouch model

To confirm whether 2,8-DHA crystals may induce
an innate immune response, an air-pouch model
was generated in C57Bl/6J mice. In this model, MSU
crystals and monoclinic pyrophosphate dihydrate
(mCPPD) crystals were used as a positive control to
induce white blood cell chemotaxis, and IL-1β syn-
thesis. 2,8-DHA crystals increased significantly white
blood cell recruitment at 6 h in the air-pouch in
comparison with controls (p = 0.002, n = 6/group,
Figure 2A) but also in comparison with MSU (p =
0.01, n = 6/group). The number of macrophages was
significantly increased by 2,8-DHA crystals in com-
parison with control and MSU crystals (p = 0.002
and p = 0.01 respectively, n = 6/group, Figure 2B),
as well as the number of neutrophils (p = 0.002 vs
controls and MSU crystals, n = 6/group, Figure 2C).
IL-1β synthesis was also significantly increased by
2,8-DHA crystals in comparison with controls (p =
0.01, n = 6/group, Figure 2D), but there was a non-
significant trend toward higher IL-1β in animals

exposed to mCPPD and MSU crystals in comparison
with controls.

5. In vivo 2,8-DHA nephropathy model

Exposure of mice to a diet enriched in adenine led
to the precipitation of crystals in kidney tubules, and
FTIR spectroscopic microscopy performed in several
control mice confirmed that crystals were actually
made of 2,8-DHA (Figure 3A,B). To assess the amount
of crystallites in the kidneys, a 3-dimensional as-
sessment of the whole-kidney crystalline volume was
measured by CT-scan and evidenced that allopuri-
nol, alone or in association with dexamethasone or
anakinra, reduced significantly the volume of 2,8-
DHA deposits as expected when compared to con-
trol group (p = 0.0002, p = 0.0002 and p = 0.0003
respectively, N = 8/group, Figure 4F). The addition
of corticosteroids or anakinra to allopurinol did not
reduce further the whole crystalline volume in com-
parison with allopurinol alone (p = N S, n = 8/group,
Figure 4F).

Renal function was impaired in all groups of
mice exposed to 2,8-DHA. Serum creatinine level
was significantly higher in control mice than in
groups receiving allopurinol alone (p = 0.019, N =
8/group Figure 5A), allopurinol+dexamethasone or
allopurinol+anakinra (p = 0.02 and p = 0.01, respec-
tively, n = 8/group, Figure 5A). Of note, mice exposed
to anakinra and allopurinol had a lower serum crea-
tinine level than mice exposed to allopurinol alone
(p = 0.009, N = 8/group, Figure 5A). Serum urea
level was lower in the anakinra+allopurinol group
when compared to the control group (p = 0.037,
n = 8/group, Figure 5B) but also in comparison with
allopurinol and allopurinol+dexamethasone groups
(p = 0.02 and 0.028, respectively, N = 8/group, Fig-
ure 5B). Renal fibrosis assessed by morphometry
(sirius red in polarized light) was also significantly
decreased in mice treated with anakinra and allop-
urinol when compared to controls (p = 0.01, N =
8/group (Figure 5C,D). A non-significant trend to-
ward less fibrosis was observed in mice receiving
allopurinol and allopurinol+dexamethasone. Unex-
pectedly, the expression of IL-1β was markedly in-
creased in mice treated with allopurinol alone when
compared to controls (p = 0.028, N = 8/group, Fig-
ure 5E), despite a lower number of crystalline de-
posits. Mice exposed to anakinra/allopurinol had a
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Figure 1. Typical crystalline deposits in kidney biopsies from patients affected by 2,8-DHA nephropathy. Crys-
tallites were present in the tubular lumen and in the interstitial tissue and were frequently surrounded by gran-
uloma containing epithelioid and giant cells (arrows, Figure 1A–D). Polarized light evidenced the presence of
crystals in interstitial tissue and tubular cells (Figure 1B) and inside granuloma (Figure 1D). Scanning electron
microscopy revealed the topography of deposits (Figure 1E). Immunohistochemistry revealed the presence
of M2 type macrophages (arrows, CD163+, Figure 1F: crop showing the organization of macrophages around
crystals), M1 type macrophages (arrows, CD68+, Figure 1G: crop showing the organization of macrophages
around crystals) and lymphocytes (arrows, CD3+, Figure 1H) in granulomas surrounding 2,8-DHA crystallites.
Negative controls did not evidence significant background staining (not shown).
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Figure 2. Air-pouch model. 2,8-DHA crystals increased significantly white blood cell recruitment at
6 h in the air-pouch in comparison with controls (∗∗p = 0.002, n = 6/group, Figure 2A) but also in
comparison with MSU (∗p = 0.01, n = 6/group, Figure 2A). The number of macrophages was significantly
increased by 2,8-DHA crystals in comparison with control and MSU crystals (∗∗p = 0.002 and ∗p = 0.01
respectively, n = 6/group, Figure 2B), as well as the number of neutrophils (∗∗p = 0.002 vs controls
and MSU crystals, n = 6/group, Figure 2C). There was no significant difference in white blood cells
recruitment between mCPPD and DHA crystals (Figure 2A–C). IL-1β synthesis was also significantly
increased by 2,8-DHA crystals in comparison with controls (∗p = 0.01, n = 5 or 6/group, Figure 2D). MSU:
Monosodium urate; mCPPD: monoclinic calcium pyrophosphate dihydrate.

lower expression of IL-1β than controls and mice ex-
posed to allopurinol alone (p = 0.015 and 0.0002, re-
spectively, N = 8/group, Figure 5E). Mice exposed to
allopurinol+dexamethasone had a lower expression
of IL-1β than mice exposed to allopurinol alone (p =
0.015, N = 8/group, Figure 5E). TNF-α was reduced
only in the allopurinol+anakinra group vs allopuri-
nol alone (p = 0.01, N = 8/group, Figure 5F). Inflam-
matory infiltrate was less important in mice treated
with anakinra and corticosteroids but infiltrates and
granuloma were focal and therefore difficult to quan-
tify (Figure 6).

6. Discussion

We describe herein that granuloma are frequent in a
large series of kidney biopsies from patients affected

by 2,8-DHA nephropathy and that 2,8-DHA crys-
tals induce an important innate immune response
in vivo. Moreover, in a murine model of 2,8-DHA
nephropathy, anakinra and dexamethasone, com-
bined with allopurinol, improved renal function to a
larger extent than allopurinol alone, the current stan-
dard therapy.

The lesions observed in kidney biopsies from pa-
tients affected by APRT deficiency have been de-
scribed since decades but little attention has been
paid to granuloma and inflammatory infiltrates. By
contrast, inflammation and the role of the NLRP3 in-
flammasome have been described more extensively
in 2,8-DHA murine models, promoted by adenine-
enriched diet [21,22]. It has been evidenced that
NLRP3 pharmacological inhibition, limiting innate
immunity and inflammation, could be protective
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Figure 3. 2,8-DHA murine model. Typical crystals observed in polarized light after 4 weeks of adenine-
enriched diet in kidney tissue in a control mouse (Figure 3A). FTIR microscopic analysis confirmed the
nature of the crystalline phase: 2,8-DHA (Figure 3B, representative spectrum).

against crystalline nephropathies induced by cal-
cium oxalate or 2,8-DHA crystal deposits [21,23,
24]. More recently, the presence of granuloma in a
murine model of 2,8-DHA nephropathy has been
highlighted [19].

As we observed massive inflammatory infiltrates
and large granuloma in a series of human biopsies,
we hypothesized that targeting innate immune path-
ways could be protective against renal lesions in-
duced by 2,8-DHA, in addition to the conventional
therapy (allopurinol or febuxostat). Actually, among
17 biopsies with FTIR-proven 2,8-DHA crystals in
the tissue, epithelioid granuloma were present in
15 biopsies and centered by 2,8-DHA crystallites.
2,8-DHA crystals induced IL-1β synthesis in vivo, a
result consistent with the biological effect of other
particulate inflammasome activators, particularly
sodium urate [25]. Interestingly, it has been shown
recently in a rodent model of 2,8-DHA nephropa-
thy that TNF receptor 1 was an important mediator
of crystal clearance and inflammation [19]. Mice
deficient in Tnfr 1 gene have reduced lesions and
inflammation when exposed to 2,8-DHA nephropa-
thy. In the view of these results the authors sug-
gested that targeting the TNF/TNFR pathway could
be a potential option to treat 2,8-DHA nephropathy,
as previously shown in calcium oxalate nephropa-

thy [26]. Although TNF-α is a potentially interesting
target, we focused our attention on IL-1β because
drugs inhibiting IL-1β pathway have been shown to
be efficient in crystallopathies, especially gout and
chondrocalcinosis [27]. In the air pouch model, the
dramatic increase in IL-1β synthesis in response to
2,8-DHA crystals which correlated with white blood
cell recruitment, led us to test drugs interfering with
innate immunity in a murine 2,8-DHA model, dex-
amethasone and anakinra. The two murine models
were complementary: the air-pouch model allowed
a precise quantification of white-blood cells recruit-
ment and IL-1β synthesis in response to 2,8-DHA
crystals, whereas the 2,8-DHA nephropathy model
highlighted the role of anti-inflammatory drugs, in
addition to allopurinol, on renal function and renal
tissue lesions. To date, the gold standard therapy
against 2,8-DHA nephropathy is xanthine oxidore-
ductase inhibition, by allopurinol and in some cases
febuxostat [17]. These drugs inhibit the conversion of
adenine, produced in excess due to APRT deficiency,
to 2,8-DHA which precipitates in urine. This life-
long therapy can prevent urolithiasis recurrence,
stabilize renal function and sometimes ameliorate
the glomerular filtration rate if prescribed early, but
renal function recovery may be incomplete, espe-
cially after acute renal failure episodes [6,7]. In the
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Figure 4. 3D measurement of crystalline volume. The 3-dimensional assessment of the crystalline vol-
ume was measured by CT-scan in the adenine fed (control) group (Figure 4A, 2,8-DHA crystallites in red),
allopurinol group (Figure 4B), allopurinol+dexamethasone (Figure 4C) and allopurinol+anakinra (Fig-
ure 4D). Total volume of the kidneys was not affected by treatment in any group (Figure 4E). Allopuri-
nol reduced significantly the volume of 2,8-DHA deposits as expected when compared to control group
(∗∗p = 0.0002, Figure 4F). Crystalline volume reduction was also significant (vs adenine fed controls) in
the allopurinol+dexamethasone (DXM+Allo.) and in the allopurinol+anakinra (Anakinra+Allo.) groups
(∗∗p = 0.0002 and p = 0.0003 respectively, N = 8/group, Figure 4F). The addition of dexamethasone or
anakinra to allopurinol did not reduce further the whole crystalline volume in comparison with allopuri-
nol alone (p = NS, n = 8/group, Figure 4F). DXM: dexamethasone; Allo.: allopurinol.

view of human renal histology and air-pouch model
results, we hypothesized that anti-inflammatory
drugs could be of help in a murine model of 2,8-
DHA, in addition to allopurinol, the standard ther-

apy. Although non-specific, corticosteroids are still
the main drugs used to control innate immunity, and
have been shown to be efficient in renal granulo-
matous diseases such as sarcoidosis [28]. Anakinra
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Figure 5. Renal function, inflammation and fibrosis. Serum creatinine was significantly higher in con-

trol adenine fed mice than in groups receiving allopurinol alone (∗p = 0.019, N = 8/group Figure 5A),

allopurinol+dexamethasone (DXM+Allo.) or allopurinol+anakinra (Anakinra+Allo.) (∗p = 0.02 and ∗p = 0.01,

respectively, n = 8/group, Figure 5A). Mice exposed to anakinra and allopurinol had a lower serum creatinine

level than mice exposed to allopurinol alone (∗∗p = 0.009, N = 8/group, Figure 5A). Serum urea levels were

improved in the allopurinol+anakinra group when compared to control group (∗p = 0.037, n = 8/group, Fig-

ure 5B) but also in comparison with allopurinol and allopurinol+dexamethasone groups (∗p = 0.02 and 0.028,

respectively, N = 8/group, Figure 5B). Renal fibrosis assessed by morphometry (sirius red in polarized light)

was significantly decreased in mice treated with allopurinol+anakinra when compared to controls (∗p = 0.01,

N = 8/group, Figure 5C,D; mosaics: left: control kidney, right: allopurinol+anakinra kidney). A non-significant

trend toward less fibrosis was observed in mice receiving allopurinol and allopurinol/steroids. The expression

of IL-1β was markedly increased in mice treated with allopurinol alone when compared to controls (∗p = 0.028,

N = 8/group, Figure 5E). Mice exposed to allopurinol+anakinra had a lower expression of IL-1β than controls

and mice exposed to allopurinol alone (∗p = 0.015 and ∗∗0.0002, respectively, N = 8/group, Figure 5E). Mice ex-

posed to allopurinol+dexamethasone had a lower expression of IL-1β than mice exposed to allopurinol alone

(∗p = 0.015, N = 8/group, Figure 5E). TNF-α was reduced only in the anakinra/allopurinol group vs allopurinol

alone (∗p = 0.01, N = 8/group, Figure 5F). IL-1β: interleukin-1 beta; TNF-α: Tumor necrosis factor alpha; DXM:

dexamethasone; Allo.: allopurinol.
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Figure 6. Inflammatory infiltrate in the murine model of nephropathy. Lymphocytes infiltrate (anti CD3
antibody) was less important in mice treated with anakinra (Figure 6D) and to a lesser extent with DXM
(Figure 6C) than in control mice (Figure 6A) and in mice treated with allopurinol alone (Figure 6B).
Macrophages (anti pan-macrophages antibody) were less present in mice treated with anakinra (Figures
6H) and DXM (Figure 6G) than in control mice (Figure 6E) and in mice treated with allopurinol alone
(Figure 6F). Negative controls evidenced a mild background staining (not shown). DXM: dexamethasone;
Allo: allopurinol.
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is a recombinant, and slightly modified, human in-
terleukin 1 receptor antagonist protein. It has been
developed to treat rheumatoid arthritis and is also
useful to manage gout attacks and to a larger extent
diseases involving NLRP3 inflammasome activation
and IL-1β synthesis [27].

The addition of anakinra or dexamethasone to
allopurinol improved significantly renal function
and renal lesions in the murine model of 2,8-DHA
nephropathy. Of note, dexamethasone may have
increased serum urea levels through its catabolic
effect, limiting the decrease in serum urea due to
improvement of renal function. Interestingly, al-
lopurinol decreased significantly, as expected, the
amount of crystalline deposits in renal tissue but
the addition of steroids or anakinra did not reduce
further the crystalline global volume, suggesting that
these anti-inflammatory drugs protected renal tissue
against fateful damages induced by inflammation
and fibrosis but did not reduce significantly crystal
adhesion or retention in tubules.

Anakinra has already been tested in another crys-
talline nephropathy model induced by calcium-
oxalate tubular crystallites. Mulay et al. have shown
first that IL-1 blockade by anakinra protected from
renal failure in calcium oxalate nephropathy but
in more recent models, anakinra did not improve
renal function in a calcium oxalate nephropathy
model [23,24]. In a murine model of 2,8-DHA crys-
talline nephropathy, inhibition of NLRP3 inflamma-
some by a specific inhibitor had demonstrated its ef-
ficiency to reduce IL-1β synthesis and kidney fibro-
sis [21]. One may hypothesize that purine-mediated
IL-1β synthesis may be particularly important in
response to 2,8-DHA crystals.

The most surprising observation was the signifi-
cantly increased expression of IL-1β and TNF-α in
the kidneys of mice treated with allopurinol alone.
It seems unlikely that allopurinol by itself would be
pro-inflammatory and we have no clear explanation
but a parallel may be drawn with another crystal-
lopathy: gout. Actually, the onset of treatments de-
creasing serum urate levels in gouty patients is asso-
ciated with acute gout flares. The underlying mecha-
nism is unknown but it has been hypothesized that
urate lowering may lead to large crystals or tophi
destabilization and induce pro-inflammatory path-
ways, this is the reason why allopurinol and febux-
ostat are classically associated with colchicine to

prevent gout flares during the first months of the
therapy [29]. One may also hypothesize that in the
2,8-DHA nephropathy model, allopurinol would be
overall beneficial by lowering 2,8-DHA crystals for-
mation (as observed in our model) but, on the other
hand, could “activate” transiently pro-inflammatory
pathways through destabilization of 2,8-DHA crystal-
lites. This mechanism remains hypothetical to date
and deserves further studies but this observation
stresses even more the potential benefit of a short-
term therapy based upon steroids or anakinra when
initiating the treatment of 2,8-DHA nephropathy by
allopurinol or febuxostat.

One of the main strength of our study is the
demonstration, in a significant number of human
biopsies and in murine models, that inflammation
plays a role in the lesions induced by 2,8-DHA crys-
tals. The significant improvement of renal function
by anakinra and dexamethasone definitively proves
the key role of innate immunity in this model and
opens new potential clinical perspectives. Our study
has some limitations. In murine in vivo models, we
evidenced that cytokine synthesis was decreased sig-
nificantly in mice exposed to anakinra and dexam-
ethasone but, unlike in the air pouch model, we
could not quantify precisely the number of immune
cells in the kidney tissue. Moreover, although we
confirmed that the crystalline deposits were actually
made of 2,8-DHA, the in vivo model is based upon
administration of adenine, and not a genetic murine
model based upon APRT deficiency [30,31].

As a conclusion, inflammation and innate im-
munity play a critical role in 2,8-DHA nephropathy.
Steroids or drug targeting IL-1 pathway are efficient
to protect renal function and tissue in experimental
models, when added to the standard therapy. As the
disease is rare, it does not seem feasible to test these
drugs in a randomized controlled study but the risk of
a transient treatment by steroids or anakinra seems
low in comparison with the potential benefit. The ob-
servation of granuloma in the renal biopsy could be
of help before initiating this type of treatment. For
instance, there is no doubt that steroids are useful
against granulomatous lesions due to renal sarcoido-
sis. Unfortunately, APRT deficiency is frequently di-
agnosed in renal transplant recipients: the use of cor-
ticosteroids has decreased in renal transplantation
during the past decades, in the view of their long-
term side effects, but a transient treatment targeting
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innate immunity when inflammatory infiltrate is ob-
served in the graft seems a reasonable option, espe-
cially when allopurinol or febuxostat is initiated. Ad-
ditional studies are still warranted, including the as-
sessment of plasma and/or urinary biomarkers for
inflammatory activity in the kidney of patients af-
fected by 2,8-DHA nephropathy.
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Abstract. Examination of stone morphologies shows a great potential for the etiological diagno-
sis of stone disease. Endoscopic Stone Recognition (ESR) can thereby provide essential morpho-
constitutional analysis of stones in-situ, and becomes a method of choice for an effective manage-
ment of patients with kidney stones.

Here, we show that both visual and automatic ESR can be performed within a LASER-induced
spraying session. ESR may therefore be beneficial to still apply an etiological approach in lithiasis.
We discuss the added value of Artificial Intelligence in the entire patient care process. Prospects and
requirements for widespread applications of ESR in a clinical practice are evaluated.
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1. Introduction

Analysis of stone composition allows establishing
dedicated treatments that can eliminate stones
with a reduced probability of relapses. To this end,
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non-enhanced computed tomography (CT) is cur-
rently the first step of an etiological approach by a
urologist. Zhang et al. showed that dual-source dual-
energy CT can predict common stone composition
for both pure and mixed stones [1]. However, the
limitations of such an approach mainly lie in (1) a
substantial radiation exposure, (2) an accuracy of the
results directly dependent on the extraction quality
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of the piece of stone, (3) the fact that this approach
does not give access to the morphological aspect of
urinary stones, which may be the key for an accurate
etiological diagnosis [2,3].

Alternatively, a morpho-constitutional exam-
ination of urinary stones becomes a method of
choice [2–5]. It is now well established that such ex-
aminations play an essential role in the etiological
diagnosis, as explained in the international morpho-
constitutional classification of urinary stones [5].
This analysis can be performed during a post-
operative session by a biologist and consists of
collecting morpho-constitutional information based
on both microscopic morphology, using binocular
stereomicroscope, and infrared spectroscopy recog-
nition (FTIR). Alternatively, Endoscopic Stone Recog-
nition (ESR), which is conducted by a urologist, can
also conveniently provide essential morphologi-
cal observations of stones in-situ during pre- and
intra-operative sessions [6,7].

In this article, the principles of ESR are reviewed;
then, various LASER technologies designed for kid-
ney stone fragmentation are presented. ESR, which
can be supported by Artificial Intelligence (AI), may
find a widespread use in a clinical practice. The re-
quirements for such a generalized use are described.

2. Basic principles of ESR

ESR-based analysis is, to a certain extent, similar to
that applied by a biologist in a dedicated laboratory:
detailed knowledge on the classification of the differ-
ent types of stone surface, section and nuclei is a pre-
requisite; this expertise encompasses the use of well-
established stone descriptions obtained with mi-
croscopy images ex-vivo [2] and endoscopic images
in-situ [6,7] classified with respect to the nomen-
clature established by Corrales et al. [5]. A relatively
fast learning curve was reported when urologists fol-
lowing the ESR training encountered the most fre-
quent stone morphologies, such as: stones with a sin-
gle crystalline component [8], calcium oxalate mono-
hydrate (COM) (also referred to as type I, subdi-
vided in subtypes Ia, Ib, Ic, Id or Ie—subscripts in
the Latin alphabet differentiate morphological sub-
types, each of them being associated with a specific
etiology), calcium oxalate dihydrate (COD, morpho-
logical type II subdivided as IIa and IIb subtypes)

and uric acid (UA, morphological type III subdi-
vided as IIIa and IIIb subtypes) [9]. However, a much
steeper learning curve was needed when calcium
phosphates or mixed stone morphologies are in-
volved [7,8]; this issue may limit ESR translation to
daily clinical practice [9].

3. LASER devices for kidney stone fragmenta-
tion

Since the beginning of the 2000’s, the LASER
Holmium-Yag technology is accessible to any urol-
ogist for urinary-stone treatments [10]. Thanks to
recent technological innovations, LASER spraying
of all types of stones is now feasible and two main
interventional strategies were implemented:

1. “Pop corning” mode: using moderate LASER
frequencies ranging from 10 to 15 Hz, the
urologist can either (i) split a stone in two
parts or (ii) fragment it into small pieces.
Stone fragments of a size of 250–500 µm can
be collected, thus allowing for post-operative
examinations of the microscopic morphol-
ogy [10–15].

2. “Dusting” mode: using higher LASER fre-
quencies ranging from 20 to 320 Hz,
the operator can conveniently spray the
stone [13]. Since 2017, this is achievable us-
ing Holmium-Yag devices by means of the
“Moses Effect” [12] and, more recently, using
Thulium Fiber LASER (TFL) devices. There,
micro fragments below 250 µm are created,
20 µm being generally the wanted size [14].

Both the Holmium-Yag using “Moses Effect”
and TFL devices thus appear effective technologi-
cal revolutions able to quickly operate in interven-
tional theaters [12,13,16]. This technological break-
through has a clearly obvious therapeutic objec-
tive: to eliminate the presence of any stone frag-
ments at the end of the interventional procedure. In
addition, therapeutic approaches have been rated
for decades by both urologists and manufactur-
ers according to their capability to eliminate stone
fragments.

However, LASER fragmentation of stones, when
achieving “dusting” modes [11–15], has two conse-
quences that hamper the etiological approach in
lithiasis:
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1. High frequency LASER stone fragmenta-
tion irreversibly hampers the morphological
analysis of the targeted stones [14,15]. FTIR
dust examinations of the stone powder, with
a fragment size below 250 µm, may not pro-
vide sufficient information for the lithogenic
stage.

2. IR spectra can be modified when the LASER
stone fragmentation is achieved in dusting
mode with or without high-frequency TFL
or “Moses Effect” [14,15], which hampers
FTIR dust examinations. Keller et al. ob-
served IR-conversion of several crystalline
elements in-vitro during “Moses Effect”, in
particular IR changes from COD towards
COM, IR changes from carbapatite towards
amorphous carbonated calcium phosphate,
MAP in newberyite and BR in monetite
as well as IR changes from brushite to-
wards carbapatite (see Figure 1 and Table 1)
[14,15].

The so-called “stone free rate” therapeutic ob-
jective [10–15,17] is therefore now achievable. How-
ever, it must be underlined that the morphologi-
cal type and related etiology are better indicators
of stone recurrence than stone composition only.
Hence, the absence of intra-operative examination
(in other terms: no morphological data) may pre-
clude the robustness of the etiological approach in
lithiasis and relapse prevention [5].

Fortunately, it has been reported that visual ex-
aminations of stone can be obtained using ESR be-
fore and during LASER destruction [7,8]. While recent
(chronological) lithogenic events are observable on
the stone surface, older events are located on a stone
section and are accessible during LASER fragmen-
tation. The stone nucleus, which is the oldest part,
can thereby provide information about the initial
lithogenic context. Recently, Estrade et al. demon-
strated that these examinations can be readily sup-
plemented by observations of the stone section and
nucleus if the urologist carefully splits the stone in
two parts using LASER [8].

The traceability of the morphology of the sur-
face, the section and the nucleus of a urinary
stone can be recorded, thus allowing a retrospec-
tive expertise, if necessary, by a biologist, an ex-
pert urologist or machine learning. Therefore,
intra-operative ESR and post-operative infrared

(FTIR) examinations of LASER-fragmented stones
are crucial to preserve an etiological approach
in lithiasis.

4. Towards automatic intra-operative ESR

Black et al. recently have shown that artificial intel-
ligence (AI) applied to various types of microscopic
images of stones ex-vivo is a promising tool for au-
tomatic ESR (AESR) [18]. While Serrat et al. fed tex-
ture and color features of stones into a random forest
classifier [19], Black et al. obtained much improved
scores using a deep Convolutional Neural Network
(CNN) [18]. However, both approaches used ex-vivo
stone fragments placed into a controlled environ-
ment. Hence, images were not disturbed by motion
blur, specular reflections or scene illumination varia-
tions, as it is encountered in common practice during
an intra-operative endoscopic imaging session. Mar-
tinez et al. showed the potential of AESR approaches
using in-situ images of pure stones acquired in a
clinical setting with ureteroscopes [20]. More re-
cently, from intra-operative endoscopic images, first
AESR clinical results evidencing morphological el-
ements that constituted both pure and mixed uri-
nary stones in-situ have been reported [21]. As an il-
lustration, Table 2 reports typical preliminary AESR
results obtained with six morphology classes (four
pure stones: Ia/COM, Ia active, IIb/COD and IIIb/UA,
and two mixed stones divided into two morpholo-
gies: Ia/COM+IIb/COD and Ia/COM+IIIb/UA) from
images obtained before LASER fragmentation. In
this study, a urologist (VE, 20 years of experience)
prospectively examined intra-operative endoscopic
digital images of stones acquired between January
2018 and November 2020 (single center) using a flex-
ible digital ureterorenoscope (Olympus URF-V CCD
sensor). Images from 436 urinary stones were col-
lected (pure stones: Ia/COM = 221, Ia active = 32,
IIb/COD = 66, IIIb/UA = 31; mixed stones: Ia/COM+
IIb/COD = 74, Ia/COM + IIIb/UA = 12). A deep
convolutional neural network (CNN), ResNet-152-
V2 [22], was trained to predict stone types from
collected images. For the statistical analysis, stones
were randomly divided into training (70%) and test-
ing (30%) sets (stratified split/10 trials) [23]. In av-
erage, the accuracy was higher than 86% for both
pure and mixed stones with the experimental setup
used [21].
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Figure 1. Constitutional analysis by Fourier transform infrared spectroscopy. Comparison between
residual fragments and stone dust revealed spectra changes for several constitutional stone types.
(A) Conversion from COD towards COM in dust after Moses lithotripsy. (B) The conversion from COD
towards COM in dust was more pronounced after Moses lithotripsy compared to conventional Holmium
lithotripsy. (C) Changes towards an amorphous phase in CA dust after Moses lithotripsy with flattening
and displacement of the 1035 cm−1 band. (D) A spectral change of CA dust was only found after Moses
lithotripsy, but not after conventional Holmium lithotripsy. (E) Changes towards a differing and amor-
phous crystalline phase in MAP dust after Moses lithotripsy. (F) A spectral change of MAP dust was only
found after Moses lithotripsy, but not after conventional Holmium lithotripsy. (G) Changes from BR to-
wards CA after Moses lithotripsy. (H) Spectral changes were found in CA dust both after Moses and con-
ventional Holmium lithotripsy. Figure and caption reproduced with permission from Keller et al. [15].
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Table 1. Observations from morpho-constitutional analysis of stone dust after TFL lithotripsy

Stone
type

Preserved
characteristics from
initital stones?

Morphological analysis (SEM) Constitutional analysis (FTIR)

COM Yes Preserved lamellar organization Preserved major bands at 1617, 1315
and 781 cm−1

COD Partially Almost complete loss of
bipyramidal organization

Displacement of major bands from 1645
and 1324 cm−1 to 1624 and 1318 cm−1,
respectively, as well as appearance of a
prominent band at 781 cm−1 indicating
a conversion from COD to COM

UA No Altered organization with
appearance of a needle-like
organization

Major bands at 3603, 1613, 1531 and
1003 cm−1, indicating a conversion from
UA to sodium hydrogen urate
monohydrate

CA Yes Preserved organization with
spherical particles within more
smooth blocks

Preserved major bands at 1035, 604 and
563 cm−1

STR No Loss of the encased
monodirectional needle
organization resulting in a pile of
randomly configured needles that
are partially attached to each other

Loss of the ammonium bands at 1470
and 1435 cm−1. Very large and displaced
major band at 1014 cm−1 indicating a
conversion from STR to newberyite

BR Partially Partially preserved longitudinal
beguette-like organization

Displacement of major bands from 1136
and 1063 cm−1 to 1134 and 1066 cm−1,
respectively, as well as the appearance
of major bands at 1002 and 564 cm−1, as
well as additional bands at 1406 and
892 cm−1, indicating a convrsion from
BR to monetite

CYS Partially Preserved layered organization,
with an almost complete loss of the
hexagonal organization

Loss of the 1656 cm−1 band, unusually
prominent band at 1622 cm−1 and large,
prominent and displaced band at
1337 cm−1, indicating a profound
change in crystalline organization

Table and caption reproduced with permission from Keller et al. 2020 [14].

SEM: scanning electron microscopy, FTIR: fourier transform infrared spectroscopy, COM: calcuum oxalate
monohydrate, COD: calcium oxalate dihydrate, UA: uric acid, CA: carbapatite, STR: struvite, BR: brushite, CYS:
cystine.

5. Requirements of intra-operative AESR in
the etiological approach

ESR can be supported by a computer-assisted ap-
proach, which may deliver reproducible results and
minimizes operator dependency. In our opinion, it
is imperative to build-up a digital endoscopic image

database annotated according to the criteria pub-
lished in 2020 [7]. However, several issues still need
to be addressed for a wide AESR integration into a
clinical routine.

First, it is difficult to obtain a gold standard data-
base of annotated stone images, which is a necessary
prerequisite for the training of an IA network [24,25].
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Table 2. Diagnostic performance of a CNN classifier (ResNet-152-V2) to predict the surface of pure stones
COM, COD and AU with respective morphologies (Ia, Ia active, IIb and IIIb) and mixed stones COM+COD
and COM+AU with morphologies (Ia+ IIb and Ia+ IIIb) from collected images

Kidney
type

Accuracy
(%)

AUROC Sensitivity
(%)

Specificity
(%)

PPV (%) NPV (%) FPR (%) FNR (%)

Ia 86±2 0.86±0.02 89±3 84±5 85±4 88±3 16±5 11±3

Ia active 93±1 0.75±0.06 53±13 97±1 64±8 96±1 3±1 47±13

IIb 93±1 0.86±0.04 77±9 96±1 74±6 96±1 4±1 23±9

IIIb 98±1 0.95±0.04 92±7 98±1 81±11 99±1 2±1 8±7

Ia+ IIb 89±3 0.79±0.04 63±8 94±3 70±9 92±1 6±3 37±8

Ia+ IIIb 98±1 0.66±0.16 33±3 100±1 52±47 98±1 0±1 67±31

AUROC: area under the ROC (Receiver Operating Characteristic) curve; PPV: positive predictive value;
NPV: negative predictive value; FPR: false predictive rate; FNR: false negative rate.

On the one hand, infrared spectroscopy can be used
as a gold standard, but its accuracy relies on the
equipment used, the reference spectra and the qual-
ification of the operator. On the other hand, one
can use ESR as a gold standard, but any subjectiv-
ity or potential selection bias of the endo-urologist
may be present in the annotated dataset. We believe
that a concordance study between endoscopic and
microscopy examinations, as described in [7], may
provide a database of confirmed annotated ESR im-
age of stones corresponding to specific aetiologies or
lithogenic mechanisms.

Second, AI generally relies on a large amount of la-
beled training images to provide accurate stone pre-
dictions [22,23]; however, a sufficient amount of im-
ages is hardly achievable in the context of rare dis-
eases. This is problematic on the clinical level be-
cause such pathologies are precisely those in need
for a rapid and reliable management. Therefore, AI
algorithms must be improved in order to further re-
duce the amount of training data, thereby allowing
AESR of rare stone diseases with a satisfactory relia-
bility. Several paths of investigation may be taken to
reach this goal; for instance, training databases may
be conveniently supplemented by high-quality ex-
vivo images of complete and fractioned stones [7,21].
In addition, an interesting aspect to explore is the
potential benefit of AI classification algorithms upon
clustering of different stone types, but also the im-
pact of possible overlaps between these clusters. Ul-
timately, the development of specific image filtering
algorithms and the automatic segmentation of rele-

vant image regions of interest should allow reducing
the amount of training samples needed, and may give
access to rather reliable AESR workflows for specific
stone types.

Third, it must be underlined that a general prob-
lem with the deep neural network approach lies in
the difficulty to interpret and understand what the
model has learned. Regularly called “black box” al-
gorithms, deep neural networks are often questioned
because of their lack of explicitness; computer-
assisted predictions of stone morphologies may thus
be hardly explainable. However, a general interest in
AI techniques designed to address such a key point
is growing in order to devise robust validation pro-
cedures. In particular, recent AI studies underlined
the benefit of generating maps to properly under-
stand where the deep learning algorithm of interest
was “looking” in the endoscopic image to make its
decision [26]. In that regard, recent efforts must be
reported in the identification of the learned patterns
by AI models. During endoscopy, it is essential to
highlight the most characteristic locations inferred
by the network in the endoscopic image of inter-
est. Figures 2 and 3, reproduced from [21], illustrate
the usefulness of providing deep CNN-algorithm
based “attention” maps to explain predictions com-
puted by deep CNNs. In these figures, “attention”
maps are overlaid onto the endoscopic image in
order to visually assess whether CNN-derived hall-
marks corroborate with clinically relevant stone fea-
tures. In the presented results, hot (red) spots were
found on relevant urological features in 98% of the
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Figure 2. Representative automatic ESR results obtained before LASER fragmentation (surface image).
Examples of both correctly (left panel) and misclassified images (right panel; type reported on the far left
is not recognized by the network) are shown. In-situ surface images (left image of each panel) are reported
for each stone composition. Ia/COM, IIb/COD and IIIb/UA pure morphologies are reported in the first
three rows. For each mixed stone (last two rows), a mixture of the corresponding pure morphologies
is visible. Activation maps (right image of each panel) show areas where the network concentrates its
attention. Figure and caption reproduced with permission from Estrade et al. [21].

correctly classified (“True positive”) images (see im-
ages in left columns in Figures 2 and 3). Conversely,
hot spots were observable outside the stone in 33%

and 25% of misclassified surface and section images,
respectively (see for example Figures 2d, 2j or 3b).
Such a tool may be a great asset for urologists to
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Figure 3. Representative automatic ESR results obtained after LASER fragmentation (section images).
Examples of both correctly (left panel) and misclassified images (right panel: type reported on the far left
is not recognized by the network) are shown. In-situ section images (left image of each panel) are reported
for each stone composition. Ia/COM, IIb/COD and IIIb/UA pure morphologies are reported in the first
three rows. For each mixed stone (last two rows), a mixture of the corresponding pure morphologies
is visible. Activation maps (right image of each panel) show areas where the network concentrates its
attention. Figure and caption reproduced with permission from Estrade et al. [21].

intra-operatively understand the predictions made
by the AI model.

Nevertheless, it must be stressed that the infrared
(SPIR) examination of stone powder by a dedicated

laboratory remains essential to perform in order the
morpho-constitutional stone analysis to provide ad-
ditional and complementary information [2–7]. In
our opinion, the combination of intra-operative ESR
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and post-operative infrared (FTIR) examinations of
laser-fragmented stones may further improve the eti-
ological approach by urologists in lithiasis [21]. How-
ever, it must be reported that, after LASER stone
fragmentation, only a few stone fragments may be
available for a subsequent IR stone analysis. It may
thus be difficult to attribute the collected fragments
to the different areas in the stone that can be ob-
served within an endoscopic session. Collecting non-
or partially-fragmented stones may be preferable
since outer stone surface and different layers of in-
ner stone (after cutting or crushing) can be recorded.
In such a case, corresponding portion of the stone
may therefore be easily sampled and sent for IR
analysis.

6. Conclusions

LASER spraying of all types of urinary stones became
common practice. Similarly, morpho-constitutional
examination of urinary stones becomes a method of
choice for the effective management of patients suf-
fering from kidney stones and regarding the preven-
tion of stone recurrence [2–5]. While urologists fol-
lowing the ESR training experience a relatively fast
learning curve when they encounter the most fre-
quent stone morphologies, they need more practice
when calcium phosphate or mixed stones morpholo-
gies are involved. Trained on confirmed high-quality
endoscopic images annotated according to the crite-
ria published by Estrade and colleagues [7], AI proves
to be a good candidate for automatic ESR of the mor-
phological elements composing urinary stones. Re-
cent works demonstrated that AI is a promising tool
to identify both pure and mixed kidney stone com-
positions from endoscopic images acquired intra-
operatively [20,21]. ESR performed before complete
LASER-induced spraying may thereby be benefi-
cial to maintain an etiological approach in lithiasis.
The combination of automatic intra-operative ESR
and post-operative infrared examinations of laser-
fragmented stones may improve the etiological ap-
proach in lithiasis [7,21].

In our opinion, it is imperative to extend ESR
learning in the curriculum of urologists and further
improve current AI developments; hence, we believe
that such objectives must be highly prioritized by
urological and scientific communities.
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Abstract. While employing the Holmium YAG laser, photonic technologies can help detect urinary
stones and enhance safety for the patient. Our research group recently found that continuous moni-
toring of the fluorescence spectra of urinary calculi suffices to distinguish between stone, tissue, and
endoscope components precisely and in real time. We hereby introduce our new automatic target
identification system and the results of experimental studies we conducted. In this study, we review
the research on in vitro and in vivo experiments we conducted developing and characterizing a novel
target system, and summarize the key features of this new technology. This new system using intraop-
erative autofluorescence monitoring, enables the detection of the laser’s target by analyzing the flu-
orescent spectra reflected from the target. The energy pulses are only emitted when a urinary stone
is within reach of the laser fiber tip. Our experiments revealed that this autofluorescence-based au-
tomatic target recognition lithotripsy system delivers valuable diagnostic information to the surgeon
in real time. Our system recognizes potential target structures via implemented fluorescence detec-
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safety.
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1. Introduction

Urinary stones are common all over the world [1].
Thanks to recent technological developments in
medical engineering, laser lithotripsy is now the
first-line treatment modality in endoscopic surgi-
cal urolithiasis treatment [2]. The Holmium:YAG
(Ho:YAG) laser is the most popular technology em-
ployed in lithotripsy for over 20 years, and is still
considered the gold standard [3]. However, the high
energy applied during the procedure, the strong
absorption of laser light in water, anatomical fac-
tors, and inadequate surgical experience can all
contribute to injuries to surrounding tissues in the
urinary tract and to endoscope damage [4]. Beyond
this direct effect, insufficient irrigation during an
endourological laser intervention might cause an
uncontrolled temperature rise that damages adja-
cent tissue indirectly and delayed in time [5]. Pho-
tonic technologies have recently been used to exper-
imentally identify urinary stones to increase safety
while employing the Ho:YAG laser [6]. More recently,
Winfree et al. applied an autofluorescent imag-
ing method to facilitate identification of Randall’s
plaque [7].

Our research group found that continuous mon-
itoring of the fluorescence spectra of urinary cal-
culi is sufficient to distinguish precisely and in real
time between stone, tissue, and endoscope compo-
nents [8]. Relying on the foundation of this basic re-
search work, our group developed a target identifi-
cation system that autonomously supports the sur-
geon during lithotripsy to enable automatic real-time
urinary stone detection via autofluorescence. For this
review we introduce our new automatic target iden-
tification system and the results of the experimental
studies we conducted.

The aim of this study was to provide basic
scientific evidence for the development of an
autofluorescence-based imaging system for real-
time urinary stone target identification and sub-
sequent experimental evaluation for performance,
reliability and safety in an in vivo animal study.

2. Materials and methods

In the initial study we developed a fiber-based aut-
ofluorescence measurement system consisting of
commercially available components to analyze

spectral information [8]. The excitation laser light
was emitted by a 15 mW diode pumped, solid
state FDSS532 laser (CryLas, Berlin, Germany)
and was connected to an optical core therapeutic
fiber with a 365 mm core (PercuFib optical core
treatment fiber, LISA laser products, Katlenburg-
Lindau, Germany). Fluorescent light re-entering the
fiber was separated from the excitation light with
a beam splitter and analyzed on a fiber-coupled
spectrometer. Fluorescence signals were collected
and evaluated in random areas on the stones.
The spectra of 82 human kidney stones were an-
alyzed and compared to porcine urinary tract tis-
sue and polytetrafluoroethylene coating of a com-
mon ureterorenoscopic working channel in a se-
ries of standardized measurements (Figure 1). Ar-
tificial stones made of pure inorganic components
were also analyzed. Each sample’s chemical com-
position was consistently analyzed by an infrared
spectrometer.

In the second experiment, we developed a real-
time compact demonstration system based on the
aforementioned laboratory setup to make automatic
identification possible [9]. In this system, the Ho:YAG
laser was connected to a therapeutic laser fiber, so
that the entire system was equipped with all the tech-
nical components needed for automatic target iden-
tification during stone treatment. Most importantly,
this setup actively utilized a feedback loop between
the spectral detection unit and Ho:YAG laser. First,
the setup was applied in a simulated surgical in-
tervention in a porcine kidney in vitro. The exper-
imental setup is descripted in Figures 1 and 2. Fi-
nally, the performance was assessed performing con-
ventional Ho:YAG laser lithotripsy with and without
target recognition in an in vivo setting in an ani-
mal study on domestic pigs [10]. Laser lithotripsy
procedures were performed in the porcine collect-
ing system of the kidney, in the ureter and bladder
after retrograde placement of human stone mate-
rial in the porcine urinary tract under general anes-
thesia. These experiments were approved by the
Ethics Committee of the Albert-Ludwigs University of
Freiburg, Germany (IRB: 296/15). To detect and eval-
uate any tissue damage related to the intervention
and laser light’s endoluminal application, the entire
urinary tract was surgically removed and examined
by a pathologist. The experimental setup can be seen
in Figure 2.
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Figure 1. Autofluorescence measurement of urinary stone fragments, teflon element and tissue.

Figure 2. System setup including the measurement system and therapeutic laser.

3. Results

In our spectral analyses of various human urinary
stones, tissue material from the urinary tract, and
surgical instrument (endoscope components) us-
ing autofluorescence, we were able to define the
spectral characteristics of each of these objects.
The shapes of the spectra originating in urinary
stones of different composition were similar, which
meant that the autofluorescence signals were un-
able to distinguish between the stones’ chem-
ical compositions. Although the stones’ signal

amplitudes varied, all signals were significantly
stronger than the measurement values originat-
ing from the tissue samples and endoscope com-
ponents. Note that all the human stones exam-
ined in these experiments emitted significantly
higher signal values than all the other targeted
objects. We found that the weakest stone signal
was 3.6 times stronger than the strongest signal from
porcine kidney tissue (mean ± SD 0.038 ± 0.043 vs
0.00058 ± 0.00058 arbitrary units). Furthermore, we
detected no fluorescence signal from endoscope
components.
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In our in vitro study, the stones’ mean SD autoflu-
orescence signal amplitudes ranged from 142 ± 29
to 1521 ± 152 ADU (analog-to-digital units), while
emissions from tissue and the endoscope coating
were practically negligible. All the stone signals were
significantly stronger than those from tissue and
endoscope components. We discovered that when
the minimum threshold is defined as tissue plus six
standard deviations, this results in 14 ADU. If the
Ho:YAG laser was deactivated under that aforemen-
tioned threshold, the emission of laser light on the
tissue or endoscope could be prevented. The dis-
tance between the laser tip and targeted object is
known to play an essential role in ensuring efficient
stone disintegration. We observed that the Ho:YAG
laser operates optimally when the distance between
the fiber tip and target is within a 0.1–0.5 mm range.
Note that if a urinary stone emits an average fluores-
cent signal and is at a distance of more than about
1 mm from the fiber tip, the laser will be blocked. We
also experimentally confirmed that automatic tar-
get recognition works at threshold values between
50 and 200 ADU. It is important to note, that while
the laser was activated during the lithotripsy proce-
dure, only the detection system was controlling its
pulse emission—not the surgeon. During in vivo us-
age of this system, we observed no incorrectly emit-
ted laser energy or tissue damage, or any impact on
endoscopes.

In our in vivo experiment, lithotripsy could be
performed successfully with both a standard laser
and new target system (Figure 3). No macroscopic
damage was detected in the tissue after treatment
with this new device. We observed no organ per-
foration or any other severe lesion in the urinary
tract whatsoever in fluoroscopic, macroscopic, and
pathological investigations. No relevant thermal
damage was detected even in the microscopic and
histological work-up.

Furthermore, we found that cumulative laser en-
ergy was reduced during each procedure while the
target recognition system was active. The energy ap-
plied lessened significantly with an average reduc-
tion of over 30% (27.1% for ureter stone, 52.2% for
kidney stone, 17.1% for bladder stone lithotripsy). In
addition, according to the personal assessment of the
surgeon who conducted the animal studies, the new
laser setup functions smoothly and does not hinder
workflow.

4. Discussion

The increasing clinical need to prevent tissue dam-
age from laser light emitted from laser systems has
inspired research on novel photonic technologies.
Lange et al. was the first group to demonstrate that
autofluorescence is capable of distinguishing be-
tween urinary stones and human tissue [6]. Other
research groups also proved that tissue and stone
differentiation is feasible via target autofluorescence
spectra [11,12]. To transform these findings and tech-
nology into therapeutic application, we developed an
advanced autofluorescence monitoring system inte-
grated into a Holmium laser system that allows real-
time target recognition during laser lithotripsy. This
setup proved able to inform the surgeon about the
object in front of the laser fiber’s tip in real time, that
is, when stone material is within the laser’s thera-
peutic range. Once a fluorescence intensity threshold
level has been set, the feedback mode then functions
to autonomously control the Ho:YAG laser. During
the procedure, the emission of energy was monitored
independently by the feedback system, emitting laser
energy only when it “recognized” stone material. The
safety and efficiency of the present setup was suc-
cessfully proven in animal models [10]. Our observa-
tions have also been confirmed histologically.

