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

Microcrystalline pathology is an exciting research For several years, we have been describing the

field [1-10] in which most investigations have been morphology and the size of the crystallites and

performed on the mineral component of the biolog-  nanocrystals which constitute the kidney stone (KS).

ical deposits induced by the pathology. With respect  From a physicochemical point of view, we used the

to urolithiasis, the morphoconstitutional model de- terms “nanocrystals” and “crystallites” according to

fines the morphology of the kidney stones as one of  van Meerssche and Feneau-Dupont [19] in order to
the key parameters to establish a link between the  define the structural hierarchy of these mineral con-
cretions. Crystallites (measuring typically some tens

— of micrometers) are made of a collection of crystals
Corresponding author. (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 di Vraction
(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
identi ed 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 calci cations. For exam-
ple, it is related to their toxicity [37—39]. The cooper-
ative eVects 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 di Verence 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].

X
@) &
i
In this equation, 1(q) is the angle depen-

dent intensity ( q is the momentum transfer, i.e.
q A4 sinp/, ) from Thomson scattering, the sums

fi (@) fj (a)sin(qRij )/ qRi;

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 2 , constructive inter-
ference X-ray scattering peaks are observed.

over i and j are over all the atoms, R;; is the dis-
tance between the atoms i and j, and f; and fj
are the angle dependent atomic scattering factors.
This equation neglects thermal disorder as well
as Compton scattering, as a rst approximation.
A signi cant 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 R;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 di Verent sizes (represented
by di Verent 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 gure also shows that
the scattering peak width depends signi cantly 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) Di  Vraction 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
diVraction 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 diVraction measurements by a simple relation-
ship between D, the full width at half-maximum ( £)

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

£ Y4k, /D cos(ug)

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

equation does not take into account the type or
scattering power of the atoms, the crystal symme-
try, or the re ection used. Despite all the simpli-
cations, the size of nanometer crystals yielded is
very similar to those obtained by other techniques.
Londofio-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 con rms that Scherrer's
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Figure 4. Final re nement, with experimen-
tal (circles), calculated (dashes), and di Verence
PND patterns of the sample T11283. Tick marks
below the pro les indicate the peak positions of
allowed Bragg re ections 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], ve main subtypes, namely la, Ib, Ic, Id and le of
calcium oxalate monohydrate kidney stones exist. All
have been investigated by SEM and Neutron Di Vrac-
tion or Powder Neutron Di Vraction (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
nal re nement, with experimental (circles), calcu-
lated (dashes), and diVerence PND patterns of the
sample N11283. The mean sizes of the nanocrys-
tals in these ve subtypes (range 75-125 nm) were
107 nm (la), 80 nm (Ib), 110 nm (Ic), 90 nm (Ic) and
105 nm (le). These values are consistent with the in-
vestigation of Uvarov et al. [73]. If the crystal sizes
are similar but the subtypes are di Verent, the struc-
tural characteristics of the crystallites di Ver consid-
erably [74]. Figure 5 shows the distinctive morphol-
ogy of the calcium oxalate form crystallites for la (a),
Ic (b) and le (c).

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

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

Calcium oxalate crystals found in urine samples of
stone formersrange from0.5t0 85 minsize. 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
2.2810 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 identi ed 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) calci cations [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 di Vraction diagram with sharp di Vrac-
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- t Gaussians were superimposed
on each histogram: (a) thicknesses (b) widths
(c) lengths [82].

apatites, the di Vraction peak widths are more sig-
ni cant because the size of the crystals is around
several nanometers, except the 002 di Vraction 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 di Vractograms 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 di Vractogram [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
diVraction peaks of the struvite stone (stone T33776)
are signi cantly sharper than those of nanocrys-
talline CA (stone T21934), indicating that the size of
struvite crystals is much more signi cant 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 speci ¢ 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 C 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 di  Verent
kidney stones [106]. The results are summarized in
Table 1.

The average is around 185 nm, a much more sig-
ni cant 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
signi cant 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 di Vraction
(Figure 13) [112].

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

Kidney stone Crystal size
T32616 290 nm§ 10 nm
T38952 90nm§ 10 nm
T43068 30nm§ 10 nm
T43736 250 nm§ 10 nm
T45449 330nm§ 10 nm
T51263 330nm§ 10 nm
T52975 130nm§ 10 nm
T55785 190 nm§ 10 nm
T74647 90nm§ 10 nm
T74808 120nm§ 10 nm

This structural parameter was signi cantly di  Ver-
ent between male and female patients (84.7 § 5.3 nm
vs. 140.28 6.7 nm, p A0.000003). One of the strik-
ing points of this investigation is the fact that when
type 2 diabetes develops, this structural di Verence
between male and female vanished (76.1 § 3.9 nmvs.
78.88 4.2 nm, not signi cant).

Finally, on Figure 14, we can see a speci ¢ 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, a Vects 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 identi ed 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 di Vraction diagrams [84] collected for selected samples (T33776: struvite stone,
T21934: calcium carbonated apatite stone).

Figure 12. SEM images of whitlockite crystal-
Figure 11. Typical morphologic features of lites.
struvite crystallites. Note the absence of bacte-
rial imprints [84].
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Figure 13. Final re nement, with experimental (red points), calculated (black line) and their di Verence
(blue line), obtained for the kidney stone T40161. Tick marks below the pro les indicate the peak
positions of allowed Bragg re ections for UAA [112].

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

10. Discussion

The crystal structural characteristics of pathological
calci cations constitute a key medical parameter for

Figure 14. SEM images of uric acid kidney X =
e.g. their toxicity [122]. For example, Sun et al. [38]

stones.



Dominique Bazin etal. 143

Figure 15. Typical observed (Yqps in red), calculated ( Ycqc in black), and di Verence, pro les ( Yops—Ycalc
in blue) of the PND diagram of a cystine kidney stone. Tick marks (Bragg position in green) below the
pro les indicate the peak positions of allowed Bragg re ections for cystine [113].

have demonstrated that crystal shapes and aggrega-
tion states are crucial factors a Vecting 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  m [123]. Note that for HAP, the
crystal morphology is also a major structural param-
eter in regard to in ammation 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 e Vects 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
diVerent solid chemical phases identi ed 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 di Verences 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 di Verence 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 at surfaces with well-de ned 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-de ned 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 di Verence between the coherently scattering do-
main size on a hundreds of nanometer scale, and the
size of crystallites, indicates the presence of humer-
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. Di Verences 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 identi ed 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 ndings can thus help iden-
tify bacterial in uences and better de ne 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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