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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-
tion. After setting a fluorescence intensity threshold level, a feedback mode was employed that au-
tonomously controls the Ho:YAG laser. During this procedure, the pulse emissions were controlled
only by our system, not by the surgeon. The safety and effectiveness of this system has been success-
fully proven in animal studies. This new target system with a feedback mechanism provides certainty
that even in the event of unintentional laser activation, the laser emission is blocked, thus preventing
tissue damage and unnecessary heat generation. Ours is a promising approach with the potential to
be used in various future urological and non-urological applications primarily to enhance patients’
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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