Urinary stones expose characteristic autofluores-
cent spectra particularly when excited at the wave-
length of 520 nm [8]. An essential aim of our project
was to define the appropriate wavelength to trig-
ger the targeted object’s excitation, as this would en-
able us to detect any kind of chemical composite of
the stone. Interestingly, stones possessing the same
chemical composition reveal different wavelengths
upon fluorescent excitation [8]. A stone’s wavelength
spectrum is most likely determined by proteins on
its surface, and it is most likely these proteins that
cause the characteristic autofluorescent properties,
rather than the chemical composition. This hypothe-
sis is supported by the evidence that chemically pure
compounds (e.g. pure calcium) emit no fluorescence
spectra when excited at this wavelength [8].

This new system monitoring intraoperative aut-
ofluorescence only allows the laser to emit energy for
therapeutic purposes when the stone is within an ap-
propriate distance to the stone surface. The spectra
monitoring unit is attached to the therapeutic laser
by a glass fiber. The system is equipped with a double
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Figure 3. Presentation of the animal studies: (A) experimental setup of the system; (B) ureteroscopy
procedure using the novel laser system (C) percutaneous nephrolithotomy procedure using the novel
laser system; (D) endoscopic image from laser lithotripsy—(e) Urinary bladder mucosal (f) Urinary stone,
(g) Laser fiber tip.

control mechanism. The general on-and-off switch
is regulated by operating a foot pedal. The monitor-
ing unit also communicates with the treatment laser.
It is the surgeon who is in control of turning the
entire system on and off. If the foot pedal remains
pressed, the system is active. Moreover, the target ob-
ject must be detected correctly, as only then will en-
ergy be emitted. If the foot pedal is not pressed down,
it does not matter whether the fiber tip is correctly
placed on the target object. In that case, no laser light
energy is applied at all. When the system is in the ac-
tive mode, the surgeon only needs to navigate the en-
doscope with the treatment fiber in place to the tar-
get stone.

Although laser lithotripsy at its current develop-
mental stage might be considered safe and efficient,
its most annoying limitation is the uncontrolled and
not fully controlled energy release during surgery and
its potential damage to surrounding tissues. It is a
fact that while direct physical lesions rarely occur,

secondary thermal injuries caused by the effect of ex-
cessive heat production in the urinary tract can even-
tually trigger adverse events [5,13]. Various strategies
have been proposed to prevent accidental damage,
such as keeping the laser fiber tip coated for better
identification and keeping it at a reasonable safety
distance from the optical tip of the scope, regularly
cutting the fiber tip to prevent retrograde laser emis-
sion [14]. The Ho:YAG laser has a therapeutic range
of 1–3 mm in liquid. In standard lithotripsy with a
Ho:YAG laser system, the emission of high-energy
pulses depends solely on the surgeon. When the sur-
geon presses the foot pedal while the stone is right in
front of the laser fiber tip, laser energy is transferred
to the stone through the fluid in between. Due to a
continuous exchange of irrigation fluid, and to me-
chanical forces resulting from the laser–target inter-
action, the stone may move away from laser’s fiber
tip. When that happens, laser energy is unavailable
for fragmenting the calculus, but it suffices to heat
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the surrounding liquid. The endoscope can also be
damaged if the laser fiber is accidentally retracted
too far during treatment [4]. Another potential prob-
lem is that by delivering energy in an undesirably
large space between the stone and the laser fiber
tip, the force of retropulsion becomes excessive and
causes the stones’ dislocation. Specifically, if the uri-
nary tract anatomy is unfavorable, situations may
arise in which visualization of the intended target be-
comes difficult. When the threshold values are accu-
rately set, the energy is absorbed almost exclusively
by the stone surface, thus minimizing retropulsion.

The greatest contribution of our system to the
lithotripsy procedure is that it detects stone and tis-
sue automatically, and that it is completely surgeon-
independent, requiring no action by or input from
the surgeon during lithotripsy. Thanks to this detec-
tion function that the feedback mechanism provides,
the surgeon can focus solely on navigating and the
lithotripsy procedure without having to worry about
damaging the tissue.

In addition to reducing the risk of tissue injuries
and contributing to a safer, more efficient surgery,
our system has further advantages in terms of its clin-
ical performance. We have demonstrated that the to-
tal amount of energy required for sufficient and suc-
cessful fragmentation dropped by about 30%. By
preventing endoscope damage, utilizing our system
might also deliver a positive economic effect. An-
other potential benefit of this new technology is that
it will be easier to operate by less experienced sur-
geons or urology residents in training still in a steep
learning curve. Thanks to the automatic, surgeon-
independent therapy monitoring function, the stress
and anxiety associated with a lithotripsy intervention
could be minimized. This innovative technology can
also be adapted to other laser types as a hardware
add-on. Our new target system holds promise for
substantial improvements in laser lithotripsy in the
future.

Our system has some limitations. While using this
system, temperature changes in the operation area
are not measured. The long-term thermal effect of
temperature changes on human urinary tract tissue
is not completely understood [5]. In addition, it is not
yet clear how effective this system is when applying
different stone disintegration techniques. Its main
limitation is that we have not yet gained any practical
experience from procedures in humans. However,

since this technical approach has proven safe and ro-
bust in the preclinical setting and animal model, our
group recently started a clinical pilot study with the
system being applied for human laser lithotripsy.

5. Conclusion

In this review we summarized our research and de-
velopment on a novel laser system providing a real-
time treatment-monitoring unit using autofluores-
cence to distinguish urinary stone targets during
laser lithotripsy from urothelial tissue and endoscope
components. We found this technology to work reli-
ably and be safe in experimental preclinical settings
and animal trials. We are currently preparing for its
first in-human use.
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Abstract. We have characterized the types of encrustations that form on ureteral stents. The deposit
that generates blocks is composed of hydroxyapatite/magnesium ammonium phosphate (44%). Cal-
cium oxalate dihydrate was also detected at a high degree of encrustation (13%). Hydroxyapatite
deposits, also of high degree of encrustation (13%) are generated due to their formation as a con-
sequence of persistently high urinary pH values. The formation of large uric acid deposits (31%)
must be attributed to the persistence of urinary pH < 5.5. To avoid development of encrustations of
ureteral stents, urinary calcium levels and urinary pH control should be carried out, avoiding urinary
infections.
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1. Introduction

Double J catheters are one of the most commonly
used indwelling ureteral devices to treat obstructive
uropathy, to facilitate the drainage of urine through
the urinary system. However, they can promote the
appearance of urinary tract infections (UTIs) and the
development of encrustations, which can hinder and
even prevent its removal [1–3].

∗Corresponding author.

The introduction of a catheter into the urinary sys-
tem implies the placement of a foreign body that fa-
cilitates the flow of urine between the renal pelvis
and the urinary bladder. Therefore, the catheter will
be permanently bathed in urine that will flow from
the kidney to the urinary bladder. As it is a foreign
solid in contact with urine, it is evident that it may
act as a heterogeneous nucleant for those substances
that are supersaturated in this medium. It is precisely
for this reason that extensive research has been car-
ried out to develop nonstick materials that avoid as
much as possible the capacity that a catheter can
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Figure 1. Degree of embedding of the catheters studied. Image obtained by stereoscopic microscopy.

Figure 2. Types of deposits observed. Images obtained by Scanning Electron Microscopy (SEM).

present as a heterogeneous nucleant. In any case,
urine is a medium rich in organic matter and pro-
teins, mainly albumin and mucin in the absence of
infections, which can adhere on the surface of the
catheter covering it [4]. Once deposited, this material
will act as an effective heterogeneous nucleant that
will induce crystallization of those substances that
are supersaturated in urine.

The main objective of this paper is to characterize
and study the different types of encrustations that
form on double J catheters, in order to be able to
relate their characteristics to the urinary conditions
that have induced them.

2. Material and methods

Ninety double J catheters (Angiomed, UROSOFT-
ureteral-stent-set based on a soft-polyurethane com-
pound, REF 57410030) of patients with an indwelling
time approximately from 1 to 3 months were studied,
processing the renal part and the bladder part sep-
arately. Thus each catheter is divided into two equal

parts. This was an observational study, where 57.8%
of the patients were males (age 57±15) and 42.2% fe-
males (age 54±13).

In all cases, the stent was placed as a consequence
of ureteral obstruction due to benign pathology.

Each catheter was submitted to the following pro-
cedure: First, it was photographed with a stereo-
scopic microscope. By observational study, they were
classified into four categories according to the de-
gree of encrustation observed (0–3, 0 being no de-
posit and 3 high degree of encrustation or deposit
block, as shown in Figure 1). Subsequently, each
stent was weighed and the total weight of deposit
present in each catheter was evaluated, by compari-
son with an unused catheter. Later, by Scanning Elec-
tron Microscopy (SEM) the type of embedded deposit
was identified: no deposit, calcium oxalate (mono-
hydrate, dihydrate), uric acid (anhydrous, dihydrate)
and/or urate, infectious phosphate (magnesium am-
monium phosphate + hydroxyapatite) and nonin-
fectious phosphate (hydroxyapatite + brushite) (Fig-
ure 2).
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Figure 3. (A) Percentage of no deposit or low, medium and high degree of encrustation in the 90 stents.
(B) Percentage of each type of deposit in the 90 stents.

Finally, the catheters were cut into several frag-
ments to facilitate dissolution of the deposits with
2 M HCl (except for those with uric acid and/or urate)
to determine the amount of calcium, phosphorus
and magnesium by ICP-OES.

2.1. Statistics

Normality graphs and plots were used to assess the
data distribution. Data were represented as median
and interquartile range or percentages. Intergroup
comparisons (between deposit types and deposit
grades) were performed using Kruskal–Wallis test
and the Mann–Whitney U as post hoc test for con-
tinuous variables. For categorical variables, the Chi-
square or Fisher’s exact test was performed. A two-
tailed p-value less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed
using SPSS 25.0 (SPSS Inc., Chicago, IL, USA).

3. Results

Of the 90 catheters studied, most (39%) presented a
medium degree of embedding (degree 2), and 41%
had calcium oxalate (CaOx) deposits. 31% did not
have any type of deposit on their surface (Figure 3).

Twenty patients (22%) were diagnosed with UTIs
and 15% amongst them developed magnesium am-
monium phosphate deposits.

Twenty four percent of the patients did not present
deposits three months after catheter placement,

while 68% formed medium/high deposits during this
period.

Whereas magnesium ammonium phosphate +
hydroxyapatite appeared in 9% of the catheters (Fig-
ure 3B), this composition corresponded more fre-
quently to the high degree of encrustation group
(43.8%, p value < 0.05; Figure 4), while in contrast
CaOx was the most frequent composition of the low
and medium degree of encrustation (63.3% and 80%
respectively, p value < 0.05, Figure 4). Hydroxya-
patite with no infection was also identified in 9%
of catheters (Figure 3B) equally distributed at low,
medium and high degree of encrustation (Figure 4),
and uric acid was detected in 10% of catheters,
mainly with high degree of encrustation (31%, Fig-
ure 4).

The qualitative classification was compared with
the total weight of the stents (Figure 5). A positive
and high correlation between the deposit weight of
the 90 stents and the degree of deposit is observed
(r s = 0.777, p value < 0.001), with greater the weight
of the deposit on the stent, the higher the degree of
encrustation (Figure 5).

In concordance with these findings, it is also seen
that the higher the degree of encrustation, the greater
the amount of calcium, phosphorus and magne-
sium quantified for each type of deposit (Table 1).
Catheters with greater weight of deposited material
(median = 393 mg, Figure 6) presented mostly an
infectious phosphate-type deposit. When compar-
ing the renal and bladder parts of the catheters, no
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Figure 4. Percentage of type of deposit in each grade of deposit group. (a) Significant differences with the
Low deposit group. (b) Significant differences with the Medium deposit group. (c) Significant differences
with the High deposit group. Differences were considered significant if p value < 0.05 in the Chi-square
or Fisher’s exact test.

Figure 5. Deposit weight for each degree of en-
crustation group. Medians are represented in
the figure. * Significant differences with the no
deposit and low deposit group, p-value < 0.05
Kruskal–Wallis test and the Mann–Whitney U
as post hoc test. # Significant differences with
the medium group, p-value < 0.05 Kruskal–
Wallis test and the Mann–Whitney U as post
hoc test. Correlation between the two variables
was assessed with the Spearman test, r s =
0.777, p value < 0.001.

difference between the degree of encrustation or the
type of deposit was observed (Tables 2 and 3).

4. Discussion

The proposed sample processing method is effective
when observing a good correlation between the de-
gree of deposit and the weight obtained for each de-
posit (Figure 5).

From this study it is deduced that the deposit
that generates the most trouble, due to its mag-
nitude, is that of magnesium ammonium phos-
phate/hydroxyapatite. In the presence of ureolytic
bacteria, large amounts of uromucoid and a signif-
icant increase in urinary pH (as a consequence of
the formation of NH3) are produced. Under these
conditions, hydroxyapatite and magnesium ammo-
nium phosphate precipitate on the catheter [5–8].
Therefore, the presence of urinary infection, which
causes this type of deposits, should be controlled
and avoided as far as possible. Precisely, as a very
long treatment with antibiotics is not advisable, all
those prophylactic measures to avoid urinary infec-
tion should be taken into account [9]. Among these
measures, the most important are to avoid persistent
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Table 1. Ca, P and Mg, expressed as median value, detected for each degree of deposit per type of deposit

Type of deposit

Degree of deposit

Ca (µmol) P (µmol) Mg (µmol)

L M H L M H L M H

Calcium oxalate 46.4 351 876 3.74 12.8 30.3 0.23 0.87 1.27

Infectious phosphate — 486∗ 1687 — 784∗ 1202 — 366∗ 235

Noninfectious phosphate 4.99 390 3607 8.1 298 2674 0.43 10.4 112

Degree of deposit: L = Low, M = Medium, H = High.
∗ n = 1, value in µmol of the case.

Table 2. Percentage of each degree of encrustation in the renal and bladder parts

Degree of encrustation (%)

No deposit Low Medium High Total

Renal 35.6% 21.1% 34.4% 8.9% 100.0%

Bladder 32.2% 13.3% 40.0% 14.4% 100.0%

Table 3. Percentage of each type of encrustation in the renal and bladder parts

Type of deposit (in %)

No deposit CaOx Uric acid/urate Infectious phosphate Noninfectious phosphate Total

Renal 33.3 40.0 10.0 7.8 8.9 100.0

Bladder 32.2 41.1 8.9 8.9 8.9 100.0%

high urinary pH which promotes bacterial infection,
since acidic urinary pH values facilitate the transfor-
mation of nitrite generated by bacteria (from nitrate
present in the urine) into NO, and this compound is
toxic to bacteria [10,11]; it is advisable to drink large
amounts of water and maintain strict hygienic con-
ditions. It is interesting to observe that though 22% of
the patients were diagnosed with UTIs, only 15% of
them developed magnesium ammonium phosphate
deposits. This is probably because these patients
were initially treated with antibiotics.

It is important to observe how in a large num-
ber of patients (80%, Figure 4), calcium oxalate di-
hydrate was detected in medium degree of encrusta-
tion (degree 2) and even in a small percentage (13%,
Figure 4) in the high encrustation (degree 3) group.
This circumstance shows that in patients with hyper-
calciuria, control of calciuria should be carried out
during the ureter implantation period, avoiding as
far as possible high concentrations of urinary cal-
cium, which should be maintained below 170 mg/L.

In the absence of ureolytic bacteria, it is necessary to
consider that, since it is advisable to keep double J
catheters for short periods (maximum 2–3 months),
only substances with very considerable supersatura-
tions will crystallize massively [12,13].

It has also been observed that in the absence of in-
fection, hydroxyapatite deposits in low degree of en-
crustation (27%) or medium/high grade of encrusta-
tion (9% and 13% respectively; Figure 4) are gener-
ated on the catheter in a certain group of patients,
which could compromise its easy removal. In these
cases, it is clear that the formation of these deposits
is a consequence of the existence of persistently high
urinary pH values. Therefore, as far as possible, at-
tempts should be made to acidify these urines when
it is possible and, in the presence of distal tubular
acidosis, which precludes acidification, appropriate
prophylactic measures should be taken [14].

The formation of large uric acid/urate deposits
(31%) or medium and low grade of encrustation (9%,
in both cases; Figure 5) has also been observed. These
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Figure 6. Deposit weight for each type of en-
crustation group. Medians are represented in
the figure. * Significant differences with all the
other groups, p-value < 0.05 Kruskal–Wallis
test and the Mann–Whitney U as post hoc test.

deposits must be clearly attributed to the persistence
of urinary pH values below 5.5 and also to the pos-
sibility of elevated urinary uric acid concentration,
when uric acid dihydrate was observed. Therefore,
excessively acidic urinary pH values below 5.5 should
also be avoided.

As can be deduced, with the exception of high con-
sumption of liquids, the other preventive measures
must be adapted to the urinary composition of each
patient, to avoid the implementation of contraindi-
cated treatments.

The degree of encrustation on the stents is quite
high, even for time periods shorter than one month,
since 11% developed high grade deposits during this
period. This shows that polyurethane, which is the
material composing these stents, develops important
deposits with relative ease, which is consistent with a
recently published study that shows that this material

generates deposits more easily than others such as
hydrocoated silicone [15].

5. Conclusion

To prevent the development of large encrustations
in the double J catheters, strict control should be
carried out to prevent urinary infections, high
urinary pH values (above 6.2) or too low values
(below 5.5). In addition, control of excessive urinary
calcium levels is also important.
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Abstract. Here is a case of bladder stone of average size dated to the Late Neolithic period, found in
the multiple burial of the B1S passage-grave in Chenon (Charente, France). Chemical analysis showed
a mixed composition. The core, intermediate and surface envelopes consist in calcium phosphate
apatite associated with whitlockite and amorphous carbonated calcium phosphate, all clarified by
Fourier Transform InfraRed spectroscopy. Calcium phosphatic stones are characteristic of communi-
ties, such as those of the Neolithic period, where the diet was rich in cereal carbohydrates and poor
in animal proteins. The excavation of such extra-skeletal objects is an event that is particularly inter-
esting as it provides documents on the history of diseases and diets in ancient populations. The com-
plete set of data suggests that this bladder stone was formed during a urinary tract infection with a
germ possessing a very active urease.
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1. Introduction

The graves do not only contain skeletal remains
and offerings accompanying the deceased. Calcified
extra-skeletal objects can also be found there such
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as bladder stones or kidney stones, gallstones, pro-
static and pancreatic stones, uterine and gastroin-
testinal leiomyomas, ovarian cysts, ovaries, fetus,
lymph node, etc. [1–6].
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Urinary lithiasis (from the Greek lithos, stone) is
one of the major pathologies in which environmen-
tal factors play a major role. It was widespread in
ancient populations [7,8] and dates back at least to
the Paleolithic Age, as evidenced by the discovery of
a urinary stone dated to about 8500 years BC in a
Mesolithic cave on the Sicilian coast [9,10]. As early
as 1797, Wollaston described urinary stone compo-
nents as magnesium and ammonium phosphate in
his publication entitled “On gouty and urinary con-
cretions” [11]. By the end of the 18th century, the
chemical composition of urinary stones was identi-
fied by chemists and physicians of the time. In addi-
tion to ammonium and magnesium phosphate, cal-
cium phosphate, calcium oxalate, uric acid, ammo-
nium urate, cystine, xanthine and even silica were
found in stones, with major epidemiological differ-
ences compared to what is now known. Uric acid
was more frequent in adults from well-to-do back-
grounds, whereas phosphates were more prevalent in
poorer populations and in children who were more
exposed to malnutrition and urinary tract infections.
Nowadays, in almost all countries of the world, the
most common composition of stones is calcium
oxalate.

Archaeological evidence has revealed that hu-
mans knew about kidney stones and, more impor-
tant, knew how to treat them [12]. In 1550 BC, during
the reign of Amenhotep I of the XVIIIth Dynasty, the
Ebers Papyrus, about twenty meters long, relates the
various remedies used in Pharaonic Egypt in 877 pre-
scriptions, in particular those concerning the bladder
diseases. The calculi are named Ourmyt [13]: the pre-
scription recommended for “hunting” them is based
on cow-milk or beer [14] (Eb 20 (6, 10–16)). In an-
cient Greece, Hippocrates pointed out the dangers
of bladder stones and advocated urinalysis. Indian
Sanskrit documents mention the removal of stones
via the supra-pubic route [15]. During the reigns
of Augustus and Tiberius, the Roman encyclopedist
and physicist Aulus Cornelius Celsus described in his
book De Medicina the symptoms of “stone disease”
as well as the surgery to be used to extract bladder
stones [16].

Studies have shown that bladder stones were a dis-
ease of communities where the diet was high in ce-
real carbohydrates and low in animal protein [17].
And we know that Neolithic populations were agri-
cultural, that they had domesticated wild cereals,

but also that they practiced animal husbandry. Con-
versely, obesity due to a diet rich in animal pro-
teins, nucleoproteins (offal, game) and fats may be
the cause of the formation of other stones, includ-
ing uric acid and calcium oxalate, a superinfection of
the urinary tract by urease microorganisms that can
transform uric acid into ammonium urate. This may
explain rare observations in the literature such as the
one reported in 2011 by Giuffra et al. [18] regarding a
left kidney stone found in the mummy of an Italian
nobleman in 15th century our era composed of am-
monium urate with 5% weddellite. Several months
before his death, the subject had developed an in-
fection, presumably with a urinary tract origin. It led
to sepsis that was responsible for his death [18]. It
has even been considered that the risk of stone de-
velopment may be related to seasonal changes in cli-
mate, increased ambient temperature [19] and the
number of hours of sunlight per month [20], and
therefore changes in body hydration and vitamin D
metabolism.

The discoveries of biological calcifications dated
to Prehistoric and early historical times are rare,
which makes their analysis interesting. This was the
case for a calcified tuberculous lymph node found
under a dolmen near Carcassonne (Aube) in an ar-
chaeological layer from the Chalcolithic period [1,
21]. Likewise, a urinary bladder calculus with a di-
ameter of 42 mm, composed of calcium phosphate,
was discovered among the human bones of the
Bertrandoune dolmen in Prayssac (Lot) dated 2200
years BC [21,22]. The sense of observation allowed
Dr. E. Gauron in 1971–1972 to collect in the B1S
passage-grave at Chenon (in its corridor?) a calci-
fication, already reported [23], which will be con-
sidered below.1 As urolithiasis can be due either
to dietary errors [24–27] or to urinary tract infec-
tions [24,25,28,29], its study could possibly provide
information on the diet of the populations of that
time and their diseases as well as its history and its
causes.

1Dr. E. Gauron (†) was the director of the excavation of this
passage-grave and at the same time the only physician in the
team. This bladder stone was collected by him alone without being
recognised. Being for some time the custodian of the human bones
of this excavation, the main author of this article (GRC) noticed
this “stone”, reported it in an article of a paper [23] and he had it
analysed in order to know about its nature.
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Figure 1. Monumental plan of the passage-grave B1S in Chenon (by Lotte [30]) with the topographic
situation of the necropolis in Chenon (Charente, France) in its archaeological environment (on the IGN
map of Ruffec in 1/50,000e).

2. The study area. The archaeological context

At the time of its excavation, cairn B1 at Chenon
(which contained the two passage-graves named B1S
and B1T) had a sagging and oval appearance [30].
It was made up of more or less flat limestone and
stones. S-chamber lacked the cover table. Its corridor
was covered with five disjointed slabs (Figure 1). The
dental MNI (Minimum Number of Individuals) made
it possible to count twenty-nine adults and seventeen
subadults in the S-chamber (eight young child, four
older child, five adolescents), and fourteen subadults
in the S-corridor (one infant, seven young child, four
older child, two adolescents). It is the bone MNI (with
the axis) that has been used to claim that twenty-four
adult skulls have passed through the S-corridor [23].

Two absolute dates were obtained on human bone
fragments collected respectively on the north side of
the S-chamber and in half of the S-corridor near the
chamber giving the 3rd millennium BC (Ly-17044:
3081 to 2896 cal BC at 2σ and Ly-17045: 3012 to 2888
cal BC at 2σ) as the period of deposit, i.e. the Early

Neolithic I period (according to Guilaine [31]) while
bones of the deep layer of the T-chamber are related
to an older period, the 5th millennium BC (Ly-1105:
4712 to 4040 BC at 2σ), i.e. the beginning of the Mid-
dle Neolithic (according to Guilaine, [31]) close to the
period of construction of the monument.

The human skeleton has kept the marks of ex-
ternal aggressions, this during childhood and until
adulthood. Thus, when the nutrient supply is not suf-
ficient, it appears in the bones or teeth “biological
stress” [32]. This stress can be seen by a more or less
pronounced microporous aspect of the orbits [33]
called cribra orbitalia (seen in the chamber of the
B1T dolmen, [23]. In this specific case, some authors
presently think about a vitamin B12 deficiency in the
mother followed in childhood by a nutritional de-
ficiency coupled with intestinal infections [34]. The
other indicator of stress is dental enamel hypopla-
sia, which consists of a reduction in the thickness
of the enamel appearing on the crown as parallel
horizontal depressions but sometimes also as pits.
There are a lot of causes of dental enamel hypoplasia:
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genetic predisposition, nutritional deficiencies, in-
fections, prematurity, high fever [35–38]. As with
bladder or kidney stones, the study of linear enamel
hypoplasia (LEH) is an essential tool for the re-
constructing aspects of health in the past [39–42].
In these studies, the age at which this physiolog-
ical stress occurred and its duration are still to
be asserted [43], knowing that enamel grows non-
linearly [44]. As the skeletal remains of children are
generally under-represented in the archaeological
record, the study of LEHs will be carried out in adults
and will provide a historical account of childhood
stress episodes for a particular region and time pe-
riod [38]. Such hypoplasias were observed on per-
manent adult teeth in the corridor of the B1S pas-
sage grave (20 cases), mainly on upper lateral incisors
and lower canines, and on permanent subadult teeth
found in the chamber (one lower incisor) and in the
corridor (one lower canine and one lower first pre-
molar) of the B1S passage-grave [23].

All these studies and observations point to a better
knowledge of the living conditions of populations in
the past. We can already observe that a bad diet as
well as diseases contracted sometimes in childhood
leave traces in the skeleton.

3. Methods

At present, the diagnosis of calcified biological
masses such as bladder stones remains a proce-
dure widely used in medicine and paleopathology.
First there are the conventional techniques which
are morphological, radiographic and microscopic
analyzes. Advanced techniques, for their part, con-
sist of elementary microanalysis by energy dispersive
X-ray analysis (SEM-EDX) and X-ray fluorescence
(XRF) as well as chemical analysis through Powder
X-ray diffraction (XRD) and Fourier Transform In-
fraRed spectroscopy (FTIR) to obtain information
on the elementary and chemical composition of
the different envelopes of the calculus and of its
nucleus [45].

The different methods we have used in this inves-
tigation are obviously nondestructive one. First,
imaging at the micrometer scale has been per-
formed with a micro-scanner (GE V/tome/XS).
The samples have been observed with two SEM
in environmental mode to preserve it [46–48]. Ob-
servations have been performed by backscattered

electrons BSE (Zeiss EVO 50, SEM LaB6 at optimized
variable pressure, 25 kV) and secondary electrons
(field-emission “gun” Zeiss SUPRA 55-VP, at low volt-
age between 0.5 and 2 kV), on the surface, and in
depth thanks to its section, with different magnifica-
tions (500× to 4500×), to detect crystals and identify
them as well as to look for possible imprints of bacte-
ria [28,29] that can be responsible for the formation
of the calculus. X-ray microanalysis (EDX) done on
the second electron microscope makes an elemental
analysis by detecting the characteristic lines of the
present chemical elements [29,46–48]. Finally, chem-
ical analysis has been performed by attenuated total
reflection ATR with the Spotlight 400 FTIR Imag-
ing System from Perkin-Elmer. The spectral range
adopted goes from 4000 to 520 cm−1 at a resolution of
16 cm−1 [49,50].

Such approach has been successfully applied to
different kinds of concretions including kidney [51–
53], prostatic [54,55] and pancreatic [56] stones and
in the case of two giants bladder stones found in
the pelvis of a sixteenth–seventeenth century adult as
well [57].

Thus, these various observations and analyzes will
make it possible to analyze and define, with the max-
imum of supporting evidence, the nature of this cal-
culus and, if possible, its cause.

4. Analysis and results

The preliminary remarks of Gauron and Mas-
saud [30] suggest the risks of pollution of the fu-
neral deposit by the external environment with the
consequence of a modification of its physicochem-
ical characteristics of origin. Rather, if this bladder
stone was collected in the archaeological layer of the
S-corridor (and not outside) that is relatively thick
of 54 cm, then these “pollutions” were very reduced,
and that would be good news.

This calcification appears in a slightly flattened
ovoid shape, 13.9 mm long, 10.2 mm wide and
8.5 mm thick (Figure 2A). Its mass is 0.94 grams, with
a beige exterior color. Its surface is mostly smooth,
with granulations in some places. Microscanner
analysis (voxel of 8.25 µm, 120 kV acceleration volt-
age) shows a lighter eccentric nucleus (7.1 mm
long) surrounded with several dark coarse-element
thick layers, each bordered by a thin, lighter border
(Figure 2C).
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Figure 2. Different views of the bladder stone found in the B1S passage-grave in Chenon (Charente,
France). (A) External appearance. (B) Views of the two sections of the bladder stone (section a and
section b) showing its nucleus and its various layers. Arrows: break plane for section a. (C) Micro-
tomography of the bladder stone finely pointing its different layers, some thin, others thick with coarse
granulation. (D) Enlarged view of part of section a of the bladder stone with the marking of the three areas
D1–D3 analyzed by EDX micro-analysis. (E) Enlarged view of part of section b of the bladder stone with
the marking of the six areas E1–E6 analyzed by EDX micro-analysis. Scales in mm.

The microelementary analysis EDX study at SEM
(25 kV, resolution of 125 eV) of the two intermediate
zones, external and internal (Table 1), has revealed
the following average concentrations of the main el-
ements: (O) = 43.00%, (C) = 2.52%, (P) = 14.75%, (Ca)
= 37.45%, (Al) = 1.30%, (Mg) = 0.71%. Other elements
such as Na, Zn, Si, S are also present in smaller pro-
portions, however with a high percentage of error.
In the internal structure of the nucleus, a concentra-
tion of (O) = 39.14%, (C) = 2.21%, (P) = 15.21%, (Ca)
= 41.42%, (Al) = 1.15%, (Mg) = 0.41% shows a little
more calcium phosphate in the core than in the outer
layers and less CO3 substitution in the core than in
the outer areas. EDX analysis confirms a significant
proportion of magnesium in the internal intermedi-
ate zone of the stone (Table 1, E5; Figure 3) in propor-
tions which, relative to calcium, are compatible with

whitlockite. A Ca/P ratio has been found around 2.54
for the peripheral areas and around 2.73 for the nu-
cleus (Table 1). Its high value can be explained by the
presence of calcite due to a limestone environment.
It is indeed a stone of calcium phosphates with as mi-
nor elements: sodium, zinc, silicon and sulfur.

FTIR infrared microscopy (Figure 4) is relatively
easy to use when using the ATR technique. The v1

and v2 modes (absorption band at 474 cm−1) of the
phosphate anion (PO4) are only weakly active in in-
frared. The shoulder, here present at 963–957 cm−1

(v1 de PO4), is typical of phosphate components [58,
59]. The v3 and v4 of (PO4) areas, much more
intense, are located here (with a shift due to the tech-
nique used here) at peaks around 1013 cm−1 (v3

of PO4), 599 cm−1 (v4 of PO4) and 559 cm−1 [60].
The anion (HPO4)2− shows an IR band at 871 cm−1.
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Figure 3. Spectrum of the microchemical EDX analysis of the internal intermediate zone 2 (arrow) close
to the stone shell found in the B1S passage-grave in Chenon (Charente, France).

The shift of the peaks means that the peak of carbon-
ates (substituted for hydroxyls in the apatitic struc-
ture) is around 1412–1413 cm−1 (v3 band of (CO3)2−)
and not at 1419–1420 cm−1, and at 871–872 cm−1

(bending band v4 of (CO3)2−). We know that pro-
teins are mainly detected by their amide bands I
and II around 1550 cm−1 and 1650 cm−1 (here 1640–
1643 cm−1). The absence of infrared vibrations in the
1300–1370 cm−1 and 700–800 cm−1 regions excludes
the presence of calcium oxalates and purines [61].

These FTIR spectra (Figure 4) confirm the prepon-
derant presence in this stone of carbapatite or car-
bonated apatite of Ca10 (PO4)6 (CO3) (OH)2 [62] gen-
eral formula. Lateral inflections of the absorbance
peak curve from 1011 cm−1 to 1136 and 1078 cm−1

(the latter corresponding to the stretching vibration
band HPO4

2−) indicate the presence of whitlock-
ite or mixed phosphate of calcium and hydrated
magnesium which has the formula Ca9 Mg (HPO4)
(PO4)6 [63,64]. This rare phosphate found in kidney
stones is stabilized by incorporating a little magne-
sium into its structure. Whitlockite has been iden-
tified in particular by its vibration at 992 cm−1, on
the shoulder of the peak at 1011 cm−1. Another cal-
cium phosphate, amorphous carbonated calcium
phosphate ACCP, has been seen on several of the
spectra shown here with vibrations at 1064 cm−1 and
543 cm−1.

Different biochemical conditions therefore have
caused several forms of crystallization during the
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Figure 4. Infrared FT-IR spectra of the five areas analyzed in the section b of the bladder stone of the
B1S passage-grave in Chenon (Charente, France) composed of calcium phosphate (carbapatite) mixed
with whitlockite and amorphous carbonated calcium phosphate ACCP: 1, the nucleus; 2, the internal
intermediate zone; 3, the external intermediate thin zone; 4, the external intermediate thick zone; 5, the
external layer. Peaks at 1011, 963, 599 and 559 cm−1 correspond to phosphate absorptions (thick arrows).
Peaks at 1412–1413 and 871 cm−1 denote carbonate ions (thin arrows). The stars on the shoulder of the
peak at 1011 cm−1 indicate whitlockite as well the peak at 992 cm−1. The peak at 543 cm−1 indicates the
presence of ACCP.
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Table 1. Quantitative results in mass percentages of the main chemical elements and secondary ele-
ments obtained by EDX analysis of the bladder stone found in the B1S passage-grave in Chenon (Char-
ente, France)

% mass O C P Ca Al Mg Na Zn Si S Ca/P
External interm. area E6 41.21 3.77 14.79 37.02 2.30 0.54 0.43 0.25 0.14 0.07 2.50

Internal interm. area
E5 44.47 1.75 14.80 36.82 0.80 1.05 0.00 0.21 0.06 0.04 2.49
E4 40.62 1.61 15.90 39.98 0.89 0.70 0.04 0.17 0.03 0.05 2.51
E3 45.55 2.95 13.50 35.97 1.19 0.53 0.00 0.14 0.10 0.06 2.66

Central area
E1 42.10 2.22 15.36 37.38 1.74 0.78 0.11 0.16 0.07 0.09 2.43
D2 34.11 1.65 14.36 47.85 0.95 0.25 0.04 0.52 0.14 0.13 3.33
D3 38.01 2.26 15.55 42.86 0.75 0.24 0.04 0.14 0.08 0.07 2.76

Nucleus
E2 41.95 2.54 15.01 38.63 1.18 0.34 0.12 0.09 0.11 0.05 2.57
D1 39.51 2.38 15.76 40.37 1.15 0.44 0.00 0.17 0.10 0.13 2.56

Refer to Figure 2 for the numbering of the different areas. The highest percentages are shown in red and
the lowest in green.

formation of this calculus. It is therefore a mixed
stone at least tertiary (with three components, all of a
phosphatic nature).

A high carbonation rate CR= (CO3)2−/(PO4)3− [28]
is an important criterion to be taken into account to
suspect the involvement of a urease germ infection
in the formation of a stone [65]. Its value is obtained
(also called R c/p) by making the ratio of the areas
calculated on the IR graph (Figure 4, spectrum 4)
located between the vibrations v3 of (CO3)2− from
1530 to 1330 cm−1—here 1412–1417 cm−1—and v3

of (PO4)3− from 1230 to ∼900 cm−1—here 1011–1017
cm−1— [66]. The high content of carbonate ions (de-
spite the absence of the v4 vibration at 712 cm−1)
suggests that the sample does not contain (or very
little) calcium carbonate, but that the carbonate
ions have been incorporated into the apatite dur-
ing crystallization. This carbonate content reaches
25% in the carbapatite of the peripheral layers of the
B1S dolmen calculus at Chenon and 17% in its core,
which certainly makes it an infection stone.

SEM investigation may show carbapatite
spherules associated with rhombohedral whitlockite
crystals and granules of amorphous carbonate cal-
cium phosphate. Pictures taken inside the peripheral
layers of this stone (Figure 5) made it possible to
identify these small spheres of agglomerated carbap-
atite filaments with an average diameter of 2.72 µm
(range 1.76 µm to 3.57 µm). It appears that the car-
bapatite spherules have a smaller diameter in males

(3.4 ± 1.8 µm) than in females (5.7 ± 3.9 µm), but
the range of measurements prevents it from being
asserted [28].

Bacterial imprints can be seen with SEM on the
surface of carbapatite spherules [28], either in the
form of rods (Proteus sp. or Klebsiella sp.) or in round
prints indicating the ancient presence of Cocci such
as Staphylococcus sp. [67,68]. The search for bacterial
imprints in these spherules has been carried out in
our case without convincing results (Figure 5).

5. Discussion

The diagnosis of bladder stones is immediately con-
firmed in our study by the concentric arrangement
of the different layers [69–71] and by the alternation
in these layers of crystalline and microcrystalline [72]
that is typical of phosphate urinary lithiases, well
observed on micro-scan (Figure 2C). A study of the
chemical composition of kidney stones is important
to understand how they formed. It is widely accepted
that different areas of a stone should be analyzed
separately. Laser Induced Breakdown Spectroscopy
(LIBS) technology that is not used for our stone ap-
pears to be currently the most appropriate method to
perform a rapid and simultaneous multi-elemental
analysis of each part of a urinary stone, as it does not
damage the sample, and, in addition, some of these
analyzers are portable [45]. However, unlike infrared
spectrophotometry, this technique does not give the
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Figure 5. Internal views (A, B) of two fragments of the fracture plane of half a of Chenon’s B1S bladder
stone. (A2s) Spherules of carbapatite without any bacterial imprints magnified 4000× observed at the
level of the upper part of the internal intermediate zone 2. (B2i) Spherules of carbapatite without any
bacterial imprints magnified 1000× observed at the level of the lower part of the internal intermediate
zone 2 located in contact with the surface of the core 1. Scales in mm (A, B) and in µm (A2s, B2i).

molecular and crystalline composition of the sam-
ples and therefore cannot replace infrared analysis
(or X-ray diffraction) of the samples whose nature we
want to identify precisely.

The presence of three calcium phosphates, two
of which are highly carbonated, points to an infec-
tious cause for the formation and growth of this
stone. Usually, this lithogenesis results in the pres-
ence of a fourth phosphate, struvite (ammonium
magnesium phosphate hexahydrate) which was not
detected here. It should be noted that when stones
have been stored for a long time in the air (which
is our case), struvite tends to degrade and disap-
pear [73]. The high carbonate content (between 17
and 25%) suggests lithogenesis into alkaline urine
under the dependence of ureolysis by bacteria that
possess urease. Elevation of urine pH above 6.8 (al-
kaline or weakly acidic urine) promotes oxidation of
CO2 to carbonate (CO3)2− and then its precipitation
as carbonate-apatite or carbapatite [74,75]. Carbap-
atite appears to be more abundant in the stones of

women than in those of men, who more frequently
produce stones composed mainly of calcium oxalate
dihydrate [65].

Nowadays, seven major types of calculi are dis-
tinguished according to their crystalline composi-
tion [24,76]. The Chenon B1S stone studied here, falls
into Daudon’s type IVb [24] since it includes at least
three phosphates : carbapatite, amorphous carbon-
ate calcium phosphate PACC and whitlockite (cal-
cium magnesium hydrogen phosphate of chemical
formula Ca9Mg (HPO4) (PO4)6). The morphological
details and chemical compositions of a number of
ancient bladder stones have been surveyed by Stein-
bock [8]. His table has been repeated and expanded
(Table 2; [7,9,10,15,22,23,77–91]).

EDX analysis established that the basic structure
of our calculation was calcium and phosphorus. The
high Ca/P value found for our example has been re-
ported several times: for a predominantly calcium
phosphate bladder stone (with calcium carbonate
and some calcium oxalate) collected from a tomb in
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Table 2. Some examples of kidney and bladder stones found in excavations in Africa, America and Europe
(shaded) in burials dated to prehistoric and early historical times (after Steinbock, [8], completed)

Location Sex/Age Size-type Composition Date [reference]
Uzzo, Trapani,

Sicily, Italy
F/20–25 Carbonate

Phosphate
8500 BC

[9,10]

El Amrah
Egypt

M/16 65 mm
Bladder

Urate 3500 BC
[77,78]

Egypt — 45 × 30 mm
40 × 25 mm,

Bladder

Urate, Mg
Ammon., Phosph.

3500 BC
[79]

Indian Knoll
Kentucky, USA

M/24 40 × 27 × 23 mm
Bladder

Oxalate 3300 BC
[80]

Helouan
Egypt

— 35 × 30 mm
(5 kidney stones)

30 × 20 mm, Renal?

— 3100 BC
[81]

Chenon B1S
Charente, France

M? 14× 10 × 8.5 mm
Bladder

Carbapatite
Whitlockite, CCPA

Ille millenium BC
[23]

Naga-el-Dier
Egypt

— 16 mm
(4 kidney stones),

Renal

Oxalate
Phosphate

2800 BC
[77]

Egypt F/35 Renal pelvis
Renal

Carbonate
Phosphate

2650–2150 BC
[82,83]

Prayssac, Lot
France

Adult 41 × 35 × 30 mm
Bladder

Phosphate 2200 BC
[22]

Yorkshire
England

Adult 40 × 30 × 30 mm
Bladder

— 2000–700 BC
[84]

Fulton County
Illinois, USA

F/20–22 17 × 10 × 7 mm
Renal

Apatite
Struvite

1500 BC
[15]

Csongréd-Felgyd
Hungary

F/Adult 35 × 34 × 30 mm
Bladder?

Oxalate, Sulfate
Ammon. Mg

1800–500 BC
[85]

Arizona
USA

?/18 42 × 34 × 27 mm
Bladder

Carbonate
Phosphate, Urate

<1100 BC
[86]

Egypt M/Adult Bladder — 1000 BC
[87]

Sudan 32 cases 30 × 39 mm
Bladder

Calcite
Apatite

1000 BC
[88]

Schleswig
Germany

M/40–50 11 × 11 mm
4 × 4 mm, Renal?

Apatite 500–250 BC
[89]

Northeast Arizona
USA

M/> 30 30 × 27 × 25 mm
Bladder

Oxalate, Struvite
Phosphate

500–750 AD
[7]

Székkutas-Képolna
Hungary

M/41–50 50 × 40 × 35 mm
Bladder

Carbonate
Apatite

700–800 AD
[90]

Oluz Höyük
Turquey

F/59–71 65 × 45 mm
Bladder

Phosphate 11th Century
[91]
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the medieval cemetery of Gdańsk, Poland (2.23 for
the outer layers and 1.99 for the inner layers) [4]; for
the hydroxyapatite bladder stone of a 59–71 year old
woman who lived in the XIth century in Olüz Höyük,
Turkey (2.47 for the cortex and 2.54 for the core) [91].

Water infiltration into a non-hermetic grave can
have several consequences on the chemical analy-
sis of a stone, either enrichment in calcium carbon-
ate or dissolution of phosphate ions if the water is
acidic. This was reported for a bladder stone dated
to 700–800 AD found in a 41–50 year old man in
Székkutas-Képolna, Hungary [90]. The core was dis-
solved. It was the same for another adult female blad-
der stone dated to the 9th–7th millennia BC buried
in an oval pit filled with soil and limestone blocks
that was found in the Uzzo Cave in Italy. Chemi-
cal analysis yielded a significant amount of calcium
carbonate with small amounts of phosphate com-
ponents [10]. The consequence was a Ca/P ratio of
more than 6 both at the periphery of the stone and in
its core.

Many discoveries of oxalate stones have been
made inside mummies—especially Egyptian—but
also in pre-Columbian tombs, to mention the most
frequent cases. The size of these stones can vary up
to that of a golf ball [92]. Without contact with the
outside world, these mummies perfectly preserve all
the components of the stones. This is the case of a
naturally dehydrated mummy, dated from 500 to 750
AD, discovered in Arizona wrapped in a fabric dec-
orated with furs and feathers, which could be fully
studied in 1979 [7]. The bladder stone was still in
the contracted bladder. Its complete chemical com-
position was calcium oxalate monohydrate in mono-
clinic crystals (75%), magnesium oxalate (9%), stru-
vite in orthorhombic crystals (6%), calcium phos-
phate (4%), ammonium acid urate (2%) and sili-
con dioxide (1%). This complete analysis shows an
absence of pollution. Another mummy of an adult
woman, dated to the beginning of the 19th century,
found in a rough wooden coffin in the church of
Borgo Cervato in Umbria (Italy), had a bladder stone
of 7.5 cm in diameter, the outer layers of which were
composed of crystallized struvite and the inner layers
of acid ammonium urate. The Ca/P ratio was only 0.6
for the outer layers and 1.6 for the inner layers [92].
Fortunately the mummy was in a cool place away
from light, which allowed the struvite not to disap-
pear, when it is known that a poor storage condition

(e.g., high temperature in summer in a warehouse)
can lead to its disappearance [73].

The calculation of the carbonation rate for our
stone and the observation of carbapatite spherules
have allowed us to affirm that the stone found in the
B1S passage-grave of Chenon had a bacterial origin
without it being possible for us to observe impres-
sions with certainty. Only a few structures with pores
of about 2 µm, compatible with cocci, but not bacilli,
were observed locally. The relationship between bac-
teria and urinary stones has been documented since
the time of Hippocrates [93]. An important contribu-
tion to understanding the origin of infection stones
was made by Brown [93]. He was the first to put for-
ward the theory that bacteria split the urine and thus
cause the formation of stones. At the same time, he
isolated Proteus vulgaris from a stone nucleus, al-
though the genus Proteus had first been described by
Hauser as early as 1885 [94]. In 1925, Hager and Ma-
gath [95] suggested the enzyme “urease” as the cause
of hydrolysis of urine into ammonia and carbonic
acid. A year later, Sumner [96] succeeded in isolating
the enzyme from Canavalia ensiformis. Nowadays,
more than 200 species of bacteria show urease activ-
ity using urea as a nitrogen source [97].

