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Abstract
Purpose  To evaluate how variable working distances between the laser fiber and the stone influence ablation volume.
Methods  A laser fiber was fixed on a robotic arm perpendicular to an artificial stone. A single laser pulse was triggered at 
different working distances (0–2.0 mm in 0.2 mm increments) between the distal fiber tip and the stone. To achieve a meas-
urable impact, pulse energy was set to 2 and 3 J, with either short or long pulse duration. Ablation volume was calculated 
with an optical microscope. Experiments were repeated five times for each setting.
Results  Highest ablation volume was observed with a long pulse of 3 J at a working distance of 0.4 mm between the laser 
fiber and the stone surface (p value < 0.05). At 2 J, the highest ablation volume was noticed with a short pulse in contact 
mode. However, ablation volume of the latter was not significantly greater than with a long pulse of 2 J at a working distance 
of 0.4 mm (p value > 0.05). Compared to lithotripsy in contact mode, triggering a single long pulse at 0.4 mm increased 
ablation volume by 81% (p value = 0.016) at 2 J and by 89% (p value = 0.034) at 3 J.
Conclusions  For Ho:YAG laser lithotripsy, ablation volume may be higher in non-contact mode using long pulses, rather 
than in direct contact to the stone. Findings of the current study support the need of further studies of lithotripsy in non-
contact mode.
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Abbreviation
Ho:YAG​	� Holmium:yttrium–aluminum–garnet

Introduction

Surgical procedures for kidney stones are performed very 
frequently due to their high prevalence. Generally, the 
holmium:yttrium–aluminum–garnet (Ho:YAG) laser gen-
erator is used when performing lithotripsy with a (flexible) 
ureteroscope. Until now, studies regarding in vitro laser 

lithotripsy have focused on the effect of fragmentation effi-
ciency by changing lithotripter settings and laser fiber diam-
eters. Increasing pulse frequency, pulse energy or using short 
pulse durations results in increased stone ablation efficacy, 
retropulsion and fiber tip degradation [1–6]. Small-diameter 
fibers are as efficient as the larger-diameter counterparts but 
are more susceptible to fiber tip degradation [7]. This limita-
tion is outweighed by the multiple benefits of lower retropul-
sion, better irrigation and better flexible scope deflection [3, 
8]. Stripping the laser fiber tip significantly reduces abla-
tion efficiency as well [9]. Regarding types of stones, laser 
lithotripsy of hard stones is associated with smaller ablation 
volumes, increased fiber tip degradation and longer opera-
tion time in comparison to soft stones [9–11].

Previously reported studies on laser efficiency have been 
performed with the laser fiber in direct contact with the stone 
surface. It is supposed that the smaller the distance between 
the laser fiber and the stone, the less energy is consumed 
during the formation of a vapor bubble and the greater 
amount of pulse energy remains for ablation [12]. Until now, 
no studies have been performed quantifying how variable 
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working distances between the laser fiber tip and the stone 
influence fragmentation efficiency [13]. Better knowledge of 
laser lithotripsy in non-contact mode is crucial in the under-
standing of the working principle of Ho:YAG laser genera-
tors and to achieve optimal lithotripsy efficiency.

We aimed to evaluate how variable working distances 
between the laser fiber tip and the stone influence ablation 
volume, as a function of delivered energy and pulse duration. 
As a secondary objective, we aimed to define the influence 
of the holmium laser-induced vapor bubble on the ablation 
volume, as a function of the working distance.

Materials and methods

We used a 100 MHz Synthesized Arbitrary Waveform Gen-
erator (model 395, Wavetek, UK) for controlling the laser 
to operate in single pulse mode and for synchronization of 
a single laser pulse with a high-speed camera. This genera-
tor was connected to a Ho:YAG laser machine (wavelength 
of 2100 nm, maximum power output of 30 W, Rocamed, 
Monaco) and to a high-speed camera (APX-RS 3000, Pho-
tron, San Diego, CA, USA) with magnifying lenses (3.0×, 
f/4, Edmund Optics, York, UK). High-speed imaging was 
performed at 12,000 frames (temporal resolution is ~ 83 µs) 
and with a spatial resolution of ~ 10 µm. A high-power lamp 
illuminated the laser fiber and stone to produce sufficient 
contrast between the 0.9% saline and the laser-induced 
bubbles. Activating the generator triggered a single laser 
pulse with a short delay in order that the entire bubble was 
recorded (Fig. 1).

We used artificial “hard” stones (BegoStone plus®, pow-
der to water ratio 5:1) to simulate a calcium oxalate mono-
hydrate calculus in tensile strength. To produce homogene-
ous stones with a flat surface and free from air bubbles, we 
used a vibrating table, an electronically controlled vacuum 
mixing machine that also calibrated the powder–water ratio 
and Plexiglas molds (24 × 20 × 18 mm). Before lithotripsy, 
stones were examined for irregularities with micro-com-
puted tomography.