The most important urease-producing pathogens
are: Proteus, Klebsiella, Pseudomonas and several
species of Staphylococcus [98]. However, the Proteus
group is the main culprit in infection stones [99,100].
Over 90% of its strains possess a highly active urease.
They are widespread saprophytic bacteria in soil and
water. Proteus is known as an opportunistic bacterial
pathogen. The essential characteristic of Proteus bac-
teria is a swarming phenomenon, a process of mul-
ticellular differentiation of short rods into elongated
swarm cells [100].

A large number of trace elements have been quan-
titatively detected in kidney stones [45,101,102]. The
first paper on trace elements in urine was published
in 1963 [103]. Their influence on the crystallization
process in stones was recognized in the following
years [104,105]. Food intake, metabolism and the role
of the environment explain their presence. Many of
these trace elements are known to be essential in spe-
cific metabolic processes [106]. A few trace elements
such as zinc and magnesium are thought to have
an inhibitory effect on urinary lithiasis [107]. A high
proportion of zinc and strontium has been found
in calcium phosphate stones [108] and a correlation
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between the two of them [109]. Authors believe that
zinc may play a role in the formation of the stone
core [106,110,111]. However, the role of zinc in litho-
genesis remains unclear. The presence of whitlockite
in our stone, which is very rare in the urinary system,
can be explained by the traces of zinc found in the
EDX analysis because zinc stabilizes this phosphate,
and it should not be forgotten that zinc is found in
significant amounts in the nearby prostate, if it is a
male [112].

6. Conclusion

This investigation confirms once again that FTIR
micro-spectrometry offers multiple advantages for
the identification and quantification of the mineral
phase of the constituents of bladder stones, and this
in a non-destructive manner, which is an advantage
in archaeology.

The combined use of FTIR spectroscopy by ATR
with EDX chemical micro-analysis and SEM obser-
vation of crystalline constituents as well as bacterial
fingerprints at the origin of urolithiasis, show their
effectiveness in the analysis of bladder stones. The
stone studied here, which is dated to the Final Ne-
olithic period, was found in a multiple grave in the
Chenon Necropolis and belonged to an individual (a
man?) who had a possibly recurrent urinary tract in-
fection due to a urease bacterium (probably not from
the Proteus sp. group).

This study has also made it possible to draw the
attention of any searcher to the possibility of discov-
ering extra-skeletal objects accompanying the skele-
tal remains of prehistoric and ancient burials. Every-
one must consider that there are several steps for an
archaeologist or anthropologist researcher to make
a diagnosis on a biological object recovered in exca-
vation [91]. First, defining the location of the object
among the exposed human body; second, determin-
ing the type of calcification if possible in situ; third,
working to identify the mineralogy and elementary
compositions of the object to define possible causes.
Thus, discoveries of this type may multiply and pro-
vide new, well-documented evidence to the history of
diseases in past populations.

And in the case of the discovery of a biological
object resembling a urolithiasis, we have to make
sure that it is put in a hermetic box, protected from
light and cool [73]. In this way, discoveries of this type

can be multiplied, analyzed in good conditions and
bring new well documented evidence to the history
of diseases in past populations.
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Abstract. Although numerous pathologies are associated with abnormal skin deposits, these remain
poorly described, as accurate characterization continues to present a challenge for dermatologists.
Their submicrometer size as well as their diverse chemistry require various characterization tools. We
aim to exemplify characterization of endogenous and exogenous skin deposits in some selected skin
diseases using different physico-chemical techniques. We begin with a presentation of selected dis-
eases associated with skin deposits. We then present those of our results which show their variety of
structure, location and chemical composition, obtained with various tools: Field Emission Scanning
Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy, X-ray fluorescence, vibra-
tional spectroscopies, as well as techniques specific to synchrotron radiation. Our results constitute a
real opportunity to improve diagnosis, and to understand the pathogenesis of many skin diseases, and
opportunities for therapeutic intervention.
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1. Introduction

A wide variety of diseases produces pathological de-
posits in tissues, including cancers, genetic disorders,
infectious processes and environmental diseases.
Such diversity explains the strong interest of the sci-
entific and the medical community in these patho-
logical deposits, as well as the difficulty of establish-
ing a meaningful relationship between their physico-
chemistry and the underlying pathology [1–6].

In dermatology, the medical literature reveals the
same complexity, and various skin diseases are asso-
ciated with either endogenous (mineral or organic)
or exogenous deposits [7,8]. Mineral endogenous de-
posits are generally composed of calcium phosphate
apatite deposits, and are often considered to be pro-
voked by the skin disease itself [9], while exogenous
deposits can present various chemical phases, and
are often considered as potential disease causes [10].

Due to their submicrometer size as well as their
chemical diversity, characterization of pathological
deposits in the dermis cannot be performed with
conventional techniques routinely used in hospi-
tal laboratories. Some standard staining procedures

such as von Kossa, Yasu or alizarin red, can demon-
strate the phospho-calcic nature of the deposits, but
they do not provide further information on their
chemical composition [11]. It is therefore necessary
to develop physico-chemical techniques able to de-
scribe their structural characteristics at a microme-
tre, or even nanometer, scale, as well as their chemi-
cal composition [12,13]. Such an approach has been
applied successfully to various pathological calcifica-
tions in different organs, such as the kidney [14,15],
prostate [16,17] or thyroid [18,19].

Various techniques can be used, including Field
Emission Scanning Electron Microscopy coupled
with Energy Dispersive X-ray Spectroscopy (FE-
SEM/EDX) [20–22], µX-ray fluorescence (XRF)
[23–25], µX-ray scattering [26–29], vibrational spec-
troscopies: µFourier Transform Infra-Red (FTIR) and
µRaman spectroscopies [30–35] as well as techniques
specific to synchrotron radiation [36–39] such as X-
ray absorption near edge structure (XANES) [40–45].
These techniques allow the clinician a deeper un-
derstanding of the biophysical mechanisms related
to the pathogenesis of an abnormal deposit [46],
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establish a medical diagnosis [47–50] and have a
better idea of the effects of drugs on pathological
calcifications [51].

The aim of this paper is to present structural and
chemical characterisations of both endogenous and
exogenous deposits seen in various skin diseases and
to discuss the advantages and the limitations of dif-
ferent physico-chemical techniques.

2. Generalities regarding skin calcifications

We will first review definitions related to skin calci-
fication with reference to the literature, after which
we will present some recent results using physico-
chemical techniques on various skin disease.

2.1. Usual description of disease related to skin
calcifications

Skin calcification, also known as calcinosis cutis, has
been described for decades, and linked to inflamma-
tory, metabolic, tumoral, genetic and infectious skin
diseases [52].

Various authors have proposed classifications of
these diseases based on the physiological process
leading to the pathological skin calcifications. Four
categories are generally recognized: metastatic, dys-
trophic, idiopathic and iatrogenic calcifications [53],
mainly distinguished based on their formation
mechanism. The most commonly encountered skin
calcifications are metastatic and dystrophic [52].

As Table 1 shows, skin calcifications are not always
associated with abnormal calcium and phosphate
serum levels. Dystrophic calcifications, for example,
are induced by local tissue injury or abnormalities
affecting collagen or elastic fibres specifically. Sys-
temic sclerosis [54], lupus erythematosus [55], der-
matomyositis [56], or mixed connective tissue dis-
eases, are typical examples of skin pathologies that
induce such tissue damage, leading to a calcifica-
tion nidus. In contrast, metastatic calcifications re-
sult from skin calcifications that form on normal tis-
sue adjacent to areas with abnormal calcium and/or
phosphate metabolism [53].

Some diseases are not easily classified into these
categories. Pseudoxanthoma elasticum, for example,
is an inherited disease, associated with both a deficit

Figure 1. Vascular (red arrow) and subcuta-
neous (green arrow) skin calcifications of the
lower limb, in the case of chronic venous insuf-
ficiency and leg ulcers.

in anti-mineralizing factor (pyrophosphate) and al-
terations of elastic fibres [57]. The initial phenome-
non causing the disease is still disputed, making cal-
cifications observed in pseudoxanthoma elasticum
difficult to classify from dystrophic to metastatic cal-
cifications.

Many skin structures can be calcified, especially
in the dermis, including vessel walls and dermal in-
terstitium. Figure 1 illustrates the radiological aspects
of dystrophic calcifications in chronic venous insuf-
ficiency and leg ulcers. Presence of both vascular cal-
cifications, shown by the linear aspect of the deposit,
and dermal calcifications, illustrated by a more scat-
tered aspect, are depicted.

While in mammalian epidermis a characteris-
tic calcium gradient exists between lower and up-
per layers of the epidermis, little data exists regard-
ing the calcium gradient within the dermis [58–60].
A dermis calcium gradient and its disruption con-
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Table 1. Types of skin calcifications and related diseases with some of their mechanisms

Type of calcifications Calcification mechanism Related diseases

Metastatic Systemic alteration of calcium phosphate
metabolism

Chronic kidney disease
Calciphylaxis
Hyperparathyroidism
Paraneoplastic syndrom
Sarcoidosis

Dystrophic Inflammation/cell death or mineral
deposition at sites of tissue damage or
alteration of collagen and elastin fibres
Serum calcium and phosphate levels are
within normal ranges

Connective tissue diseases
Scleroderma
Lupus erythematosus
Dermatomyositis

Cutaneous neoplasms
Infection
Trauma
Chronic venous insufficiency
Inherited disorders

Werner Syndrome
Pseudoxanthoma elasticum
Ehlers–Danlos syndrome
Familial tumoral calcinosis

Idiopathic No underlying tissue damage or metabolic
disorder

Subepidermal calcified nodules

Iatrogenic Elevated tissue concentration of calcium
and tissue damage at the site of
extravasated calcium

Intravenous calcium or
para-aminosalicylic acid

sequent on disease remodelling of skin structures
may play a role in skin calcification. However, not all
patients with disrupted calcium-phosphate metabo-
lism, nor all patients with local tissue injury, develop
skin calcifications. It is probably the consequence of
a complex interaction between metabolic disorders
and genetic predispositions.

2.2. Diversity of skin calcification localisation
and morphology

Latest generation FE-SEM allows a submicrometer
scale structural description of these calcified de-
posits [20–22]. While optical microscopy is limited to
a magnification of ca. 1000 (i.e. with a 100× objective
and a 10× eyepiece), low voltage electrons can define
skin surface topology at magnifications greater than
10,000, constituting a unique opportunity to describe
micro calcifications undetected optically.

For our observations, we used a Zeiss SUPRA55-
VP SEM, a field-emission “gun” microscope (FE-
SEM) operating at 0.5–30 kV. High-resolution obser-
vations were obtained using an Everhart-Thornley
SE detector. An in-lens SE detector is also available.
All the measurements were taken at low voltage (be-
tween 0.5 and 2 kV) without the usual carbon de-
posits at the sample surface. Electron induced X-ray
fluorescence experiments are also possible. Five mi-
cron tissue slices were deposited on low-e micro-
scope slides (MirrIR, Kevley Technologies, Tienta Sci-
ences, Indianapolis) to enable IR measurements to
be performed on the very same sample [13]. Figure 2
shows five skin slices deposited on the low-e micro-
scope slide and positioned in the FE-SEM.

Based on such FE-SEM observations, we identi-
fied three different locations where skin calcifications
are typically observed: hypodermis, vessel, and der-
mal fibres (Figure 3). These micrometer scale de-
scriptions constitute a significantly complementary
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Figure 2. Skin biopsy slices are shown on the low-e microscope slide, positioned in the FE-SEM.

approach to the usual routine hospital radiologic
observations shown in Figure 1. Indeed, the spatial
resolution of radiological measurements is far infe-
rior [61]; FE-SEM therefore provides unique informa-
tion regarding the exact location of sub micrometer
pathological skin deposits.

FE-SEM also provides information on the mor-
phology of the pathological calcifications. Morphol-
ogy of skin calcifications varies: in Figure 3A and B
calcifications appear as voluminous plaques while on
Figures 3C, 4 and 5, high magnification emphasizes
sub-micrometre spherical entities.

Calcification size is also very variable. Some are
nanometric, making them difficult to identify. For
example, in Figure 5 we can see that the calcification
size is less than 1 µm.

Regarding the formation mechanisms of the dif-
ferent morphologies of skin calcification, we can hy-
pothesize that the agglomeration of small spherical
bodies leads to the formation of a plaque (Figure 6A).

A similar mechanism has been identified in ectopic
breast calcifications [62] (Figure 6B). These similar-
ities hightlight the fact that the pathogenesis of ec-
topic calcifications can be similar although the tissue
and its function may be very different.

2.3. Chemical diversity of skin calcifications

Literature regarding the chemical composition of
skin calcifications is scanty. What exists almost con-
sistently reports carbapatite (calcium phosphate ap-
atite) [63–65] as a unique chemical phase in the skin,
which was usually the case in the samples we studied.
However, our complete set of investigations reveals
at least three chemical phases: namely calcite (one
of the CaCO3 polymorphs [66]), amorphous carbon-
ated calcium phosphate (ACCP) and carbapatite (Ta-
ble 2). More precisely, in both calciphylaxis and arte-
riosclerosis, we identified carbapatite, while calcium
deposits observed in sarcoidosis were composed
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Figure 3. Different skin calcification localisation. Calcification in the hypodermis in cases of calciphy-
laxis; (A) FE-SEM, (B) Von Kossa-stained ×400. Massive circumferential calcifications of a dermal capil-
lary in cases of calciphylaxis; (C) FE-SEM, (D) HES-stained ×400. (E) Nanometric spherical calcifications
in dermal fibers in a case of sarcoidosis, not visible in optical miscroscopy. FE-SEM.

of calcite. The variety of dermal fibre structural mod-
ification associated with different skin diseases may
lead to different modifications of skin functions and
therefore the formation of different chemical types of
calcifications.

Very few studies discuss the chemical diversity of
skin calcifications. Among these, a report by Reid and
Andersen [67] mentioned the presence of dolomite
(not really a true calcium carbonate as its stoichio-
metric formula is CaMg(CO3)2). Yet, this chemical
diversity has been well described in other organs:

different calcium carbonate polymorphs have been
identified in pancreatic stones, gallstones, salivary
stones, and in the liver [68–71]. A better under-
standing of the chemical variety of skin calcifications
would probably help in understanding the patho-
physiology of these skin diseases, as well as the ther-
apeutic options.

Carbapatite and its precursor ACCP represent
compounds identified in pathological calcifica-
tions present in kidney, cartilage, thyroid, aortic
valve, and breast [72–76]. At this point, it would be
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Figure 4. Calcified spherical bodies at the periphery of a granuloma in a sarcoidosis case, observed using
FE-SEM.

useful to summarize some relevant chemical char-
acteristics of carbapatite. Biological apatites corre-
spond to substituted calcium hydroxyapatite (HAP,
Ca10(PO4)6(OH)) [77–81]. The fundamental struc-
ture can tolerate substitutions by other ions with
the same or a different charge. Some cations which
can replace Ca2+ are Pb2+, Sr2+, Co2+, Zn2+, Fe2+,
Cu2+ or Mg2+. Investigations regarding a possible

insertion of these cations in biological apatite have
thus been performed [82–84]. Other substitutions in-
volve replacement of the original PO3−

4 and OH− an-
ions which may have the same or a different electric
charge (for example F− substituted for OH− or CO2−

3
substituted for PO3−

4 and/or OH−). This wide range of
ion substitutions can modify the physico-chemical
and biological properties of apatites.
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Figure 5. Calcified spherical bodies in a case of calciphylaxis, observed using FE-SEM in the vessel wall
(A and B) and on the surface of an adipocyte (C and D).

Numerous studies have been devoted to apatites
which are conventionally regarded as conforming to
the A5(BO4)3X canonical chemical formula [85,86].
The crystallographic structure (Figure 7) of apatite is
well known, the space group is P63/m with a = b =
9.41844 Å, c = 6.88374 Å [87,88].

The framework of the stoichiometric calcium hy-
droxyapatite can be described as an assemblage of
tetrahedral PO4 groups [89,90]. An interesting aspect
of this is the existence of two channels. The first has a
diameter of 2.5 Å and is surrounded by Ca2+ cations
while the second is wider (3–4.5 Å).

Finally, biological apatites display some specific
features. One is the widely reported deficiency of
OH− [91–93]. Another, established more recently, is
the presence of hydrogen phosphate (HPO2−

4 ) ions

in PO3−
4 sites [94]. Thus, as proposed by Combes et

al. [80], we report in Table 2 the general formulae for
biological apatites.

Regarding physicochemical investigations of bio-
logical apatites, it is of major importance to under-
line that the physicochemical characteristics of cal-
cium phosphate apatite may significantly influence
medical diagnostic. For example, in kidney stones, a
high carbonate level in calcium phosphate apatite,
as well as the presence of amorphous calcium phos-
phate apatite, indicate an infectious process imply-
ing the need for antibiotics [48,95]. The morphol-
ogy of the kidney stones at the macroscopic scale as
well as the morphology of calcium phosphate apatite
crystallites at the micrometre scale may indicate an
inherited distal renal tubular acidosis [49] or primary
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Figure 6. FE-SEM: (A) Agglomeration of spher-
ical bodies (red arrow) leading to the forma-
tion of a plaque (blue arrow) in a case of calci-
phylaxis. (B) Comparison with calcification in a
case of breast cancer: agglomeration of spheri-
cal bodies (red arrow) leading to the formation
of a plaque (blue arrow).

hyperoxaluria [47,96]. Finally, its zinc content may in-
dicate inflammatory processes [84,97,98].

Another interesting aspect is that calcification
morphology at the micrometre scale is not predictive
of its chemistry. Spherical calcifications, for exam-
ple, could be composed of either calcite or carbap-
atite. The calcification localisation (vascular, dermal
or hypodermal) within the skin tissue again does not
correlate with chemical composition, suggesting a

relatively modest contribution of the skin tissue en-
vironment to the calcifications chemistry.

3. Generalities regarding exogenous skin de-
posits

The exposome concept was conceived in 2005 to rep-
resent the environmental, i.e. non-genetic, drivers of
health and disease [99]. The exposome concept takes
into account exposure to particles present in food
and air or directly in contact with the skin. Skin pro-
tects the body from the external environment and it
is therefore directly impacted by the exposome.

Penetration of this exogenous material can occur
after a trauma, an injection, or a tattoo puncture;
they have also been shown to penetrate into the skin
through follicular orifices, for example after cosmetic
application [100].

There is an increasing interest in understand-
ing the effects of exogenous materials, including
nanoparticles, on living tissues, among them skin.
Recent developments in nanotechnology have estab-
lished a link between exogenous deposits and some
inflammatory diseases, such as in sarcoidosis [101,
102], frontal fibrosing alopecia [103,104] and tattoos
[105,106].

4. Physico-chemical characteristics of de-
posits in various skin diseases

4.1. Calciphylaxis

Calciphylaxis is a disease with high morbidity. It af-
fects up to 4% of patients with end stage renal dis-
ease, and its incidence rate increases for those on
chronic hemodialysis [107]. Calciphylaxis is unlikely
for patients with normal renal function.

The significant morbidity and mortality of calci-
phylaxis results from extensive skin necrosis, septic
complications, and organ failure, which are the di-
rect consequences of these ectopic calcifications. Fe-
male sex, diabetes mellitus, high body mass index,
elevated calcium, phosphorus, and parathyroid hor-
mone serum levels, nutritional status, and cinacal-
cet or vitamin K antagonist treatments, are associ-
ated with an increased risk of developing the dis-
ease [108,109].

Treatments usually achieve poor outcomes. They
include calcimimetics, surgical parathyroidectomy,
sodium thiosulfate, and bisphosphonates [110–112].
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Figure 7. Crystallographic structure of the apatite 001 (top) and 010 (bottom) planes (from Ref. [77]).

Table 2. Different calcium phosphate compounds with their stoichiometry and their Ca/P ratio

Skin diseases Serum calcium and
phosphate levels

Calcifications’
localisation

Chemical phase Stoichiometry

Calciphylaxis Usually elevated Vessels, dermis,
hypodermis

Amorphous
carbonated calcium
phosphate (ACCP)

Ca9(PO4)6 nH2O

Calciphylaxis Usually elevated Vessels, dermis,
hypodermis

Carbapatite Ca10−x (PO4)6−x (HPO2−
4 or

CO2−
3 )x (OH)2−x with 0 ≤ x ≤ 2

Sarcoidosis Usually normal Dermis
(surrounding
granulomas)

Calcite CaCO3

Pathogenesis of the disease is still under debate.
Calcifications observed in calciphylaxis are con-
sidered to be metastatic calcifications, as they oc-
cur in patients with a phospho-calcic metabolic
disturbance [52,53]. However, some authors also
suspect that metalloproteinase digestion of elastin
might occur in calciphylaxis, enhancing deposition
of calcium within these modified elastic fibres [113].
In this hypothesis, calcium deposits in calciphylaxis

could also be considered as dystrophic calcifications.
Other authors suspect that metal deposits in the skin
tissue are a trigger for a phenotypic switch of vas-
cular smooth muscle cells from a contractile to an
osteogenic phenotype [114].

Recently, we have combined FE-SEM observa-
tions of calcic skin deposits in calciphylaxis with FT-
IR and Raman spectroscopic chemical analysis, and
compared these results to calcifications observed in
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Figure 8. Optical microscopy and FE-SEM comparisons in calciphylaxis. Optical microscopy showing
multiple calcifications along adipocytes and in vessels walls, (A) Hypodermis, arrow head: calcified
vessel, HES ×400, (B) Hypodermis, arrow: calcifications along adipocytes, Von Kossa ×400. FE-SEM:
(C) Massively calcified vessel, (D) Calcifications along adipocytes.

arteriosclerosis [63]. We showed that calcifications in
calciphylaxis are composed of carbapatite, always lo-
cated circumferentially, mostly in the intima of oth-
erwise normal-looking vessels and often associated
with interstitial deposits (Figure 8). Although vascu-
lar calcifications in arteriosclerosis were also com-
posed of carbapatite, they are associated with me-
dial hypertrophia, localized to parts of the vessel,
and not associated with interstitial deposits. These
results suggest a different pathogenesis and pro-
vide new insights into calciphylaxis pathogenesis
that could explain the poor outcomes of vasodilators
compared with the relative effectiveness of calcium-
solubilising-drugs.

4.2. Sarcoidosis: cases of exogeneous and endoge-
nous abnormal deposits

Sarcoidosis or Besnier–Boeck–Schaumann dis-
ease [115] is a chronic, multiorgan inflammatory
disorder. The disease onset peaks during the third

and fourth decades of life, and has a higher inci-
dence among women and in Afro-American pa-
tients [116,117]. If the lungs are affected, in the vast
majority of diagnosed patients other organ systems
are often affected as well [118,119]. According to lit-
erature [120], skin is the second most affected organ,
and may be involved in 25% to 30% of cases. Cuta-
neous sarcoidosis preferentially affects sites of prior
injury such as tattoos [121,122] and scars [123].

Although clinical phenotypes, particularly of cu-
taneous lesions, are widely variable, the hallmarks of
sarcoidosis are always noncaseating epithelioid and
giant cell granulomas. The granulomatous inflam-
mation (Figure 9) observed in sarcoidosis is consid-
ered to be caused by a complex interaction between
genetic background, environmental agents, infec-
tious antigens, and T lymphocyte driven immune re-
actions [124].

Sarcoidosis, as well as being observed in other
granulomatous diseases, is associated with calcium
metabolism disorders. High serum calcium levels
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Figure 9. Optical microscopy and polarized light examination of granulomas in skin sarcoidosis, showing
birefringent particles (arrow): (A) HES ×100, (B) HES ×400.

are seen in 5 to 10% of patients, mainly due to
dysregulated production of calcitriol by activated
macrophages which form the granulomatous lesions.
These metabolic disturbances may lead to calcium
deposits in various organs, including the skin, caus-
ing metastatic calcifications [125]. Reid and Ander-
sen have indeed reported the presence of calcium ox-
alate and phosphate deposits in sarcoidosis involv-
ing lymph nodes and lungs [67]. Even though these
chemical analyses have been done in different or-
gans, they have never been performed in skin sar-
coidosis.

Exact causes of the disease are still unknown; how-
ever the role of environmental mineral particles is
highly suspected on epidemiological grounds [126].
There is a polarizable material in the centre of some
granulomas, suggesting that foreign materials could
be a nidus for granuloma formation and a potential
trigger for the disease [127–130]. Using biopsy spec-
imens of granulomatous lesions from 50 patients,
Kim et al. [131] have estimated the frequency of po-
larizable foreign bodies in cutaneous lesions of sar-
coidosis. These authors noticed that polarizable for-
eign bodies were present in the granulomatous skin
lesions of 12 of 50 patients (24%) with cutaneous sar-
coidosis. Using electron probe microanalysis, they
identified the following elements: Calcium, phos-
phorus, silicon, and aluminium. Unfortunately, such
a characterization technique is not able to identify
the compounds in which these elements occur.

Electron microscopy has been used in several pre-
vious investigations [114–118]. For example, Take-
mura et al. [132] clearly demonstrated that ultra-

structural examination improves the diagnostic util-
ity of endomyocardial biopsy in cardiac sarcoido-
sis, by clearly identifying even only one epithelioid
cell. More recently, Kuribayashi et al. [133] showed
by electron microscopy that multinuclear giant cells
were formed by epithelioid histiocytes and an aggre-
gation of lymphocytes. Interesting FE-SEM results by
Catinon et al. [134] indicate the presence of calcium
phosphate particles in 7 out of 10 patients.

Recently, we have investigated 14 skin biopsies
from cutaneous sarcoidosis patients by FE-SEM/EDX
and FTIR spectroscopy [135,136]. FE-SEM allowed
the identification in three patients of silica in the cen-
tre of skin granulomas (Figure 10). Some FE-SEM ap-
paratus are able to acquire X-ray fluorescence spec-
tra [20–22] so it is possible to know the elemen-
tary composition of specific materials in the tissue.
Note that this selection can be performed at the sub-
micrometer scale when electrons are employed as
probes.

Figure 10E displays the X-ray fluorescence spectra
induced by the primary electrons of the microscope
on the foreign material we identified, and we can
clearly see the contributions of Si (Kα = 1.740 keV)
and the contributions of other elements in the sup-
port (Zn, Lα1 = 1011.7 keV; Ag, Lα1 = 2.984 keV).
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Figure 10. (A–D) FE-SEM photographs of foreign material in the skin biopsy of the arm of a patient with
cutaneous sarcoidosis. (E) EDX spectrum identifies silica in the abnormal deposit at the centre of the
granuloma.

To determine the chemical nature of the foreign
material precisely, FTIR data have been collected
on the same sample. Infrared spectroscopy is an
advantageous, non-destructive, and label-free tech-

nique for chemical analysis of biological tissues (Fig-
ure 11) [137–139]. This spectroscopy detects vibra-
tional energy levels and phonons of materials and
leads to precise chemical and structural information
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Figure 11. Slices from a skin biopsy are visible on the low-e microscope slide, which is positioned in the
FTIR spectrometer.

by comparison with data bank reference spectra [30].

It is convenient to conceptualize an IR spectrum
as two regions: 4000–1000 cm−1 known as the func-
tional group region, and <1000 cm−1 known as the
fingerprint region, even if for many chemists the
dividing line is in fact 1450 cm−1. The functional
group region contains relatively few peaks, which are
typically associated with the stretching vibrations of
functional groups. In the fingerprint region, the spec-
tra usually consist of bending vibrations within the
molecule. This region is the key to the data analysis
because it is here that each distinct compound pro-
duces its own unique pattern of peaks, effectively a
fingerprint [140–143].

A large number of investigations are based on an-
other vibrational spectroscopy, namely Raman [33–
35]. As emphasized by Khulbe and Matsuura [144,
145], infrared and Raman spectra of a given molecule
complement each other. The symmetrical stretching,
n1 (normal vibration) of CO2 is infrared inactive, but
active in Raman. On the contrary, the bending, ν2,
and asymmetric stretching, ν3, vibrations are Raman
inactive and infrared active.

These differences arise from the fact that infrared
spectroscopy exploits an absorption process depen-
dent on the permanent dipolar moment of a molec-
ular bond, while Raman spectroscopy is a scattering
process related to a modification of the polarizabil-
ity (induced change of the dipolar moment) of the
molecule.

Recently, Krafft et al. [146] have compared these
two spectroscopies in colon tissue applications.
These authors note that the advantages of FTIR
imaging are related to shorter acquisition times and
higher spectral quality, while Raman imaging dis-
plays better spatial and spectral resolution. Also,
significant differences also exist with respect to the
preparation of biological tissue samples.

In Figure 12, the infrared bands show clearly that
the foreign material is composed of crystalline sil-
ica [135], a chemical characteristic clearly indicating
an exogenous origin of this abnormal deposit.

As we have seen previously, FE-SEM also offers the
possibility of precisely describing skin deposits. For
two of the samples, we have been able to pinpoint
nanometer scale spherical bodies between the col-
lagen fibres not detectable by classical optical mi-
croscopy. To determine their chemical composition
(Figure 13A), we performed FTIR spectroscopy (Fig-
ure 13B) as well as EDX measurements (Figure 13C).
Based on specific IR absorption bands, we can con-
clude that the spherical entities are calcite. On EDX
analysis, we noticed the absence of a fluorescent P
signal (2.01 keV) and the presence of a significant sig-
nal related to Ca (3.7 keV) in line with the FTIR spec-
trum showing the presence of calcite.

Another striking result of this investigation was
the identification of spherical calcite entities in the
periphery of the granuloma in 4 patients. This is in
line with the fact that sarcoidosis, as well as observed
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Figure 12. Infrared spectrum of the foreign material. The absorption bands at 1074 and 1038 cm−1 are
associated with crystalline silica. Also, we can clearly see the α-quartz doublet (Silica) around 800 cm−1

in accordance with established infrared spectrometric data [30].

in other granulomatous diseases, is associated with
calcium metabolism disorders [146,147].

Based on the entirety of our data, sarcoidosis ex-
emplifies a case where both endogenous and an ex-
ogenous pathological deposit can be identified. Note
that the presence of the nanometer scale endoge-
nous calcifications cannot be discerned through clas-
sic staining procedures. This specific chemical com-
position observed only in sarcoidosis may be due
to the significant dermal structure modification ob-
served in the disease, which modifies the physiolog-
ical spatial distribution of calcium through granu-
loma driven skin restructuring. A well-developed sar-
coid granuloma consists of a tightly packed conglom-
erate of epithelioid- and multinucleated-giant cells
encircled by lymphocytes, especially CD4+ T helper
cells, but also rare CD8+ T cells and B cells [147–149].
Such reorganisation may lead to a specific calcifica-
tion pathogenesis in sarcoidosis, explaining the pres-
ence of calcite and not carbapatite.

4.3. Tattoo-associated keratoacanthoma

Tattooing involves introducing pigmented material
into the dermis by puncturing the skin, in order to
obtain a permanent design. It is a very old practice,
which has probably been performed since the Ne-
olithic times [150]. Nowadays, tattoos are very wide-
spread: in Europe, there are around 100 million peo-
ple with tattoos [151,152]. Tattoo inks are made of al-
most insoluble pigments mixed with additives such

as formulants, dispersants, and preservatives [153,
154]. Nowadays, natural pigments are very rarely
used, and most tattoo inks are composed of syn-
thetic substances [155–160], allowing cheaper mass
production of inks with a large variety of shades. The
composition of tattoo inks is poorly regulated world-
wide, including in Europe, with few recent guide-
lines [161,162]. Various types of carcinogenic com-
pounds occur in tattoo inks, including primary aro-
matic amines (PAA), cleavage products of organic
azo colourants used in the inks [163]. Tattoos there-
fore effectively present permanent lifelong exposure
to potentially carcinogenic compounds [164,165].
Many cases of skin cancers occurring within tattoos
have been reported, including cases of keratoacan-
thoma (KA) on red ink, and the role of PAA is sus-
pected [166,167]. Furthermore, cases of multiple or
recurrent KA on tattoos have been reported, making
the causality link between these skin tumours and
tattoos even stronger [168].

Recently, we published an investigation regard-
ing the chemical composition and distribution of
tattoo inks within tattoo associated KA [169]. Clin-
ical and histopathological data from three patients
coming from Bichat Hospital diagnosed with tat-
too associated KA in 2017 were selected (Figure 14).
The medical file was completed by structural and
chemical characterisation of tattoo inks within KA.

Regarding laboratory characterization tech-
niques, we used X-ray fluorescence (XRF) [23–25]
to identify the inorganic elements and Raman spec-
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Figure 13. (A) Optical photograph of skin sarcoidosis; (B) Infrared spectrum of the peaks characteristic
of calcite (1087 cm−1 (weak), 881 cm−1, 1432 cm−1, 712 cm−1) in a protein matrix, from the area corre-
sponding to the red square on the map, located in the dermis. (C) Electron induced X-ray fluorescence
of the sample. The contributions of trace elements from the support, namely Zn (1.01 keV), Si (1.74 keV)
and Ag (2.98 keV), are clearly visible.

troscopy to identify the organic compounds present
in tattoo inks [170–173]. As we can see in Figure 15,
the sensitivity of laboratory XRF is sufficient to show
the presence of various elements in a skin biopsy.
The micrometre resolution of Raman spectroscopy
enabled the identification of an organic compound,
namely the Pigment Red 170 (PR170) dye, as well as
agglomerates of TiO2 nanoparticles (Figure 16). Even
though it is usually possible to define the chemical

nature of iron oxide [174,175], this approach was not
possible with our sample, probably due to a lack of
sensitivity.

Like other researchers working on tattoos [176,
177], we also used synchrotron characterization
techniques, specifically XANES spectroscopy where
acquisition at the iron K edges (Figure 17) defines the
iron environment.

While Ti always has an exogenous origin, iron and
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Figure 14. Optical microscopy of a KA developed on a tattoo made of red ink, from one of the three
patients previsously described. (A) HES ×25. (B) Superficial dermis, HES ×400.

Figure 15. Laboratory XRF spectra of skin reaction to a tattoo. The sample contains high levels of iron
and zinc which may be of exogenous or endogenous origin.
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Figure 16. Caption continued on next page.
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Figure 16 (cont.). (A) Optical micrographs of the samples of the three patients previously described, at
two different magnifications (10× and 100×) revealing micron size red pigment clusters. In patient 1, note
the heterogenous and lighter aspect of the red pigment, suggesting the presence of nanoparticles of TiO2.
(B) Corresponding Raman spectra. Reference spectra are also given as a comparison: PR170 dye sample
(Kremer) and rutile (TiO2) downloaded from the RRUFF database.

Table 3. Synthetic iron oxide (found in pig-
ments)

Name Formula Colour

Hematite Fe2O3 Red

Magnetite Fe3O4 Black

Goethite FeO(OH) Yellow

Limonite Fe2O3 H2O Brown

Table 4. Synthetic compounds used as pig-
ments

Colour Ingredients

Black Magnetite

Red Iron oxide/common rust, ferric
sulfate, hematite,

Green Ferrocyanide and ferro-ferric cyanide,

Blue Ferric ferrocyanide

zinc can be either exogenous or endogenous. XANES
spectroscopy can be used to chemically character-
ize these elements; for example, in the case of iron,
XANES spectra of human adult deoxyhaemoglobin
and myoglobin have been measured [178]. For ex-
ogenous iron, among the different compounds which
have been identified in pigments, H. Petersen and D.
Lewe noticed the presence of the following oxides:
Fe2O3, FeO(OH) and Fe3O4 [176]. Table 3 summarizes
synthetic iron oxides used as pigments [179]. Islam
et al. [180] reported other chemical compounds con-
taining iron (Table 4). As we can see, ferric sulfate,
ferric ferrocyanide (the anion [Fe(CN)6]4−) and ferri-
cyanide (the anion [Fe(CN)6]−3) may be also present.
Most of the particles used in pigments can be consid-
ered to be nanomaterials [181].

Other elements in tattoo ink are associated with
the iron or titanium. For example, as underlined by
Prior [153,154], all iron oxide pigments contain minor
amounts of nickel impurities, even when iron oxide
pigments are refined to a high degree of purity. The

fact that nickel incorporates into the crystal struc-
ture constitutes a health risk of possible allergic re-
actions [153,154].

Figure 17 shows the spatial repartition of iron in
a KA developed on tattoo ink. When we compare the
experimental Xanes spectra of the selected POI with
that ofv goethite, it is quite clear that this compound
has been used.

4.4. Frontal fibrosing alopecia

Fibrosing frontal alopecia (FFA) was first described
20 years ago. It is characterized by scarring alope-
cia on the anterior area of the scalp and mainly af-
fects women after menopause [182]. Its origin is un-
known, but as the number of cases continues to in-
crease, it is suspected that extraneous compounds
found in leave-on facial skin care products are impli-
cated [183]. TiO2 is the most widely used white pig-
ment. It is found in a very large number of products:
paints, construction materials, food (candies, cook-
ies, etc.), pharmaceuticals (capsule shell, toothpaste,
etc.) but also in cosmetics: creams and sunscreens,
due to the UV blocking properties of TiO2. The po-
tential toxicity of TiO2 is currently a major public
health concern—TiO2 has been classified in group
2B (“possibly carcinogenic to humans”) by the Inter-
national Agency for Research on Cancer; the long-
term dermatological impact of these particles is not
yet well known in humans. It is still debated whether
TiO2 penetrates the stratum corneum, but it has been
clearly demonstrated that it can be deposited in the
follicular orifice [184].

In a previous publication, we reported finding tita-
nium dioxide (TiO2) nanoparticles along the hair fol-
licles of a patient with FFA, who had been using daily
sunscreens containing TiO2 for years [104]. The anal-
yses were carried out by electron microscopy, and by
X-ray fluorescence spectroscopy at the Nanoscopium
beamline (Figure 18). First, a search for nanoparti-
cles was carried out by scanning electron microscopy
coupled with energy dispersive X-ray absorption
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Figure 17. (A) Xanes spectroscopy set-up at Synchrotron Soleil, Diffabs beam line. (B) XANES spec-
troscopy at the Fe K-edge: XANES spectra at Fe K-edge were acquired at 7 points of interest (POI) in order
to characterize the Fe environment.
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Figure 18. Nanoscopium set up. 1: Sample. 2: X-Ray fluorescence detectors. 3: Visible microscope for
sample alignement. 4: Nanopositioning for high spatial resolution. 5: Stepper motors for large field of
view.

spectroscopy. Abnormal deposits, micrometric in
size, were observed along the hair and their analysis
revealed that they contained titanium.

To refine these results, the deposits were studied
on the Nanoscopium beamline of the Synchrotron
Soleil by fluorescence spectroscopy using an X-ray
nanobeam (300 × 300 nm2), in order to obtain ele-
mental maps of several areas of these deposits [185].
Figure 19 shows a typical X-ray fluorescence
spectrum in which contributions of different ele-
ments appear, namely S, Ca, Ti, Fe, Zn and Br.

As we can see on Figure 19, XRF spectroscopy is
able to detect different elements in biopsy [186,187]

and thus can play a major role in metal intoxica-
tion [188]. Here we would like to consider three of
them namely sulfur, zinc and titanium and thus dis-
cuss health problems not connected to pathologi-
cal calcifications. X-ray Sulfur detection in human
hair fibers (Figure 19) is due to the fact that hair is
primarily composed of keratin proteins with a very
high content of cysteine, a sulfur-containing amino
acid, which commonly forms cystine via a disulfide
bond [189,190]. The detection of sulfur in hair by XRF
and XANES in dementia has been discussed, for ex-
ample by Siritapetawee et al. [191] in the context of
possible roles of calcium, chlorine, phosphorus and
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Figure 19. Typical X-ray fluorescence spectrum collected from a hair with the contributions of S (Kα

at 2.31 keV, Kβ at 2.46 keV), Ca (Kα at 3.69 keV, Kβ at 4.01 keV) Ti (Kα at 4.51 keV, Kβ at 4.93 keV), Fe
(Kα at 6.40 keV, Kβ at 7.06 keV), Zn (Kα at 8.638 keV, Kβ at 9.572 keV) and Br (Kα at 11.92 keV, Kβ at
13.29 keV).

Figure 20. Micro X-ray fluorescence spec-
troscopy: high 500 nm resolution distribution
maps of sulfur (S) within a hair shaft.

sulfur in the etiology of elderly patients’ dementia.
Also, Inoue et al. [189] showed that it is possible to
map the oxidation state of cysteine in human hair
through Xanes spectroscopy. In our experiment (Fig-
ure 20), it is quite clear that the nanometer scale res-
olution allows us to precisely define the distribution
of sulfur in hair.

Numerous publications have discussed the pres-
ence of Zn in hairs. A first investigation performed by
Bertazzo et al. [192] determined the Cu and Zn levels
of both 607 men (1–85 y old) and 649 women (1–92 y
old) by atomic absorption spectrometry. These au-
thors noticed that sex does not influence Zn content

(200.97 ± 9.68 µg/g for men and 209.81 ± 9.49 µg/g
hair for women). Subsequently Dastgheib et al. [193]
investigated the relationship between alopecia areata
(AA) and iron, zinc, and copper levels in serum and
hair. According to their data, there was no statisti-
cally significant difference between trace elements
among AA patients and control patients. Such a con-
clusion is not in line with Ozaydin-Yavuz et al.’s pub-
lication [194]. These authors found that low levels of
Zn and Mn are associated with AA while other met-
als were normal: Zn supplementation may therefore
have some beneficial effect in AA. In our case, it is
quite difficult to extract a conclusion regarding the
spatial repartition of Zn in hairs (Figure 21). As un-
derlined by Nicolis et al. [195], the usual techniques
applied to human hair analysis yield a mean concen-
tration, whilst the analysis of a single hair reveals im-
portant fluctuations in three levels: with time (along
the hair), between the hairs of the same person, as
well as between the hairs of different people.

Finally, it is worth noting that various shampoos
contain zinc; clinical studies have established that Zn
pyrithione is one of the most effective anti-dandruff
ingredients in shampoo formulations [189–191,196].

We paid particular attention to Ti. TiO2 micropar-
ticles (0.5–1 µm) were detected along the surface
of follicles thanks to the high sensitivity of the
Nanoscopium beamline (Figure 22).

As in tattoo associated KA, we have also used Ra-
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Figure 21. Micro X-ray fluorescence spec-
troscopy: high 500 nm resolution distribution
maps of Zn within a hair shaft.

man spectroscopy in FFA, allowing us to both local-
ize TiO2 and identify its crystalline form i.e. whether
anatase or rutile (Figure 23).

The hypothesis formulated by the researchers to
explain FFA is that TiO2 provokes an inflammatory
reaction [192–194,197–199]. Up to now, there is no
data available concerning the impact of TiO2 expo-
sure on hair. However, the detection of TiO2 along
the hair shafts of our patient raises the question of
possible implication of TiO2 in FFA pathogenesis:
these inflammatory reactions, when occurring in the
bulge of the hair follicle, could lead to the destruc-
tion of the stem cells located within the bulge. Dy-
namic studies on hair follicles extracted after appli-
cation of cream containing TiO2, with measurements
of nanoparticles on different parts of the hair folli-
cle, as well as more detailed analyses to characterize
the exact location of the nanoparticles, are necessary
to confirm the potential link between FFA and TiO2

nanoparticles.

5. In vivo characterization

In vivo characterization is a promising approach for
the clinican. Among those physiocochemical char-
acterization techniques able to collect data on skin
in vivo are Raman spectroscopy [195,200–203], FTIR
spectroscopy [204,205], X-ray fluorescence [206,207]
and Optical Coherence Tomography (OCT). We have
used two of these: OCT in sarcoidosis and FTIR spec-
troscopy on tattoos.

OCT is a technology based on low-coherence op-
tical interferometry to image biological tissues with
a micrometer-scale spatial resolution [208,209]. It is
commonly used in several medical fields [210], espe-
cially in ophthalmology to obtain images of the retina
and the anterior segment of the eye [211]. Moreover,
OCT has begun to be used in interventional cardi-
ology [212], and in gastro-enterology for the detec-
tion and diagnosis of tumors [213,214]. OCT can be
a useful tool for non-invasive imaging of brain tis-
sues [215,216], and shows promise in dermatology to
improve the diagnosis of skin lesions [217,218].

In this study, we used a commercially available
swept-source OCT device (Thorlabs, OCS1300SS) op-
erating in the near-infrared at a center wavelength of
1300 nm, producing images with a spatial resolution
of 12µm×25µm (axial× transverse). Figure 24 shows
an example of an OCT image obtained from a biopsy
of skin sarcoidosis embedded in paraffin. OCT is ef-
fective in identifying granulomas in the dermis, sug-
gesting that this technique could also be used to di-
agnose cutaneous sarcoidosis in vivo, which would
prevent the patient from having to undergo a biopsy.

Finally, we have recently tested the acquisition of
in vivo FTIR spectra using an Agilent 4300 Hand-
held FTIR spectrometer. The experimental setup,
routinely used for archeomaterials [219], allows the
acquisition of infrared spectra in the range 5000–
650 cm−1 with a spectral resolution of 4 cm−1. The
detector is thermal and the signal is related to a
change in temperature caused by the absorption of
the infrared radiation. Experiments were performed
in attenuated total reflection mode (with a 2 µm typ-
ical penetration depth) using a diamond interface
window on a patient with a tattoo. A set of infrared
spectra were collected (Figure 25): it is clear that the
signal to noise is excellent and thus it seems pos-
sible to extract spectral information regarding the
chemical composition of the tattoos. Following these
preliminary experiments, we have started an inves-
tigation in order to analyse quantitatively these IR
spectra.

6. Conclusion and perspectives

This contribution exemplifies different physico-
chemical techniques, encompassing imaging at the
submicrometer scale by FE-SEM, chemical identi-
fication by two vibrational spectroscopies namely
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Figure 22. Nano X-ray fluorescence spectroscopy: high 500 nm resolution distribution maps of Ti within
a hair sample. Red color areas correspond to a high concentration of Ti.

FTIR and Raman, as well as techniques specific to
synchrotron radiation such as XRF and XANES, have
been used to describe both endogenous and exoge-
nous skin deposits.

The complete set of results demonstrates clearly
that, although carbapatite is usually identified in
endogenous deposits, various other chemical com-
pounds can be identified. Such chemical diversity
in skin calcifications suggests different biochemical
mechanisms. We have also demonstrated the vari-
ety of structures and locations adopted by such skin
deposits.

Regarding exogenous skin deposits, we identified
PAA and metal oxides in KA, which were strongly cor-
related with the position of the tumour, and identi-
fied TiO2 in FFA, which was closely located next to
the area rich in stem cells of the hair follicle. This
co-localization suggests a direct involvement of these
compounds in these diseases.

In the near future, we would like to apply other

tools in various skin diseases. Nowadays, it is possi-
ble to perform a description of the pathological calci-
fications at the nanometer scale. Transmission elec-
tron microscopy (TEM) has already been used and
such description has led to different scientific break-
throughs [220–222]. Combining TEM and electron
energy loss experiments tells the clinician the mor-
phology and the elemental composition of abnor-
mal tissue deposits at the nanometre scale [223,224].
There is also now the possibility of identifying chem-
ical composition by the acquisition of NanoInfrared
spectra [225–228].

Other tools, such as UV spectroscopy [229–231]
or Second Harmonic Generation (SHG) [232–234] are
also very interesting for the exploration of skin dis-
eases. We have obtained promising preliminary re-
sults at the Disco beamline, Synchrotron Soleil, and
we will proceed with more analyses in the future. Fig-
ure 26 shows as an example of spontaneous fluores-
cence within sweat glands (red arrow).
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Figure 23. Raman characterization of a hair follicle from a patient with frontal fibrosing alopecia:
(a) Optical micrograph at 10× and 100× magnification, (b) Raman spectrum (785 nm, laser power:
22.5 mW Acq. time = 0.5 s) revealing the presence of anatase and (c) Raman mapping by integration
of the intensity of the 142 cm−1 band of anatase over the energy range 120–160 cm−1, showing a high
concentration of anatase at the hair/follicle junction.

Figure 24. OCT analysis in skin sarcoidosis:
epidermis (dot), dermis and clear visualisation
of many granulomas (arrow).

Synchrotron radiation provides other opportuni-
ties for nanometer scale definition. For example,
scanning transmission X-ray microscopy performed

at the carbon K-edge and at the Ca L2,3-edges can ac-
curately assess the pathogenesis of calcifications in-
side bacteria [235].

Finally, all these nanometer scale experimental
data have to be considered via a “bottom-up” ap-
proach based on DFT model chemistry [236–238].
Such a theoretical approach can model different
kinds of apatite/biomolecule [239–241] and metal or
metal oxide/small molecule interactions [242–244]
which can have a major influence in the case of
tattoos.

Further collaborations and studies are therefore
projected, including multiphoton microscopy anal-
yses, in order to provide a better understanding
of skin diseases associated with endogenous and
exogenous deposits, and hopefully improve their
treatment.
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Figure 25. In vivo infrared spectra of a skin tattoo acquired with a portable infrared experimental setup.
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Figure 26. Comparison of SHG and optical microscopy. (A) Spontaneous fluorescence is observed within
sweat glands (red arrow), here surrounded by adipocytes. (B) HES ×400, sweat glands (red arrow), also
surrounded by adipocytes.
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Abstract. Epidermal necrolysis (EN) is a rare life-threatening condition, usually drug-induced and
characterised by a diffuse epidermal and mucosal detachment. Calcinosis cutis is reported in various
skin diseases, occurring preferentially with tissue damage, but has never been described in EN. Clin-
ical, biological and histopathological characteristics of three patients were retrospectively obtained
from medical charts. Immunohistochemistry of classical osteogenic markers was used to explore the
pathogenesis of the calcifications; their chemical composition was determined by µFourier trans-
form infra-red (µFTIR) spectroscopy and their localization and morphology by field-emission scan-
ning electron microscopy (FE-SEM). In a recent letter, part of the results of this investigation has been
already presented. In this contribution, we have added original data to this previous letter. We have in-
vestigated a set of biopsies corresponding to patients who presented atypical healing retardation due
to calcinosis cutis. Through FE-SEM observations at the nanometre scale, we describe different areas
where are present voluminous calcifications at the surface, submicrometre spherical entities within
the papillary dermis and then large “normal” fibres. FE-SEM observations show clearly that “large”
calcifications are the result of an agglomeration of small spherical entities. Moreover, micrometre scale
spherical entities are the results of an agglomeration of nanometer scale spherical entities. Finally, the
last set of data seems to show that the starting point of the calcifications process is “distant” from the
epidermis in part of the dermis which appears undamaged. Regarding the chemical composition of
large calcifications, different µFTIR maps which underlined the presence of calcium-phosphate ap-
atite have been gathered. Moreover, histopathology indicates that these pathological calcifications are
not induced following a trans-differentiation of the skin cells into an osteochondrogenic phenotype.
The association of caspofungin administration, known to induce in vitro intracellular calcium influx,
and inflammation, induced by EN, known to favor dystrophic calcifications in various inflammatory
skin diseases, could explain this never-before reported occurrence of calcinosis cutis.

Keywords. Epidermal necrolysis, Caspofungin, Pathological calcifications, Scanning electron mi-
croscopy, Fourier Transform Infrared Spectroscopy.

Published online: 20 July 2022

1. Introduction

Epidermal necrolysis (EN) (i.e., Stevens Johnson syn-
drome and toxic epidermal necrolysis (TEN) accord-
ing to the extent of detached body surface area)
is a rare life-threatening condition, usually drug-
induced, characterised by a diffuse epidermal and
mucosal detachment. Skin histology reveals pan epi-
dermal necrolysis. Mucocutaneous healing usually
lasts 2 to 3 weeks [1]. Bacterial or fungal infections,
with skin as a portal of entry, are a main complica-
tion of the disease, especially in TEN [2,3].

As recalled by Le and Bedocs [4], calcinosis
cutis is classified into five main types: dystrophic,
metastatic, idiopathic, iatrogenic, and calciphylaxis.
Dystrophic calcification is the most common cause
and occurs preferentially with tissue damage. Little
is known regarding the chemical composition of cal-
cium salts associated to calcinosis cutis which are
deposited in the skin and subcutaneous tissue.

From a chemical point of view, the chemical di-
versity of abnormal deposit in skin [5] with an exoge-
nous origin has been investigated in several papers
dedicated for example to tattoo [6–9] or to sarcoidosis
[10,11]. The chemical diversity of abnormal deposits

in skin with an endogenous origin is less documented
but has been underlined. In our case, for calcifica-
tion of endogenous origin, we give evidence through
physicochemical characterization techniques of the
presence of calcium carbonate in the case of sar-
coidosis [12,13] or of calcium phosphate apatite in
the case of calcific uremic arteriolopathy [14].

Such chemical diversity of pathological cal-
cifications [15–21] calls for a characterization
through physicochemical techniques such vibra-
tional spectroscopies namely Fourier Transform
Infra-Red (FTIR) or Raman spectroscopies [18,22–26]
which are able to describe precisely their chem-
istry. Imaging through field-emission scanning
electron microscopy (FE-SEM) coupled with an
energy-dispersive X-ray (EDX) spectrometer have
also to be performed to describe and localize pre-
cisely at the submicrometre scale such abnormal
deposits [18,27–29].



Hester Colboc et al. 479

Here we describe three patients who presented
atypical healing retardation due to calcinosis cutis, a
finding not previously described in EN. Part of the re-
sults presented in this investigation has been already
published in a letter [30]. Here, a completely new set
of unpublished data encompassing FE-SEM observa-
tions, EDX and µFTIR measurements is presented in
order to discuss more precisely the pathogenesis pro-
cess related to calcinosis cutis.

2. Methods

The main characteristics of the three patients, ad-
mitted to the intensive care unit of our SJS/TEN
reference centre between October, 2017 and Febru-
ary 2021, were retrospectively obtained from medical
charts.

To investigate the origin and the composition of
the epidermal calcifications, we conducted several
experiments. For the hypothesis of calcium deposi-
tion induced by a trans-differentiation of fibroblasts
or keratinocytes to an osteochondrogenic pheno-
type, immunohistochemistry was used to investigate
classical osteogenic markers. Sections of paraffin-
embedded skin biopsy, 4 µm thick, were dewaxed,
heated in citric acid solution (Target Retrieval So-
lution pH6, Dako), then incubated with antibodies.
After blockade of endogenous peroxidase (perox-
idase blocking solution, Dako), sections were im-
munostained with antibodies specific for the follow-
ing osteogenic markers: bone morphogenic protein
2 (BMP-2, polyclonal, 1:300; Abcam), runt-related
transcription factor 2 (Runx2, polyclonal, 1:200;
GeneTex), alkaline phosphatase (monoclonal, 1:200;
Abcam) and sclerostin (polyclonal, 1:100; Santa Cruz
Biotechnology). Immunostaining was revealed by
specific Histofin (Nichirei Biosciences) and AEC
(k34769, Dako) staining.

Additional 4 µm thick sections of paraffin-
embedded skin biopsies were deposited on low-
e microscope slides (MirrIR, Kevley Technologies,
Tienta Sciences, Indianapolis, IN, USA) for µFTIR
spectroscopy, FE-SEM observations and EDX mea-
surements.

µFTIR spectra have been collected by using a
Spectrum Spotlight 400 imaging system (Perkin-
Elmer Life Sciences), with 6.25 µm spatial resolu-
tion and 8 cm−1 spectral resolution [22,23,30–32].

The concise description of the topology at the sub-
micrometer scale of the sample is obtained using
a FE-SEM (Zeiss SUPRA55-VP) microscope. High-
resolution images were obtained with an Everhart-
Thornley secondary electron detector. Measure-
ments were taken at low voltage (less than 1 kV
generally), without the usual carbon-coating of the
sample surface. Finally, EDX spectroscopy was also
used to identify the different elements present in the
sample. Special attention has been taken to calcium
and phosphor in tissue [18,27–29].

3. Results and discussion

3.1. Clinical data

Regarding epidemiology, calcinosis cutis commonly
occurs in patients with systemic sclerosis, especially
the limited form (CREST syndrome). Twenty-five to
fourty percent of patients with limited systemic scle-
rosis will develop calcinosis cutis ten years after the
onset of disease. Calcinosis cutis is seen in 30% of
adults and up to 70% of children and adolescents
with dermatomyositis. Patients with systemic lupus
erythematosus can present with periarticular calci-
fication in 33% of cases and soft tissue calcification
in 17%.

Here we report three patients with severe TEN in
whom secondary epidermal detachment with calci-
nosis cutis developed that was not previously de-
scribed in this condition. This event was observed in
the three cases a few days after caspofungin adminis-
tration. One patient died and the two other patients
presented an unusual, prolonged cutaneous healing.
Clinical characteristics and histological results for the
three patients are presented in Table 1.

Patient 1 was a 57 year-old woman, with TEN
induced by pantoprazole. At day 6 after admission
in our dermatology department, she was referred
to ICU for a first septic shock to P. aeruginosa and
P. mirabilis. On day 12 after admission, cutaneous
healing was almost complete (Figure 1A). On day 18,
she presented septic shock with Candida parapsilo-
sis bloodstream infection and received caspofungin
for 14 days. On day 29, dermatological examination
revealed a diffuse epidermal detachment associated
with atone fibrinous plaques (Figure 1B). Thereafter,
the evolution was slowly favourable and the patient
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Table 1. Clinical and demographic data of three patients admitted to the intensive care unit for toxic
epidermal necrolysis

Patient 1 Patient 2 Patient 3

Age 57 49 59

Sex Female Male Male

Drug culprit of the TEN Pantoprazole Ibuprofen Allopurinol

SCORTENa at admission 2 4 3

Maximal body surface area
involved

100% 100% 80%

Cutaneous biopsy at
admission

Epidermal necrolysis Epidermal necrolysis Epidermal necrolysis

Time between caspofungin
administration and

abnormal epidermal
detachmentb

8 days 1 day 3 days

Cutaneous biopsy at
epidermal detachment

Necrosis of the corneal layer
associated with calcium

deposition in the superficial
dermis and epidermis

Necrosis of the corneal layer
associated with calcium

deposition in the superficial
dermis

Necrosis of the corneal
layer associated with

calcium deposition in the
superficial dermis

Type of delayed cutaneous
healing

Relapse of fibrinous
erosions 17 days after

complete healing

Extension of fibrinous
erosions 3 days after the

beginning of healing

Relapse of cutaneous
erosions 22 days after

complete healing

Topography of detachment Anterior trunk and limbs Limbs, trunk Upper trunk, shoulders,
back

Time to complete healing 166 days Not available (died at day 33) Not obtained at day 156

a SCORTEN is a specific severity-of-illness score for TEN, ranging from O to ≥5. A high SCORTEN is associated to a
higher mortality rate.
b As defined by the day it was evidenced by the dermatologist.

was discharged from the ICU. Complete healing oc-
curred 166 days after the second epidermal detach-
ment.

Patient 2 was a 49 year-old man TEN with ibupro-
fen suspected. He was transferred to ICU because of
respiratory distress. At day 3 after admission in ICU,
he showed places of beginning of healing. On day
5, he presented non-documented septic shock and
received vancomycin, piperacillin-tazobactam and
caspofungin. On day 6, diffuse epidermal detach-
ment was noted, together with extended fibrinous ar-
eas. He died on day 33 of multiple organ failure, with-
out healing of fibrinous plaques.

Patient 3 was a 59 year-old male with TEN induced
by allopurinol. He was transferred in the ICU and

was rapidly treated with piperacilline-tazobactam
for Klebsiella aerogenes pneumonia. On day 12 af-
ter admission, cutaneous healing was almost com-
plete. The same day, caspofungin was administered
for Candida lusitaniae catheter infection, with flu-
conazole relay 2 days later. On day 26, the patient
presented a septic shock to Candida parapsilosis.
Caspofungin was reintroduced for 2 days, followed
by fluconazole for 12 more days. On day 34, der-
matological examination revealed a diffuse epider-
mal detachment with extended atone fibrinous areas.
On day 156, complete mucocutaneous healing still
had not occurred.

In the three cases, skin biopsy performed at diag-
nosis revealed epidermal necrosis typical of EN [33].
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Figure 1. Clinical presentation of patient 1,
showing delayed healing with prolonged ero-
sions covered with yellowish crusts.

In light of healing retardation, a new biopsy re-
vealed diffuse necrosis of the corneal layer associ-
ated with calcium deposition in the superficial der-
mis and in the epidermis, which was confirmed by
Von Kossa staining (Figure 2A). Median ionized cal-
cemia was 1.19 (0.97–1.25) mmol/L (normally 1.15–
1.33). No patient had received calcium supplementa-
tion. Median phosphoremia was 0.89 mmol/L (nor-
mally 0.61–1.11 mmol/L). Phosphate supplementa-
tion was administered in routine care [1]. The three
patients received caspofungin for fungal sepsis, a rare
infectious event in EN.

On retrospectively reviewing all patients (n = 115)
in our centre between January, 2015 and Decem-
ber, 2020, four other patients with TEN had also re-
ceived caspofungin: three had died in the following
days without any dermatological examination. In the
fourth case, new fibrinous plaques were described in
the medical chart 4 days after caspofungin adminis-
tration (no imaging or histology performed).

Caspofungin is an inhibitor of the β-D glucan syn-
thesis of fungal pathogens [34]. Nonetheless, caspo-
fungin is also a proven agonist of ryanodine receptor
(RyR), found on cardiomyocytes and on pulmonary
epithelial cells, inducing intracellular calcium influx
from endoplasmic reticulum to cytosol [35,36]. Al-
though the effect of caspofungin on keratinocytes

Figure 2. Skin biopsy sections. Diffuse necro-
sis of the corneal layer associated with calcium
deposition in the superficial dermis. A, Von
Kossa staining (×100). B and C, FE-SEM obser-
vations at low magnification. Red arrows indi-
cate the voluminous calcifications.

has not been studied, Denda et al. [37] reported that
RyR is strongly expressed in keratinocytes and that
the application of another RyR agonist induced in-
tracellular calcium flux, leading to a precocious ker-
atinocyte differentiation in an in vitro model and a
delayed cutaneous healing in a mouse model. All os-
teogenic markers were negative on keratinocytes as
on fibroblasts, excluding a trans-differentiation to an
osteochondrogenic phenotype.
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Figure 3. Skin biopsy sections as seen with a
FE-SEM at higher magnification. A and B volu-
minous calcification (inside the blue rectangle)
and spherical calcifications within the papillary
dermis.

3.2. The three different areas as defined by SEM
observations

FE-SEM revealed that these deposits consisted of vo-
luminous plaques (Figures 2B and C). FE-SEM ob-
servations at higher magnification (Figure 3) under-
line the presence of the voluminous plaques (area 1
in Figure 3). Just below, we can see spherical entities
within the papillary dermis (area 2 in Figure 3). Fi-
nally, an area which seems to be free of calcification
can be defined (area 3 in Figure 3).

In order to gather information regarding the
chemistry of the abnormal deposits, we have per-
formed EDX and µFTIR. Figure 4 shows three
EDX spectra. In the first one corresponding to
the support, different elements are identified,
namely O (Kα1 = 0.524 KeV), Zn (Kα1 = 8.638 KeV,
KL1 = 1.011 KeV), Si (Kα1 = 1.740 KeV), P (Kα1 =
2.013 KeV), Ag (Lα1 = 2.985 KeV, Lβ1 = 3.150 KeV),
K (Kα1 = 3.310 KeV) and Ca (Kα1 = 3.690 KeV,
Kβ1 = 4.010 KeV) [38,39]. In EDX spectra (red line
in Figure 4) related to the large calcification (area 1 in
Figure 3), contribution coming from some elements
present in the support namely Si, Ag, K and Zn are
no more visible. Instead, contributions of Ca and P
are associated with a strong amplitude. Note that the
X-ray fluorescence peak at 1.0 KeV corresponds to a
sum peak (star in Figure 4) due to the coincidence
of two O Kα1 photons. Finally, in EDX spectra (blue

Figure 4. EDX spectra of the support (black
line), calcification 1 (red line) and spherical en-
tities which belong to calcification 2 (blue line).
We can see the different contributions coming
from the support namely O (Kα1 = 0.524 KeV),
Zn (Kα1 = 8.638 KeV, KL1 = 1.011 KeV), Si (Kα1 =
1.740 KeV), P (Kα1 = 2.013 KeV), Ag (Lα1 =
2.985 KeV, Lβ1 = 3.150 KeV), K (Kα1 = 3.310 KeV)
and Ca (Kα1 = 3.690 KeV, Kβ1 = 4.010 KeV).

line in Figure 4) related to the spherical calcifications
(area 2 in Figure 3), contributions of Ca and P related
to the calcifications and of other elements present in
the support are measured.

On Figure 5, µFTIR spectra corresponding to large
calcifications (red line in Figure 5) and tissue (black
line in Figure 5) are visualized. µFTIR spectroscopy
revealed that calcifications consisted of amorphous
calcium phosphate and calcium-phosphate apatite
which is consistent with the composition of most
dystrophic skin calcifications [40–43].

3.3. The pathogenesis of large calcifications

On Figure 6, we can see that “large” submillimeter
scale calcifications are the result of an agglomera-
tion of micrometer scale spherical entities. Such fu-
sion process of spherical entities leading to “large”
submillimeter scale calcifications has been also ob-
served in other organs such breast [44].
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Figure 5. µFourier transform infra-red spec-
troscopy of calcium deposition. The presence
of amorphous calcium phosphate and calcium
phosphate apatite spectrum with characteristic
peaks (1060 cm−1 and 1030 cm−1) in a protein
matrix (skin tissue) is detected.

Figure 6. Area 1 is made of “large” calcifica-
tions (area 1 in Figure 3) which are the result
of an agglomeration of small spherical entities
(area 2 in Figure 3).

3.4. The pathogenesis of micrometer spherical
entities

It is worth to underline that the internal structure
of spherical entities may display different configura-
tion as we have shown previously in the case of an
investigation dedicated to breast calcifications (Fig-
ure 7) [44].

3.5. The very first steps of the pathogenesis of mi-
crometer spherical entities

Finally, we have tried to localize precisely the very
first steps of the calcification process. In Figure 8,
we can see a set of nanometre scale spherical enti-
ties without micrometre spherical ones. It seems that
the organisation of the skin is altered by the presence
of the nanospherical calcifications. Intermingled tiny
fibres are clearly visible around these calcifications
and might be reticulin. Note that ectopic presence
of reticulin has been found in pseudoxanthoma elas-
ticum, a genetic calcifying skin disorders, suggesting
the existence of a tropism of the calcification for such
kind of fibres [45].

3.6. Physiological and biochemical considera-
tions

The presence of spherical calcified entities within the
upper but not deeper dermis suggests that these cal-
cifications formed in the upper part of the skin tis-
sue, contiguous to the epidermal necrolysis. Such
co-location suggests a link between inflammation
induced by the EN and calcifications, as in other
dystrophic calcified skin diseases such as dermato-
myositis [46,47].

Regarding the pathogenesis of these calcifications,
caspofungin administration might have disrupted
the extracellular/intracellular gradient of calcium in
keratinocytes, causing an extracellular calcium de-
posit, associated with secondary epithelial detach-
ment in these patients with previous skin fragility
(ongoing TEN healing) and prolonged inflammation.
Because of the negativity of osteogenic markers in
all three patients, the hypothetical mechanism of
trans-differentiation of fibroblasts or keratinocytes to
an osteochondrogenic phenotype, as suspected with
vascular smooth muscle cells of dermal arterioles in
calciphylaxis, seems unlikely [48]. We acknowledge
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Figure 7. Spherical entities may display different internal structures: (A) Radial structures; (B): Concen-
tric layers; (C): Both radial and concentric structure (A to C images are breast calcifications). In the case
of calcinosis cutis (D), microspherical entities (blue arrows) result of an agglomeration of nano-spherules
(red arrows).

some limitations of the study. The first is the ret-
rospective design associated with a limited number
of patients and the absence of a control arm. More-
over, we did not use an in vitro model of the possible

pathogenesis link between calcification and caspo-
fungin. Nonetheless, the occurrence of the same sit-
uation in three similar patients after caspofungin ad-
ministration associated with a possible pathogenesis
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Figure 8. (A, B) Spherical entities as seen at two magnifications; (C) black line corresponds to the EDX
spectra of the support and blue line corresponds to spherical entities visible in (A).
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hypothesis raises the possible causality of caspofun-
gin. Liposomal amphotericin B or fluconazole might
therefore be preferred for patients with TEN in case
of invasive fungal infection.

4. Conclusion

We have investigated a set of biopsies correspond-
ing to patients who presented atypical healing
retardation due to calcinosis cutis. Through SEM
observations at the nanometer scale, we describe
different areas: voluminous calcifications present at
the surface of the skin tissue, submicrometer spheri-
cal entities within the papillary dermis and then nor-
mally structured dermal fibers. FE-SEM observations
show clearly that “large” calcification are the result of
an agglomeration of micrometer spherical entities.
Moreover, micrometer scale spherical entities are
the results of an agglomeration of nanometer scale
spherical entities. Finally, the last set of data seems
to show that the starting point of the calcifications
process is “distant” from the epidermis in part of the
dermis which appears undamaged.

From a medical point of view, our cases alert to the
administration of caspofungin in patients present-
ing diffuse epidermal detachment and pave the way
for further studies regarding dermatological adverse
events induced by caspofungin, especially on muco-
cutaneous healing.
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group), abnormal deposits related to cystinosis display a rectangular shape. Because this is unex-
pected from the hexagonal crystallographic structure of L-cystine, we have investigated this incon-
sistency using SEM (scanning electron microscopy) and IR (infrared) spectroscopy at micrometre and
nanometre scales. Our data clearly indicate the presence of both L-cysteine and L-cystine. Consider-
ing that L-cysteine crystals display a rectangular shape, and that a transition phase between L-cysteine
and L-cystine is well known, we propose the following model for deposit evolution in cystinosis. The
initial abnormal deposit consists of L-cysteine, with a rectangular crystal morphology. The microme-
tre scale rectangular crystallite shape is retained after the phase transition equilibrium between L-
cysteine and L-cystine is established, with some crystalline L-cysteine still remaining.

Keywords. Cystinuria, Cystinosis, FTIR, SEM, AFM-IR, OPTIR.

Published online: 30 November 2021

1. Introduction

Several genetic pathologies lead to the formation of
abnormal deposits in the human body [1–4]. Some
induce kidney stone formation and/or crystalline
nephropathy [5,6] such as primary hyperoxaluria [7–
10], adenine phosphoribosyltransferase defi-
ciency [11–15] or distal renal tubular acidosis [16]. In
the case of cystinuria and cystinosis, a precise deter-
mination of the chemical composition of the abnor-
mal deposits can be a considerable aid to diagnosis.

Cystinuria is an autosomal recessive disorder aris-
ing from a mutation in renal epithelial cell trans-
porters [17–21], which induces a significant reduc-
tion in dibasic amino acids and L-cystine (cystine—
C6H12N2O4S2) reabsorption by the proximal tubule.
The poor solubility of cystine in urine leads to a high
risk of cystine precipitation and the formation of cys-
tine crystallites (Figure 1a), and eventually of kidney
stones (Figure 1b) [22–25].

Cystinosis [26] is a rare autosomal recessive lyso-
somal storage disorder, the treatment of which has
advanced in recent years [27]. In cystinosis patients,
cystine accumulates in the lysosomes of cells [28].
The presence of cystine has been reported in many
organs and tissues namely kidneys, eyes, muscles,
thyroid and pancreas [29]. A small number of publi-
cations have reported physicochemical investigation
of abnormal deposits in these tissues. Frazier and
Wong [30] have characterised the rectangular extra-
cellular crystalline forms observed in ocular tissue in
two childhood and two adult cases by X-ray diffrac-
tion (XRD), leading to the identification of cystine
crystals. More recently, Centeno et al. [31] have con-
firmed this chemical composition based on Raman
spectroscopy analysis of abnormal deposits present
in liver and spleen. Note that various extracellular
matrices and proteins may affect the initial crystal

structure.

Based on our previous investigation on kidney
stones composed of cystine [24], such results are
quite surprising. The crystallographic structure of
cystine reported by Dahaoui et al. [32], displays the
space group P6122, predicting that cystine crystal-
lites should exhibit hexagonal morphology in kidney
stones; however in cystinosis cases cystine crystal-
lites with a rectangular morphology are observed.

This unusual cystine crystal habit in cystinosis
pathology requires investigation using a panel of
physicochemical analytical tools able to decipher
their morphology and chemistry at the microme-
tre and then the nanometre scale [33–38]. To do
this, we undertook a structural and spectroscopic
analysis of such abnormal deposits using scan-
ning electron microscopy (SEM) [14,39,40], µFTIR
(Fourier Transform InfraRed) [14,41,42], AFM-IR
(atomic force microscopy coupled with IR) spec-
troscopy [43,44] and OPTIR (Optical Photothermal
IR) spectroscopy [45,46].

SEM offers the opportunity to directly observe the
morphology and size of crystallites at the micrometre
scale and contributes significantly to the structural
description of cystine crystals (see for examples [47–
54]). µFTIR spectroscopy constitutes the gold stan-
dard for precisely determining the chemical compo-
sition of kidney stones [41,42,55,56]. AFM-IR [43,44]
and OPTIR [45,46] are able to collect IR spectra be-
yond the diffraction limit i.e. around 50 nm and
500 nm, respectively. The complete set of techniques
can precisely describe the morphology and chemical
nature of the abnormal deposits in tissues or cells in
cystinuria and cystinosis at the submicrometre scale.
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Figure 1. Optical images of (a) cystine crystallites in urine and (b) of cystine kidney stones (from
Letavernier et al. [19]).

2. Materials and methods

The biological samples analysed in the present in-
vestigation were provided by the Necker and Tenon
hospitals, following the usual ethics procedures
strictly [13]. All participants (adults or parents of
children participating in the study) gave their ver-
bal consent, documented by the researchers, for use
of the material. Samples were examined without
knowledge of the name of the patient or other iden-
tifying data. Ethical approval for the study was ob-
tained from the ethics committee of Tenon Hospital.
The investigation conformed to the principles of the
Declaration of Helsinki.

Regarding cystinuria, SEM observations have
been performed on cystine crystals present in urine.
This investigation is also based on SEM observa-
tions, FTIR and neutron diffraction data on twenty-
five cystine kidney stones which has already been
published [24] and on the kidney stone data bank
in which 1216 kidney stones have been studied
through FTIR spectroscopy. Regarding cystinosis,
only one kidney biopsy has been considered in this
investigation.

For precise characterisation of the surface of an
abnormal biological sample, observations at the mi-
crometre scale were performed using a FEI/Philips
XL40 environmental scanning electron micro-
scope [39,40]. Compared to a conventional scan-
ning electron microscope this device does not need a
conductive coating and thus permits direct observa-

tion with no damage to the sample. Imaging was per-
formed with a low accelerating voltage (around 1 kV).

At the micrometre scale, the pathological cal-
cifications were first characterised using FTIR
spectroscopy (Vector 22, Bruker Spectrospin, Wis-
sembourg, France) as previously described [41,42].
Data were collected in absorption mode between
4000 and 400 cm−1, with 4 cm−1 spectral resolution.

Chemical characterisations of the pathological
calcifications in kidney biopsies at the nanometre
scale were performed by two techniques which use
mid-infrared photons, namely AFM-IR and OPTIR.

The AFM-IR system used for this study is a
NanoIR2 (Bruker Nano, Santa Barbara). It couples
an AFM system with a quantum cascade laser fo-
cus on the AFM tip for top-down illumination. The
laser covers the wavenumber range from 900 cm−1

to 1945 cm−1 with a tuneable repetition rate which
allows enhanced mode acquisition [57] which is
more sensitive than the setup we have already used
to study abnormal deposits in the kidney [58]. AFM
acquisitions were made in contact mode with a gold-
coated silicon cantilever (Budget Sensors, contact
mode, 13 kHz, 0.2 N/m). For this study, only AFM
topographies were acquired and all local IR spectra
were collected with 1 cm−1 spectral resolution and
an average of 20 acquisitions.

OPTIR measurements (spectra and images) were
done on a mIRage™ Infrared Microscope (Pho-
tothermal Spectroscopy Corp., Santa Barbara, CA,
USA). Samples were placed on low-e microscope
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slides (MirrIR, Kevley Technologies, Tienta Sci-
ences, Indianapolis). To generate data high signal-
to-noise ratio, 20–50 spectra were collected in re-
flection mode, at 2 cm−1 spectral data points spac-
ing, through a 40×, 0.78 NA, 8 mm working distance
Schwarzschild objective. The pump IR source was
a pulsed, tunable four-stage QCL device, scanning
from 800 to 1900 cm−1, and we used a CW 532 nm
visible variable power probe laser.

A Density Functional Theory-Dispersion cor-
rected (DFT-D) IR spectrum was calculated. The
computational procedures are similar to those de-
scribed in our earlier studies [59–63].

3. Results and discussion

3.1. The case of cystinuria

The structural characterisation of cystine kidney
stones has been discussed in several publica-
tions. Consistent with its crystallographic struc-
ture (hexagonal crystal system, P6122 space group),
all the papers on synthetic [47–54] or biologi-
cal [18–21,24,55,56,64–66] cystine have reported a
hexagonal morphology. On SEM observations, at the
micrometre scale, we can clearly see the hexagonal
shape of the cystine deposits in kidney stones from
mice and humans affected by cystinuria (Figure 2).

For a complete classification of kidney stones [5,
6], the determination of the morphology of these
concretions is complemented by chemical composi-
tion determined by FTIR spectroscopy [41,42,67]. In
Figure 3, we plot the FTIR spectrum of biological cys-
tine (in this case from a human kidney stone). It is
compared with a theoretical (DFT-D) spectrum in the
IR spectral range from 700 to 1800 cm−1 on which the
present study focuses.

The IR spectrum of zwitterionic cystine was calcu-
lated between 500 and 3500 cm−1. In the experimen-
tal IR spectrum (Figure 3, Table 1), the 1035 cm−1 ab-
sorption peak corresponds to the C–N stretching vi-
bration. The bands at 1372, 1197 and 1125 cm−1 are
the C–C stretching vibrations, and that at 1406 cm−1

is due to CH2–CO deformation. Finally, the band at
1490 cm−1 is due to COO– stretching while bands at
1584 and 845 cm−1 are due to the asymmetric defor-
mation and rocking vibrations of NH3+, supporting
the zwitterionic nature of cystine in the solid state.
These results are consistent with previous publica-
tions [68–70].

Figure 2. (a) SEM observation of cystine crys-
tallites in kidney stones from mice; cystine
crystallites present in human urine (b) by SEM
and (c) by AFM. The red crosses on (c) indicate
the different points selected for acquisition of
IR spectrum using the 50 nm probe.

Comparing the experimental with the DFT-D
spectrum, a global shift in wavenumbers can be ob-
served. Van der Waals interactions, which are difficult
to evaluate even with the inclusion of the dispersion
corrections we used, can explain this well-known
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Figure 3. (a) DFT-D theoretical (black) and experimental (blue) IR spectra between 1800 cm−1 and
800 cm−1. For the experimental data, a µFTIR spectrometer was used. The most significant wavenum-
ber shifts between theoretical and experimental absorption bands are highlighted in grey. (b) Crystallo-
graphic structure of cystine.

discrepancy. Besides, the DFT-D calculations were
performed at 0 K whereas the experimental spectrum
was recorded at 300 K. Both effects are known to af-
fect the harmonic oscillator approximation nega-
tively. Moreover, the cystine crystal structure is mod-
elled as a periodic defect-free lattice, whereas the
experimental sample consists of crystallites of finite

sizes; this difference also affects the correspondence
between theory and experiment. This small disagree-
ment confirms that the real sample is composed of fi-
nite crystallites that probably contain different types
of atomic level crystal defects.

In the human kidney stone case, we have com-
pared the IR spectrum of cystine obtained by µFTIR
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Figure 4. Cystine crystallites in cystinuria. IR spectra collected between 1800 cm−1 and 800 cm−1 using
three different experimental setups namely µFTIR (blue—cystine kidney stone), OPTIR (black—cystine
crystallite in human urine) and AFM-IR (red—cystine crystallite in human urine). We can see the different
characteristic IR bands 1622 cm−1 (1), 1584 cm−1 (2), 1487 cm−1 (3), 1408 cm−1(4), 1381 cm−1 (5),
1337 cm−1 (6), 1297 cm−1 (7), 1193 cm−1 (8), 1127 cm−1 (9), 1091 cm−1 (10), 1041 cm−1 (11), 964 cm−1 (12),
875 cm−1 (13), 847 cm−1 (14) and 776 cm−1 (15). IR absorption band at 933 cm−1 corresponds to the nylon
support.

Table 1. Infrared bands of cystine and their assignments

1035 cm−1 C–N stretching

1372, 1197 and 1125 cm−1 C–C stretching

1406 cm−1 CH2–CO deformation

1490 cm−1 COO−stretching

1584 and 845 cm−1 NH3+ asymmetric deformation and rocking vibrations

and the ones obtained by AFM-IR and OPTIR (Fig-
ure 4). Although we can see extensive similarity be-
tween all the three spectra, some differences exist.
We observe a supplementary IR absorption band in
the AFM-IR spectrum due to the support material
(black vertical line at 933 cm−1 in Figure 4). Also, note
some small spectral shifts between the spectrum ob-
tained by µFTIR and those obtained with the two
photothermic techniques. These discrepancies seem
to be optical in origin but work to understand this
fully is still in progress. A point which can already
be highlighted is a possible polarisation effect on the
observed spectra. Unlike µFTIR measurement, the

light from quantum cascade lasers used in OPTIR and
AFM-IR has an intrinsic polarisation which can in-
duce changes in band intensity in spectra of highly
oriented objects such as crystals compared to those
from µFTIR. As a consequence, for each technique
it may be possible to have different band intensi-
ties from the same sample depending on the orien-
tation of the object. Furthermore, the angle of inci-
dent illumination is different from OPTIR and AFM-
IR, inducing different polarisation effects even for a
sample with the same orientation. AFM-based tech-
niques such as AFM-IR also produces a micrometre
scale image of the sample (Figure 2c) which can be
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Figure 5. Crystallites in cystinosis. (a) Rectangular morphologies of abnormal deposits observed in
kidney (according to [24]). (b) Rectangular morphologies of abnormal deposits observed by slit lamp in
the cornea (according to [60]). (c) Synthetic cysteine crystals observed by SEM (Figure 5a from Nesterova
et al. [29] and Figure 5b from Elmonem et al. [71]).

compared to SEM observation of the same sample
(Figure 2b). This is not the case for OPTIR which is as-
sociated with an optical microscope. The red crosses
in Figure 2c indicate different points on which the
50 nm probe has been positioned to acquire an IR
spectrum.

3.2. The case of cystinosis

3.2.1. Observations of abnormal deposits through op-
tical microscope

The cystinosis situation is quite different from
cystinuria. An analysis of the literature [29–31,71,72]
indicates that cystine is the only compound repre-
sented in the abnormal deposits and that such crys-
tals (Figures 5 and 6) do not exhibit a hexagonal mor-
phology. Optical microscopy in contrast shows a rect-
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Figure 6. Light microscopy images from the
kidney biopsy of a patient with cystinosis.
(a) Toluidine Blue (×400). (b) Small isolated or
aggregated crystals. (c) Birefringent aggregated
rectangular crystals seen under polarised light.

angular crystal morphology in both the kidney (Fig-
ure 5a, according to Nesterova et al. [29]) and the
cornea (Figure 5b, according to Elmonem et al. [71]).

Figure 7. SEM observation of abnormal de-
posits in the kidney biopsy of a cystinosis pa-
tient (kidney biopsy deposited on a low-e mi-
croscope slide).

A kidney biopsy from a patient (B1742) reveals
rectangular crystal morphology in the abnormal de-
posits (Figure 6). However, such an examination
is not a characterisation of the chemistry of these
structures.

3.2.2. Characterisation at the micrometre scale

We start by locating the abnormal deposits in the
kidney biopsy (B1742) by SEM. At the micrometre
scale, Figure 7 shows the presence of two kinds of
morphologies, the usual cystine hexagonal one (blue
arrow), and the morphology typical in a cystinosis
patient i.e. a rectangular one (red arrow). Note that
with dimensions of 4–5 µm, such hexagonal crystals
can be detected by optical microscopy if isolated, but
this is difficult if they are embedded in tissue, as in
this example.

We then performed a range of µFTIR experiments
(Figure 8, Table 2). In the top panel of the figure, we
have indicated the IR bands associated with cystine
by blue numbers, and in the bottom panel those of
cysteine by red. The three IR spectra of the sample
(black in Figure 8 corresponding to the abnormal de-
posits displayed in Figure 7) in fact arise from a com-
bination of IR bands associated with tissue (black
lines in Figure 8) and those associated with cystine
(blue line in Figure 8). The first three IR bands (1, 2, 3
in blue in Table 2) are obscured by signal from the tis-
sue. This is consistent with the literature on physic-
ochemical characterisation of crystals present in the
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tissue of patients with cystinosis. We now present re-
sults from nanometre scale IR spectroscopy.

3.2.3. Characterisation at the nanometre scale

We chose the same sample for OPTIR experiments
as the one we used for µFTIR. Figure 9 shows IR
spectra from the sample (black spectra) collected by
OPTIR with a device yielding a spatial resolution of
≈500 nm. This explains why tissue IR bands can still
be observed but with lower relative intensity (black
lines 1, 2, 3 and 4). This new set of experimental data
shows cystine IR bands (Table 2). However the strik-
ing point of these OPTIR measurement is the obser-
vation of IR peaks related to cysteine at 1541 cm−1

(IR band number 1 of cysteine; all subsequent band
numbers also correspond to those of cysteine),
1521 cm−1 (band 2), 1424 cm−1 (band 3 of cysteine),
1392 cm−1 (band 4), 1345 cm−1 (band 5), 1060 cm−1

(band 9) and 867 cm−1 (band 11); those at 1060 cm−1

(band 9) and 867 cm−1 (band 11) are quite intense.
To perform structural and chemical characteri-

sation at the nanometre scale with the AFM-IR ex-
perimental setup, part of the kidney biopsy was de-
posited on a CaF2 slide. SEM (Figure 10) was per-
formed prior to AFM-IR and led to similar conclu-
sions regarding the morphology of the biopsy crys-
tallites.

Figure 11 plots a localised IR spectrum collected
with the ≈50 nm spatial resolution AFM-IR experi-
mental setup; the tissue bands are not apparent be-
cause the high spatial resolution confines the IR sig-
nal to the crystals in the biopsy only. At first sight, the
IR bands of the sample are similar to the IR bands
of cystine. Nevertheless, it seems that various shoul-
ders are observed in the AFM-IR spectrum which
likely correspond to cysteine (1424 cm−1, band 3;
1392 cm−1, band 4; 1345 cm−1, band 5; 1269 cm−1

band 6; 1137 cm−1, band 7; and 1060 cm−1, band 9).
In conclusion, from the results obtained at the

nanoscale with both techniques, OPTIR and AFM-
IR, it seems that the sample can be understood as a
mixing of cystine and cysteine instead of pure cystine
as observed in µFTIR.

3.3. Discussion

As previously reported, cystinosis affects all ocular
structures [73]. The most frequently described ocu-
lar manifestation is cystine crystal deposition in the

cornea [74]. As underlined by Csorba et al. [65], in
vivo confocal microscopy (IVCM) constitutes the best
imaging technique to characterise corneal cystine
crystals in vivo [72–81]. This literature indicates that
IVCM enables quantification and identification of the
deposits at the cellular level, and is thus considered
as the gold standard for ophthalmological follow-up
of patients with cystinosis [73–81]. Nevertheless, it is
worth mentioning that a detailed description of crys-
tal morphology is not equivalent to chemical identi-
fication.

The physicochemistry of cystinosis seems to be
quite inconsistent. The literature clearly indicates the
presence of rectangular crystals made of cystine [29–
31,71–79,81]. Such morphology is not expected for
cystine crystals which are typically hexagonal for syn-
thetic [47–54] as well as for biological [18–21,24,55,56,
64–66] samples. Rectangular-like crystallites are ob-
served in the case of synthetic cysteine (Figure 5c).
This observation is complemented by our IR data col-
lected at the nanometre scale using OPTIR (Figure 9)
and AFM-IR (Figure 11) which clearly suggest the
presence of domains of cysteine and of cystine. Such
chemical heterogeneity may explain why the signals
measured by AFM-IR and OPTIR are not exactly the
same. In our study, we have also identified the pres-
ence of hexagonal crystals (Figure 7). Such mixing
is consistent with the chemistry of these two com-
pounds, namely that cysteine is spontaneously oxi-
dised to cystine at neutral pH [82–84]. All these data
seem to show that in fact cystinosis is linked to the
pathogenesis of cysteine crystallites associated with
a rectangular morphology, and to the pathogenesis of
cystine, as evidenced by our observation of hexago-
nal cystine crystals.

It is worth pointing out that there is an anal-
ogous crystalline conversion which occurs in kid-
ney stones, from weddellite (unstable) to whewellite
(stable). In this case, the conversion also results
in contradictory FTIR spectra indicating whewellite
whereas bipyramidal crystallites, a morphology spe-
cific to weddellite, can be observed [85]. In fact, the
IR spectra corresponding to such kidney stones (un-
dergoing the weddellite to whewellite phase tran-
sition) exhibit IR spectra which do not correspond
exactly to whewellite. Some subtle differences exist
which indicate the presence of amorphous calcium
oxalate monohydrate which constitutes an interme-
diate state reflecting the dissolution–recrystallisation
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Figure 8. FTIR spectra of the B1742 sample (black) compared to the IR spectra of cystine (blue) and
cysteine (red), coloured dashed lines indicate the specific positions for each species, respectively, B1742
sample (black), cystine (blue) and cysteine (red).

Figure 9. OPTIR spectra of the B1742 sample (black line) compared to the IR spectra of cystine (blue) and
cysteine (red).
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Table 2. Position of the IR bands obtained for the reference compounds (cystine and cysteine) and for
the samples in µFTIR, OPTIR and AFM-IR

Sample Reference compounds Patient

Cystine Cysteine µFTIR OPTIR AFM-IR

1–1647 cm−1 1 1

1–1622 cm−1 1 1

2–1584 cm−1 2 2

2–1544 cm−1 2 2

1–1541 cm−1 1

2–1521 cm−1 2

3–1487 cm−1 3

3–1456 cm−1 3 3

3–1424 cm−1 3 3

4–1408 cm−1 4 4 4

4–1392 cm−1 4

5–1381 cm−1 5 5 5

5–1345 cm−1 5 5

6–1337 cm−1 6 6 6

7–1297 cm−1 7 7 7

6–1269 cm−1 6

4–1239 cm−1 4 4

8–1193 cm−1 8 8 8

7–1137 cm−1 7

9–1127 cm−1 9 9 9

8–1101 cm−1

10–1091 cm−1 10 10 10

9–1060 cm−1 9 9

11–1041 cm−1 11 11 11

12–964 cm−1 12 12 12

10–937 cm−1

13–875 cm−1 13

14–847 cm−1 14

11–867 cm−1 11

12−817 cm−1

13–805 cm−1

15–776 cm−1 15

14–750 cm−1

process. In our case it seems that a phase transi-
tion also occurs but probably without a dissolution–
recrystallisation process and thus a similar situation
is observed i.e. a lack of intensity for the IR band at

1584 cm−1. It may be due to the fact that the final
chemical composition comprising cystine and cys-
teine associated with acicular crystallites may alter
the intensity of IR bands. Work is in progress to better
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Figure 10. SEM observation of abnormal de-
posits (red arrows) in the kidney biopsy of a
nephropathic cystinosis patient.

understand this experimental observation.
Finally, we have to mention a possible weak point

of this investigation which is related to the low num-
ber of samples considered in this investigation. Al-
though the section of this study dedicated to cystin-
uria is based on a large number of publications, only
one patient has been considered in this research. De-
spite this fact, we believe that the existence of crystal-
lites of pure cystine as well as the well-known phase
transition between cysteine and cystine constitute
strong arguments supporting the idea that cystinosis
leads to pathogenic cysteine crystallites.

4. Conclusion

A comprehensive set of SEM micrometre scale and IR
micrometre and nanometre scale data suggests that
cystinosis is related to the pathogenesis of rectangu-
lar crystals of cysteine and not cystine. This is proba-
bly due to the well-known phase transition between
cysteine and cystine which occurs at room tempera-
ture.
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1. Introduction

The most common thyroid disease in the community
is simple (diffuse) physiological goitre [1]. While the
prevalence of diffuse goitre declines with age, differ-
ent investigations underline an increase in frequency
of thyroid nodules and thyroid antibodies with age.
More precisely, epidemiologic investigations suggest
that nodular thyroid disease is a common clinical
problem, with a prevalence of nodules in 4%–7% of
the adult population.

Thyroid nodules [2–7] as well as thyroid cal-
cifications [8–14] are observed for different thy-
roid pathologies. Recently, we have conducted two
physicochemical investigations on thyroid macrocal-
cifications for patients corresponding to Grave’s dis-
ease, papillary carcinoma, benign nodules, multin-
odular goitre [15,16]. Two characterization tech-
niques, namely µFourier Transform Infrared Spec-
troscopy (µFTIR) [17–20] and Field Emission Scan-
ning Electron Microscopy (FE-SEM) [18–21] were
used in order to assess a possible relationship
between the pathology and the physicochemical
characteristics of the macrocalcifications. Such ap-
proaches have been already developed for micro-
calcifications in organs such as the kidney showing
that the morphology of the crystallites of which the
agglomeration gives the macrocalcifications as well
as their chemical identification are of major impor-
tance [22–25]. Such complexity calls for physico-
chemical techniques to characterize such deposits
which may exist also at the micrometer and at the
nanometer scales [26–31].