Using a support assembly with a robotic arm, a 272-µm 
core silica optical fiber (Rocamed, Monaco) was fixed per-
pendicular to the artificial stone. This robotic arm could 
be moved in a vertical plane with steps of 0.01 mm. The 
stone and laser fiber tip were immersed in a tank filled with 
0.9% saline at 25 °C for one hour prior to lithotripsy. The 
stone was not fixed in the tank but was not able to move due 
to its volume (8640 mm3). The laser fiber tip was cleaved 
before each experiment with metallic scissors and ten laser 
pulses were delivered in saline before delivering on the stone 
surface.

A preliminary study utilizing a single pulse at several dis-
tances showed a measurable impact starting from an energy 
of 2 J. Therefore, single pulse energies of 2 J and 3 J were 
studied, with short (150 µs) and long (850 µs) pulse dura-
tions. These pulse durations were measured with a high-
speed photodetector and a high-bandwidth oscilloscope. 
Fragmentation efficiency was tested for varying distances 
between the laser fiber tip and the stone: in contact, at 0.2, 
0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 mm. To achieve 
statistically significant data, tests were repeated 5 times for 
each setting.

Each test created an ablation crater in the form of a cone. 
After drying the stone, the ablation volume was calculated 
with the formula of a cone. The ablation surface and depth 
were measured with a calibrated optical microscope (Axio 
Imager.M2m, Zeiss, Germany). Image processing software 
(Axiovision SE64, Zeiss, Germany) was used to calculate 
the ablation area in a plane of stone surface after outlining 
the outer borders of the impacted surface.

Continuous variables were reported as mean ± standard 
deviation and were compared by unpaired Student’s t tests. 
For all tests, a two-sided p value < 0.05 was considered as 
statistically significant. All statistical tests were performed 
with GraphPad Prism 6.01 (GraphPad Software, La Jolla 
CA, USA).

Results

The highest ablation volume (p value < 0.05) was observed 
with a long pulse of 3 J at a working distance of 0.4 mm 
between the laser fiber and the stone surface (Fig. 2). At 2 J, 
the highest ablation volume was noticed with a short pulse 
in contact mode. However, ablation volume of the latter was 
not significantly greater than with a long pulse of 2 J at a 
working distance of 0.4 mm (p value > 0.05).

Compared to lithotripsy in contact mode, triggering a sin-
gle long pulse at 0.4 mm increased ablation volume by 81% 
(p value = 0.016) at 2 J and by 89% (p value = 0.034) at 3 J 
(Table 1). At 0.4 mm, both increasing energy from 2 to 3 J 
and increasing pulse duration from 150 to 850 µs increased 
stone ablation volume (p value < 0.05) (Table 2). Further 

Fig. 1   Experimental setup for delivering a single Ho:YAG laser pulse 
at various working distances, recorded by a high-speed camera for 
imaging of cavitation bubbles
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increasing working distances resulted in decreased ablation 
volumes, until no ablative effect was detected at 2.0 mm.

In contact mode, increasing energy from 2 to 3  J 
resulted in mean increase of stone ablation volume by 92% 
(p = 0.028) using a short pulse and by 325% (p = 0.006) 
using a long pulse (Table 2). In contact mode at 2 J, stone 
ablation volume was 65% higher for a short pulse compared 
to a long pulse (p value = 0.004). At 3 J, there was no sig-
nificant difference in ablation volume between pulse dura-
tions (p value = 0.336) in contact mode.

For long pulses, increasing working distances from con-
tact mode to 0.4 mm increased stone ablation depth by 55% 
(p value = 0.007) and by 47% (p value = 0.017) for 2 J 
and 3 J, respectively. Increasing the working distance fur-
ther decreased ablation depth, until no ablative effect was 
detected at 2.0 mm (Fig. 2). For short pulses, ablation depth 
was deepest in contact mode and decreased as the distance 
between the laser and the fiber increased. The ablation sur-
face was greatest at 0.4 mm for long pulses and in contact 
mode for short pulses.

In Fig. 3 and Supplementary material 1 and 2, the evolu-
tion of the cavitation bubble for a long and short pulse is dis-
played. A long pulse trigger produced a pear-shaped smaller 
and shorter bubble, characterized by a chaotic multiple bub-
ble stream, each locally enlarging and collapsing apart from 
the other bubbles. These dynamics were noticed at all exam-
ined working distances. The bubble from a short pulse was 
characterized by the formation of a spherical shaped wide 
and long bubble, followed by a collapse, without a chaotic 
multiple bubble stream.