At this point, we have to recall that a careful anal-
ysis of the IR absorption spectra of thyroid tissue
revealed the presence of amorphous and nanocrys-
tallized calcium phosphate apatite, calcium oxalate
monohydrate and/or dihydrate as well as triglyc-
erides and cholesterol [15,16]. The complete set of
data we have obtained on these macrocalcifications
seems to indicate that there is no clear relationship
between their chemical composition and the disease.
Nevertheless, from a biochemical point of view, the
presence of the various types of crystals is a marker
of very different biological conditions, and as such,
of different pathologies [22–25].

Though the presence of microcalcifications in
smears has already been attested, very little infor-
mation exists on their chemical composition. The
aim of our work was to analyze the composition of
thyroid microcalcifications from smears obtained by
ultrasound-guided fine needle puncture. Such an ap-
proach is a first step to establish a possible rela-
tionship between the physico-chemistry of abnormal
deposits in thyroid smears and the disease which in-
duces their formation.

2. Experimental

A set of 31 thyroid smears corresponding to 13
patients, coming from the Service de Chirurgie
digestive, Générale et Endocrinienne, CHU
Dupuytren (Limoges, France) and the Department
of Thoracic Surgery of Geneva have been considered
(Tables 1 and 2). Of the 13 patients, five (Patient num-
ber 1–5) had papillary cancer, two (Patient number
6 and 7) had Graves’ disease, six had benign nodules
(Nodular goitre Patient number 8–12 and Patient 13
Thyroid adenoma). For one patient (Patient number
9), the thyroid disease was associated with primary
hyperparathyroidism (HPT). The smears were ob-
tained through aspiration, with a fine needle, per-
formed under ultrasound guidance to ensure accu-
rate placement of the needle within the thyroid nod-
ule [32–34]. Calcifications were visualized in 17 of
31 samples taken (55%) (Table 2). Histopathological
analysis of the specimens was performed by a senior
pathologist. The specimens from patients 1–5 and 11
were re-read by a second pathologist to confirm the
diagnosis.

All patient-derived tissues were collected and
archived at the Tumorotheque of Limoges University
Hospital, under protocols approved by the Institu-
tional Review Board (AC N 2007-34, DC 2008-604 and
72-201118). Written informed consent was obtained
from all subjects of this study. Each sample was only
named by a study number, without indication of the
name of the patient or potential identification data.

All the calcifications were investigated with a Zeiss
SUPRA55-VPFE-SEM in order to describe their mor-
phology at the micrometer scale. To maintain the
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Table 1. Clinical data and chemical compounds identified in smears of thyroid biopsies for patients with
sclerosing variant of papillary thyroid carcinoma stage 3 or papillary thyroid carcinoma

Samples Sex and
age

FTIR analysis Bethesda
classification

Pathology

Patient 1
Biopsy 1

M, 14 Presence of lipids without
calcifications

5 Sclerosing variant of papillary
thyroid carcinoma stage 3

Patient 1
Biopsy 2

M, 14 Presence of CA 5 Sclerosing variant of papillary
thyroid carcinoma stage 3

Patient 1
Biopsy 3

M, 14 Presence of CA and
glycoprotein

5 Sclerosing variant of papillary
thyroid carcinoma stage 3

Patient 1
Biopsy 4

M, 14 Sample without apatite but
note the presence of

polysaccharides

5 Sclerosing variant of papillary
thyroid carcinoma stage 3

Patient 2
Biopsy 1

M, 75 Some calcifications made of
CA have been detected.

Presence of acicular
calcifications

5 Papillary thyroid carcinoma stage 3

Patient 2
Biopsy 2

M, 75 Some calcifications made of
CA have been detected

5 Papillary thyroid carcinoma stage 3

Patient 3
Biopsy 1

F, 34 Some calcifications made of
CA have been detected

1 Papillary thyroid carcinoma stage 1

Patient 3
Biopsy 2

F, 34 Some spherical calcifications
made of CA have been

detected

1 Papillary thyroid carcinoma stage 1

Patient 4
Biopsy 1

F, 51 The deposit was too thick 1 Papillary thyroid carcinoma stage 2

Patient 4
Biopsy 2

F, 51 Sample without apatite but
note the presence of

polysaccharides

1 Papillary thyroid carcinoma stage 2

Patient 5
Biopsy 1

M, 42 Some calcifications made of
CA have been detected

1 Papillary thyroid carcinoma stage 2

Patient 5
Biopsy 2

M, 42 Some calcifications made of
CA have been detected

1 Papillary thyroid carcinoma stage 2

Patient 5
Biopsy 3

M, 42 Some calcifications made of
ACCP have been detected as

well as lipids

1 Papillary thyroid carcinoma stage 2

Patient 5
Biopsy 4

M, 42 CA calcifications have been
detected

1 Papillary thyroid carcinoma stage 2

CA = carbapatite or calcium phosphate apatite; ACCP = amorphous carbonated calcium phosphate.

integrity of the samples, measurements were per-
formed at low voltage (1.0 keV) and without the
usual deposits of carbon at the surface of the sam-
ple [18,21]. All calcifications were characterized using
µFTIR spectrometry (Cary 620 infrared microscope
equipped with a 64×64 pixels Stingray MCT detector
coupled to a Cary 660 spectrometer equipped with

a KBr beamsplitter and a Michelson interferometer,
LBM, ENS-PSL). Data were collected in the reflexion
mode between 4000 and 700 cm−1, with a resolution
of 8 cm−1. The different compounds were identified
by comparing their IR spectrum to the IR spectrum of
reference compounds [35].
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Table 2. Clinical data and chemical compounds identified in smears of thyroid biopsies for patients with
Graves’ disease, nodular goitre or thyroid adenoma

Samples Sex and
age

FTIR analysis Bethesda
classification

Pathology

Patient 6
Biopsy 1

F, 35 Some calcifications made of CA have
been detected

2 Graves’ disease

Patient 6
Biopsy 2

F, 35 Some lipids have been detected 2 Graves’ disease

Patient 6
Biopsy 3

F, 35 Some calcifications made of CA and
lipids have been detected

1 Graves’ disease

Patient 7
Biopsy 1

F, 55 No calcification 1 Graves’ disease

Patient 8
Biopsy 1

M, 72 Some calcifications made of CA and/or
ACCP have been detected

4 Nodular goitre

Patient 8
Biopsy 2

M, 72 Sample without apatite but note the
presence of polysaccharides

4 Nodular goitre

Patient 9
Biopsy 1

F, 75 Some calcifications made of CA and/or
ACCP have been detected

3 Nodular goitre

Patient 9
Biopsy 2

F, 75 Some calcifications made of CA and/or
ACCP have been detected

3 Nodular goitre

P. No 10
Biopsy 1

M, 67 The deposit was too thick 1 Nodular goitre

P. No 10
Biopsy 2

M, 67 The deposit was too thick 1 Nodular goitre

P. No 10
Biopsy 3

M, 67 Some calcifications made of CA and/or
ACCP have been detected

1 Nodular goitre

P. No 11
Biopsy 1

F, 31 The deposit was too thick 4 Nodular goitre

P. No 11
Biopsy 2

F, 31 Glycoproteins. No visible calcification 4 Nodular goitre

P. No 12
Biopsy 1

F, 70 Spherical calcifications made of CA
and/or ACCP have been detected

1 Nodular goitre

P. No 12
Biopsy 2

F, 70 Spherical calcifications made of CA
and/or ACCP have been detected

1 Nodular goitre

P. No 13
Biopsy 1

F, 45 No deposit 2 Thyroid adenoma

P. No 13
Biopsy 2

F, 45 Some calcifications made of CA have
been detected

2 Thyroid adenoma

CA = carbapatite; ACCP = amorphous carbonated calcium phosphate.

3. Results and discussion

3.1. The point of view of the clinician: the state of
the art

Ultrasonography (US) is the main tool to explore thy-
roid diseases, especially for detecting nodules, mea-

suring their dimensions, and evaluating any asso-
ciated changes in the thyroid glands [36]. The use
of a standardized US reporting system to analyze
US imaging reporting reduces the inconsistency of
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US descriptive reports and ease the management of
thyroid nodules. The most used system is the thy-
roid imaging reporting and data system (TIRADS)
recently updated [37,38]. It has the best correlation
with cytologic findings. Suspicious US lesions such
as a solid hypoechoic nodule, with a spiculated or
lobulated margin or a hypoechoic halo, or the pres-
ence of intra nodular calcifications, need fine nee-
dle aspiration (FNA). The average malignancy risk of
such nodules is around 56% but increases with the
number of suspicious features [39–41]. Microcalci-
fications are a good predictor of malignancy espe-
cially in partially cystic nodules [42]. Microcalcifica-
tions appear as tiny hyperechoic spots, <1 mm. They
correspond to psammomas bodies and are highly
suggestive of the most frequent type of thyroid car-
cinoma, papillary thyroid carcinoma [16,43]. A re-
cent meta-analysis including 41 studies for a total
of 29,678 patients demonstrated that microcalcifica-
tions were associated with a high risk of malignancy
with a 676 odds ratio (OR) [44]. However, if their
specificity for malignancy is elevated (85–95%), their
sensitivity is low, particularly in nodules under 1 cm
diameter [45]. However, the risk of carcinoma does
not decrease with nodule size. This risk depends on
the ultrasonographic criteria placing the risk at 19.7%
vs 7.8% for nodules sized 1 cm or more without sus-
picious sonographic findings [46].

Such results are in line with a recent investigation
performed by Yin et al. [47]. These authors found that
thyroid microcalcifications and partial macrocalci-
fications, such as eggshell discontinuous calcifica-
tions, and multilayer-like calcifications were associ-
ated with thyroid carcinoma (41.4% vs 21%). Eggshell
discontinuous macrocalcifications and multilayer-
like macrocalcifications also occurred mainly in ma-
lignant nodules, while eggshell calcifications in a row
are more often seen in benign nodules [47]. The type
of calcification is therefore an important predictor of
cancer.

The FNA allows to withdraw cells from a suspi-
cious nodule such as a nodule containing microcal-
cifications or nodule of size >1 cm. FNA under US
guidance is recommended because it reduces false-
negative cytology, established at around 1% [48]. The
three classification systems rank the cytology diag-
nosis in five major classes and the widely used is the
Bethesda System [49] (Table 3).

Classifications depend on cell features. Suspicion

of malignancy or malignant results force the patient
to be referred to an endocrine surgeon. The risk of
malignancy in benign lesion (named Bethesda 2) is
about 1% and a clinical or US follow-up is recom-
mended. Two categories are less consistent, Bethesda
3 and Bethesda 1. The first one is the indeterminate
category that imposes surgery or careful follow-up
because the risk of malignancy is around 15% [50].
The second one is nondiagnostic specimens due to
insufficient number of thyroid cells, or virtually acel-
lular specimen. In this category, the risk of malig-
nancy is estimated to be 16% [51] and a real evalua-
tion of the need for surgery is necessary. The balance
between the risks of a potentially delayed diagnosis
of carcinoma that imposes surgery, and those of su-
perfluous surgery should be considered.

In 2015, ATA recommended basing management
of thyroid nodules on their risk of malignancy as-
sessed on ultrasound coupled with FNA if the nod-
ules are supra-centimetric. Only Bethesda 2 nodules,
i.e. benign, do not require FNA [52]. This risk varies
from 10 to 30% for Bethesda 3. Ultrasound, even cou-
pled with cytology, does not therefore make it pos-
sible to accurately determine the risk of cancer in a
nodule. The development of new methods, like auto-
mated machine learning for identifying nodules with
high-risk mutations on molecular testing, promises
to facilitate the identification of suspicious nodules
but is not yet routine practice [53]. The risk is to
wrongly operate on benign nodules, and to ignore the
cancer in a centimetric or supracentimetric nodule.

3.2. The point of view of the physico-chemist:
more new questions

In all the above literature dedicated to calcifications
present in thyroid, the chemical phases present
in the calcifications are not identified through
physicochemical techniques. The only parame-
ter which is discussed is the size of the calcifica-
tions and two cases are distinguished: micro and
macrocalcifications. In an attempt to establish a sig-
nificant correlation between the pathological calci-
fications and the pathology, the morphologic char-
acteristics of the pathological calcification as well as
their chemical composition must be considered.

For example, whewellite kidney stones, depending
on their morphologic features at both macroscopic
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Table 3. The 2017 Bethesda system for reporting thyroid cytopathology, implied risk of malignancy and
recommended clinical management [49]

Rank Diagnostic category Risk of malignancy Usual management

Bethesda 1 Non-diagnostic or
unsatisfactory

5–10% Repeat FNA

Bethesda 2 Benign 0–3% Clinical and sonographic follow-up

Bethesda 3 Atypia or undetermined
significance or follicular lesion

10–30% Repeat FNA or lobectomy

Bethesda 4 Follicular neoplasm or suspicious
for a follicular neoplasm

25–40% Lobectomy

Bethesda 5 Suspicious for malignancy 50–75% Total thyroidectomy or lobectomy

Bethesda 6 Malignant 97–99% Total thyroidectomy or lobectomy

and mesoscopic scales, can be associated with an ali-
mentation disorder or a genetic abnormality, namely
primary hyperoxaluria, each pathology being related
to a specific morphology [22,25,54–56]. It is based on
the fact that pathologies correspond to very different
biochemical conditions leading to the formation of
different chemical compounds with different crystal-
lite morphologies [22,24].

Here, we start by a selected presentation of FE-
SEM observations. In Figure 1, we have reported the
observations performed on the sample B399 (Pa-
tient 1, Biopsy 1). We can see micrometer-sized aci-
cular objects. Unfortunately, due to the small thick-
ness of these biological objects we were not able to
obtain valuable FTIR spectra.

Other usual morphologies have been obtained on
the sample B400 (Patient 1, Biopsy 2, Figure 2). In
that case, observation at large magnification (Fig-
ure 2C) indicates an agglomeration of crystals. Their
morphologies seem to be close to the ones of both
weddellite (or COD for calcium oxalate dihydrate)
and whewellite (or COM for calcium oxalate mono-
hydrate) [57]. These two crystalline phases of calcium
oxalate have been already identified in thyroid calci-
fications [15,16].

In Figure 3, we have compared this morphology to
the ones observed for whewellite (A) and for weddel-
lite (B) in the case of kidney stones to (C,D) weddel-
lite crystals present in thyroid biopsies as shown by
Guerlain et al. [16].

In Figure 4A (sample B403, Patient 3 Biopsy 2),
we have superimposed an optical image as collected

by the FTIR spectrometer and a FE-SEM observa-
tion at low magnification. Then, we selected an area
of interest and increased the magnifications (Fig-
ures 4B–D). Figure 4D shows the presence of spher-
ical entities (black arrows), a typical morphology for
biological calcium phosphate apatite corresponding
to two chemical phases namely either carbonated
calcium phosphate apatite (CA) or amorphous car-
bonated calcium phosphate (ACCP) [59–61]. We have
already found for these two chemical phases such
spherical morphology in different parts of the hu-
man body, namely kidney [62–68], breast [69–72],
skin [73,74], cartilage [75,76] or prostate [77]. At this
point, it is worth underlining that spherical entities
can be made of calcium carbonate [78]. Note the
presence of a crystal (white arrow) probably made of
cholesterol.

In Figure 5A, the optical image present on Fig-
ure 4A corresponds to the area where IR spectra have
been collected. To build Figure 5B, we have consid-
ered the intensity of the IR band at 1000 cm−1, the red
part corresponding to high intensity, while the blue
one corresponds to low intensity. The B403 (Patient 3
Biopsy 2) sample is shown and compared to FTIR
data (Figures 5C and D) which are displayed along
with SEM observations (Figure 5D). Significant IR ab-
sorption bands underline the presence of ACCP and
CA corresponding to the spherical entities (red ar-
rows on Figures 5C and D).
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Figure 1. FE-SEM observations at different magnifications obtained for the sample B399. We can note
the presence of 10 µm acicular objects which display a very small thickness.

4. Conclusion and perspectives

In this contribution, microcalcifications present in
FNA smears of thyroid nodules have been charac-
terized through two different physicochemical tech-
niques namely µFTIR spectroscopy and FE-SEM.
Such an approach allows us to obtain their chemical
composition as well as morphology at the microme-

ter scale. The smears were also stained for analysis of
the cellular characteristics of these lesions for classi-
fying according to Bethesda classification.

Even if the number of samples is quite low, such an
investigation underlines the chemical diversity of the
mineral species. Also, FE-SEM observations under-
line the presence of crystals with unusual morphol-
ogy which were too small for an accurate identifica-
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Figure 2. FE-SEM observations at different magnifications obtained for the sample B400 (Patient 1,
Biopsy 2). We can note the presence of several aggregates of crystals which have a similar morphology
to weddellite and whewellite crystals [57,58].

tion by µFTIR spectroscopy. We will soon start an in-
vestigation using other physicochemical techniques
which are able to characterize nanometer scale ab-
normal deposits, namely a combination of atomic

force microscopy and IR spectroscopy [79,80] and
optical photothermal IR (OPTIR) spectroscopy [81].
Different publications clearly show that such charac-
terization brings out valuable information in the case



Lucas Henry et al. 513

Figure 3. (A) Morphology observed for whewellite (or COM for calcium oxalate monohydrate) and (B) for
weddellite (or COD for calcium oxalate dihydrate) in the case of kidney stones. (C,D) Weddellite crystals
present in thyroid biopsies as shown by Guerlain et al. [16].

of abnormal deposits in biological tissues [72,82–84].
Finally, regarding the relationship between the

physico-chemistry of abnormal deposits in thyroid
smears and the disease which induces their forma-
tion, such a relationship is complex and may depend
also on the amount of the compound. In the case
of infection, whatever the amount of struvite, this
chemical compound is related to urinary tract infec-
tion [85–87]. In the case of whitlockite, its amount
in kidney stones has to be greater than 20% (esti-
mated by FTIR) to be related to infection [88,89]. We
have thus to define an approach which will be able
to identify the different chemical compounds present
in smears, to evaluate their amount and finally to de-
scribe the morphology of the abnormal deposits.
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Figure 4. (A) Optical image collected by the FTIR spectrometer with FE-SEM observations at different
magnifications (B–D) obtained for the sample B403. Numerous spherical entities (black arrows) are
present at the surface and in the smears. Also, a large crystal is also present (white arrow in Figure 4D). Its
morphology seems to indicate that it is made of cholesterol.



Lucas Henry et al. 515

Figure 5. Sample B403. (A) Optical image collected by the FTIR spectrometer (same to Figure 4A).
(B) Typical infrared spectrum: ν3 P-O stretching vibration modes are measured at 1035–1045 cm−1,
particular attention has to be paid to the presence of a feature in the ν3 absorption band, which can be
used as a fingerprint for the presence of a mixture of ACCP and CA. (C) and (D) correspond to IR spectra
collected respectively to point of interest 1 and 2 of Figure 5B.



516 Lucas Henry et al.

References

[1] A. Maniakas, L. Davies, M. E. Zafereo, Clin. North Am., 2018,
51, 631-642.

[2] N. Azar, C. Lance, D. Nakamoto, C. Michael, J. Wasman,
L. Pantanowitz, Diagn. Cytopathol., 2013, 41, 1107-1114.

[3] L. Davies, G. Randolph, Otolaryngol. Clin. North Am., 2014,
47, 461-474.

[4] S. Tamhane, H. Gharib, Clin. Diabet. Endocrinol., 2016, 2,
article no. 17.

[5] J. Luo, C. Zhang, F. Huang, J. Chen, Y. Sun, K. Xu, P. Huang, Sci.
Rep., 2017, 7, article no. 13109.

[6] H. S. Mo, Z. X. Li, S.-D. Wang, X.-H. Liao, M. Liang, X.-Y. Hao,
Int. J. Clin. Exp. Med., 2017, 10, 13473-13481.

[7] R. Wong, S. G. Farrell, M. Grossmann, Med. J. Aust., 2018, 206,
92-98.

[8] S. Taki, S. Terahata, R. Yamashita, K. Kinuya, K. Nobata,
K. Kakuda, Y. Kodama, I. Yamamoto, Clin. Imag., 2004, 28,
368-371.

[9] J. Jiang, X. Shang, H. Wang, Y.-B. Xu, Y. Gao, Q. Zhou, Kaohsi-
ung J. Med. Sci., 2015, 31, 138-144.

[10] Q. A. Hassan, A. A. Asghar, M. A. Had, Int. J. Med. Res. Health
Sci., 2016, 5, 148-158.

[11] Y.-J. Tsai, S.-M. Huang, Ultrasound Med. Biol., 2017, 43, s115-
s116.

[12] G. Shandilya, R. K. Sinha, N. Ekka, V. Kumar, J. Clin. Diagn.
Res., 2017, 11, PD01-PD03.

[13] D. Bianchi, U. Morandi, A. Stefani, B. Aramini, Int. J. Surg. Case
Rep., 2019, 60, 46-48.

[14] L. Yin, W. Zhang, W. Bai, W. He, Ultrasound Med. Biol., 2020,
46, 20-25.

[15] M. Mathonnet, A. Dessombz, D. Bazin, R. Weil, F. Triponez,
M. Pusztaszeri, M. Daudon, C. R. Chim., 2016, 19, 1672-1678.

[16] J. Guerlain, S. Perie, M. Lefevre, J. Perez, S. Vandermeersch,
Ch. Jouanneau, L. Huguet, V. Frochot, E. Letavernier, R. Weil,
S. Rouzière, D. Bazin, M. Daudon, J.-Ph. Haymann, PLoS One,
2019, 14, article no. e0224138.

[17] D. Bazin, J.-Ph. Haymann, E. Letavernier, J. Rode, M. Daudon,
Presse Med., 2014, 43, 135-148.

[18] D. Bazin, M. Daudon, Ann. Biol. Clin., 2015, 73, 517-534.
[19] M. Daudon, D. Bazin, C. R. Chim., 2016, 19, 1416-1423.
[20] D. Bazin, E. Letavernier, J.-P. Haymann, P. Méria, M. Daudon,

Prog. Urol., 2016, 26, 608-618.
[21] D. Bazin, E. Bouderlique, M. Daudon, V. Frochot, J.-Ph. Hay-

mann, E. Letavernier, F. Tielens, R. Weil, C. R. Chim., 2022, 25,
no. S1, 37-60.

[22] M. Daudon, C. A. Bader, P. Jungers, Scan. Microsc., 1993, 7,
1081-1104.

[23] M. Daudon, P. Jungers, D. Bazin, AIP Conf. Proc., 2008, 1049,
199-215.

[24] M. Daudon, A. Dessombz, V. Frochot, E. Letavernier, J. P. Hay-
mann, P. Jungers, D. Bazin, C. R. Chim., 2016, 19, 1470-1491.

[25] M. Daudon, P. Jungers, D. Bazin, New Engl. J. Med., 2008, 359,
100-102.

[26] D. Bazin, M. Daudon, C. Combes, C. Rey, Chem. Rev., 2012,
112, 5092-5120.

[27] D. Bazin, M. Daudon, J. Phys. D: Appl. Phys., 2012, 45, article
no. 383001.

[28] A. Dessombz, E. Letavernier, J.-Ph. Haymann, D. Bazin,
M. Daudon, J. Urol., 2015, 193, 1564-1569.

[29] D. Bazin, Ch. Jouanneau, S. Bertazzo, Ch. Sandt, A. Des-
sombz, M. Réfrégiers, P. Dumas, J. Frederick, J.-Ph. Haymann,
E. Letavernier, P. Ronco, M. Daudon, C. R. Chim., 2016, 19,
1439-1454.

[30] E. Tsolaki, S. Bertazzo, Materials, 2019, 12, article no. 3126.
[31] D. Bazin, E. Letavernier, J. P. Haymann, V. Frochot,

M. Daudon, Ann. Biol. Clin., 2020, 78, 349-362.
[32] P. D. Gutman, M. Henry, Clin. Lab. Med., 1998, 18, 461-482.
[33] N. Hayashi, M. Kitaoka, Nihon Rinsho., 2007, 65, 2003-2007.
[34] E. M. Khan, R. Pandey, Acta Cytol., 1996, 40, 959-962.
[35] N. Quy Dao, M. Daudon, Infrared and Raman Spectra of Cal-

culi, Elsevier, Paris, 1997.
[36] L. Solbiati, V. Osti, L. Cova, M. Tonolini, Eur. Radiol., 2001, 11,

2411-2424.
[37] P. Trimboli, R. Ngu, B. Royer, L. Giovanella, C. Bigorgne,

R. Simo, P. Caroll, G. Russ, Clin. Endocrinol., 2019, 91, 340-347.
[38] F. N. Tessler, W. D. Middleton, E. G. Grant, J. K. Hoang, L. L.

Berland, S. A. Teefey, J. J. Cronan, M. D. Beland, T. S. Desser,
M. C. Frates, L. W. Hammers, U. M. Hamper, J. E. Langer, C. C.
Reading, L. M. Scoutt, A. T. Stavros, J. Am. Coll. Radiol., 2017,
14, 587-595.

[39] G. Russ, B. Royer, C. Bigorgne, A. Rouxel, M. Bienvenu-
Perrard, L. Leenhardt, Eur. J. Endocrinol., 2013, 15, 649-655.

[40] P. Seifert, R. Görges, M. Zimny, M. C. Kreissl, S. Schenke, En-
docrine, 2020, 67, 143-155.

[41] G. Russ, S. J. Bonnema, M. F. Erdogan, C. Durante, R. Ngu,
L. Leenhardt, Eur. Thyroid, 2017, 6, 225-237.

[42] D. G. Na, D. S. Kim, S. J. Kim, J. W. Ryoo, S. L. Jung, Ultrasonog-
raphy, 2016, 35, 212-219.

[43] Y. J. Hong, E. J. Son, E. K. Kim, J. Y. Kwak, S. W. Hong, H. S.
Chang, Clin. Imag., 2010, 34, 127-133.

[44] F. Ianni, P. Campanella, C. A. Rota, A. Prete, L. Castellino,
A. Pontecorvi, S. M. Corsello, Endocrine, 2016, 51, 313-321.

[45] M. C. Chammas, V. J. de Araujo Filho, R. A. Moysés, M. D.
Brescia, G. C. Mulatti, L. G. Brandao, G. G. Cerri, A. R. Ferraz,
Head Neck, 2008, 30, 1206-1210.

[46] Y. H. Bo, H. Y. Ahn, Y. H. Lee, Y. J. Lee, J. H. Kim, J. H. Ohn, E. S.
Hong, K. W. Kim, I. K. Jeong, S. H. Choi, S. Lim, D. J. Park, H. C.
Jang, B. H. Oh, B. Y. Cho, Y. J. Park, J. Korean Med. Sci., 2011,
26, 237-242.

[47] L. Yin, W. Zhang, W. Bai, W. He, Ultrasound Med. Biol., 2020,
46, 20-25.

[48] H. Gharib, E. Papini, J. R. Garber, D. S. Duicks, R. M. Harrell,
L. Hegedüs, R. Paschke, R. Valcavi, P. Vitti, Endocr. Pract., 2016,
22, 622-639.

[49] E. S. Cibas, S. Z. Ali, Thyroid, 2017, 27, 1341-1346.
[50] P. A. Vanderlaan, J. F. Krane, E. S. Cibas, Acta Cytol., 2011, 55,

512-517.
[51] M. Bongiovanni, C. Bellevicine, G. Troncone, G. P. Sykiotis,

Gland Surg., 2019, 8, S98-S104.
[52] B. R. Haugen, E. K. Alexander, G. M. Doherty, S. J. Mandel, Y. E.

Nikiforov, F. Pacini, G. W. Randolph, A. M. Sawka, M. Schlum-
berger, K. G. Schuff, S. I. Sherman, J. A. Sosa, D. L. Steward,
R. M. Tuttle, L. Wartofsky, Thyroid, 2016, 26, 1-133.

[53] K. Daniels, S. Gummadi, Z. Zhu, S. Wang, J. Patel, B. Swend-
seid, A. Lyshchik, J. Curry, E. Cottrill, J. Eisenbrey, JAMA Oto-
laryngol. Head Neck Surg., 2020, 146, 36-41.



Lucas Henry et al. 517

[54] M. Daudon, D. Bazin, G. André, P. Jungers, A. Cousson,
P. Chevallier, E. Véron, G. Matzen, J. Appl. Cryst., 2009, 42, 109-
115.

[55] D. Bazin, C. Leroy, F. Tielens, Ch. Bonhomme, L. Bonhomme-
Coury, F. Damay, D. Le Denmat, J. Sadoine, J. Rode, V. Frochot,
E. Letavernier, J. Ph. Haymann, M. Daudon, C. R. Chim., 2016,
19, 1492-1503.

[56] F. Meiouet, S. El Kabbaj, J. M. Daudon, C. R. Chim., 2022, 25,
no. S1, 281-293.

[57] I. Petit, G. D. Belletti, T. Debroise, M. J. Llansola-Portoles,
I. T. Lucas, C. Leroy, Ch. Bonhomme, L. Bonhomme-Coury,
D. Bazin, M. Daudon, E. Letavernier, J. Ph. Haymann, V. Fro-
chot, F. Babonneau, P. Quaino, F. Tielens, Chem. Select, 2018,
3, 8801-8812.

[58] X. Sheng, M. D. Ward, J. A. Wesson, J. Am. Soc. Nephrol., 2005,
16, 1904-1908.

[59] C. Rey, C. Combes, C. Drouet, A. Lebugle, H. Sfihi, A. Barroug,
Mater. Sci. Eng. Technol. C, 2007, 38, 996-1002.

[60] C. Rey, C. Combes, C. Drouet, H. Sfihi, A. Barroug, Mater. Sci.
Eng.: C, 2007, 27, 198-205.

[61] C. Drouet, C. Rey, “Nanostructured calcium phosphates for
hard tissue engineering and nanomedicine”, in Nanostruc-
tured Biomaterials for Regenerative Medicine (V. Guarino,
M. Iafisco, S. Spriano, eds.), Woodhead Publishing Series in
Biomaterials, Woodhead Publishing, Sawston, UK, 2020, 223-
254.

[62] D. Bazin, V. Frochot, J.-Ph. Haymann, E. Letavernier,
M. Daudon, C. R. Chim., 2022, 25, no. S1, 133-147.
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Abstract. This contribution emphasizes the chemical complexity of abnormal cartilaginous deposits.
First, we briefly describe some key techniques used to precisely describe their physicochemical char-
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phases, of either biological or synthetic origins. Finally, we discuss selected examples of calcification
characterization.
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1. Introduction

Various epidemiological studies [1,2] rank os-
teoarthritis (OA), a rheumatic musculoskeletal disor-
der, as the most common joint disorder in the world.
Thus the economic burden of OA on patients as well
as on society is considerable. OA not only causes
pain, but loss of function and consequent disability
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in adults. The American Joint Replacement Registry
(AJRR) and the American Academy of Orthopedic
Surgeons (AAOS), reported 1.2 million patients with
over 1.7 million hip and knee replacement proce-
dures in America in May 2020 [3,4].

OA affects the entire joint [5]. More precisely,
the pathological modifications seen in OA encom-
pass degradation of the articular cartilage, thicken-
ing of the subchondral bone, osteophyte formation,
variable degrees of synovial inflammation, degenera-
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tion of ligaments and menisci in the knee, and hyper-
trophy of the joint capsule [6].

Regarding cartilage, some investigators consider
articular calcium phosphate crystals as “innocent
bystanders” or the natural consequence of the
joint damage [7]. Recent studies present evidence
that intra-articular calcium phosphate crystals can
elicit synovial inflammation and cartilage degra-
dation, suggesting that these crystals play a direct
pathogenic role in OA [8,9]. As stated by Murphy et
al. [10] even if the presence of intra-articular calcium
phosphate crystals is a consequence of joint dam-
age, these crystals participate actively in aggravating
the symptoms and signs of OA, especially via their
effects on the synovium. Finally, Liu et al. [11] have
extracted crystals from human osteoarthritic knee
cartilage: they noticed that such crystals induce the
production of proinflammatory and catabolic me-
diators (NO, MMP-13 and PGE2) in human primary
chondrocytes and synoviocytes.

Cartilage calcifications can comprise different
crystalline calcium phosphate phases: a calcium or-
thophosphate phase, i.e. carbonated apatite (CA),
and two calcium pyrophosphate (CPP) phases, par-
ticularly monoclinic, and triclinic, CPP dihydrate
phases (m-CPPD) and (t-CPPD) [12,13]. Carbonated
apatite (CA) crystals are observed in 90%–100% of OA
cartilage and associated with m- or t-CPPD crystals
in 20%. The inflammatory mechanisms triggered by
these different calcium phosphate crystal types are
similar. However, m-CPPD has been reported to in-
duce a more potent pro-inflammatory response via
NF-κB pathway activation leading to the production
of interleukin (IL)1β, IL6 and IL8 [14].

In this contribution, we present some recent in-
vestigations focused on the relationship between OA
and calcifications. Accordingly we will present some
selected physicochemical results based either on in-
lab techniques or those available on large scale syn-
chrotron radiation facilities, and discuss the advan-
tages and limitations of these techniques. We will
start with some general considerations on the re-
lationship between disease and calcification, and a
short review of the different techniques which have
already been used to characterize pathological calci-
fications. Then some physico-chemical characteris-
tics of calcium phosphate phases (CA and CPPD) in-
volved in joint calcifications will be presented, and fi-
nally the detailed elemental, structural and morpho-

logical characterization of calcified cartilage will be
described.

2. Brief summary of analytical methods
for characterization of physiological and
pathological calcifications

Following the example of Yavorskyy et al. [15],
we consider several different families of tech-
niques which can be classified as either imaging or
spectroscopic.

2.1. Imaging techniques

Firstly, ultrasonography (US) [16], conventional ra-
diography (CR) [16] and computed tomography
(CT) [17,18], are routine imaging techniques typ-
ically available in hospitals. Recently, Cipolletta
et al. [19] have evaluated and compared the accuracy
of conventional radiography and musculoskeletal ul-
trasonography in the diagnosis of calcium pyrophos-
phate crystal deposition disease showing that these
two techniques are complementary and aid diagno-
sis. US appeared helpful, and more sensitive than
CR, in revealing CPPD-based calcification.

In clinical routine, polarized light microscopy is
useful for identifying CPP crystals, and discriminates
them from crystalline monosodium urate (MSU), but
is insufficient for CA crystals which are too small. The
spatial resolution of these three imaging techniques
is currently sufficient for medical diagnosis but not
particularly applicable in clinical research.

MicroCT, and contrast-enhanced CTs (CE-CT),
can provide images of cartilage samples and calcifi-
cations but application at the in vivo scale (under 6
micrometers resolution) appears challenging. Dual-
energy computed tomography (DECT) has recently
emerged as a promising tool for chemical discrim-
ination of cartilage calcifications. Pascart et al. [20]
published a first proof of concept study on the poten-
tial of DECT for differentiating CPPD from apatite on
subchondral and trabecular bone. Subsequently, the
DECT approach has been used to effectively distin-
guish calcium orthophosphate (such as CA) and CPP
crystal deposition in human joints in vivo. DECT can
differentiate intra-articular CPP deposits from bone
apatite [21].

Multi-energy spectral photon-counting CT
(SPCCT) is a novel imaging technique which has
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potential advantages over DECT in characterizing
MSU crystal deposits but needs to be further eval-
uated in the assessment of calcification pathologies
in vivo [22,23].

Among conventional techniques, only ultrasonog-
raphy is able to detect calcium phosphate crys-
tal deposition, while advanced techniques, micro-
CT and SPCCT, are both able to detect the crystals
at micrometre spatial resolution (0.018 × 0.018 ×
0.018 mm3 and 0.090 × 0.090 × 0.090 mm3 respec-
tively). However, only SPCCT has been reported to be
able to discriminate between CPPD and HA crystal
deposits [24].

Field emission scanning electron microscopy
(FE-SEM) plays a key role in OA research and
achieves submicrometre spatial resolution [25,26].
Since the emergence of such technology (which
replaces a single tungsten filament with a sharp
pointed tip as the electron source), observations of
calcifications on the surface of cartilage can be per-
formed at low voltage (between 0.5 and 2 kV) with-
out the need for conventional sample preparation
such as surface deposition of carbon. As Figure 1
shows, micrometre scale FE-SEM images can dis-
tinguish between CA and CPPD crystals by their
morphology [12].

In pathological calcifications, CA deposits gen-
erally manifest as spherical structures constituted
of nanocrystal agglomerates [9,27,28], while CPPD
crystals are larger and display an acicular morphol-
ogy [29], as can be seen in Figure 1. More gener-
ally, the well understood relationship between crystal
morphology, crystal symmetry, and chemical iden-
tity, constitutes a solid basis of crystallo-chemical
analysis [30,31]. The spherical morphology of CA re-
sults from an agglomeration of nanocrystals of di-
mensions typically less than one hundred nanome-
tres [32] and with a platelet morphology [33,34].

On an FE-SEM apparatus, an X-ray detector is
usually positioned to gather information on the el-
emental composition of the calcification through
X-ray fluorescence induced by the primary elec-
trons [25,26]. This can give the Ca/P atomic ratio,
which may be informative regarding the nature of the
calcium orthophosphate phase (especially for dical-
cium phosphate dihydrate (DCPD: Ca/P = 1) or oc-
tacalcium phosphate (OCP: Ca/P = 1.33), which are
known as CA precursor phases) [35] except for bi-
ological CA which is a non-stoichiometric apatite

Figure 1. Examples of cartilage calcifications:
(a) Agglomerates of several apatite crystallites
(red arrows) localized in structures suggestive
of chondrons (blue arrows). (b) Typical rod-
shaped m- or t-calcium pyrophosphate dihy-
drate crystals (black arrows).

with a Ca/P ratio lower than 1.67 (stoichiometric hy-
droxyapatite (HA)) [36,37] and which can reach Ca/P
values as low as that of OCP.

Nanometer scale imaging informs the clinician
about the very first steps of pathogenic calcifica-
tion [38]. There is a wide diversity of pathological cal-
cification nucleation mechanisms, which may be ho-
mogeneous [39] or heterogeneous [40]. In the latter
case, the role of vesicles [41,42], DNA [43], or pro-
teins like elastin [44,45], as pathological calcification
nuclei have been discussed. At this point, we empha-
size that to determine the chemical nature of intrav-
esicular calcifications, and more general nanometer
scale deposits, various techniques such as electron
energy loss micro-spectroscopy [42,46] are available.
Several papers discuss the presence of vesicles in car-
tilage [47–49]. For instance Anderson [47] has iden-
tified vesicles of very different size (∼300 Å–1 µm)
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within the cartilage matrix of the upper tibial epiphy-
seal plate of normal mice.

Finally, it is worth noting that 3D images can be
obtained through classical tomography [50,51] in a
typical hospital environment with a spatial resolu-
tion around 100 µm [52]. Using synchrotron radia-
tion as a probe, Marenzana et al. [53] demonstrate
that it is moreover possible to collect microCT data
with an effective resolution of approximately 9 µm.

2.2. Vibrational spectroscopies

As emphasized previously, the various calcium phos-
phate phases in OA calcified cartilage (CA, m-CPPD
and t-CPPD) require physico-chemical techniques,
more specifically vibrational spectroscopies such
as Raman [54–56] or Fourier transform infra-red
(FT-IR) [57–61], which are advantageously non-
destructive and label-free, for chemical analysis of
biological tissues [54–61]. They detect vibrational
energy levels and phonons of materials, and com-
parison with data bank reference spectra yields pre-
cise chemical and structural information [62]. These
two spectroscopies are complementary, and both
techniques are usually required to comprehensively
measure the vibrational modes of a solid or dis-
solved molecule. In the case of pathological calci-
fications, advantages and limitations of these two
spectroscopies with respect to sample preparation
and data acquisition have been discussed by Daudon
et al. [58]. At this point, let’s recall that a Raman
spectrum depicts the optical transitions between
the various rotational–vibrational energy states of
molecules, or ionic groupments and therefore en-
ables precise characterization of material chemical
composition [54–56,63,64]. The “Raman active” en-
ergy transitions observed in Raman spectra originate
from a change in the polarizability of a molecular
entity, i.e. the distortion of its electron cloud upon
interaction with the incident light (i.e. a strong os-
cillating electromagnetic field in the UV, visible, or
infrared energy domain) [56]. Raman spectroscopy
has been applied to several kinds of biological sam-
ples encompassing fluids [65], cells [66], minerals as
physiological [67] and pathological calcifications [68]
and tissues [69].

Regarding FT-IR spectroscopy, or mid-FTIR re-
gion spectroscopy (wavenumber between 400–
4000 cm−1), the classical FTIR microscope exper-

imental set–up which utilizes conventional sources
(globar) can collect chemical images with a spatial
resolution of approximately 5–10 µm depending
on wavelength [70]. This spatial resolution can be
significantly improved by combining atomic force
microscopy and IR lasers [71–76], in which case spa-
tial resolution is determined by the tip dimension
and thus not diffraction limit constrained, and can
be around 10 nm. Note that Optical PhotoThermal
IR spectroscopy represents another opportunity,
based on a pump–probe architecture using two laser
sources, one for mid-infrared excitation (the pump)
and the other for measuring the photothermal ef-
fect (the probe). With this geometry, it is possible to
acquire IR spectra with a lateral resolution around
500 nm [75,77–84].

Numerous investigations (see review [85]) have
been performed on cartilage following the pioneer-
ing work of Camacho et al. [86] and Potter et al. [87].
In terms of the preparation protocol, Spencer et
al. [88] have clearly shown that the spectrum of
fresh cartilage displays an altered amide I (1590–
1720 cm−1)/amide II (1480–1590 cm−1) peak ratio
after 24 h, which corresponds to a significant alter-
ation of the cartilage tissue, the amide I being corre-
lated with the amount of collagen. In the case of CA,
the ν1 and ν3 PO4 stretching vibration modes occur
at 960–962 cm−1 and 1035–1045 cm−1 respectively,
while the ν4PO4 bending mode corresponds to the
bands at 602–563 cm−1. Finally, note the absence of
the bands at 3570 and 633 cm−1, which correspond
to the stretching and vibrational modes of the OH−

groups characteristic of hydroxyapatite [62]. We will
show that other techniques such as X-ray absorption
spectroscopy when applied to nanometer scale ma-
terials [89–91] may also give essential information re-
garding pathological cartilage calcifications [92–96].

3. Some physicochemical aspects of the cal-
cium phosphate phases in pathological joint
calcifications

Two distinct calcium phosphate crystalline fami-
lies are prominent in synovial fluids and cartilage,
namely calcium pyrophosphate dihydrates and cal-
cium orthophosphate [97]. In terms of the former,
both t-CPPD and m-CPPD phases occur in joint
calcifications. Among the latter family, CA is the
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main phase encountered; it corresponds to a non-
stoichiometric nanocrystalline carbonated apatite
family (CA: Ca10−x(PO4)6−x(HPO4,CO3)x(OH)2−x)
[98,99]. Other crystalline calcium phosphate phases
have been occasionally identified in synovial flu-
ids and cartilage: octacalcium phosphate (OCP;
Ca8(HPO4)2(PO4)4 · 5H2O), tricalcium phosphate
(Ca3(PO4)2) [100], dicalcium phosphate dihydrate
(DCPD) [101], and whitlockite (Ca9Mg(HPO4)(PO4)6)
[60,102], based essentially on crystal morphology
and size, and elemental composition [103]. As
pointed out by Yavorskyy et al. [14], such diver-
sity of calcium phosphate phases calls for physico-
chemical characterization techniques, and even a
combination of several techniques, in addition to
standard staining procedures which may help to
detect pathological calcifications [27,28,104] but are
not able to distinguish among these different calcium
phosphate phases. Later we present some physico-
chemical aspects relevant to the main calcium phos-
phates identified in OA cartilage calcifications: CA
and m-/t-CPPD phases.

3.1. Biological and synthetic nanocrystalline car-
bonated apatites

There are several excellent publications and reviews
on the structural characteristics of phosphocalcic ap-
atites [105–107]. Stoichiometric hydroxyapatite (HA:
Ca10(PO4)6(OH)2) which crystallizes in the mono-
clinic P21/b group (Figure 2) has generally been used
as a model for biological apatites (bone mineral and
tooth enamel). Unlike stoichiometric HA, biologi-
cal apatites crystallize in the hexagonal P63/m space
group with the following unit cell parameters a = b =
9.41844 Å and c = 6.88374 Å [105,106].

The presence of significant amounts of carbonate
ions located in the PO3−

4 sites (type B carbonated ap-
atite) and the OH− sites (type A carbonated apatite)
in apatites from pathological calcifications or normal
hard tissues constitutes one of the main differences
from the HA stoichiometric model [108]. Long a topic
of debate, non-stoichiometric carbonated apatite is
widely accepted as a model for biological hard tis-
sue apatites, and described by the general chem-
ical formula: Ca10−x□x (PO4)6−x (CO3)x (OH)2−x□x

with 0 ≤ x ≤ 2 (□ is a vacancy) [109–111]. The
presence of hydrogen phosphate (HPO2−

4 ) ions in

PO3−
4 sites has also been reported in biological ap-

atites [112,113]. Both divalent ions (carbonate and
hydrogen phosphate) substituting for PO3−

4 are as-
sociated with a charge compensation mechanism
involving the formation of one vacancy on a cationic
site and one on a monovalent anionic site. Each di-
valent ion replacing PO3−

4 is thus associated with a
missing OH−, which explains why bone apatite is
depleted in hydroxide ions.

In addition to large substitution capacity, toler-
ance of defects (mainly calcium and hydroxyl de-
ficient non-stoichiometric apatites), nanocrystalline
apatites present specific physicochemical and struc-
tural characteristics including exceptional surface re-
activity, making this compound adaptable to various
biological conditions and functions [114,115]. This
reactivity is related to the existence on the nanocrys-
tal surface of an hydrated layer containing mainly
loosely bound divalent ions which can be easily ex-
changed in solution with cations, anions or pro-
teins [116]. The carbonate content may be a clini-
cal marker of alkaline medium. Thus, it is high in CA
crystals identified in OA and bone. By contrast, it is
low in kidney stones, except in the case of urinary
tract infection by urease-splitting bacteriae [117,118].

The hydrated surface layer responsible for the
strong surface reactivity of nanocrystalline apatites
(ageing/maturation, ionic exchange, adsorption) is
the most interesting structural feature but also the
most complex to characterize. The latter can of-
ten be achieved with a combination of methods in-
cluding chemical titrations and spectroscopic tech-
niques such as vibrational spectroscopies (FTIR and
Raman) and solid state nuclear magnetic resonance
(NMR) [119,120]. The model of apatite nanocrystals
based on an apatitic core and a more or less struc-
tured surface hydrated layer including non-apatitic
domains is accepted but the precise description of
the organization within this hydrated layer is still dis-
cussed. The reader will find illustrations of the apatite
nanocrystal model in several papers [111,116].

Biomimetic nanocrystalline carbonated apatites
can be synthesized by double decomposition be-
tween a soluble calcium salt solution and a soluble
phosphate salt solution with a large excess of phos-
phate and carbonate ensuring pH buffering around
physiological pH [116]. Precipitation of apatite is
achieved by rapidly pouring the calcium solution into
the phosphate/carbonate solution at room tempera-
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Figure 2. Spatial repartition of the different atoms in the case of stoichiometric hydroxyapatite (HA:
Ca10(PO4)6(OH)2). Hydrogen and oxygen atoms of the hydroxyl groups represented in blue and dark blue
respectively are located on the c-axis.

ture and ageing the precipitate in the mother solution
for variable periods of time. It is then filtered, washed,
freeze-dried, and kept dry in a freezer to prevent from
any transformations. This method yields plate-like
apatite nanocrystals with a size and morphology
analogous to bone apatite crystals (Figure 3).

Biological and synthetic apatite nanocrystals
show a thin platelet morphology elongated to-
ward the c axis with crystal dimensions of less
than 100 nm, and even 50 nm, in length and a
few nanometers in thickness [121]. TEM and SEM
images of biological and synthetic nanocrystalline
carbonated apatites are presented in Figure 3.

Finally, it is worth pointing out the presence of
essential biological trace elements namely Mg, Fe, Sr,
Se and Zn. In the cartilage examples we will show
that the Zn content may be related to inflammation
(Section 3.2) [122–124].

3.2. Biological and synthetic calcium pyrophos-
phate phases

As opposed to calcium orthophosphates, and espe-
cially apatites which have been extensively studied
over many decades, the physicochemistry of calcium
pyrophosphate phases of biological interest are not
well documented although they were identified more
than 60 years ago in menisci and synovial fluids [125,
126]. One of the main reasons is certainly related
to the difficulty of obtaining pure synthetic CPPD
compounds in large enough amounts to be able
to thoroughly study the formation of those phases
involved in biological processes and their detailed
characterization.

Calcium pyrophosphate hydrated phases
(Ca2P2O7 · nH2O) have been studied in several ex-
cellent investigations [127–131]. Several forms of
pure crystalline and amorphous calcium pyrophos-
phate hydrates have also been synthesized [131]
including the two phases detected in joints of OA
patients, m-CPPD and t-CPPD both of chemical
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Figure 3. (a) TEM observation of bone tis-
sue cross-section. (b) TEM observation of syn-
thetic carbonated apatite (from Ref. [121]).
(c) SEM observation of a pathological calcifica-
tion composed of apatite (kidney stone).

formula Ca2P2O7 · 2H2O. The existence of four
other forms, namely one calcium pyrophosphate
monohydrate phase (Ca2P2O7 · H2O) [132], two
monoclinic calcium pyrophosphate tetrahydrates
(CPPT: Ca2P2O7 · 4H2O) denoted m-CPPT-α and
m-CPPT-β, and an amorphous phase, denoted a-
CPP (Ca2P2O7 ·nH2O with n around 4) [131,133–135]
must also be mentioned. m-CPPT β and a-CPP
phases are in vitro precursor phases of m/t-CPPD
phases [126,136]. In acidic medium t-CPPD is the
thermodynamically most stable crystalline phase
of the CPP hydrates, followed by m-CPPD and then
m-CPPT β phases.

Hydrolysis of some pyrophosphate ions (P2O4−
7 )

into orthophosphates (HPO2−
4 ) can occur in the solid

or in solution according to (1); this reaction is fa-
vored by acidic pH and/or increase of temperature
in solution, and also at high temperature as a solid
state reaction (internal hydrolysis) [130,137]. The
presence of orthophosphate ions may stabilize some
CPP hydrated phases and/or explain the co-existence
of calcium orthophosphate (CA) and calcium py-
rophosphate (m-CPPD and/or t-CPPD) phases in
joint calcifications.

P2O4−
7 +H2O → 2HPO2−

4 (1)

A one-step fast protocol allowed the synthesis of
the four CPP hydrated phases of biological interest
(m-CPPD, t-CPPD, m-CPPT β and a-CPP) by con-
trolling the pH and temperature during their precip-
itation by a double decomposition reaction between
potassium pyrophosphate and calcium nitrate salt
solutions [131]. With this method, we obtained pure
m-CPPD powder and fully solved the m-CPPD struc-
ture including precise determination of hydrogen
atom positions using Rietveld refinement of com-
plementary data from synchrotron powder X-ray,
and neutron, diffraction (Figure 4) [135]. Its unit-cell
corresponds to the monoclinic system P21/n and its
parameters are: a = 12.60842(4) Å, b = 9.24278(4) Å,
c = 6.74885(2) Å and β = 104.9916(3)°. The m-CPPD
cell includes four formula units. The volume per
formula unit is 189.93(1) Å3; it is almost equal to
that of the t-CPPD structure, 189.32(9) Å3, the other
CPPD phase found in OA joints, which presents a
high inflammatory potential but lower than that of
m-CPPD [138,139]. These new structural data on this
pathological phase, with the highest inflammatory
potential among the crystalline CPPD forms [140]
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Figure 4. (a) Crystal structure of the m-CPPD phase and (b) representation of m-CPPD crystal structure
showing the hydrogen bond network. Displacement ellipsoids are drawn at the 50% probability level.
(Reprinted from Ref. [135].)

are of particular importance to further understand
in vivo phenomena related to crystal structure-
inflammatory response relationships in OA.

Detailed structural aspects of the biogenic CPPD
phases have also been investigated by 1H, 31P and
43Ca MAS solid state NMR spectroscopy leading to
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Figure 5. Morphologies of the different synthetic crystalline and amorphous phases of the calcium
pyrophosphate hydrates of biological interest: (a) t-CPPD, (b) m-CPPD, (c) m-CPPT β and (d) a-CPP.
(Reprinted from Ref. [131].)

informative fingerprints characterizing each phase
[129]. Vibrational spectroscopies (FTIR and Raman)
allow the different CPPD phases to be identified and
provide valuable information on the conformations
of the P2O4−

7 ions [131]. Indeed the flexibility of the
pyrophosphate anion in the structure leads to dif-
ferent P–O–P bridge vibrations, and variation of the
P–O–P angle, resulting in an effective means of clearly
identifying the four calcium pyrophosphate hydrated
phases (m-CPPD, t-CPPD, m-CPPT β and a-CPP).
Gras et al. [131] have published a full description
of the characteristic Raman and FTIR spectroscopy
bands using reference synthetic phases.

The four main synthetic crystalline and amor-
phous phases of calcium pyrophosphate hydrates
display very different morphologies (Figure 5) [131,
139]. The two CPPD polymorphs showed different
acicular crystal habits: thin needles for m-CPPD
(Figure 5b) and rods for t-CPPD (Figure 5a). Figure 5a
shows t-CPPD synthetic crystal morphology, which
appears analogous to that of biological crystals ob-

served at the surface of calcified cartilage (Figure 1b).
m-CPPT β (Figure 5c) has a faceted plate morphol-
ogy related to the layered structure of this com-
pound [126] and a-CPP appears as agglomerates of
round nanoparticles of about 100 nm (Figure 5d). In
addition to the different morphology of these four
hydrated CPP phases, the distribution of pyrophos-
phate groups on the surface planes could explain the
difference in inflammatory potential reported during
in vitro and in vivo tests [139,140].

McCarty et al. [126] have proposed a scheme
which establishes some structural evolution between
all the calcium pyrophosphate forms.

4. Selected results on characterization of carti-
lage calcifications

4.1. X-ray absorption spectroscopy

Nguyen et al. [92] have characterized the chemi-
cal composition of medial and lateral cartilage from
femoral condyles and tibial plateau (Figure 6) by
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Figure 6. Knee joint specimen obtained during arthroplasty (a), and a schematic of the sample collection
protocol (b). The specimen included femoral condyle and tibial plateau cartilage from both the medial
and the lateral compartments (a). Cartilage areas are labelled as follows: 1—medial condyle; 2—lateral
condyle; 3—medial tibial plateau; 4—lateral tibial plateau; S—superficial layer; D—deep layer (b) (from
Ref. [92]).

FT-IR spectroscopy (Figure 7), and X-ray absorp-
tion spectroscopy (XAS) at the Ca K-absorption edge.
The different regions of interest investigated are
shown in Figure 6.

Figure 7 shows FTIR absorption spectra of carti-
lage samples. The absorption bands of carbonated
apatite (CA) and calcium pyrophosphate dihydrate
(CPPD) are well documented. Regarding CA, the
ν1 and ν3 P–O stretching vibration modes occur
at 960–962 cm−1 and 1035–1045 cm−1, respectively,
while the ν4 O–P–O bending mode corresponds to
the doublet at 602–563 cm−1. The bands at 3570
and 633 cm−1, corresponding to the stretching and
vibrational modes of the OH− groups characteris-
tic of hydroxyapatite, are absent from CA. Regard-
ing m-CPPD, O–P–O bending is observed at 535 cm−1

and 508 cm−1. P–O stretching vibrations correspond
to absorption bands at 923 cm−1 and 991 cm−1,
whereas asymmetric stretching vibrations give rise to
absorption bands at 1037 cm−1 and 1089 cm−1.

Synchrotron generated XAS is a sensitive tech-
nique which has been used to characterize the lo-
cal environment of specific elements [137,141] such

as S [95], Ca [92,142–145], Zn [94,146,147], Se [96],
Pb [93], and Sr [148,149], in pathological calcifica-
tions. While for FTIR spectroscopy samples must be
ground in a mortar to reduce the average particle size
to 1 or 2 µm, XAS experiments can be performed di-
rectly on the biological sample with minimal prepa-
ration [92,142]. Note that many medically important
substances such as anticancer molecules [150,151]
and nanometer scale materials [152,153] can also be
characterized with XAS spectroscopy [154–156].

Eichert et al. [157] demonstrate that XAS at the Ca
K edge distinguishes between different non-apatitic
calcium phosphates, namely dicalcium phosphate
dihydrate, anhydrous dicalcium phosphate, octa-
calcium phosphate, amorphous calcium phosphate,
beta tri-calcium phosphate and alpha tri-calcium
phosphate (Figure 8).

The XAS spectra have been rationalized by Eichert
et al. [157]. With increasing energy, we encounter
the most intense resonance, known as the “white
line”, corresponding to the main 1s→np transition
(Figure 9), exhibiting a characteristic three peak
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Figure 7. FT-IR absorption spectra of cartilage samples exhibiting pathological calcifications, namely,
CA (a) and m-CPPD (b) (from Ref. [75]). Regarding m-CPPD, other IR bands are visible such as those
related to vPO3 (990–1200 cm−1) and vOH (3100–3600 cm−1) (see Ref. [131]).

structure: a shoulder (labelled B, 4047 eV) on the low
energy side that remains unaltered across the series,
assigned to the 1s→4s transition, a principal peak (C)
corresponding to the allowed 1s→4p transition com-
prising two components (C1 and C2), whose relative
intensities depend on Ca type (I or II) and may reflect
deviation from stoichiometry in the samples [158].
D peak (4058.6 eV) corresponds to transitions to un-
occupied states, mainly 5s states [159]. In addition,
more XANES structures (labelled from E to H), mainly

due to multiple scattering contributions, are resolved
at higher energies for all compounds.

Nguyen et al. [92] investigated 12 cartilage sam-
ples by FTIR and X-ray absorption spectroscopy.
FTIR spectroscopy detected CA and CPPD crystals
in four, and three, out of 12 samples respectively.
Three reference compounds were used, biological
m-CPPD, CA, and amorphous carbonated calcium
phosphate (ACCP).
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Figure 8. XANES spectra at the Ca K-edge of different non-apatitic calcium phosphate compounds.
(DCPD: dicalcium phosphate dihydrate, DCPA: anhydrous dicalcium phosphate, OCP: octacalcium
phosphate, ACP: amorphous calcium phosphate, β-TCP: beta tri-calcium phosphate, α-TCP: alpha tri-
calcium phosphate). Reprinted from Ref. [157].

A striking result arises from the fact that cal-
cium XAS spectra differ between calcified and non-
calcified cartilage areas. In calcified areas calcium
appears to be mainly associated with crystalline
phase(s). In a more recent investigation, Nguyen
et al. [12] demonstrate that mineralization involved
several compartments, and processes associated
with an increase in the expression of genes reg-
ulating inorganic phosphate and pyrophosphate
homeostasis, which suggests a switch toward a
promineralizing chondrocyte phenotype in OA.

4.2. Heavy elements in cartilage

Techniques specific to synchrotron radiation such as
µX-ray fluorescence or µXAS can also be used to de-
tect heavy elements in cartilage. Jarup [160], for ex-
ample, has pointed out that the main threats to hu-
man health are associated with exposure to lead, cad-
mium, mercury, and arsenic. Lead is predominantly
stored in the skeleton [161]. This localization may
be due to the capacity of CA to accumulate heavy
elements [162]. Using synchrotron radiation-based
micro-X-ray fluorescence analysis, Zoeger et al. [163,
164] have shown a highly selective accumulation of

Pb in the transition zone between calcified and non-
calcified articular cartilage, the so-called “tidemark”.
This tidemark transition zone is an active calcifica-
tion front and is thus of great clinical importance.
More recently, using XAS, Meirer et al. [93] have de-
termined the state of Pb in this tidemark zone.

The same approach can be applied to calcified
cartilage. For example, Bradley et al. [165] have ex-
plored the changes in mineralization associated with
osteoarthrosis development by X-ray diffraction and
Ca and Sr Kα X-ray fluorescence microscopy. To
achieve this, they analyzed lesions showing cartilage
thinning and changes in the trabecular organization
and density of the underlying bone. The complete set
of data indicates that at the centre of the lesion the
ratio of strontium to calcium was much lower than
that in normal tissue, although the calcified cartilage
still showed a higher ratio than the underlying bone.
Moreover, in the superficially normal tissue around
the lesion the calcified cartilage returned to a normal
ratio much more rapidly than the underlying bone.

The presence of Zn in calcified cartilage has also
been established, using a beamline able to collect
XRD patterns and XAS spectra from the same sam-
ple (Figure 10) [166,167]. For this study, human carti-
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Figure 9. XANES spectra at Ca K-edge of human osteoarthritic cartilage, and reference synthetic calcium
phosphate phases previously characterized by FTIR spectroscopy. Red solid line: synthetic nanocrys-
talline carbonated apatite (CA); red dotted line: amorphous carbonated calcium phosphate (ACCP); black
solid line: m-CPPD; blue solid line: calcified tissue. (a) Patient 1, (b) Patient 3, (c) Patient 4, (d) Patient 5,
(e) Patient 6 and (f) Patient 2 (from Ref. [92]).

lage (HC) and medial meniscus (MEM) samples were
assigned a number.

Thus it was possible to characterize calcification
by X-ray diffraction [168–175] while the environment
of Zn was determined by XAS spectroscopy [94]. The
complete set of data indicates that at least two Zn
species were present: one may correspond to Zn met-
alloproteins (various Zn metalloproteins are known
to inhibit biological calcification), and the other may
be associated with a Zn “trap” in or on the surface
of the calcification. Calcification in OA cartilage may
significantly modify the spatial distribution of Zn, a
fraction of which may be trapped in the calcifica-
tion, altering the associated biological function of Zn
metalloproteins.

5. Conclusion

The presence of apatite crystals has been reported to
be associated with OA severity and cartilage degra-
dation, whereas CPP is rather associated with chon-
drocyte senescence and aging [176]. While the con-
tribution of the different types of calcium phosphate
crystals to the clinical phenotype has been described,
non-invasive imaging approaches to discriminate
these calcifications are yet to be standardized.

In this article, we have described some of the
physicochemical characteristics of various calcium
phosphate phases identified in cartilage. Also, using
a set of appropriate publications, we showed that it is
possible to precisely describe not only the chemical
composition and the spatial distribution of patho-
logical calcifications in cartilage at the molecular
and elemental level but also to detect trace elements
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Figure 10. Micro-XRD analysis diagrams for the synthetic reference compounds and a biological speci-
men: (a) synthetic stoichiometric hydroxyapatite (HA), (b) biological sample MEM 2 P3, and (c) synthetic
m-CPPD analyzed with the XPAD detector; (d) µXAS spectra recorded at the Zn K edge for biological sam-
ples (two calcified cartilage samples are considered namely HC69 and HC72 and for each of them, differ-
ent points of interest (POI) have been considered in the study corresponding to Dessombz et al. [94]) and
two reference compounds (smithsonite and zincite).
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such as Zn which may be related to inflammatory
processes.

Obviously, synchrotron radiation techniques offer
further opportunities as shown by various excellent
publications on cartilage as well as bone [177–181].
We hope that this contribution will reinforce collabo-
ration between the medical and the physicochemical
scientific communities.
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Abstract. Morpho-constitutional analysis of gallstones revealed significant differences between sickle
cell patients and other gallbladder stone formers. As expected, pigment stones, mainly composed
of calcium bilirubinates, were the most common type of stones in the former (74.7 versus 22.5%,
p < 10−6), which could be explained by haemolysis. However, if we consider that only 25% of sickle
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main component of gallstones in both groups, a high proportion of gallstones that had nucleated from
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(31.4 versus 5.9%, p < 0.01).
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1. Introduction

Gallbladder lithiasis is a common pathology, but its
prevalence varies greatly in different regions of the
world. It can affect 5–20% of the general population
in Western countries, with women being 1.5 to twice
as often affected as men of the same age [1–3]. Glam-
bek et al. found that 41.3% of women aged more than
60 years presented with gallstones [3]. Most studies
have observed a correlation with the age of patients,
with the prevalence of cholelithiasis reaching up to
25% in subjects over 60 years old [4–6]. It appears
to be less common in Asia [7,8]. Differences by eth-
nic groups have been observed [9,10], as in the USA
where cholelithiasis seems very common (60–70%) in
Indian populations, and less common in Black Amer-
icans than in Caucasian adults who are affected in
10–15% of cases [5]. Similarly, in China, cholelithi-
asis is twice as prevalent in the Uighur population
(22.9%) than the Han population (11.6%) [11]. It very
often remains asymptomatic (65–80% of cases), espe-
cially in young adults [4,6,12,13]. Gallstones are more
prevalent in obese and hypertriglyceridemic subjects
and in multiparous women [2]. Assumed in West-
ern populations to be mainly composed of choles-
terol [5,6], this lithiasis has, however, like its renal
counterpart, a number of components actually sug-
gesting not only diverse etiological factors of meta-
bolic, genetic, dietary, but also infectious, origin. Ba-
sically, however, two compounds dominate the pro-
file of cholelithiasis, on the one hand cholesterol, on
the other pigment stones such as calcium bilirubi-
nate [14–18]. Three main types of stones have been
described: cholesterol stones, brown pigment stones
and black pigment stones [6,19]. The first are related
to lipid imbalances, the second mainly to infectious
contexts, and the third to haemolytic phenomena.
Concerning stone analysis, this distinction is not al-
ways so clear cut because many mixed stones contain
significant proportions of cholesterol and bile pig-
ments, or even other calcium-rich compounds such
as carbonated calcium phosphate apatite (carbap-
atite) or calcium carbonates [14,15].

In sickle cell disease, vesicular lithiasis is a com-
mon complication of the disease [20–23]. The na-
ture of the stones is essentially related to haemoly-
sis but the analysis of the calculi again shows a diver-
sity of components that suggests the contribution of
other factors to this lithogenesis. In addition, while

all patients are exposed to haemolysis due to their
haemoglobin abnormalities, not all develop stones
suggesting that other factors than repeated haemoly-
sis may contribute to lithogenic activity in these pa-
tients. The purpose of the study was to compare the
morphological and compositional characteristics of
sickle cell stones from adult patients with those of
common gallstones.

2. Materials and methods

We had the opportunity to analyze 408 gallstones
from adult patients, 75 of which came from patients
with sickle cell disease. Among the latter, 56 were ho-
mozygous (ss) and 19 were heterozygous (sc). The
analysis included morphological examination with a
binocular magnifying glass (Stereomicroscope Olym-
pus SZ51) and, for some calculi, Field Emission Scan-
ning Electron Microscopy (FE-SEM) to specify the
structural characteristics of the stones [24]. Samples
were examined without coating through FE-SEM.

Then, the calculi were subjected to a sequential
analysis by Fourier Transform Infrared (FTIR) spec-
troscopy from the core to the periphery to precisely
define the composition and possible variations be-
tween the nucleation zone and the surface of the
stone [25]. Infrared spectra were collected in the
transmission mode on a Vector 22 FTIR spectropho-
tometer from Bruker Optics using the KBr pellet tech-
nique as described elsewhere [26,27]. Statistical com-
parisons were made on the NCSS software using the
Fisher’s exact test.

Ethical approval was obtained by the CPP of Tenon
Hospital for this non-interventional patient study.
Each sample was named only by a study number,
without indicating the name of the patient or other
potential identification data. The study was carried
out as part of routine patient care without any spe-
cific sampling apart from the stone transferred to the
laboratory for compositional analysis.

3. Results

The average age of sickle cell patients who underwent
cholecystectomy is 14 years younger than that of pa-
tients operated on cholelithiasis of other causes (32.7
± 13.5 years (extreme limits: 18.9 and 64.4 years) ver-
sus 46.8 ± 25.5 years (extreme limits: 17.8 and 95.7
years), p < 0.0001). Women with common bladder
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Figure 1. Cholesterol anhydrous and monohy-
drate with small proportions of proteins (black
arrow).

stones (n = 198) were more frequent than men (n =
135) but not in the case of sickle cell stones (women
= 37, men = 38). The difference between groups was
not significant (p = 0.1).

3.1. FTIR analysis

Of all 408 gallstones included in this series, FTIR
analysis highlighted the preponderance of choles-
terol and bile pigments as the most common and
abundant constituents, but also the fact that many
stones are mixed and have three or four components,
or even more. In patients with sickle cell disease, the
most common and abundant component was cal-
cium bilirubinate. In addition, FTIR analysis revealed
a great diversity of compounds in gallstones with
more than 30 different components identified (Ta-
ble 1).

The spectra presented below illustrate this diver-
sity. Even when a stone is composed of a single
chemical species, it can contain several crystalline
forms such as anhydrous cholesterol and monohy-
drate for cholesterol stones, neutral and acid calcium
bilirubinate for pigment stones, or calcite and va-
terite for calcium carbonate stones. In addition, se-
quential analysis from the core to the surface can
reveal a change in composition suggesting the suc-
cessive involvement of several factors in the forma-
tion of the stone. Finally, some components such
as free bilirubin, which are abundant in gallbladder,
can be incorporated into the stone without necessar-
ily playing an active part in the lithogenic process.
By contrast, polymers of bilirubin can be involved

Figure 2. Calcium bilirubinates (green arrows)
and free bilirubin (peaks at 3407, 1693 and
991 cm−1, red arrows). Two forms of calcium
bilirubinate are often present in gallstones. The
preponderant form is neutral calcium biliru-
binate with its characteristic bands at 1664,
1627 and 1570 cm−1. The second form, more
or less frequent and always less abundant than
neutral bilirubinate resembles free bilirubin
with peaks moved to 3395 and 1703 cm−1 that
correspond to hydrogen bond and free car-
boxyl groups respectively. In the common cases
where acid calcium bilirubinate and free biliru-
bin are mixed in the same stone, the peaks are
slightly shifted to the intermediate position as
shown at 3398 cm−1 in Figure 2.

in stone formation [28]. Figures 1–16 illustrate the
diversity of stone components and mixtures found
in gallstones by FTIR analysis. Commonly, gallblad-
der stones are made of cholesterol (Figure 1), cal-
cium bilirubinate (Figure 2) and/or calcium carbon-
ate (Figure 3) and/or calcium phosphates (Figure 4)
with various proportions of proteins (Figure 5). Cal-
cium palmitate (Figure 6) or calcium stearate can
also be frequently found. Exogenous compounds
have also been identified such as drugs or surgi-
cal ligatures: they were found in 2% of stones in
our series. Glafenine, dipyridamole, sulindac or in-
dinavir were described more than 20 years ago [29–
32]. More recently calcium ceftriaxonate (Figure 7)
and atazanavir (Figure 8) have been also reported in
gallstones with a high frequency in patients receiv-
ing these treatments [33–39]. Gallstones can contain
multiple components as shown in Figures 9–16. More
than 43% of the stones contain at least five compo-
nents and often more (Table 2).
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Figure 3. Calcite (calcium carbonate anhy-
drous crystallized in the rhombohedral system)
+ vaterite (also calcium carbonate anhydrous
but crystallized in the hexagonal system) (black
arrows).

Figure 4. Calcium phosphate stone (carba-
patite, blue arrows) also containing calcium
bilirubinates (green arrows) and bilirubin (peak
at 3405 cm−1, shoulder at 1698 cm−1, red ar-
rows).

Figure 5. Proteins stone.

Figure 6. Calcium palmitate (black arrows)
mixed with calcium bilirubinates (green ar-
rows) and carbapatite (blue arrows).

Figure 7. Calcium ceftriaxonate with small
proportions of calcium bilirubinates (green ar-
rows).

Figure 8. Atazanavir.
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Figure 9. Calcium bilirubinates (green arrows)
+ cholesterol (pink arrows) + bilirubin (red ar-
rows).

Figure 10. Pigment stone made of a mixture of
calcium bilirubinates (green arrows), bilirubin
(red arrows) and atazanavir (black arrows).

Figure 11. Calcium bilirubinates (green ar-
rows) + bilirubin (red arrows) + carbapatite
(blue arrows).

Figure 12. Calcite (black arrows) + aragonite
(red arrows) + mucopolysaccharides (green ar-
rows).

Figure 13. Calcite ( ) + aragonite ( ) + vaterite

( ) + calcium bilirubinates ( ) + bilirubin ( ) +
calcium cholate ( ).

Figure 14. Carbapatite (blue arrows) + pro-
teins (black arrows) + cholesterol (pink arrows)
+ calcium bilirubinates (green arrows).
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Figure 15. Carbapatite (blue arrows)+ calcium
bilirubinates (green arrows) + calcium palmi-
tate (black arrows) + bilirubin (red arrows).

Figure 16. Calcium palmitate ( ) + calcium

bilirubinates ( ) + bilirubin ( ) + gypsum ( )

+ struvite ( ).

3.2. Stone morphology

As with urinary stones, morphology can help classify
stones according to their main component. However,
morphological criteria based on the texture, inter-
nal organization, and colour of the calculi are much
less relevant. Indeed, if a light colour on the sur-
face or section suggests a predominance of choles-
terol (Figures 17A–C and 18A,B), a dark brown or
brown-black suggests pigment stones (or portions of
stones), that is to say containing bilirubin derivatives
(Figures 17D,E and 18D,E). Actually, as shown in the
images below, the stones can be highly pigmented
and yet be composed mainly of calcium carbonates,
especially aragonite, or of calcium phosphates such

as carbapatite (Figure 17F). Calcium carbonate-rich
stones can be poorly organized or, by contrast, reveal
a more or less compact concentric structure of dif-
ferent colours ranging from greyish to brown-black
or, sometimes, light yellow-brown or red-brown. In
some cases, a pure calcium carbonate shell can cover
stones of a different type. In Figure 17H, the smooth
surface of the stone was pure aragonite. The colour
was dark grey with bluish reflections. In the case
of calcium phosphate-rich stones containing vari-
ous proportions of calcium bilirubinates as well, the
inner structure is often poorly organized and the
colour ranges from dark brown to black. When gall-
stones contain other compounds such as drugs, the
morphology and colour are often unusual as in Fig-
ure 17G where the stones were made of nearly pure
calcium ceftriaxonate. As seen in Figure 18, stone
sections can reveal a succession of different struc-
tures, sometimes unorganized, sometimes concen-
tric or radial, with different colours suggesting both a
different composition and an evolution of lithogenic
factors. For example, in Figure 18C the dark brown
stone core is mainly composed of calcium biliru-
binates with a small proportion of calcium palmi-
tate while the surrounding yellowish layers are nearly
pure cholesterol. Such a structure is highly sugges-
tive of a lithogenic process related to infection with a
secondary coating of cholesterol crystals as a conse-
quence of lipid anomalies. Figure 18F shows a stone
initiated by strands of non-absorbable ligations re-
lated to previous bile duct surgery. Calcium bilirubi-
nate encrustations followed by accumulation of cal-
cium bilirubinate deposits and finally calcium car-
bonate coating resulted in an obstruction of the bile
duct requiring further intervention. Figure 18G illus-
trates a case of pigment stones mainly composed of
calcium bilirubinates with a whitish core of calcium
palmitate aggregates.

When examined under FE-SEM, the characteris-
tics of the crystals and their organization within the
stone can be ascertained at the mesoscopic scale.
Figure 19 presents various images of gallstones from
patients without sickle cell disease. In Figures 19A
and B, two different cholesterol stone organisations
can be seen, the first of lamellar crystals stacked on
top of each other and the second of crystals orga-
nized in perpendicular spans. Figures 19C and D il-
lustrate the appearance of the surface of the pigment
stones, one smooth and cracked, the other rough
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Figure 17. (A) Multiple cholesterol stones. (B) Another example of multiple cholesterol stones. (C) Large
gallbladder stone made of a mixture of cholesterol monohydrate and anhydrous. (D) Black pigment
gallstone in a patient with sickle cell disease. (E) Another example of black-greenish pigment gallstone
in a patient with sickle cell disease. One explanation for greenish-coloured reflections could be the
abundant presence of calcium carbonate (calcite) mixed with calcium bilirubinates. (F) Multiple small
black gallstones in a patient with sickle cell disease. Unexpectedly, the predominant crystalline phase
is not calcium bilirubinate but carbapatite mixed with amorphous carbonated calcium phosphate.
(G) Multiple gallstones mainly made of calcium ceftriaxonate. (H) Calcium carbonate gallbladder stone
made of a mixture of calcium carbonates and calcium bilirubinates. The stone shell is made of nearly
pure aragonite.
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Figure 18. (A) Section of a pure cholesterol gallstone. Colour is very light. The inner structure shows
a diffuse radiating organization of the crystals. (B) Poorly organized section of a cholesterol gallstone
containing a mixture of cholesterol anhydrous and monohydrate. The red colour is due to the presence
of small proportion of calcium bilirubinate randomly distributed within the stone. (C) Another section
of a cholesterol stone. Note that the core is dark brown because the stone was initiated from calcium
bilirubinate crystals. (D) Dark brown stone made of calcium bilirubinates in a patient with sickle cell
disease. The surface is rough and the section red-brown is unorganized. (E) Another example of poorly
organized section of a pigment stone in a patient with sickle cell disease. Colour is dark brown to brown-
greenish. Photograph E corresponds to the section of the stone shown in Figure 17E. (F) Example of a
pigment gallstone initiated from the threads of a surgical ligation. The inner part of the stone is mainly
composed of calcium bilirubinates while the peripheral layers are made of calcium carbonates (aragonite
and calcite). (G) Gallbladder black pigment stone initiated from whitish lamellar crystals of calcium
palmitate.
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Figure 19. Scanning electron microscopic (SEM) images of gallstones. (A) Peripheral layers of a choles-
terol gallstone. Note that large cholesterol plaques are stacked on top of each other. (B) Another gall-
stone made of a mixture of cholesterol anhydrous and cholesterol monohydrate. The inner organization
shows that the cholesterol plaques stacked on top of each other are organized alternately in two orthog-
onal directions (arrows). (C) Smooth, cracked surface of a black pigment stone mainly composed of cal-
cium bilirubinates. (D) Rough and lacunar surface of another pigment stone mainly composed of cal-
cium bilirubinates. (E) Unorganized section of a black pigment gallstone, made of nearly pure calcium
bilirubinate. (F) Spheres of calcite in a pigment stone predominantly composed of calcium bilirubinates.
(G) Core of a pigment gallstone with lamellar crystals of calcium palmitate. (H) Unorganized section of a
pigment gallstone made of a mixture of calcium bilirubinates and atazanavir. Atazanavir rod crystals are
grouped into small asymmetric aggregates (white arrows).
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with irregularly arranged holes. Figure 19E shows the
poorly organized interior of another pigment stone.
Figure 19F reveals calcium carbonate spheres mixed
with an unorganized and rough structure made of
calcium bilirubinate. In Figure 19G, lamellar crystals
of calcium palmitate are observed in the core of a pig-
ment stone; in Figure 19H, aggregated rod atazanavir
crystals are mingled with calcium bilirubinate.

Figures 20A–H illustrate microscopic aspects of
gallstones from patients suffering sickle cell disease.
In Figures 20A and B, two different pigment gall-
stones surface types can be observed, with cracks in
Figure 20A and a smooth aspect in Figure 20B. Fig-
ure 20C illustrates the rough structure of a pigment
stone similar to that in Figure 19E for patients with-
out sickle cell disease. In Figures 20D and E, needle-
shaped bilirubin crystals organized as asymmetric
aggregates can be seen. Figure 20F illustrates the as-
sociation of a rough and cracked structure composed
of calcium bilirubinate with multiple calcite spheres.
Figure 20G shows a less common “crossed rod” cal-
cite crystal morphology. Finally, in Figure 20H, an-
other type of spheres can be seen, this time made of
carbapatite.

Excluding sickle cell disease, the morpho-
constitutional analysis of gallstones occurring in
France shows essentially four categories: cholesterol
stones (60.1%), pigment stones (32.1%), calcium
carbonate stones (4.7%) and atypical stones (3.1%).
The latter group can include various compounds:
bile pigments, cholesterol, calcium carbonates, cal-
cium phosphate, but also drugs such as calcium
ceftriaxonate or antiproteases such as indinavir or
atazanavir. Of 75 sickle cell patient stones, we found
the following distribution: cholesterol stones: 6.7%;
bile pigments: 74.7%; calcium carbonates: 14.6%;
atypical: 4%. Of note, no sickle cell stones contained
any drug deposits.

3.3. Stone composition

The composition of gallstones shows a great diversity
of mineral and/or organic phases: more than 30 dif-
ferent species have been identified (Table 1). In addi-
tion, gallstones are rarely pure in a single crystalline
species (1.3%). Up to nine different compounds have
been identified within a single stone. As shown in
Table 2, a quarter of the stones in our series con-
tained four different compounds and 43% had at

least five components belonging to several chemical
families.

Many of the compounds described above have
been identified in minor proportions within a lim-
ited number of calculi. If we look at the main com-
ponents of gallstones (Table 3), we note, as might be
expected, a significant difference in the distribution
of the main phases detected within the stones as-
sociated with sickle cell disease compared to other
groups of cholelithiasis. For example, calcium biliru-
binates accounted for 74.7% of cases in sickle cell pa-
tients versus 22.5% in other conditions (p < 10−6).
Similarly, calcium carbonates (mainly calcite) were
more frequent in sickle cell patients (14.6% versus
3.9%, p < 0.001). By contrast, cholesterol stones ac-
counted only for 6.7% of gallstones in the case of
sickle cell disease while they accounted for 67.6% of
stones in other patients (p < 10−6). Of note, calcium
phosphate stones were found with a similar occur-
rence in both groups.

Of the 408 stones, 30 cores were lost due to sig-
nificant fragmentation during extraction. Of the re-
maining 378 calculi, infrared analysis of the selec-
tively collected nucleation zone shows that 118 nu-
clei (31.2%) have a different composition than that
observed later on the entire stone. The proportion
was similar (41.1%) for stones associated with sickle
cell disease and for those from other aetiologies (29%,
NS). Thus, about 1/3 of the calculi are initiated by a
mechanism other than the one responsible for their
subsequent growth. In sickle cell patients, 60% of
the stones were initiated by calcium bilirubinate and
only 1.5% by cholesterol. On the contrary, in other
situations, cholesterol was the component of the nu-
cleus of stones in 51.6% of cases and calcium biliru-
binate in 31.6% of cases.

Table 4 shows the distribution of the stones ac-
cording to the main component and the compo-
nent of the nucleus that initiated the calculus. It
shows that, for cholesterol stones and those com-
posed mainly of bile pigments, about 70% had a nu-
cleus of the same nature. This was even clearer for
calcium phosphate stones, since 100% of them were
formed from a calcium phosphate nucleus. On the
other hand, calcium carbonate calculi were initiated
in 69.2% of cases from another chemical phase. How-
ever, it still seemed to be a calcium salt, mainly cal-
cium bilirubinate. An interesting point was an un-
usual prevalence of calcium phosphates in the nuclei
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Figure 20. SEM photographs of stones from patients with sickle cell disease. (A) Cracked surface of a
black pigment stone that contains 75% calcium bilirubinates, 20% cholesterol and 5% free bilirubin.
(B) Smooth surface of a black-brown pigment stone made of 85% calcium bilirubinates, 12% carbapatite
and 3% of free bilirubin. (C) Rough unorganized section of a black pigment stone composed of 55%
calcium bilirubinates, 30% calcite, 7% carbapatite, 4–5% proteins and 3–4% cholesterol. (D) Asymmetric
aggregates of free bilirubin within the black pigment stone of A. (E) Other aggregates of bilirubin crystals
inside the same pigment stone as in D. (F) Numerous spheres of calcite crystals within a pigment gallstone
mainly made of calcium bilirubinates (55%) + calcite (20%) + vaterite (10%) + aragonite (10%) + free
bilirubin (5%). (G) Other morphology of calcite crystals as aggregated rods in another pigment stone
shown in C. (H) Spheres of carbapatite in the core of a black pigment stone made of calcium bilirubinates
(≥65%) + carbapatite (25%) + calcite (5%) + bilirubin (≤5%).
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Table 1. Components identified in gallstones

Components Frequency (%)

Biliary pigments

Calcium neutral bilirubinate 83.6

Calcium acid bilirubinate 58.2

Bilirubin 14.3

Steroids

Cholesterol anhydrous 69.9

Cholesterol monohydrate 13.3

Cholesterol palmitate and/or stearate 7.0

Calcium desoxycholate 0.8

Calcium taurocholate 0.5

Calcium glycocholate 0.5

Sodium cholate 0.3

Calcium chenodesoxycholate 0.3

Fatty acids and triglycerides

Calcium palmitate and/or stearate 28.0

Triglycerides (tripalmitine, tristearine . . . ) 13.5

Calcium carbonates

Calcite 25.7

Aragonite 12.2

Vaterite 3.4

Calcium phosphates

Carbapatite 21.8

Amorphous carbonated calcium phosphate 3.6

Whitlockite 0.8

Octacalcium phosphate pentahydrate 0.3

Magnesium phosphates

Struvite 0.3

Calcium sulfates

Gypsum 0.3

Proteins 64.7

Drugs

Atazanavir 0.8

Calcium ceftriaxonate 0.5

Indinavir 0.3

Glafenic acids 0.3

Others

Ligatures 0.8

Metal staples 0.5

Monosodium urate monohydrate 0.3

Phospholipids 0.3
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Table 2. Number of components/stone

Frequency (%)

Pure stones (only one component) 1.3

Two-component stones 9.7

Three-component stones 20.0

Four-component stones 25.8

Five-component stones 20.2

Six-component stones 13.4

Seven-component stones 7.5

Eight-component stones 1.3

Nine-component stones 0.7

of stones from sickle cell patients which appeared
significantly higher than that observed in other con-
ditions (23.5% versus 5.5%, p < 0.0001). Moreover,
when a distinction was made between homozygous
and compound heterozygous subjects, it appeared
that the prevalence of phosphate nuclei was very
high in the first group (31.4%) and not different from
other bile stone contexts in the second group (5.9%,
p < 0.01). No other significant difference was found
in stone composition among homozygous and het-
erozygous sickle cell patients.

4. Discussion

The varied nature of gallstones must, as with urinary
stones, point to different aetiologies. However, sev-
eral crystalline species can signal the same etiologi-
cal process. For example, the presence of anhydrous
cholesterol and cholesterol monohydrate points to
lipid disorders. Conversely, the presence of neutral
calcium bilirubinate, calcium hydrogen bilirubinate,
or even free bilirubin, points to a very different
lithogenic mechanism related to overproduction of
bilirubin or a lack of conjugation thereof. Similarly,
calcium carbonate stones, whether calcite, aragonite
or vaterite, can point to local metabolic imbalances
involving pH, calcium, and carbonate homeostasis.

As expected, the gallstones of sickle cell patients
were composed mainly of bile pigments result-
ing from increased haemolysis in these patients
(74.7% versus 22.5% for all gallstones excluding
sickle cell disease, p < 10−6). However, a quarter of
the stones were composed mainly of another crys-
talline species, in particular calcium salts (18.6%),

such as calcium carbonate (14.6%) or carbapatite
(4%). Despite the haemolytic background, about 7%
of stones were mainly made of cholesterol, suggest-
ing that abnormalities in lipid balance were also
present in some patients and might actively partic-
ipate in lithogenesis, even if cholesterol was rarely
the cause of the stone (1.5%). In addition, analysis of
the stones by SEM suggests that some of them might
be related to a bile duct infection. These stones, few
in number (n = 4/75, or 5.3%), were pigment stones
and black in colour on the periphery with a lighter
brown-rust center, in which imprints of bacteria have
been observed.

Not all sickle cell patients are susceptible to lithi-
asis. The lithogenic risk mainly arises from unconju-
gated forms of bilirubin which can then precipitate
in the form of calcium salts. It is therefore necessary
to question the participation of factors other than
haemolysis in lithogenesis, in particular an alteration
of glucuronoconjugation which can significantly in-
crease the proportion of free bilirubin. Mutations of
the hepatic UGT1A1 gene, which is able to ensure
glucuronidation of bilirubin, could be an important
factor in pigment gallstone formation. UGT1A1 gene
polymorphisms with mutations in the TATA box pro-
moter region were associated with serum level of
unconjugated bilirubin and the risk of cholelithia-
sis in various populations, including sickle cell pa-
tients [40–47]. It was shown that the TATA box re-
gion of the UGT1A1 gene contains a group of TA
repeats, with four alleles that differ in the number
(from 5 to 8) repeats [42]. As reported for thalassemia
patients, homozygous mutations TA(7)/TA(7) of the
UGT1A1 gene were associated with a high probability
of the prevalence of gallstones, in comparison with
thalassemia patients exhibiting TA(6)/TA(6) UGT1A1
gene: OR = 3.88 (95% CI: 1.31–11.55) versus 1.68 (95%
CI: 0.7–4.03) [48]. Chaouch et al. [49] have compared
the variants of the UGT1A1 gene in sickle cell and
thalassemia patients and they have shown a signifi-
cant association between heterogeneous TA(6)/TA(7)
or homogenous TA(7)/TA(7) mutations and the risk
of cholelithiasis among these patients. The Gilbert
syndrome-associated UGT1A1 mutation is a com-
mon finding affecting about 10% of the general pop-
ulation, and can be involved in hyperbilirubinemia
states, intermittent episodes of jaundice and black
pigment gallstones [50–53]. In cystic fibrosis patients,
it was reported that those with UGT1A1 allele muta-
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Table 3. Main components identified in gallstones related to sickle cell disease or to other etiological
situations

Main component Sickle cells disease Other contexts p

Number (%) Number (%)

Biliary pigments 56 (74.7) 75 (22.5) <10−6

Calcium bilirubinates 56 (74.7) 75 (22.5) <10−6

Calcium carbonates 11 (14.6) 13 (3.9) <0.001

Calcite 10 (13.3) 8 (2.4) <0.001

Aragonite 1 (1.3) 5 (1.5) NS

Cholesterol 5 (6.7) 225 (67.6) <10−6

Cholesterol anhydrous 5 (6.7) 220 (66.1) <10−6

Cholesterol monohydrate 0 5 (1.5) —

Calcium phosphates 3 (4.0) 8 (2.4) NS

Carbapatite 3 (4.0) 7 (2.1) NS

Amorphous carbonated calcium phosphate 0 1 (0.3) —

Proteins 0 8 (2.4) NS

Drugs 0 4 (1.2) —

Calcium ceftriaxonate 0 2 (0.6) —

Atazanavir 0 1 (0.3) —

Indinavir monohydrate 0 1 (0.3) —

Total 75 333

tions were susceptible to gallstones (OR = 7.3 versus
normal UGT1A1 gene) and higher serum levels of un-
conjugated bilirubin [54]. In a recent meta-analysis of
34 studies, it was reported that the overall prevalence
of cholelithiasis among sickle cell patients was 25.3%
and that the frequencies of (TA)7 and (TA)8 were sig-
nificantly higher in patients with cholelithiasis [23].

Note that other types of gallbladder stones may be
related to a defect in the UGT1A1 gene. In our series
of stones we found three cases of calculi that con-
tained atazanavir, a protease inhibitor extensively
used in the past decade in therapy of HIV+ patients.
One stone was almost pure atazanavir and the two
others were pigment stones with a high content of
both calcium bilirubinates and atazanavir. Indeed, it
has been reported that serum bilirubin level was cor-
related to the plasma concentration of atazanavir and
that atazanavir is able to inhibit the hepatic UGT1A1
metabolic pathway [55]. Moreover, it has been shown
that atazanavir-treated patients carrying a variant of
the UGT1A1 gene had a higher baseline bilirubin
level and a slower atazanavir hepatic clearance [56],
favouring the drug crystallization.

Several studies have reported that crystallization
of calcium salts could be reduced by proteins such as
mucin [57–59], and that imbalance of bile composi-
tion with respect to calcium, carbonate, and macro-
molecules, could favour calcium carbonate crystal-
lization. Gleeson et al. [60] and more recently Yu
et al. [61] provided convincing arguments that bile
pH, calcium concentration and CO2−

3 concentrations
were significantly increased in patients who formed
calcium carbonate gallstones compared with control
subjects.

Other predisposing factors such as chronic in-
flammation and reactive oxygen species production
may be involved in gallstones as well as in other clin-
ical complications of sickle cell disease [58,61–63].

It has been known for some time that bile infec-
tion is another possible cause of gallstones [64–66].
Bilirubin deconjugation by bacterial glucuronidases
could explain why brown pigment stones are more
frequent in Asia than in western countries [67,68].
These are often located in the bile ducts and asso-
ciated with obstruction [68,69]; calcium palmitate is
often identified within such infected stones. Its pres-
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Table 4. Composition of stone nucleus according to the main component of the stone

Main component (number) Component of the nucleus Number (%)

Sickle cell disease

Calcium bilirubinate (n = 49) Calcium bilirubinate 33 (67.4)

Carbapatite 11 (22.4)

Calcium palmitate/stearate 3 (6.1)

Calcium carbonate 1 (2.0)

Unknown component 1 (2.0)

Calcium carbonate (n = 11) Calcium carbonate 3 (27.3)

Calcium bilirubinate 4 (36.3)

Carbapatite 2 (18.2)

Calcium palmitate/stearate 2 (18.2)

Cholesterol (n = 5) Cholesterol 1 (20.0)

Calcium bilirubinate 4 (80.0)

Carbapatite (n = 3) Carbapatite 3 (100)

Sickle cell disease excluded

Cholesterol (n = 215) Cholesterol 158 (73.5)

Calcium bilirubinate 36 (16.7)

Calcium palmitate/stearate 11 (5.1)

Carbapatite 7 (3.3)

Calcium carbonate 2 (0.9)

Ligature 1 (0.5)

Calcium bilirubinate (n = 76) Calcium bilirubinate 53 (69.7)

Calcium palmitate/stearate 11 (14.5)

Carbapatite 6 (7.9)

Foreign material (ligature, staple) 3 (3.9)

Cholesterol 2 (2.6)

Proteins 1 (1.3)

Calcium carbonate (n = 15) Calcium carbonate 5 (33.3)

Calcium bilirubinate 9 (60.0)

Calcium palmitate/stearate 1 (6.7)

Carbapatite (n = 4) Carbapatite 4 (100)

ence could be linked to increased activity of bacte-
rial phospholipases increasing the generation of free
fatty acids which can precipitate as calcium salts [70].
In sickle cell patients, such a mechanism cannot be
excluded but seems of limited importance in stone
formation. We note that in our series of 75 stones,
only five (6.7%) contained calcium palmitate and
SEM images of four of them suggested the presence
of bacterial imprints.