Discussion

Single-pulse lithotripsy was most efficient at 0.4 mm using 
long pulses at 3 J. For lithotripsy with a working distance 
of 0.4 mm, increasing pulse duration from 150 to 850 µs 
increased ablation volume significantly for examined 
energies. Increasing working distances further gradually 
decreased ablation volume, ablation depth and ablation 
surface. To our knowledge, the added value of laser litho-
tripsy in non-contact mode on ablation volume is reported 
for the first time. The only previous studies that are con-
sidered as non-contact lithotripsy were concerning the 
popcorn technique [14, 15]. In comparison to our results, 
these authors found the highest efficiency with high energy 
and long pulse durations. In contrast, other authors always 
stated that Ho:YAG laser lithotripsy is most efficient in 
contact mode [16, 17]. However, these statements were 
based on a few non-contact mode experiments with a very 
low energy (0.375 J) and a relative long working distance 
(1 mm) between the laser fiber and the stone surface. 

Fig. 2   Relationship of working distance on ablation volume (a), abla-
tion depth (b) and ablation surface (c). LP long pulse duration, SP 
short pulse duration
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Furthermore, studying non-contact laser lithotripsy effi-
ciency was never a primary endpoint in these studies.

Currently, it is unclear why ablation volume with a long 
Ho:YAG laser pulse is highest in non-contact mode. Since 
holmium bubbles are necessary for the thermomechani-
cal contribution to laser ablation [18], the presence of the 
micro-bubble stream as noticed with the high-speed cam-
era for long pulses may play a role in the ablative effect, as 
well as the shielding effect of products of ablation during 
the pulse, and the laser beam scattering and divergence. 
The vapor channel of the long pulse, characterized by the 
pear-shaped bubble and chaotic multiple bubble stream, is 
probably most efficient to conduct the laser energy directly 
onto the stone surface at a distance of 0.4 mm. Interest-
ingly, the best results are for a working distance of 0.4 mm 
which correlates exactly with the optical penetration depth 

of Ho:YAG laser energy in water. However, this may just 
be a coincidence.

In contact mode at 3 J, there was no difference in ablation 
volume between short and long pulses. This observation is 
consistent with previous reports by Sroka et al. studying the 
impact of pulse durations on Ho:YAG laser lithotripsy [19]. 
For lower energies, a short pulse resulted in a higher ablation 
volume compared to a long pulse in contact mode. This was 
also reported by Wezel et al. using the same energy [20].

In contrast to the report by Sroka et al. studying single-
pulse Ho:YAG laser lithotripsy, mean volumes of our cra-
ters were smaller [19]. This may be explained by the fact 
that our stones had a higher powder–water ratio and were 
free from air bubbles using a vibrating table and an elec-
tronically controlled vacuum mixing machine. Moreover, 
the energy level of the first pulse was most likely not the 

Table 1   Effect of contact 
and non-contact single pulse 
lithotripsy on stone ablation 
volume (in mm3), depth (in mm) 
and surface (in mm2) ± standard 
deviation, with respect to 
increase (%) of distance from 
0 mm to 0.4 mm

LP long pulse duration, SP short pulse duration

Contact 0.4 mm Difference % p value

Volume, mm3

 2 J SP 0.0067 ± 0.0021 0.0026 ± 0.0007 − 61.0 0.010
 2 J LP 0.0023 ± 0.0009 0.0042 ± 0.0009 + 81.5 0.016
 3 J SP 0.0128 ± 0.0034 0.0051 ± 0.0003 − 59.9 0.001
 3 J LP 0.0099 ± 0.0044 0.0186 ± 0.0033 + 88.7 0.034

Depth, mm
 2 J SP 0.1557 ± 0.0355 0.0776 ± 0.0130 − 50.1 0.006
 2 J LP 0.0685 ± 0.0162 0.1058 ± 0.0142 + 54.5 0.007
 3 J SP 0.2134 ± 0.0361 0.1272 ± 0.0091 − 40.4 < 0.001
 3 J LP 0.1698 ± 0.0520 0.2499 ± 0.0172 + 47.1 0.017

Surface, mm2

 2 J SP 0.1265 ± 0.0142 0.0979 ± 0.0158 − 22.6 0.079
 2 J LP 0.0977 ± 0.0133 0.1181 ± 0.0156 + 20.8 0.101
 3 J SP 0.1776 ± 0.0256 0.1217 ± 0.0090 − 31.5 0.096
 3 J LP 0.1662 ± 0.0245 0.2325 ± 0.0449 + 39.9 0.029

Table 2   Effect of increasing 
energy or pulse duration on 
stone ablation volume (in 
mm3) ± standard deviation, 
with respect to increase (%) of 
energy (from 2 to 3 J) or pulse 
duration (from 150 to 850 µs)