An unexpected finding from stone analysis was
the high proportion of gallstones from sickle cell pa-
tients that were nucleated from calcium phosphate
(23.5% versus 5.5% in other conditions, p < 0.0001).
It has been reported that serum phosphate is in-
creased in sickle cell disease [71–73]. However, phos-
phate content was determined in bile of patients who
formed pigment stones and no difference was found
in comparison with patients producing cholesterol
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stones. We have shown in Table 4 that calcium phos-
phate is not frequent in pigment stones from patients
without sickle cell disease. In addition, the frequency
of phosphate nuclei was very high in homozygous
patients (31.4%), but was not different from other bile
stone contexts in the heterozygous subjects (5.9%,
p < 0.01). A possible explanation could be a more
frequent and severe haemolysis in homozygous than
heterozygous sickle cell patients. However, biochem-
ical data to demonstrate this link with stone forma-
tion are lacking. It would be of interest to determine
the phosphate content in bile of sickle cell patients
with stones nucleated from calcium phosphate, and
to correlate the data with their homozygous or het-
erozygous status, and also compare with the bile
phosphate of sickle cell patients without stones.

All these observations suggest that several factors
may contribute to the formation of stones in patients
with sickle cell disease. Given the diversity of aetiolo-
gies and the number of identifiable components in
gallstones, it would certainly be interesting to refine
the composition studies of these stones by improving
the phenotyping of patients, as we have shown over
several years with respect to urinary tract stones [74–
78]. This would improve correlation between clini-
cal history, etiopathogenic factors, and the compo-
sition of calculi. Admittedly, unlike renal lithiasis,
cholelithiasis leads to clinically symptomatic recur-
rences of stones in only a small proportion of cases,
which limits the clinical interest in these stones and
their cause(s). However, the chronic metabolic con-
text that characterizes sickle cell disease predisposes
to recurrence of bile duct lithiasis more than other
pathological conditions [22]. This justifies improving
understanding of the individual lithogenic risk fac-
tors in order to mitigate them with more selective
protective measures.

5. Conclusion

Gallstones of sickle cell patients appear significantly
different from those from the general population. As
expected, chronic haemolysis favours the formation
of pigment stones. However other factors may be in-
volved and this should prompt more studies. For in-
stance, an accurate examination of stone composi-
tion, especially of the stone nucleus, has revealed
that a high proportion of stones are initiated from
carbapatite. An increase in serum phosphate could

be indicated, but, as shown for calcium carbonate
crystallization in bile, the phosphate content of bile
in sickle cell patients remains to be assessed in the
future.
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Abstract. Despite the incidence of breast cancer among women, mammography and anatomopathol-
ogy investigations are still the gold standard method for preventive screening and diagnosis. Several
criteria are used to diagnose precisely the severity of the pathology like the distribution and shape
of breast microcalcifications (BMCs). However, the link between the different chemical phases of
BMCs and the cancer stage remains unclear. As BMCs physicochemical speciation has the potential
to help clinicians during their diagnosis, this study aims to propose a methodology using advanced
spectroscopical analysis techniques to finely characterize BMCs and uncover the relationship between
mineralization processes and breast cancer. A state of the art in the domain is first proposed to high-
light the role of BMCs and the importance of extensive analytical analysis using electron microscopy
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and vibrational techniques. Secondly, a detailed methodology for BMCs multiscale analysis is pro-
posed and the relevance of each technique illustrated through the study of a biopsy from a patient
suffering of an infiltrating low-grade ductal carcinoma: scanning electron microscopy analysis was
used for the morphological description of BMCs, infrared micro and nanospectroscopy techniques
for their chemical speciation at the micrometric and sub-micrometric scales.

Keywords. Breast cancer, Microcalcification, Scanning electron microscopy, Infrared microspec-
troscopy, Infrared nanospectroscopy, AFM-IR.

Not yet published

1. Introduction

In industrial countries, cancer alongside circulatory
system disorders (cerebrovascular and heart dis-
eases) are the two most common causes of death
[1,2]. In particular, breast cancer constitutes a major
public health concern, as it is the most frequent can-
cer in women [3–7]: with more than two million new
cases reported worldwide in 2020 and a mortality rate
accounting for 16% of all female related deaths [8]. As
of now, mammography is considered the gold stan-
dard for breast cancer preventive screening [9–11].
This medical examination enables the observation of
a broad range of breast tissue abnormalities, includ-
ing abnormal mass and microcalcifications. How-
ever, mammography is an X-ray based imaging tech-
nique of the breast and does not provide histological
or chemical information of these abnormalities.

Breast microcalcifications (BMCs) refer to up to
one-millimeter diameter calcium-based mineral de-
posits within the breast tissue, that appear as white
spots or blemishes on mammograms [12]. Despite
being an indicator of breast lesions and routinely
used for the diagnosis of non-palpable cancer [13], a
lack of knowledge remains regarding the correlation
between BMCs physical and chemical properties
and the pathology. A BMC chemical classification
exists and discriminates BMCs based on the basis of
their chemical composition [14]. Two types of BMCs
are distinguished: type I made of calcium oxalate
dihydrate (COD), also called weddellite [15–20], and
type II composed of carbonated calcium phosphate
apatite (CA) [21–28]. Microcalcifications of type I are
acknowledged to be associated with benign lesions,
whereas type II with either benign or malignant le-
sions. However, this chemical classification is incom-
plete. Other chemical phases, such as whitlockite
(Wk) and amorphous carbonated calcium phosphate
(ACCP) have been observed in breast [13,29–32].
Recent studies suggested that physicochemical char-
acteristics of BMCs may be related to the nature of

the cancer and its severity [33–35]. Hence, BMCs
physico-chemical speciation has potential to be
relevant for clinicians.

This article draws an overview of the current in-
formation provided by BMCs, as well as the gaps that
remain regarding their pathological role and aims to
emphasize the need for further research to under-
stand BMCs properties in regards to breast pathol-
ogy. As shown in Figure 1, the article is divided into
two main parts. First, Section 2 describes the exist-
ing clinical examination used in routine at the hos-
pital for breast cancer diagnosis, and successively
addresses mammography examination (Section 2.1)
and histological analysis (Section 2.2). The role of
BMCs in these processes will be emphasized. Then,
Section 3 proposes an extensive description of the
techniques for BMCs characterization. First, we will
discuss field emission scanning electron microscopy
(FE-SEM) analysis for the morphological description
of BMCs (Section 3.1), then we will address vibra-
tional spectroscopy techniques for the chemical spe-
ciation from the micrometric to the sub-micrometric
scales (Section 3.2). The end of this section is ded-
icated to the thorough characterization of BMCs
and describes methods that are mostly implemented
in research laboratories like super-resolution vibra-
tional technique. During this study, a multiscale ap-
proach was developed and tested on one specific
clinical example to demonstrate its medical rele-
vance and its suitability with standard sample prepa-
ration protocols routinely used in hospital anato-
mopathological departments.

2. BMCs as a contingent marker of breast
cancer: clinical considerations

2.1. Mammography as the diagnosis starting
point

Mammography is a procedure that consists of radio-
graphy of the breast. This technique, first described
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Figure 1. Schematic organization of the article. First the clinical strategy for breast cancer diagnosis, and
then the ongoing research on BMCs that aims to understand their role in breast cancer.

by the surgeon A. Salomon in 1913 in Berlin, is the
medical examination of reference for breast cancer
screening and constitutes the main strategy for early
diagnosis. Standard medical systems have a spatial
resolution of between a few dozen and a hundred
microns [36,37]. The presence of BMCs on mammo-
grams is very valuable information as they are con-
sidered a benchmark of breast cancer early signs [38].
Some specific BMC features discernible on mammo-
grams can be indicative of malignancy and raise con-
cerns about the presence of cancerous cells. Several
studies focused on fostering an understanding of the
link between BMCs and breast cancer [13,29,39–48]
to clarify those concerning characteristics. They are
five main BMC distributions: grouped (or clustered),
linear, segmental, regional, and diffuse (Figure 2). In
particular, grouped, regional and segmental distribu-
tions are considered as suspect BMC distributions
and are associated with high risks of ductal carci-
noma [11,47,49–51].

In addition to BMCs distribution, their morpho-
logical aspects are also used to suspect malignancies.
Many BMCs morphologies have been described in

the literature. Studies investigating the link between
microcalcifications and cancer, have emphasized
that fine pleomorphic and fine linear microcalcifica-
tions have a greater risk to be associated with malig-
nancies (Figure 3), as reported in BI-RADS [49] (the
acronym for Breast Imaging-Reporting and Data Sys-
tem: a classification system used worldwide by radi-
ologists to evaluate breast lesions and the associated
pathology).

Those criteria—BMCs morphologies and
distribution—help evaluate the risk of malignancies
but do not allow to diagnose malignancy through the
presence of BMCs.

2.2. Histological analysis: the utmost assessment
for cancer diagnosis

Since mammograms do not enable to distinguish
calcifications associated with benign from malig-
nant pathologies, if any anomalies and suspect BMCs
are observed on mammograms, histological analy-
ses [53] will be performed to confirm or rule out the
presence of cancerous cells (Figure 4). To this end,
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Figure 2. Main distributions of microcalcifications in the breast. Distributions highlighted in red are
distribution associated with higher risks of breast cancer.

Figure 3. (A) BMCs suspect morphological features. Digital zoom mammographic projection images
show calcifications with increasing risk for malignancy, Rao et al. [52]. From left to right: coarse heteroge-
neous, amorphous, fine pleomorphic, and fine linear. Red arrows were added to highlight BMCs on the
images. (B) Their relative risk for malignancy.

Figure 4. Breast tissue preparation for histopathological analyses. (A) Breast biopsy, (B) paraffin embed-
ded breast tissue, 5 mm scale bar, and (C) H&E stained breast biopsy, ×10 optical image, 500 µm scale
bar.

a fraction of suspect tissue has to be collected. Sam-
ples, for which the risk of cancer cells’ presence lies,
can be harvested either through needle biopsy (fine
needle aspiration biopsy or core needle biopsy) or
surgical excision (lumpectomy or mastectomy) [54].
Thereupon, BMCs are used to make sure the sample
was collected in the suspicious area of the breast but
are not further used for the diagnosis. Thereafter re-
section (Figure 4A), samples are usually fixed using

formalin and embedded in paraffin (Figure 4B, C).
To this end, a 4 to 6 µm thick slice of the sample is
cut from the paraffin block using a microtome and
deposited on a glass microscope slide. Hematoxylin
and Eosin (H&E) staining is performed after paraf-
fin removal using xylene. H&E staining is the most
largely used method for histopathological analysis.
Hematoxylin complex with nucleic acids which takes
a purple color, whereas eosin stains non-specifically
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Figure 5. BMCs observation during the histopathological analyses of an abnormal mass in a 75 years
old woman diagnosed with infiltrating low-grade ductal carcinoma (75-IDC patient) in the upper-outer
quadrant of her right breast. (A) Mammogram of the patient’s right breast. The orange arrow indicates the
estimated position where tissue resection was performed, 20 mm white scale bar. (B,C) Histopathological
analyses of the patient’s biopsy at two different magnifications. H&E slide with 500 µm and 50 µm black
scale bar respectively. Red arrows indicate the presence of BMCs.

proteins in pink [55] (Figure 4C). Thus, based on the
morphology of the cell nucleus and cytoplasm, can-
cerous cells can be distinguished from healthy ones.
If cancerous cells are observed, the stage of the can-
cer is accordingly evaluated on three criteria: nuclear
polymorphism, glandular differentiation and mitotic
count [56–58].

If BMCs are observed on the histopathological
slide, it confirms that the biopsy was harvested
within the region with suspect lesions and gives
indications where cancerous cells may be present;
but BMCs are not further investigated clinically. Yet
studies investigating the correlation between BMCs
[33–35] and cancer suggest that BMCs physicochem-
ical properties can be correlated to the pathology and
its severity. The following section focuses on ana-
lytical strategy for physical and chemical character-
ization of BMCs, that could provide a better under-
standing of the possible relationship between BMCs
physicochemical properties and the pathology.

Figure 5 displays a mammogram of a 75-years
old woman right breast with lesions suspicious of
malignancy. A biopsy was performed on the breast
lesions, and histopathological analyses (Figure 5B,
C), conclude to an infiltrating low-grade ductal car-
cinoma diagnosis. This patient (75-IDC patient) pre-
sented BMCs as shown in Figure 5C, and was used
to illustrate the capabilities of BMCs characteriza-
tion techniques not classically used for breast cancer
investigation: FE-SEM (Section 3.1) and vibrational

spectromicroscopy (Section 3.2), including Fourier
transform infrared spectroscopy (FT-IR), Fourier
transform infrared spectromicroscopy (µFT-IR) and
atomic force microscopy coupled with infrared spec-
troscopy (AFM-IR), and to evaluate their relevance.

3. Characterization of BMCs to uncover the
relationship between mineralization
processes and breast cancer

3.1. SEM: sub-micrometer scale morphological
description

Mammography and histology examinations are the
agreed clinical protocol for breast cancer diagnosis,
but techniques enabling morphological description
and chemical speciation of BMCs at the micrometric
and sub-micrometric scale are necessary to under-
stand their role and implication with breast cancer.
Investigating the correlations between BMCs mor-
phological and chemical features with the pathology
could provide valuable information to apprehend the
molecular changes occurring in breast tissues.

In this context, SEM is a relevant tool to study
BMCs morphology at the sub-micrometer scale
[59–61] without any specific sample preparation
except those already implemented in most anato-
mopathological laboratories and used for medical
diagnosis [62,63].
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From tissue resection embedded in paraffin,
FE-SEM analysis can be performed by depositing a
few micrometer thick slice of tissue on a classical
glass microscope slide or on specific Infrared-Raman
compatible substrate (such as low-e microscope
slides [64–66]) in case of correlative measurements
using vibrational microspectroscopies. Then, paraf-
fin is removed with xylene without any further treat-
ment. Since tissue block radiography is a valuable
adjunctive method to ensure that SEM analyzed
samples contain BMCs and are interpreted within
their histopathological context, an H&E serial section
is prepared. Usually, for samples with low conduc-
tivity properties, such as biological samples, SEM
analyses are performed on carbon-coated samples.
However, using FE-SEM that enables less electro-
static distortion of images compared to SEM, and
if low tension is used during the experiment (be-
tween 0.5 and 3 keV), analyses can be performed
directly on the sample without carbon coating [67]
allowing complementary spectroscopical analysis
on the same sample. Resulting FE-SEM images pro-
vide structural descriptions of both BMC and their
surrounding native environment (Figure 6).

In tissue biopsy, BMCs can have diversified shapes
and forms (Figure 6). In breast tissue sections, four
chemical phases were observed: COD (BMCs of
type I), CA (BMCs of type II), and more recently BMCs
containing Wk and ACCP were reported [32,68,69].
Noteworthy, ACCP is an amorphous mineral without
characteristic morphology, in contrast with COD, CA
and Wk that can have highly specific shapes.

First, COD (CaC2O4·2,2H2O) BMCs: they have
been identified in pathologies affecting various or-
gans like the thyroid [70,71], kidney [72–74], and
prostate [75,76]. Nevertheless, in the breast, the type
of BMC is always associated with benign lesions.
They can be easily identified by FE-SEM due to their
characteristic bipyramidal or dodecahedral shapes
(Figure 7A–C) that depends on the calcification cal-
cium rate [74].

Secondly, CA BMCs (Ca10−x□x (PO4)6−x (CO3)x

(OH)2−x , where □ corresponds to vacancy, and
0 ≤ x ≤ 2 [68,78–80]) were observed in breast, kidney
and thyroids. In the breast tissue, CA BMCs have been
observed for both benign or malignant lesions. They
can be recognized thanks to their spherical shapes
(Figure 7D–F). Furthermore, it was highlighted that
those spherical BMCs can have diversified internal

structures, from radial to concentric internal or-
ganizations (Figure 8) [81]. These observations are
consistent with Frappart et al. study [77], which dis-
tinguishes three subtypes of spherical calcifications
using transmission electron microscopy. These three
subtypes are characterized by respectively, a succes-
sion of concentric layers, randomly arranged feltings
of fibers, and finally granular materials linked by
organic matter. In addition, CA BMCs can present as
porous surfaces [81].

Eventually, another mineral phase observed in
breast and with specific morphology is Wk. Wk
(Ca18Mg2(HPO4)2(PO4)12) is a mineral close to syn-
thetic CA. The difference lies in the presence of
HPO2−

4 ions, as well as Ca2+ vacancies and Mg2+

substitutions [82,83]. Abnormal deposits of Wk
were observed in gallstones [84], aorta [85], carti-
lage [86], salivary glands [87] and kidney [88]. In
the breast, a few studies suggest that the percent-
age of Mg, associated with Wk BMC, increases with
the cancer malignancy [89]. Nevertheless, the pos-
sible correlation between Mg and cancer severity
is not substantiated and remains poorly under-
stood [34]. Wk BMCs can be identified by SEM due
to their specific pseudo cubical shapes (Figure 7G–I)
[64]. Thus, BMCs with distinctive form as shown in
Figure 7 are associated with specific chemistry, but
the reciprocal implication is false. CA, COD, and
Wk calcifications can be observed without, respec-
tively, spherical, dodecahedral, and pseudo cubical
morphologies.

Since BMCs chemical composition can be associ-
ated with specific morphology, SEM is a valuable tool
for an initial characterization of BMCs. Indeed, with-
out further preparation than those routinely used for
anatomopathological analysis, it’s easier to evaluate
their size and morphology (their shapes as well as
the porosity of the surface) using SEM images than
mammography.

To illustrate the relevance of SEM, a thin section
of the 75-IDC patient resection, whose mammog-
raphy section is presented in Figure 5, was investi-
gated. Both mammography and histological analyses
highlighted the presence of microcalcifications. On
the exact same region given in Figures 5B and C, we
performed FE-SEM analysis (Figure 9). Many BMCs
can be observed on those images at low magnifi-
cation (Figure 9A). They appear as white materials
on the darker breast tissue. At higher magnification
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Figure 6. FE-SEM images of breast microcalcifications. BMCs in the breast of patients diagnosed with
(A) infiltrating ductal carcinoma, (B) mastopathy, (C) in-situ ductal carcinoma, and (D) infiltrating ductal
carcinoma. (A–D) From left to right, increasing magnification of the area indicated with a white square.
The left, middle and right images have a 100 µm, 20 µm and 2 µm scale bar respectively. Breast biopsy
slices were deposited on MirrIR low-e microscope slides (MirrIR, Kevley Technologies, Tienta Sciences,
Indianapolis), and FE-SEM (field emission scanning electron microscopy) images were acquired using a
Zeiss SUPRA 55-VP at low-voltage (1–2 kV), and an Everhart–Thornley SE detector.

(Figure 9B, C), we can notice that some BMCs dis-
play spherical structures with porous surfaces. This
may indicate that, in this area, a few BMCs are like
type II calcification composed of CA. CA BMCs need
particular attention as they have been observed in
both benign and malignant pathologies, and might
suggest the presence of cancerous cells, as it was
the case for this patient.

Even if SEM does not allow direct chemical speci-
ation of a BMC, it can provide information regarding
their elemental constitution through energy disper-
sive X-ray (EDX) analysis. EDX measurements con-
sist of the analysis of photons emitted by materials
when exposed to a primary electron beam. Indeed,
the energy of the emitted photons will depend on the
elements present in the sample. Hence, by looking
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Figure 7. SEM images of BMCs composed of COD (A–C), CA (D–F), and Wk (G–I). (A–C) COD in (A) breast,
magnification ×980, from Frappart et al. [77], (B) kidney—5 µm scale bar, and (C) thyroid—2 µm scale
bar. (D–F) CA observed in (D) breast—2 µm scale bar, (E) kidney—5 µm scale bar and (F) thyroid—5 µm
scale bar. (G–I) Wk in (G) breast—5 µm scale bar, (H) and (I) in kidney—5 µm and 2 µm scale bar
respectively.

Figure 8. FE-SEM images of the internal structure of spherical CA calcifications, 1 µm scale bar. (A,B) Ra-
dial structure and (C,D) concentric layer. Adapted from Bazin et al. [62].

at the energy of those photons one can evaluate
which elements constitute the sample. This tech-
nique is widely used for the elemental analysis of bi-
ological calcifications [89–91]. EDX analysis was also

performed on the 75-IDC patient section (Figure 10),
in the same region of interest (see Figure 9). Calcium,
phosphorus, and oxygen were observed in major
amounts, which is consistent with CA-based BMCs.
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Figure 9. Observation of BMCs, using FE-SEM at different magnifications in the 75-IDC patient biopsy.
The same region has shown in Figures 5B and C was investigated. FE-SEM images were acquired with
a Zeiss SUPRA55-VP scanning electron microscope, using an Everhart–Thornley SE detector and the
electron beam energy set to 1 keV. (A) 100 µm, (B) 20 µm, and (C) 2 µm scale bar. Red arrows indicate
the presence of BMCs.

Figure 10. SEM and EDX experiments performed on the biopsy of the 75-IDC patient. (A) SEM image
of the region analyzed. Red crosses indicate locations at which EDX spectra were recorded. The dashed
white line delimits the region shown in Figure 9C. (B) EDX spectra. The gray curve represents the mean
spectrum of all 7 spectra recorded in the region analyzed. The light gray contour indicates the standard
deviation. Silicon observed on the EDX spectra (red vertical line) comes from the substrate (Low-e
microscope slide). * The attribution of the 1 keV peak should be carefully done: it could be due to Na
or O as its concentration is high in tissue sections.

EDX allows access to the elemental composition
of BMCs but does not provide any information about
the chemical bonds. To this end, additional charac-
terization techniques, such as IR spectroscopy, have
to be used to accurately characterize BMC chemical
composition. It is important to note that EDX mea-
surements may be destructive for the proteins con-
stitutive of the tissue since it needs to be performed
at higher voltage (at least 13 kV for Ca identification),
and is very likely to locally deteriorate the sample.
Therefore, if other characterization techniques are
required on the same region, EDX analysis has to be
performed last.

3.2. Vibrational spectroscopy

3.2.1. IR spectroscopy and BMC chemical speciation

IR absorption spectroscopy (including FT-IR and
µFT-IR) is an advantageous, non-destructive and
label-free technique for chemical speciation. IR spec-
troscopy directly probes vibrational energy levels of
materials, providing chemical composition of or-
ganic and inorganic matter. The IR absorption spec-
trum of species depends on the chemical bonds
present. As a consequence, each chemical com-
pound possesses its specific response in the mid-
IR region (4000–400 cm−1). Calcification, based on
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its chemical composition will thus exhibit a specific
and characteristic IR absorption spectrum. For un-
known complex samples, the chemical composition
can be deduced by comparison with reference spec-
tra data bank. In the medical field, IR microscopy,
when combined with morphological description, has
already demonstrated that it is possible to obtain
significant clinical information regarding microcrys-
talline pathologies through the analysis of concre-
tions as well as of ectopic calcifications in different
human tissues [92,93].

Figure 11 displays IR spectra of the four calcium-
based mineral phases reported in the breast, e.g., CA,
COD, Wk and ACCP. All these four compounds have
specific and characteristic IR signatures as shown
in Figure 11B. The 1100–950 cm−1 spectral range is
mainly associated with absorption bands of phos-
phate groups (PO4−

3 ), and in particular O–P–O bonds.
In inorganic compounds, the number of phosphate
absorption bands depends on the symmetry of
phosphate ions within the crystalline structure. For
phosphate with tetrahedral symmetry—which is
the case for both CA and Wk [94,95]—two vibration
modes, one stretching mode and one bending mode,
are active in the mid-IR range. The antisymmetric
stretching of phosphate bonds is observed between
1150 and 1020 cm−1, whereas symmetric stretching
is observed between 1000 and 960 cm−1 (Figure 11)
[96,97]. Phosphate bending modes appear in the 560–
500 cm−1 region. On Wk FT-IR absorption spectrum
(Figure 11A, brown curve), we can notice the pres-
ence of several shoulders in the phosphate region
compared to CA spectrum (Figure 11A, red curve).
This complex structure of the absorption band can
be explained by the presence of both Ca and Mg
atoms in Wk, compared to CA. Indeed, since IR spec-
troscopy probes bonds vibration of chemical com-
pound, the energy of each vibration will be affected
by the local chemical environment. For phosphate,
the frequency of the absorption band will decrease
inversely to the mass of the atom it is coordinated.
Hence, in Wk, phosphate groups are surrounded by
either Ca or Mg, which multiplies the number of
absorption bands of the phosphate groups in com-
parison with CA or ACCP (where phosphate groups
are surrounded by only Ca atoms). In addition, we
can notice the presence of tribasic and dibasic phos-
phate ions, which have different response in IR and
create additional bands. In particular, the absorption

band at 1141 cm−1 corresponds to the antisymmetric
stretching of dibasic phosphate (HPO2−

4 ). Further-
more, FT-IR spectroscopy can be used to evidence
the crystallinity level of a compound. For instance,
between the amorphous ACCP and its crystalline
species CA, a shift of the maximum of absorption is
observed from respectively 1032 cm−1 to 1078 cm−1.

In addition to phosphate groups absorption
bands, other absorption bands can be observed
(spectra Figure 11) between 1600 and 1400 cm−1

corresponding to carbonates (CO−
3 ) in inorganic cal-

cium carbonated compounds, and more specifically
to their asymmetric stretching mode. Depending on
the crystalline structure of the calcification, a dou-
blet of (CO−

3 ) asymmetric stretching can be observed
(resulting from lifting of degeneracy), as for CA spec-
trum and the two bands at 1414 and 1456 cm−1.
Carbonates present also absorption bands in the
1100–1000 cm−1 region, but a lot weaker in inten-
sity. Hence, the absorption describes in this spec-
tral range will be dominated by the contribution of
phosphate groups.

For hydrated materials, such as COD (Figure 11
orange curve), the presence on the IR spectrum of
an absorption band at 1647 cm−1 can be associated
to the absorption of oxalate group, as well as the
deformation vibration mode of water molecules. Fi-
nally, we can notice on CA, COD, Wk and ACCP, the
presence of a broad absorption band centered near
3400 cm−1. This can be associated to residual water
molecules, and more specifically H–O–H stretching
modes.

ACCP and Wk BMCs aren’t very well described in
the breast yet. Nevertheless, they both can be iden-
tified and investigated through FT-IR spectroscopy.
ACCP was recently, reported in breast calcifica-
tions [98] and is observed alongside CA, as it is con-
sidered as its precursor. This association of ACCP and
CA in BMCs is revealed by the presence of a shoulder
at 1032 cm−1 in the phosphate absorption band [99].
The link between the presence of ACCP in BMCs and
breast cancer is yet to be discovered, but in other
pathologies, its implication has been demonstrated.
In kidney tissues, Carpentier et al. [100] showed
that ACCP can be considered as a precursor of Ran-
dall’s Plaque: an ectopic calcification present at the
tip of the kidney papilla responsible for a signifi-
cant increase of the prevalence of urolithiasis in the
last decades. Regarding Wk, only a few publications
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Figure 11. FT-IR analyses of the standard calcification chemical phases reported in the breast. (A) Nor-
malized FT-IR spectra of carbonated calcium phosphate apatite (CA) in red, calcium oxalate dihydrate
(COD) in orange, whitlockite (Wk) in brown and amorphous carbonated calcium phosphate (ACCP) in
green. Main absorption bands and shoulders are outlined with dashed vertical lines with the associated
wavenumber as caption. KBr pellets were prepared from chemically high purity (at least 95%) kidney
stones, and spectra were acquired in transmission mode using a Vector 22 spectrometer from Bruker
Spectrospin (Wissembourg, France), collected between 4000 cm−1 and 400 cm−1 with a spectral resolu-
tion of 4 cm−1. (B) Summary of CA, COD, Wk, and ACCP main absorption bands and shoulders on the
1900–800 cm−1 spectral range. Absorption bands and shoulders wavenumbers were determined using
spectra second derivative. For the chemical formula of CA: 0 ≤ x ≤ 2, and □ represents vacancy.
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mentioned its presence in the breast [29,34]. Scimeca
et al. [101] may have been the first to report Wk in
the breast through FT-IR spectrum and the obser-
vation of an absorption band at 990 cm−1. Besides,
Scott et al. [89] discovered that the proportion of Wk
seemed to increase from benign to invasive cancer.
However, this correlation between Wk with cancer
malignancy needs further investigation as contra-
dictory observation have been made and no con-
sensus has been reached yet [34,89]. Noteworthy,
like ACCP, Wk is known to be associated with patho-
logical calcification in other organs. For example,
the weight fraction of Wk, estimated by FT-IR, in
kidney stones is highly related to infection if greater
than 20% (80% of statistical significance) [64]. On
the other hand, Tsolaki et al. [102] recently reported
the presence of nano to micrometer sized spherical
particles made of highly crystalline Wk in malignant
breast tumors.

Nanometric Wk crystallites are challenging to de-
tect using IR techniques, especially if they are present
in low quantity. The spatial resolution of FT-IR spec-
tromicroscopy is wavelength dependent, limited by
the diffraction limit and is, at the best, around 5 to
10 µm. Although the resolution is limited, µFT-IR is a
powerful tool for clinician as it can easily give insight
on BMCs chemical composition without additional
sample preparation. To highlight that, we performed
hyperspectral analyses of a BMC-rich region of the
75-IDC patient previously introduced (Figure 12).
FT-IR hyperspectral imaging [103] consists in seg-
menting an area into pixels and measure, for each
one of them, an IR absorption spectrum on the whole
spectral range. A multidimensional data block is then
obtained: two dimensions for the spatial coordinates
and one dimension for each wavelength of the spec-
tral range of interest (Figure 12B). µFT-IR spectrum
depends among others on the concentration of mol-
ecule that absorbs and the thickness of the sample
(Beer–Lambert’s law). That is why to compare spec-
trum between one another, spectra must be normal-
ized to remove any scaling effect that can be observed
on chemically and structurally heterogeneous sam-
ples. Thereafter, the data can be easily interpreted
by creating IR mapping (here called heatmap): repre-
senting the absorption intensity at a fixed wavenum-
ber for each pixel, which enables to study the distri-
bution of chemical compounds over the whole region
of interest (Figure 13).

To locate BMCs within the tissue matrix of
the 75-IDC patient’s biopsy, two heatmaps were
generated using normalized spectra by dividing
the absorbance at 1036 cm−1 by the absorbance
at 1655 cm−1 (Figure 13C), and the absorbance
at 1420 cm−1 by the absorbance at 1655 cm−1

(Figure 13D). 1036 cm−1 and 1420 cm−1 being respec-
tively associated to the absorption of phosphates and
carbonates in BMCs and 1655 cm−1 corresponding to
the Amide I band (the stretching mode of amide C=O
bonds) [104,105] characteristic of the total protein
content of the tissue. These ratios provide informa-
tion about regions rich in BMCs (higher ratio value
in light green on the maps in Figure 13) compared to
region mainly composed of tissue (lower ratio value
in dark blue on the maps). Pixels with high ratio in
Figures 13C and D, correlate with the presence of
BMCs on the associated FE-SEM image of the region
(Figure 13A, red arrows). Finally, a third heatmap
was generating by dividing the absorption inten-
sity at 1420 cm−1 by the absorption at 1036 cm−1

(Figure 13E), to evaluate if all BMCs are chemically
homogenous in terms of carbonate contents. On
this representation, location at which BMCs were
detected on FE-SEM and other IR heatmaps (Fig-
ure 13C, D) are associated with low and medium
1420 cm−1/1036 cm−1 ratio value, suggesting differ-
ent levels of carbonate substitution in BMCs. Besides,
strong signal was also observed at location without
BMC, at least as far as we can observe on the FE-SEM
images. Indeed, other molecular species in the breast
tissue absorb in the 1450–1400 cm−1 region, as well
as in the 1200–1000 cm−1 region, including carbo-
hydrates, glycoproteins, residues of paraffin, lipids,
sugar, or DNA, as can be seen on the IR absorption
spectrum of pure tissue (Figure 13B, blue dashed
line). Hence, the overlapping absorption bands may
lead to misinterpretation of the data.

µFT-IR can enable localizing BMCs in a sam-
ple (Figure 13) but is first and foremost a tech-
nique of choice to elucidate their chemical speci-
ation (Figure 14). Figure 14C displays local spec-
tra measured at location showing strong calcifica-
tion signal (Figure 14, grey square) on the heatmap
of the 1036 cm−1/1655 cm−1 ratio (Figures 13C
and 14A). These spectra present intense absorp-
tion bands at 1650 cm−1, 1550 cm−1 and a weaker
band at 1260 cm−1, corresponding respectively to
the Amide I, II and III vibration band of proteins, e.g.,
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Figure 12. µFT-IR analysis of the 75-IDC patient. (A) FE-SEM image of the whole region analyzed,
50 µm scale bar. (B) Schematic representation of the multidimensional data block resulting from the
hyperspectral analysis. The heatmap represents the total absorption intensity for each point over the
1900–900 cm−1 spectral. A baseline correction was applied to the spectra and a Savitzky–Golay filter
(order 1, 13 points), without normalization, 50 µm scale bar. (D) Spectra measured at position indicated
by the color-coded crosses on (A) and (C), and presenting low (orange), medium (green), and high (blue)
total absorption intensity over the spectral range of interest. Spectra were recorded every 15 µm with a
diaphragm of 30 µm×30 µm and a 4 cm−1 spectral resolution, using Lumos infrared microscope from
Bruker. 24 spectra were measured per point and averaged.

the tissue [97,106]. Besides, these spectra present
a broad absorption band between 1100 cm−1 and
1030 cm−1, suggesting the presence of BMCs made
of CA and a small proportion of ACCP as highlighted
by the shoulder of the band. The shape of the phos-
phate bands varies from a spectrum to another
(Figure 14C). To further investigate the structure
of this absorption band, the second derivative of
the experimental spectra, as well as CA and ACCP
reference spectra were calculated. A shoulder at
1114 cm−1 is present for all four spectra acquired
on BMC rich area of the 75-IDC patient biopsy
and also observed in ACCP second derivative. On
the other hand, we can notice a shift of the maxi-
mum of the phosphate absorption band between
1032 cm−1 and 1003 cm−1. A similar observation
can be made for the shoulder near 950 cm−1. These
results might suggest that BMCs in this sample
might be composed of mixture of CA and ACCP, with

chemical heterogeneities between and/or within
BMCs.

In the literature, a few hypotheses have been
raised regarding the correlation between BMCs
chemical composition, the pathology and its degree
of malignancy. These hypotheses rely on vibrational
spectroscopic studies, either FT-IR or Raman spec-
troscopy. For example, through Raman spectroscopy,
Haka et al. [105] found that the proportion of car-
bonates in BMCs was greater in benign breast tis-
sue compared to malignant breast tumors. Likewise,
Baker et al. [33], investigated the relationship be-
tween the carbonate content of BMCs in regards to
the pathology through FT-IR analyses. They collected
FT-IR spectra of synthetic apatite containing 0, 0.5,
1.4, 2.3, and 3.5% of carbonates (Figure 15A), cre-
ating a calibration data base to establish a link be-
tween BMCs carbonate content and the grade of the
pathology (Figure 15B). Similarly, to Haka et al. [105],



568 Margaux Petay et al.

Figure 13. µFT-IR analyses of the 75-IDC patient biopsy. (A) FE-SEM image of the biopsy region analyzed
through µFT-IR. Red arrows indicate the presence of BMCs. (B) Calcification normalized reference FT-IR
spectra: CA (red), COD (orange), Wk (brown), and ACCP (dark green), as well as tissue µFT-IR reference
spectrum (blue–green curve) measured on areas without BMC, based on FE-SEM images. Spectral range
highlighted in light blue is the IR region associated with absorption contribution of the tissue Amide I
and spectral range highlighted in light grey are regions associated with absorption contribution of
BMCs carbonate and phosphate absorption bands. (C–E) µFT-IR heatmaps of absorption intensity ratio
calculated using normalized spectra. (C) 1036 cm−1/1655 cm−1 heatmap, (D) 1420 cm−1/1655 cm−1

heatmap, and (E) 1420 cm−1/1036 cm−1 heatmap with red solid lines indicating BMC identified through
µFT-IR analyses on (C) and (D). (A, C, D, and E): 50 µm scale bar.

they observe a decreasing carbonate percentage with
increasing grade of the breast lesion. Based on equiv-
alent data, Gosling et al. [35] have proposed a model
that rationalizes mineralization in the breast and the
proportion of carbonate in BMCs with the severity of
the pathology (Figure 15C).

Besides, Ben Lakhdar et al. [68] have shown that
the carbonate percentage is inhomogeneous within
BMC themselves. This work, investigating BMCs
through µFT-IR spectroscopy emphasized that, in
the case of ductal carcinoma in situ, the carbonates
content is greater in the core of the BMC compared
to its surface, as the CO2−

3 /PO3−
4 ratio is decreas-

ing from the center of the microcalcification to its
surface.

Those different studies illustrate the complex or-
ganization of BMCs and raise the following question:
is global analysis sufficient to characterize BMCs and
reach a final diagnosis that links their chemical com-
position to malignancy level? Or, is the submicromet-
ric scale exploration crucial to precise eventual local
gradient for the diagnosis?

Unfortunately, µFT-IR system has a wavenumber-
dependent spatial resolution that varies roughly
from a few microns to dozens of microns [106], and
close to a micron for Raman microscope, which
could be a limitation to individually characterize
sub-micrometric objects. Figure 14 presents IR spec-
trum of a few BMCs identified in the 75-IDC patient.
On the FE-SEM image of this region (Figure 14B),
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Figure 14. µFT-IR analyses of BMC in the 75-IDC patient. (A) Heatmap of the absorption intensity ratio:
1036 cm−1/1655 cm−1 (as shown Figure 13C), 50 µm scale bar. (B) FE-SEM image of a small region of
the biopsy presenting multiple BMCs with different sizes and shapes, 5 µm scale bar. (C) Associated
normalized µFT-IR spectra recorded in this area and FT-IR reference spectra of CA (red curve) and
ACCP (dark green curve). Positions, at which spectra were recorded, are indicated by the color-coded
numeration (B and C). (D) Second derivatives spectra of reference CA and ACCP over the 1200–900 cm−1

spectral range. Second derivatives were calculated using Savitzky–Golay algorithm (order 2, 11 points).
For better visualization, an offset was applied to CA and ACCP second derivatives spectra.

several BMCs can be observed: BMCs of different
shapes and sizes, including BMCs of a few hun-
dred nanometers only. Due to the spatial resolution
of classical IR characterization system, the result-
ing signal is a superposition of both contribution
of BMCs and the surrounding tissue. Hence, weak
signal, originating from nanometric BMCs or BMCs
with chemical properties in very little proportion
may be missed. Therefore, due to the complexity
of BMCs organization within the tissue µFT-IR fails
to characterize BMCs individually, and nanometric
calcifications can’t be properly described by classical
vibrational techniques. This might be overcome by

the use of super-resolved IR techniques, also called
IR nanospectroscopy techniques.

3.2.2. IR nanospectroscopy to characterize BMCs at
the nanoscale

AFM-IR is an AFM based technique that pro-
vides IR analysis at nanometer scale. It combines the
high spatial resolution of the AFM and the chemical
identification capability of the IR spectroscopy [107].
This system assesses topographic images as well
as chemical speciation through its nanometric
tip apex. To that end, the sample surface is high-
lighted with a tunable IR laser which will produce—if
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Figure 15. Investigation of the carbonated content of BMCs with breast pathology severity. (A) IR spec-
tra of synthetic calcium phosphate hydroxyapatite (CHAP) with different proportion of carbonate sub-
stitution (0%, 0.5%, 1.4%, 2.3%, and 3.5%) use as calibration curves to quantify carbonate content in bi-
ological BMCs. (B) Mean carbonate content in calcifications from all invasive, in-situ, and benign breast
tissue, quantified using (A). (A, B) from Baker et al. [33]. (C) Summary of the microenvironmental factors
affecting the carbonate substitution in calcium phosphate hydroxyapatite in BMCs associated with be-
nign, ductal carcinoma in-situ and invasive breast tissue cells. From Gosling et al. [35].

the sample absorbs at the laser’s wavenumber—
rapid picometer expansion [108] of the surface
due to conversion of the absorbed light into heat
(photothermal process [109]). This expansion is
probed by the AFM tip in contact (contact mode)
or intermittent-contact (tapping mode) with the
surface: the energy collected is transferred to the
cantilever that will oscillate on its eigenmode. The

oscillation amplitude is directly proportional to the
absorption of the sample, which enables direct com-
parison with conventional absorption IR spectra.
Unlike µFT-IR, AFM-IR technique does not acquire
systematically a spectral data cube, but can record
local IR spectra by fixing the tip position and scan-
ning the laser spectral range, or IR chemical maps
by fixing the wavenumber of the laser and scanning
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Figure 16. AFM-IR analyses of the 75-IDC patient. (A, B), FE-SEM images of the analyzed region. 5 µm
and 1 µm scale bar respectively. (C) AFM topography of the same region shown in (B). 1 µm scale
bar. (D) Local AFM-IR spectra measured at location indicated by the crosses on (B, C), and FT-IR
reference spectra of CA, Wk, and ACCP (dashed lines). Baseline correction, Savitzky–Golay smoothing
(order 1, 15 points) and vector normalization were applied to AFM-IR spectra presented in (D). AFM-IR
measurements were performed using NanoIR2 from Bruker Nano coupled with a QCL laser covering the
1900–900 cm−1 spectral range. Imaging was performed in tapping mode and spectra were recorded in
contact mode using gold coated cantilever (Budget Sensors, Multi75GB-G, 3 N/m) from 1900 to 900 cm−1

with a 1 cm−1 spectral resolution, at 335 kHz and with 160 ns laser pulse width.

the surface. The resulting chemical information has
a lateral spatial resolution close to 20 nm, limited by
the AFM tip radius [110–112]. AFM-IR is, therefore,
a promising technique to precise BMCs topogra-
phy and their composition at the nanoscale. How-
ever, since the IR source is a laser, AFM-IR spectral
range (1900–900 cm−1) is usually less extended than
µFT-IR systems that possess globar sources with
working range from 4000 cm−1 to 400 cm−1.

Figure 16 compares AFM-IR analyses performed
on the 75-IDC patient breast biopsy with reference

FT-IR spectra. A calcification structure surrounded
by tissue can be identified in the upper left corner of
both the FE-SEM image and the AFM topography of
the studied region (Figure 16B, C). The AFM topog-
raphy represents the morphology of the surface in
false color. The color scale outlines the height of the
surface: zero being the deepest point probed on the
surface and the light-yellow the highest point of the
surface analyzed. Based on the AFM topography, this
rounded-shape calcification has a diameter of about
2.5 µm, lower than the spatial resolution of µFT-IR.
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Using AFM-IR four local spectra were acquired at
different points on top of the BMC (spectra 1 to 4
in Figure 16D), and shape and sub-structure varia-
tions of the phosphate bands (1150 and 960 cm−1—
Figure 16D) can be observed. This band was not
observed in the spectrum acquired within the tis-
sue which only presents a strong protein signal at
1655 cm−1 (Amide I), 1535 cm−1 (Amide II), and
1260 cm−1 (Amide III) (spectrum 5 in Figure 16C).
Spectrum 1 acquired near the upper edge of the
BMC (Figure 16C) presents maxima of absorption
at 1109 cm−1, 1032 cm−1, and 958 cm−1 charac-
teristics of CA, as well as two shoulders at 1074
and 991 cm−1 also observed on reference Wk spec-
trum; while spectrum 2 measured on the opposite
side of the BMC presents an absorption band that
might be associated to CA. On the other hand, spec-
trum 3 and 4 present less structured absorption
bands that might be explained by the coexistence of
either Wk and ACCP or CA and ACCP, respectively.
These results highlight a possible chemical and/or
physico-chemical heterogeneity at the nanometric
scale. Thus, we suppose that BMCs might not be
composed of a single chemical phase but rather a
mix of different chemical phases. Due to spatial res-
olution limitation, these heterogeneities would not
be observed with µFT-IR analyses (Figure 14C), thus
AFM-IR opens new opportunities for characterizing
BMC at the nanometer scale, thus enabling to investi-
gate early-stage BMCs formation during mineraliza-
tion processes in the breast.

In a recent study, Bouzy et al. [113] proposed mon-
itoring by Raman microspectroscopy the early stages
of the mineralization processes in breast cancer cell
lines. They investigated two different pathways of cell
mineralization to demonstrate that cells’ microenvi-
ronments affect the mineralization, as well as BMC
physicochemical features. They evaluated the cellu-
lar proliferation and adhesion to the surface (i.e. can-
cer progression) as well as the location of mineral
deposits within the cell culture but they did not ob-
serve significant chemical changes in the extracellu-
lar matrix, i.e. the collagen. In their conclusion, they
pointed out that Raman microscopy lacks resolution
to be really precise about the location of the deposits
and probably to investigate subtle chemical changes
within the extracellular matrix.

Using AFM-IR, these changes could be moni-
tored throughout the mineralization maturation and

help decipher the link between BMC and breast
pathologies.

Our study is the first step to reach a better un-
derstanding of the mineralization process at the
nanometer scale. One of the next steps could be to
perform in parallel with studies done on biopsies, an
in-vitro study using a model cancer cell line like the
one proposed by Bouzy et al.

4. Conclusion and perspectives

Compared to other pathologies, breast cancer, in
routine diagnosis and preventive procedure, mostly
relies on classical medical examination like mam-
mography as well as anatomopathological analy-
sis. Unfortunately, it doesn’t really benefit from the
advances of more specific techniques like electron
microscopy or vibrational spectroscopy commonly
used in medical research or for the diagnosis of
pathological calcifications, even though, breast med-
ical examination is partially based on the spatial
repartition and morphological aspects of microcal-
cifications. The goal of our study was to evaluate
the relevance of FE-SEM, µFT-IR, advanced IR super-
resolution technique, such as AFM-IR, to study BMCs
in breast biopsy and to propose a multiscale ap-
proach, in order to investigate the link between mi-
crocalcifications and malignancy.