LP long pulse duration, SP short pulse duration

Ablation volume ± SD Difference % p value

2 J SP 3 J SP
Contact 0.0067 ± 0.0021 0.0128 ± 0.0034 + 91.6 0.028
0.4 mm 0.0026 ± 0.0007 0.0051 ± 0.0003 + 97.1 < 0.001

2 J LP 3 J LP
Contact 0.0023 ± 0.0009 0.0099 ± 0.0044 + 325.3 0.006
0.4 mm 0.0042 ± 0.0009 0.0186 ± 0.0033 + 342.4 < 0.001

2 J SP 2 J LP
Contact 0.0067 ± 0.0021 0.0023 ± 0.0009 − 65.3 0.004
0.4 mm 0.0026 ± 0.0007 0.0042 ± 0.0009 + 61.7 0.037

3 J SP 3 J LP
Contact 0.0128 ± 0.0034 0.0099 ± 0.0044 − 22.9 0.336
0.4 mm 0.0051 ± 0.0003 0.0186 ± 0.0033 + 263.0 < 0.001
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expected energy level since it tends to be more stable after a 
couple of pulses. As well, cutting a laser fiber with metallic 
scissors decreases power by 30% [21]. To avoid that fiber 
coating remnants would influence the energy by covering 
the laser fiber tip, ten laser pulses were delivered in saline 
before delivering on the stone surface. Our study has several 
limitations. First, artificial stones are not an ideal substitute 
for human stones. However, to produce homogeneous stones 
with a flat surface and free from air bubbles, artificial stones 
were produced with the greatest precision by a vibrating 
table, an electronically controlled vacuum mixing machine, 
followed by micro-computed tomography control before 
experiments. Second, ablation volumes were calculated by 
the formula of a cone. However, craters were not perfectly 
shaped cones. To prevent potential variations in interpreta-
tion of the data between investigators, a single author (VDC) 
performed all measurements. The low standard deviations 
demonstrate a sufficient standardization and reproducibil-
ity. Third, we only took the pulse energy and duration into 
account when examining ablation volume of single pulses. 
We preferred not to include frequency, since repetitive deliv-
ery of a train of laser pulses leads to formation of a crater, 
which alters the initial distance between the laser fiber tip 
and the stone. Since we used the first pulse delivered by the 
laser generator, this may be considered as being a possible 
source of variability, because energy level usually tends to 
be more stable after a couple of pulses. Finally, we only 
examined laser energies of 2 J and 3 J, since lower energies 

prevented precise microscopic evaluation. However, such 
high energies are seldom used in clinical practice during 
lithotripsy. With these results, we want to draw attention that 
lithotripsy in non-contact mode may be more efficient than 
in contact mode, rather than stating that lithotripsy should 
be performed at energies of 2 J or higher.

Besides pulse duration, energy and frequency, the dis-
tance between the laser fiber tip and the stone appears to be 
a fourth parameter that may improve lithotripsy efficiency. 
However, future studies are necessary to confirm these find-
ings. These experiments should be performed with lower 
energies ranging from 0.2 to 1.0 J that are typically used 
during laser lithotripsy procedures. As well, the influence 
of different fiber sizes, fiber distal end conditions, different 
pulse repetition rates, shapes of laser pulse (including Moses 
technology), and types of stones should be studied. It would 
also be interesting to evaluate the impact of lithotripsy in 
non-contact mode on retropulsion. To approach clinical 
situations, stone ablation volume should also be evaluated 
with a moving laser fiber for different frequencies at several 
fiber working distances. Once the ideal distance per laser 
settings are set, this may lead to new developments. Since 
specific distances are difficult to maintain during surgical 
intervention, this may be overcome by the development of 
laser fibers with a specific buffer or lasers that only activate 
at specific fiber to stone working distances. Lithotripsy in 
non-contact mode may also be of interest for lower calix 
stones that are difficult to reach or stones that are not in 

Fig. 3   Frames taken with the high-speed camera showing the formation of bubble expansions and collapses with a 272 µm core silica optical 
fiber at 2 J at a working distance of 0.4 mm at successive intervals of 83 μs during a pulse duration of 850 µs (a) and 150 µs (b)
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the direct line of sight because of limitations of endoscope 
deflection. Understanding how distance stands in relation 
to various laser settings is essential to improve practice and 
treatment strategies of endourological stone management 
and to achieve optimal lithotripsy efficiency.

Conclusion

For Ho:YAG laser lithotripsy, ablation volume seems to 
increase in non-contact mode using long pulses, rather than 
in direct contact to the stone. The resulting increase in abla-
tion volume may possibly be caused by a pear-shaped small 
and short bubble, characterized by a chaotic multiple bubble 
stream, each locally enlarging and collapsing apart from the 
other bubbles. Findings of the current study support the need 
of further studies of laser lithotripsy in non-contact mode.
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