As a result, FE-SEM confirmed its efficiency to
provide accurate morphological diagnosis of BMCs.
Four different types of BMCs can be easily distin-
guished thanks to their typical 3D shape: bipyrami-
dal or dodecahedral for COD (recognized as BMCs
of type I), spherical for CA (recognized as BMCs
of type II), pseudo cubical for Wk and amorphous
mineral for ACCP. COD seems to be linked to be-
nign lesions whereas CA and Wk might be related
to malignant lesions. As an example, tissue section
from a 75-years old woman suffering with an in-
filtrating low-grade ductal carcinoma was explored
and exhibited BMCs with a characteristic spheri-
cal shape of CA. Then a question was raised: were
we able to measure the exact chemical composi-
tion of such BMCs and its micro-environment? To go
deeper into the chemical characterization of tissue
section, we proposed to use µFT-IR as it is a widely
used, non-destructive and label-free technique, and
which is routinely used in hospitals in cases of kid-
ney stones. Like FE-SEM analysis, it is possible to
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perform IR measurements on tissue sections ob-
tained from embedded paraffin biopsy without any
further treatment, except the removal of paraffin
just after micro-sectioning. It provides information
on the chemical bonds present within a sample by
probing molecular vibrations. It might precisely de-
scribe the environment and even the crystallinity of
a probed species. In the case of BMCs, each type
presents a specific IR absorption signature, which
is easily recognizable. Their IR absorption spec-
tra present some similarities: an intense absorption
band in the 1100–950 cm−1 spectral range mainly as-
sociated to phosphate groups (PO4−

3 ). But the num-
ber of phosphate absorption bands depends on the
symmetry of phosphate ions within the crystalline
structure. As a consequence, the shape, the width, the
position of the maximum absorption and the num-
ber of shoulders differ from one type of BMCs to an-
other. For example, on Wk FT-IR absorption spec-
trum, several shoulders in the phosphate region are
present compared to CA or ACCP spectrum. The tis-
sue IR response exhibits intense absorption bands
at 1650 cm−1, 1550 cm−1 and a weaker band at
1260 cm−1, characteristic of the peptide bond vibra-
tion band of proteins. Surprisingly, the µFT-IR study
of 75-IDC patient BMCs revealed the presence of
micrometer heterogeneities not visible on FE-SEM
clichés. The IR spectra of different regions of inter-
est presented the characteristic absorption bands of
carbonate and phosphate but without the shape nor
width of the absorption band of pure CA or ACCP
compounds. This suggested that BMCs in this sam-
ple might be a mixture of CA and ACCP. Moreover,
by looking at the other absorption bands, we can
even evaluate if the BMCs are linked to other tissue
compounds and even their interaction with the ex-
tracellular matrix. The main drawback of this tech-
nique is its poor lateral resolution, dependent of the
wavelength and thus ranging from around 2.5 µm
in the 4000 cm−1 region to at least 25 µm in the
400 cm−1 region. To overcome this optical limita-
tion of µFT-IR and assess if those heterogeneities
are still present at a nanometer scale, the exact
same region of interest of the 75-IDC patient sec-
tion was explored using a IR super-resolution tech-
nique called AFM-IR. AFM-IR is widely used in ma-
terial sciences and microbiology [112,114–116], and
applications for the characterization of tissue de-
posits and organic minerals have been growing in

recent years [117,118]. Nonetheless, complex biolog-
ical samples characterization, such as breast biop-
sies, using AFM-IR remain challenging because of,
among others, the tissue deposits thickness and im-
portant height variation of the sample surface due to
the presence of BMC. However, the very local IR spec-
tra acquired on our BMCs of interest confirmed the
spatial heterogeneity of those objects and revealed
a more complex structure than excepted. Based on
these preliminary results, AFM-IR has the potential
to decipher the fine chemical composition of breast
calcifications with very high resolution (nanome-
ter), improving our understanding of the chemical
changes that occur during the biomineralization pro-
cess in breast, and the entailment of BMCs with
the pathology.

Moreover, it will be of great interest to go be-
yond chemical speciation and investigate further
the microenvironment of BMCs through trace el-
ements analysis to obtain a more complete pic-
ture of the entanglement between pathology, pres-
ence of microcalcification and immune response
of the body. Indeed, trace elements are essential
for the equilibrium of cell metabolism by taking
part, among other, to the activation/inhibition of
enzymes [119]. In addition, to being essential to the
regulation of the cellular activity, trace elements have
been highlighted to play a role with carcinogenesis
[120–122]. Physiological elementary composition
changes may dysregulate cell activities, resulting
in immunological breakdown [123] and accelerate
tumor growth [124]. Several studies have already
reported and highlighted that trace elements are
tightly linked with breast cancer and cancer in gen-
eral. For example, using in-vitro neutron activation
analysis (NAA), Ng et al. [125] showed that many
trace elements were significantly higher in cancer-
ous breast tissues compared to the adjacent normal
tissues (e.g., within the same sample), this includes:
Al, Br, Ca, Cl, Co, Cs, Fe, K, Mn, Na, Rb, and Zn.
Especially, as Zn is involved, among other, in car-
cinogenesis processes and tumor growth [126–128],
some studies have investigated the relationship be-
tween Zn and cancer, showing the dysregulation of
Zn seems to be organ dependent [129,130]. In this
context, some of them highlight an increase of Zn
content in breast cancerous tissues compared to
healthy breast tissue [131,132]. But, the correlation
between Zn concentration, the cancer malignancy
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Figure 17. X-ray spectroscopy analyses on paraffin-embedded breast resection using synchrotron radi-
ation. (A) DiffAbs beamline setup at Soleil Synchrotron (Saint-Aubin, France). The arrows indicate: the
sample older (red arrow), the beam output (blue arrow) and the detector (green arrow). (B) Composite
images of XRF maps of Zn (in green) and Ca (in red); 500 µm scale bar. (C) Zoom of the overlay XRF maps
(white rectangle on B composite image) showing partial Ca and Zn colocalization; 200 µm scale bar, and
(D) XAS spectra at position indicated by the color-coded arrows on (B). The spectral region highlighted
in grey corresponds to the spectral region where differences are observed between experimental spectra.
Blue spectra measured at a position with both Ca and Zn signal while the orange spectrum was acquired
at a position with only Zn XRF signal. The dark blue spectrum is the Zincite (ZnO): reference spectrum of
tetra-coordinated Zn.

and the presence of microcalcification, is poorly doc-
umented. To explore this relation, one can propose
to use X-ray fluorescence (XRF) and X-ray absorption
spectroscopy (XAS). Those techniques can deter-
mine the distribution of Zn within the tissue depend-
ing on the pathology and the presence/absence of
BMC. Compared to other trace element character-
ization techniques, XRF presents the advantage to
be compatible with classical fixed tissue section or
paraffin embedded biopsies [133,134] (Figure 17). As
a consequence, no additional preparation than those
already performed for biopsies analyses and stor-
age in hospital anatomopathological departments,
is required.

Furthermore, XRF has proven to be clinically rel-
evant, providing trace elements analyses without
heavy complex and time-consuming protocol. In
particular, using synchrotron radiation trace ele-
ments can be detected and described, in biolog-
ical samples, at the micrometer scale, thanks to
the high brightness of synchrotron radiation com-
pared to XRF lab benchtop setup [135]. Therefore,
Ca (mainly link to BMC) and Zn XRF maps (distribu-
tion within the tissue resection) of the breast biopsy
can be obtained to study the presence/absence of
Zn with the presence/absence of BMCs (e.g., Ca).
Figure 17B and C, present XRF maps acquired on

a patient diagnosed with in infiltrating ductal carci-
noma. Ca and Zn distribution in the region of the
resection are very localized and a partial colocaliza-
tion of Ca and Zn can be observed (Figure 17C), sug-
gesting Zn with different physical–chemical environ-
ment and thus biological role. To confirm that hy-
pothesis, Zn can be further analyzed through Zn K-
edge X-ray absorption near edge structure (XANES)
spectroscopy to identify Zn electronic and coordi-
nation state (Figure 17D). This kind of spectroscop-
ical analysis has already been reported on calcifi-
cations [100,133,134]. X-ray fluorescence and X-ray
spectroscopy are promising techniques to highlight
the role of Zn in breast cancer and obtain a better
description of the BMC micro-environment. More-
over, this technique allows to follow other trace el-
ements like Mg. As a study suggested that the per-
centage of Mg, associated with Wk BMC, increases
with the cancer malignancy, it could be interesting
to precise this kind of hypothesis and investigate by
XRF and XANES measurements the possible correla-
tion between Mg and cancer severity. In the future,
we propose to perform a systematic multiscale anal-
ysis of BMCs, using electron, vibrational and X-ray
spectroscopy techniques on benign, non-invasive,
and invasive breast samples. It would provide better
insight into the relationship between Zn and BMC,
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as well as the local environment modifications that
occur in malignant cancer. We hope that in the
future, women will benefit from a better physico-
chemical characterization of their BMCs for lesion
diagnosis purposes.
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1. The paradox of calcareous biominerals

In the study of the widely distributed calcareous
shells (mostly produced by marine organisms) a
major breakthrough occurred in the middle of the
19th century. At that time, the main lines of the
zoological classification in which morphology of the
calcareous skeletons play a major role were already
established. A first synthesis had been produced by
Linné [1] and value of shell morphology as taxo-
nomic criteria was also made obvious through de-
velopment of palaeontological research in the ear-
liest decades of the 19th century. Investigating ter-
tiary fauna from the Paris basin, Lamarck [2], for
instance, created many invertebrate genera (mostly
molluscs and corals) whose representatives were
later found alive in the tropical seas. This point was
important at the beginning of geological investiga-
tions because the ratio between still living and exclu-
sively fossil genera was the key point to separate the
periods in Cenozoic era. When progress of the mi-
croscopes and development of appropriate prepar-
ative methods allowed for observation of thin sec-
tions of these calcareous shells, a wealth of additional
information became available. The origin of this in-
novative step is well known and provides a remark-
able example of unexpected results and correlated
interrogations.

The Microscopical Society of London (founded
1839) was dedicated to the study of cellular organiza-
tion of living organisms, a theory whose universality
had just been suggested [3,4]. Among the seventeen
founders of the Society, the figure of Bowerbank is
of particular interest because he focused his inves-
tigation on the shells and other biological mineral-
ized structures. In his first results (published in the
first issue of the Transactions of the Microscopical
Society [5]), followed by more extended works by
Carpenter [6,7], conclusion was that, in contrast to
the other organs of the molluscs, their shells were
not made of cells. This key point was extended to
any calcified structure built by invertebrates. Even
for unicellular organisms (e.g., Foraminifera or the
Haptophyte algae Coccoliths), formation and growth
of the mineral units occur in specific spaces inside
the cell, but carefully isolated from the biologically
active compartment.

Not only are the calcareous structures of the in-
vertebrates non-cellular, but between cross-nicols

Figure 1. Species-specific morphology of the
shell-building units exemplified by fibres in a
brachiopod shell (a). Each fibre is a contin-
uous single crystal of calcite ((b) EBSD dia-
gram) whose shape has been adapted to ani-
mal anatomy during growth (c) without chang-
ing its individual crystallographic orientation.
(d) Bowerbank bust.

the mineralized units exhibit crystalline appearances
regardless of their shapes (Figure 1a–c). Conclu-
sively, specialized cell layers (e.g., the outer epithe-
lium of the mollusc mantles) produce the chem-
ical components, but crystallization of the shell-
building units always occurs outside the miner-
alizing cell layers, following a process that Hux-
ley assimilated to a secretion [8]. Almost two hun-
dred years later, the mechanism enabling a given
species to keep so precise control over construction
of its shell that microscopic observation allows for
its taxonomic identification remains an unsolved
enigma.
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From an applied viewpoint, however, the Bower-
bank and Carpenter’s results were immediately ap-
preciated in another then rapidly evolving research
area: the geology of sedimentary rocks, in which
the fossilized shells could be now more precisely
identified by studying small fragments. Therefore, at
Burlington Hall (home of the Geological Society of
London) the Bowerbank bust (among very few oth-
ers) is an expression of the durable impact of his in-
novative approach (Figure 1d).

Eighty years later, the Schmidt’s exhaustive syn-
thesis of microscopic organization of the mineral-
ized structures among living organisms [9] may be
considered as an achievement of the Bowerbank and
Carpenter’s investigations [5–7]. In this milestone
study the major patterns and respective importance
of the three main types of biogenic mineralized cat-
egories were precisely described. Calcium carbon-
ate is by far the most used [10]. It is distributed
among most of invertebrate phyla and, accordingly, a
remarkable diversity of taxonomy-linked crystal-like
building units is generated. Their shapes always dif-
fer from the typical forms of the non-biogenic calcite
and aragonite. In most cases, a given species can pro-
duce two distinct microstructural types simultane-
ously, with sometimes mineralogical change between
the two distinct areas of the mantle as shown by this
bivalve (Figure 2a–e).

To emphasize specificity of the calcareous
biocrystallization, mention must be made of sil-
ica as the second biomineral from a quantitative
point of view. Its geological importance was recog-
nized since the beginning of scientific oceanography.
First data were collected during Ross explorations of
the Antarctic oceans (1839 to 1842) and popularized
by the spectacular drawings made by Haeckel [11].
In contrast to Ca-carbonates of the shells, silica is
always deposited as amorphous material. However,
deposition of this silica is precisely controlled
(Figure 3a–d) assessing for the presence of an ex-
tremely effective biological process that allows for
creation of a precise morphology-based classifica-
tion for thousands of species.

A third of the major chemical types of biominer-
als (although of lesser quantitative importance), cal-
cium phosphate, is used in the vertebrate phylum,
but also contribute to shell formation in some bra-
chiopods and crustacea [9,12]. Bones (of mesoder-
mal origin) and teeth (mesodermal by the dentine

Figure 2. Shell of Pinctada margaritifera, the
Polynesian pearl oyster. (a) On the inner side of
the valve, the mantle is visible but the physical
link between the mantle and the shell growing
edge has been disrupted. The mantle produces
calcite prisms at its periphery (black area of the
mantle and shell). The internal light reflective
area is the nacre. (b) Enlarged view (SEM) of
the contact between prism and nacre areas. (c,
d) Nacre built by thin densely packed arago-
nite tablets parallel to shell surface: (c) front
view, (d) lateral view. (e) Prisms are large cal-
citic polygonal units perpendicular to the inter-
nal surface of the shell.

and ectodermal by their enamel) are crystallized ma-
terials characterized by the very small sizes of the
mineral units (Figure 3e, f) [13]. It is worthwhile
to note that when a vertebrate produces calcare-
ous structures (e.g., fish otoliths or eggshells), the
mineralization mode closely resembles the inverte-
brate microstructural growth patterns [10].

In the third decade of the last century, asso-
ciation of biochemical compounds to the mineral
phases in the biogenic mineral structures was recog-
nized (or at least hypothesized) in the three major
biomineralization mechanisms. Nevertheless, even
in the calcareous units whose sizes make obser-
vation easily accessible, obtaining precise data re-
garding relationships between the organic compo-
nents and the mineral phases was subject to the oc-
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Figure 3. Siliceous and phosphate structures.
(a) Diatoms, sponge spicules and silicoflagel-
lid skeletons are typical siliceous materials in
the world ocean. (b) Each of the about 1 µm
wide holes in a diatom skeleton contains a del-
icate siliceous grid very precisely controlled.
(c, d) Radiolaria drawings by Haeckel [11].
(e) Bone phosphate crystalline units are not vis-
ible at the enlargement of the optical micro-
scope. (f) SEM view showing the complex ar-
rangement of enamel microstructure of a ro-
dent incisor, but not the very small crystallite
units.

currence of innovative observational and analytical
methods. Synchronous with the publication of the
Schmidt’s synthesis, the famous de Broglie’s paper
paved the way to electron microscopy [14], but com-
plexity of the calcareous structures and associated
biochemical compounds were still far from being
deciphered.

2. Attempts to reconciliate the crystal-like pat-
terns and taxonomy-linked diversity of the
calcareous skeletal units

Once the permanent association between their
organic and mineral phases was recognized, the

calcareous biominerals, owing to the frequently large
size of their crystal-like units, offer diversified case
studies to investigate the respective roles of the two
components. The most immediate questionable
points were the origin of their obviously controlled
crystallographic orientation and in parallel the re-
lationship between this physical pattern and the
biological growth mode.

2.1. Biologically induced and matrix-mediated
crystallizations

Lowenstam coined these two terms [15] to formally
separate the biologically produced calcareous struc-
tures depending on the degree of control exerted
over their morphology and the three-dimensional
arrangements of the mineral units. This distinction
appears efficient when comparing the highly or-
ganized skeletons produced by the major inverte-
brate phyla such as molluscs, brachiopods, echin-
oderms to the disordered arrangement of mineral
particles in the green algae, for instance (Figure 4a).
Here the small aragonite acicular units are grow-
ing without any spatial organization within the or-
ganic mucus between the last-order branching struc-
tures of the Udoteacea Halimeda (Figure 4b–e) or the
Dasycladacea.

Position of the coral skeletons exemplifies how
uncertain could be the limit between the two
branches of the Lowenstam’s scheme. Up to 2005,
finding statements placing coral skeletons among
the weakly controlled structures was possible: “In
“biologically induced” mineralization—for example
in corals—the minerals adopt crystal shapes simi-
lar to those formed by inorganic processes and have
essentially random crystal orientations” [16]. Actu-
ally, such a commonly shared view was based on
previous papers emphasizing the similarity of coral
skeletal structures with spherulitic crystallization,
a chemical precipitation process frequently ob-
served in sedimentary rocks. In corals “each fibre
is a single orthorhombic crystal of aragonite . . . we
have concluded that these organisms [Hexacoralla]
have adopted spherulitic crystallization as an es-
sential mechanism of skeletal development” [17].
In addition the Barnes’s statement that “three-
dimensional arrangement of fibres is due to “crystal
growth competition” ” [18] largely contributes to the
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interpretation of coral skeletons as weakly controlled
materials.

Multiple structural and biochemical evidences
have unambiguously placed corals among the
“matrix-mediated” calcifying organisms. Most sig-
nificant is the layered growth mode of the septa and
walls, the existence of two distinct mineralizing areas
in the basal epithelium synchronically producing
specific microstructures with different isotopic frac-
tionations, and the presence of organically coated
nanometre-sized grains in both calcitic and arago-
nitic skeletons [19–21]. All these patterns show that
these diploblastic animals also exert a full biological
control on their skeletogenesis, equivalent to those
of the triploblastic phyla.

2.2. Control of orientation for the crystal-like
units: template model and crystal growth
competition

Growth of oriented crystals on the surface of organic
polymers has been emphasized by Mann [22] as a
possible mechanism generating the specific orienta-
tion of the skeletal units in the calcareous biocrys-
tallization process. Recent investigation of shell de-
velopment in the Polynesian pearl oyster Pinctada
margaritifera exemplifies template process in the
early developmental phase of the prisms. But here,
in contrast to the classical scheme of direct growth
of the oriented crystals onto the polymer surface,
a complex developmental process has to be fol-
lowed at the growing edge of shell to transfer the
structural properties of the initial organic grain to
each of the distinct individual prisms (see below
Section 3.2).

For molluscs and corals as major case study, the
long-dominant view was that crystallization of the
skeleton units occurs within dedicated spaces be-
tween the mineralizing cellular layer and the cal-
careous structure, e.g. the sub-ectodermal space
between the polyp and the underlying coral skele-
ton (Figure 5a, b) or the hypothesized extrapal-
lial space in molluscs (Figure 5c, d). These spaces
were admittedly filled in by liquids in which secre-
tions of the epithelial cells provide the appropriate
organic molecules and mineral ions up to fulfill-
ing conditions for precipitation of the calcareous
material [23–26]. Accordingly, the specific shapes

Figure 4. Example of biologically induced min-
eralization. (a) Dendroid green algae Halimeda.
(b–e) At the periphery of this algae, disordered
aragonite needles crystallize within an organic
mucus between the last-order branches.

and three-dimensional arrangements of the skele-
ton units were considered depending on a “crystal
growth competition” process [27,28], based on ad-
equacy between direction of the crystallographic
axes and the limited available space between the
neighbouring and simultaneously growing units. The
diverging fibrous fan systems common in the coral
skeletons (Figure 5e) illustrate this apparently com-
peting contact between growing fibres. New prepara-
tive methods revealing the micrometric control over
growth of these crystal-like units led to modify this
purely physical interpretation (Figure 5f, g).

From the classical ionic crystallization mecha-
nism, authors also recognized that taxonomy-linked
structural patterns could be due to various addi-
tional processes such as development of crystals
onto specific organic substrates acting as “template”
(e.g., [22]). For instance, when Grégoire and cowork-
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Figure 5. Models of crystallization in liquid-
filled chambers. (a) In corals [23], (b) in
corals [24], (c) in molluscs [25], (d) in mol-
luscs [26]. (e, f) Biological evidence that growth
of coral fibres is not an individual and com-
petitive process but a series of synchronic and
biologically controlled mineralization layers.
(e) Two neighbouring fibrous fan systems (SEM
view of a fractured septa without any prepara-
tion). (f) The same area after etching: the two
distinct fibrous areas are built by synchron-
ically produced growth layers whose similar
thickness variations do not support interpre-
tation by conflictual growth. (g) In the septa
of coral skeletons an early mineralization area
is built by distinct granular patches later cov-
ered by superposed layers of fibrous structures
(both aragonite). This double microstructure is
a permanent pattern whose three-dimensional
variations are linked to taxonomy.

ers carried out a series of investigations about mol-
lusc shells from 1955 to 1977 [29–32], they could
observe (using transmission electron microscopy)
the alternating organic and mineral layers within the
calcareous prismatic structures. The leading role of
organic compounds in the formation of the overlying
mineral layer was an admitted paradigm.

An alternative mechanism was later suggested in
which morphology of the normally growing crystals
could be continuously modified by adsorption of
species-specific sets of organic molecules onto their
lateral faces. This model: “shaping crystals with
biomolecules” [33] was followed by emergence of
the “non-classical crystallization” theory [34], a col-
laborative attempt to gather several research areas
into a common crystallization mechanism: the “par-
ticle attachment” model [35]. The main change is
that crystallization is viewed as a two-step process
in which tiny initial crystals are admittedly forming
larger units by mutual accretion due to interactions
between their lateral faces.

Regarding biogenic calcareous structures (also in-
cluded in this proposed model), the main objection
to the hypothesized lateral accretion mechanism was
already known: it is that the nanometre-sized build-
ing units of the biogenic skeletal units are always
lacking crystal faces (see below Section 3.3).

Finally a long series of microstructural observa-
tions and chemical measurements have contributed
to reduce recognition of the “crystallization chamber
model”. It was first disproved by Crenshaw [36] fol-
lowing a biological approach that led him to conclu-
sion that between the mineralizing epithelium and
the growing mineral surface “the transfer of mate-
rial is essentially direct”. The most significant data
disproving the existence of a common liquid-filled
chamber for crystallization of the skeletal unit were
due to occurrence of physical instruments allowing
for precisely located measurements of the isotopic
fractionation or chemical partitioning. Taking into
account the distinct calcareous microstructures, im-
portant differences were found within a given spec-
imen between the isotopic ratio or trace element
concentrations measured in the simultaneously pro-
duced minerals of the distinct areas (e.g., [24,37]).
As long as measurements were carried out on pow-
ders drilled from skeletons without consideration
to local microstructure, Urey’s “vital effect” (i.e. the
distinct fractionation between species living in the
same water pool) was considered as depending on
species. As distinct records can be obtained from a
given specimen depending on the type of skeleton
microstructure on which measurements are made,
the “vital effect” is not only a matter of species, but is
also linked to the distinct biocrystallization processes
that may occur within a given specimen.
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2.3. A “radical change” in the model of the secre-
tion mechanism for calcareous skeletons: an
intracellular phase predating the extracellu-
lar crystallization

As crystallization is obviously extracellular, the “di-
rect transfer” process hypothesized by Crenshaw [36]
implies that the components secreted by the min-
eralizing cell layer can directly produce the min-
eral phase of the growing units. It was about thirty
years later that additional information was forthcom-
ing, basically modifying the initial working frame-
work on which previous modelling attempts were
relying on.

Intracellular granules found in Helix were amor-
phous Ca carbonate (ACC), and mineralization can
occur in vacuoles or vesicles [38]. Then, it was shown
that in the growth of a larval spicule of the echino-
derms the initially deposited material was made of
ACC [39]. Moreover, ACC was shown to be present
within cultivated mantle cells of Pinctada [40]. Thus,
a few years later, to extend these findings to the main
calcifying groups, its generalization was considered
as a “tantalizing possibility” [41]. In this new view,
formation of the calcareous materials involves two
distinct phases: the first one produces an accumula-
tion of Ca-carbonate in amorphous status within the
cells of the mineralizing epithelium. This prepara-
tive phase is followed by exocytosis of the amorphous
material and its external crystallization.

In elaboration of a developmental model for
biogenic calcium carbonate, this two-phased min-
eralization concept made irrelevant an unsolved
key question: the transit through the crystallization
chambers of the sea-water volume needed to con-
tinuously produce a compact calcareous structure
taking into account the low calcium concentration
of sea water. This had sometimes led authors to hy-
pothesize some ionic “leaks” that had no anatomical
support [24] (Figure 5b). Now the origin of mineral
components, far from elucidated yet, is attributed to
internal physiological processes [42,43].

In contrast, a very positive result of this “two-
phase” calcification model was that an under-
standable link was made possible with previous
approaches developed since the late 70’s, investi-
gations that have made obvious the existence of a
layered growth mode of the skeletal units in a wide
diversity of calcareous skeletons.

3. Evidence of a generalized layered growth
mode for the calcareous crystal-like units
and their common granular ultrastructure
at the nanometre range

Presence of an organic phase whose distribution was
inaccessible to optical observation or X-ray diffrac-
tion method led H. Mutvei to develop an etching ap-
proach to display the internal structure of the cal-
careous biominerals. By carefully dissolving the outer
organic film surrounding the tablets of nacre (using
oxidative–fixative solutions) the respective distribu-
tions of organic and mineral phases become visible
up to certain extent. Taking advantage of scanning
electron microscopy it was thus possible to reveal the
internal organization and growth mode even for the
few micrometre-sized aragonite of the nacre, usually
described as a uniform “brick and mortar” assem-
blage (Figure 6a, b). This approach deeply modified
the common view about the nacre tablets by show-
ing their taxonomy-linked internal diversity [44–47].
Similarly, the inner nano structure of the calcite laths
of the foliated layer of oysters was revealed by enzy-
matic or bacterial etchings [48] (Figure 6c–f).

Applying this method to a wide diversity of cal-
careous biostructures [49] and focusing attention
to the anatomical areas where development of the
skeleton units was starting resulted in conceptual
change by revealing the unsuspected architectural
organization of some reference materials.

3.1. The Pinna prism internal substructures re-
veal a three-dimensional stepping growth
mode of the shell

Since the beginning of biomineralization studies,
Pinna prisms are the reference owing to their geo-
metrical simplicity and perfect calcite crystal-like be-
haviour (Figure 7a–c). However, etching reveals that
within the organic envelopes, two cyclic mineral-
ization systems exist, clearly related to the overall
growth of the shell.

The first one is parallel to the internal surface of
the shell (Figure 7d: gl). It shows that the prisms
whose elongation is produced by addition of super-
posed growth layers (Figure 7e) are synchronically
growing through a coordinated stepping mode. This
synchronic growth mode of the whole prismatic sur-
face is clearly demonstrated by electron microprobe
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Figure 6. Layered growth mode of calcareous
biocrystals. Nacreous tablets of Unio before (a)
and after (b) etching (from [43]). (c) Foliated
microstructure of the internal layer of Cras-
sostrea gigas before etching. (d–f) Linear ar-
rangement of the calcified units. Note that (a, b)
pictures are from an aragonite biocrystal, pic-
tures (c–f) are from a calcite one.

mapping of the polished surface (Figure 7f, g). This
shows that traces of environmental chemical or iso-
topic variations can be inserted into the shell through
the pulsed growth mode of the skeletal units. Each
growth layer appears as a crystallization unit whose
composition varies from layer to layer [50].

In addition, a second crest-and-grove system is
visible on the etched surface: it is slightly oblique
with respect to overall geometry of the prisms (Fig-
ure 7d: or). It is linked to lateral extension of the
shell (Figure 8a). In contrast to their apparently dis-
tinct geometry (emphasized by crystallography) a re-
markable correspondence exists between neighbour-
ing prisms. The second crests-and-groves system is
well coordinated (Figure 8b, c) through the organic
envelopes surrounding each prism. This shows that
the lateral extension of the shell is also a stepping

process [51]. It is obtained by synchronic deposition
of elongation layers coordinated between neighbour-
ing prisms a process that is also visible on their lateral
faces (Figure 8d).

Applying the “two-phases” mineralization model
to the layered structure of the Pinna prisms offers an
understandable solution to their paradoxical proper-
ties. For each growth layer, deposition of amorphous
material is followed by crystallization driven by the
previously crystallized substrate (i.e. the internal sur-
faces of the prisms that play a template role). As a
result, individual crystallographic patterns are main-
tained from a common amorphous mineral deposi-
tion. So, the outer shell layer of Pinna is not a sim-
ple juxtaposition of independent crystal-like units as
suggested by polarization microscopy. It is a wholly
integrated three-dimensional structure in which the
stepping secretion process of the mantle simultane-
ously increases thickness and lateral dimensions.

3.2. Prisms from their early beginning: origin of
the distinct crystallographic orientations in
the prisms of Pinctada margaritifera

In contrast to investigations that deal with well-
established prisms, the microstructural approach
applied to the growing edge of the shells provides
information about the complex ontogenetic process
that drives their initial stages.

A fully open shell (e.g., Figure 2a) displays a wrong
picture of the relationships between mantle and
shell. In the natural status of any pelecypod mollusc
a physical continuity exists between the animal and
its shell valves: this continuity is ensured by the pe-
riostracum [52–54]. This is an organic membrane
secreted by a specialized group of cells located in
the outer mantle groove (Figure 9a). In Pinctada it
directly contributes to shell formation [55,56] be-
cause it acts as a conveyor belt and transports on
its internal side the earliest calcified materials of the
shell.

The mineralizing cells of the mantle grove pro-
duce organic grains deposited onto the internal
side of the periostracal membrane (Figure 9a, b:
arrows). Calcification occurs around these initial
mineralization centres (Figure 9b–d) following a con-
centric stepping process (Figure 9e). These disks have
a crystal-like behaviour, each of them with slightly
distinct orientation [57]. Thus, numerous flat disks
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Figure 7. From crystal-like to layered structure of a Pinna calcite simple prism. Rectilinear polygonal
prisms (a) appear as single crystal units in both transversal (b) and slightly oblique longitudinal (c)
sections between cross-nicols. (d) Etched longitudinal sections reveal the superposed growth layers
synchronic through the whole mineralizing surface of the shell (gl = growth lines) and the series of
shell elongation units (or) (see also Figure 8). (e) Sides of a young prism show its layered growth mode;
note the “non-ionic” growth pattern of the upper surface. (f, g) Distribution of sulphur and magnesium
emphasizes the layered growth mode and the distinct absorption of chemical elements within each
superposed layer: each growth layer is an independent crystallization unit.
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Figure 8. Two-dimensional stepping growth mode of the Pinna prisms. (a) On the actively growing
internal surface of the Pinna shell a crest-and-grove system is visible, perpendicular to growth direction
of the shell (gd arrow). (b, c) SEM view of a polished surface in the same area: note the correspondence
of the lateral growth layers between neighbouring prisms, showing that elongation of the whole shell is
a coordinated process. (d) Lateral faces of an isolated prism showing traces of the stepping elongation:
orientation of the traces depends on orientation of the prism faces with respect to growth direction of the
shell.

are formed with thickness never exceeding 3–4 µm
with diameter reaching 20–25 µm. This is the “flexi-
ble shell”, in which disks are growing independently
as crystallographically distinct units [57–59].

Reaching the growing edge of the shell, the pe-
riostracal disks are used as substrates for prism

formation (Figure 9f). As in the Pinna shell (Fig-
ure 7b) prisms of the Pinctada are distinctly ori-
ented as shown by polarized light (Figure 9g) in
spite of the synchronic production of the growth
layers. Secretion of the shell growth layers as amor-
phous material explains the distinct crystallization
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Figure 9. Example of a double transfer of substrate orientation in the development of the prisms in
Pinctada margaritifera. (a, b) Close to the formation of the periostracum in the outer mantle grove small
patches of organic material are deposited on its internal surface (arrows). (c–e) Repeated concentric
depositions of calcite results in formation of flat disks. (f, g) At the shell growth edge, disks are shown
forming the top of the prisms; (f) distinct crystallographic orientations of the prisms is visible between
cross-nicols; (g) emphasizing the initial differences between the initial disks.

of the prisms. The amorphous layer synchroni-
cally secreted by the mantle crystallizes according
to crystallographic orientation of the disk it is fac-
ing. Polarization colours passing from first-order

grey to the end of first order (Figure 9g) show that
once established the initial crystallographic dif-
ferences between neighbouring prisms are main-
tained [57–59].
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Therefore early development of the Pinna and
Pinctada prism layers exemplifies how the concept of
“template model” must be carefully examined, taking
into account the series of ontogenic events that oc-
curs not only at the shell growing edge but also in the
deeper part of the outer mantle grove. A first template
process occurs when crystallization of the periostra-
cal disks is based on the organic grains secreted onto
the internal side of the periostracum, a second one
occurs when the resulting disks provide support to
the early stages of disk growth.

In conclusion, these two admittedly “simple”
prisms revealing distinct development processes,
but in both cases the two-phase mineralization
mechanism contributes to explain their respective
specificity.

3.3. The common granular ultrastructure of the
calcareous units observed at the nanometre
scales

In parallel to evidence that the calcareous shell-
building units may exhibit distinct internal architec-
tures a surprising similarity of their structural pattern
at the nanometre range was made obvious by using
atomic force microscopy (AFM).

Owing to its capability to simultaneously cap-
ture distinct signals corresponding to different ma-
terial properties, this method provides us with in-
formation about organization of the calcareous
biominerals with an unprecedented resolution. It
has shown that calcareous growth layers were built
by round-shaped nanometre-sized mineral grains
(Figure 10a–f) surrounded by organic material. The
densely packed spheroidal grains are illustrated by
Figures 10a, b and 10c, d, in aragonite of cephalopod
nacre [60], coral fibre [61] and brachiopod fibre (cal-
cite) [62]. They have been observed in materials bio-
logically distant like fish otoliths [63], eggshells [64],
calcareous sponges, foraminifera, etc. Everywhere
the typical AFM phase-contrast imaging indicates
the presence of a highly interactive phase (strongly
adherent to the AFM cantilever tip) at the periphery
of the grains (Figure 10e, f).

In the concept of an intracellular preparative
phase predating exocytosis, crystallization of ACC
within the mineralizing cells must be prevented by
organic compounds [65]. After exocytosis, crystalliza-
tion occurs and reticular structures are now visible

Figure 10. Coated-mineral grains common to
biogenic calcareous structures. Independently
of the producing phylum, the layered growth
units in calcareous structures are built by
infra-micrometre-sized grains (in the range of
the 50–150 nanometres). (a, b) Coral fibres.
(c, d) Brachiopod fibres. (e, f) Pinctada mar-
garitifera, amplitude (e) and phase-contrast (f)
images of the calcareous grains showing the
correspondence between the peripheral en-
velopes (e) and their strong interaction with the
AFM tip (f). (g, h) Transmitted electron images
of the grains: below the organic coating, grains
are well crystallized.
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in the nanometre-sized units (Figure 10g, h). The or-
ganic compounds that have prevented amorphous
crystallization inside the cells are now squeezed be-
tween the crystallizing grains preventing formation
of faceted surfaces.

That similar nanometre-sized spheroidal struc-
ture was found in every calcareous biocrystal, what-
ever their taxonomic origin, indicates that an equiva-
lent process is running in every calcareous biomin-
eralization [66]. From an evolutionary view point,
this remarkable consistency of the infra-micrometric
structural organization suggests that any biological
system having developed a calcification process was
submitted to common requirements linked to basic
chemical properties of the Ca-carbonates.

With respect to molecular diversity of the in-
traskeletal organic materials, the “two-phases” min-
eralization concept opens a plausible explanation
to the biochemical complexity of the organic ma-
trices. Over several decades, attempts to establish
a structural relationship between organic and min-
eral components were almost exclusively based on
proteins [67,68], owing to technical improvements
that allows for protein sequencing and amino-acid
analysis [69]. In contrast, no role was attributed to
the polysaccharides although their presence was es-
tablished and sometimes emphasized specifically in
the sulphated form [70–72]. Evidence now emerges
that taxonomy-related chemistry involved in the for-
mation of amorphous material during the intracel-
lular phase of the mineralizing process is a prerequi-
site to understand the crystallization process of the
structural units.

4. Abnormal mineralization in pearls: evi-
dence for a recovery process leading to
nacre deposition

Among the diversity of the calcareous materials pro-
duced in the living world, nacre has long attracted
attention. Built by densely packed flat aragonite
tablets (Figure 2c, d), nacre reflects visible light at the
tablet surfaces (in contrast to other calcium carbon-
ate structures). This property becomes of particular
interest in the mollusc class Pelecypods because, in-
side their bivalved shells, some families can produce
rare round-shaped bodies whose ornamental power
has long been noticed: the pearls.

In the first decade of the last century Mise and
Nishikawa elaborated the pearl cultivation method
which essentially remains unchanged up to now. It
involves two “pearl oysters” and comprises a surgi-
cal operation. A small fragment of the nacre produc-
ing mantle tissue—the “graft”—is first cut from one
of these oysters (the “donor”). It is then transported
into a “recipient” oyster and deposited onto a spher-
ical body (the “nucleus”) previously introduced into
the “pearl pocket” (a part of the pelecypod gonad).
Inside this pocket the graft spreads by cellular multi-
plication up to a complete wrapping of the nucleus,
producing the “pearl sac” in which pearl grows dur-
ing about two years and is then collected.

Over decades it has been admitted that onto the
nucleus surface the graft was producing the same
nacre as it was doing just before being cut from
the animal mantle. Therefore the observation by
Kawakami [73,74] that calcite deposition may occur
during early development of pearls can be consid-
ered as a major step in biomineralization studies. It
is important from a practical view point (calcite de-
position is a major cause of morphological irregular-
ity in pearls); moreover calcite deposition reveals in-
depth alteration of the well-established process that
was running in the graft cells when it was a part of
the mantle. Comparison between Figure 2c, d (Pinc-
tada nacre) and Figures 11–12 (early pearl mineral-
ization) reveals how important perturbation of the
mineralizing process can be. Therefore, exploring the
early stages of pearl formation was a thoroughly in-
vestigated topic in Japan during the second half of
the last century [75–77]. More recently deposition of
calcite was integrated in a general concept of the
pearls viewed as a “reversed sequence of layers” of
the shell [78].

Investigations using standard X-ray characteriza-
tion and XANES mapping have shown that the re-
versed shell hypothesis does not account for the se-
quence of structural events that can be observed
during early stages of pearl formation [79]. Recent
developments in X-ray microscopy [80] provided
high-resolution evidence suggesting that the long
and somewhat erratic recovery pathway by which
nacreous secretion is finally restored in the cultivated
pearls could be informative about the control of the
biomineralization process [81,82].

In place of nacre the mineralized units produced
by the newly formed pearl sac frequently appear as
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Figure 11. Early mineral deposition after a
20-day post-grafting cultivation (compare to
nacre in Figure 2c, d). (a) Distinct patches in
a detached fragment. (b) High-resolution X-ray
fluorescence showing the radial expansion of
the mineralization. (c) Radiating unit between
cross-nicols. (d) Full field tomography showing
the inferior face of the unit. (e) Reconstructed
lateral view showing its mode of growth by su-
perposed layers with increasing diameters.

distinct patches ranging in size from 50–100 µm (Fig-
ure 11a, b). Their irregularly radiating growth is well
evidenced by high-resolution X-ray Ca fluorescence.
Polarization shows their radiating crystallization
(Figure 11c) but phase-contrast imaging reveals their
layered structure. Figure 11d (lower surface of the
unit) and Figure 11e (lateral view) show that these
units are not simple mineral spherulites. They are
built by repeated superposition of micrometre-thick
calcified layers whose diameters are regularly in-
creasing. This shows that in spite of the strong degra-
dation of the mineralizing process the fundamen-
tal layered growth mode has been preserved in the
pearl sac.

A 30-day post-grafting sample illustrates impor-
tant changes in mineralization as the early stages

are now covered by continuously mineralized sur-
faces (Figure 12a–c). Previous investigations using
standard X-ray diffraction had shown that compo-
nents of the neighbouring areas were heterogeneous
with respect to mineralogy [81,82]. High-Resolution
X-ray fluorescence mapping allows for fine scale
microstructural patterns and elemental distribution
(Figure 12d–g).

It is important to emphasize that, in contrast to
the regularity of the mineralization in shells, these
early developmental stages of the pearls reveal a high
structural and compositional diversity. As the graft-
ing process requires time consuming operations, it
may generate various levels of disturbance in gene
expressions in the pearl-sac cells. Abnormal struc-
tures made of calcite and non-nacreous aragonite ex-
emplify such perturbations as they can be simultane-
ously produced, each of them with different organic
contents (Figure 13a–d) and [79, Figures 4–5], [82].
Remarkably, recovery of the nacre production pro-
cess generally occurs after times varying from days
to weeks and sometimes months. Structural exam-
ination of the transitional areas (Figure 13a–d) and
variation in the corresponding XANES maps (Fig-
ure 13e, f) show that in the superposed growth lay-
ers the boundary between abnormal mineralization
and true nacre secretion is not straightforward. In
the Polynesian pearls a progressive return to nacre is
made visible by the spreading of the black pigment
(Figure 13b). From a biochemical view point replace-
ment of calcite by nacre is correlated to the end of
polysaccharide secretion (Figure 13e).

From an overall viewpoint, what appears more sig-
nificant is the surprising ability of the pearl sac to
reproduce nacre deposition through various transi-
tional pathways. This makes it obvious that some bi-
ological control over pearl-sac secretion related to
initial production of nacre by the graft has persisted
through the abnormal mineralization period.

5. Conclusion: converging evidences of a
multi-scale biological control over devel-
opmental process in the matrix-mediated
biomineralizations

Investigations dealing with pearls provided evidence
of a multiscaled biological control over developmen-
tal process in the matrix-mediated biomineraliza-
tions.
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Figure 12. High-resolution X-ray fluorescence maps of the early mineralization stage in a cultivated pearl
of Pinctada margaritifera. (a, b) Optical views of a fragment showing distinct mineralization patterns.
(b) Between Sr-rich areas, crystallization occurs by forming distinct grains consistently polarizing within
polygonal areas. (e–g) Distribution maps of Sr (d), Br (e), Ca (f) and Zn (g) in the same fragment. Note the
clearly distinct morphologies of the mineral units between high and low Sr contents areas.

Nowhere are the relationships between biology
and crystallization more apparent than in this several
decade-old figure by Wada [76] in which a close cor-
respondence is shown between crystallographic ori-
entations of the nacreous tablets and growth direc-
tions in the shell of Pinctada martensi (Figure 14a, b).
This obviously implies that nucleation and growth of
the tablets are related to an oriented organic frame-
work whose directional changes during ontogeny in-

duce correlative modifications in orientation of the
mineral units. Note that overall tablet orientation is
not the only biologically influenced feature: crystal-
lization of the nacreous tablets also depends on bi-
ological control. In sedimentary aragonite, the main
growth direction for aragonite is the c-axis, lead-
ing sometimes to production of acicular crystals in
the c-direction. In contrast, in the nacre aragonite
tablets the c-axis is perpendicular to the flat surface,
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Figure 13. The stepping return to nacre production in cultivated pearls. (a) The external black nacreous
layer makes the abnormal mineralization phase well visible. (b) Enlarged view of the extension of
the nacre, progressively replacing the complex lower layer. (c) The radial envelopes (perpendicular to
nucleus surface) may contain calcite or non-nacreous aragonite. (d) Enlarged view of the contact line
between true nacre (note the specific layering) and abnormal mineralization. (e, f) XANES distribution of
sulphated polysaccharides (e) and phosphorus (f) during the abnormal mineralization period. Note the
progressive metabolic changes in the upper layers of the field, corresponding to nacre expansion.

showing that in this direction growth is restricted at
about 1/10 ratio, resulting in the optical property of
the nacre [76].

Biological influence on crystal growth is also ob-
vious in the prisms of the Pinctada shell. Not only is
the c-axis perpendicular to the main growth direction
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Figure 14. Multi-scaled evidences of organic–mineral interactions during shell formation from overall
growth up to atomic level. (a, b) Tablets of nacre have their a- and b-axes consistently oriented with
respect to direction of shell expansion ((a) original figure in [76]). (c–e) Modification of crystallization
patterns during growth of the prisms of a Pinctada shell. (f) Taxonomy-linked shifted values of the
Ca2p binding energies suggest interaction with the species-specific mineralization matrices and origin
of abnormal crystalline parameters of the resulting mineral phases [83].

of the prism [84], but a microstructural change regu-
larly occurs in the prisms after about 150 to 200µm of
thickness increase (Figure 14c, arrows) [85,86]. This
has unexpected crystallographic consequences (Fig-
ure 14g, h). In the initial growth stages (single-crystal
like), the c-axes are differently oriented whereas in
the second growth phase, much more disordered
with respect to microstructural arrangement, the
c-axes are more consistently oriented perpendicular
to growth direction [84].

Thus, in the Pinctada shell, growth of both calcite
and aragonite units demonstrate opposite behaviour
with respect to the common views regarding crystal
growth. It shows that influence of the biochemical
compounds that drive mineralization of the shell-
building unit is predominant over admitted rules for
chemical crystallization.

Looking at the lowest structural levels, the or-
ganic coating of spheroidal nanometre-sized units
has suggested that these components may play a

key role in preventing the development of faceted
nanocrystals (no particle attachment model). Inter-
estingly, synchrotron-based photo-emission spec-
troscopy carried out on the soluble part of the or-
ganic compounds extracted from calcite or arago-
nite skeletons have shown that the binding ener-
gies of Ca orbitals were significantly distinct from
the corresponding values in pure calcite or arag-
onite (Figure 14f). Distinct values have been ob-
served depending on the taxonomy of the organ-
ism from which organic compounds are coming
from [83]. This establishes that organic compounds
extracted from Ca-carbonate nanograins have pre-
served their binding capabilities to the calcium
atoms. This could be the reason why crystallization
of the growth layers results in rounded grains and
not the faceted crystals occurring in non-biogenic
crystallization [87].

Conclusively, comparative investigations now
possible for each of the structural levels allow for
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in-depth examination of materials produced by
abnormal or pathological mineralization processes
in both animal and human biology. Animal miner-
alization disturbances (such as deficiency in forma-
tion of coral skeletons) may result in global conse-
quences at the world-wide oceanic level. Conversely
deciphering ultrastructure and growth mode of the
abnormally mineralized materials may contribute
to the understanding of biological/environmental
imbalance in human pathologies.
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