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Abstract
Purpose  The risk of thermal damage increases with the introduction of high-power lasers during holmium laser lithotripsy. 
This study aimed to quantitatively evaluate the temperature change of renal calyx in the human body and the 3D printed 
model during high-power flexible ureteroscopic holmium laser lithotripsy and map out the temperature curve.
Methods  The temperature was continuously measured by a medical temperature sensor secured to a flexible ureteroscope. 
Between December 2021 and December 2022, willing patients with kidney stones undergoing flexible ureteroscopic holmium 
laser lithotripsy were enrolled. High frequency and high-power settings (24 W, 80 Hz/0.3 J and 32 W, 80 Hz/0.4 J) were 
performed for each patient with room temperature (25 °C) irrigation. In the 3D printed model, we studied more holmium 
laser settings (24 W, 80 Hz/0.3 J, 32 W, 80 Hz/0.4 J and 40 W, 80 Hz/0.4 J) with warmed (37 °C) and room temperature 
(25 °C) irrigation.
Results  Twenty-two patients were enrolled in our study. With 30 ml/min or 60 ml/min irrigation, the local temperature of 
the renal calyx did not reach 43 °C in any patient under 25 °C irrigation after 60 s laser activation. There were similar tem-
perature changes in the 3D printed model with the human body under the irrigation of 25 °C. Under the irrigation of 37 °C, 
the temperature rise slowed down, but the temperature in the renal calyces was close to or even exceeded the 43 °C at the 
setting of 32 W, 30 ml/min and 40 W, 30 ml/min after continuing laser activation.
Conclusion  In the irrigation of 60 ml/min, the temperature in the renal calyces can still be maintained within a safe range 
after continuous activation of a holmium laser up to 40 W. However, continuous activation of 32 W or higher power holmium 
laser in the renal calyces for more than 60 s in the limited irrigation of 30 ml/min can cause excessive local temperature, in 
such situation room temperature perfusion at 25 ℃ may be a relatively safer option.
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Introduction

The holmium:yttrium–aluminum-garnet (Ho:YAG) laser 
is the most frequently used device for laser lithotripsy of 
urinary stones [1]. With the ever-increasing power, pulse 
frequency capabilities and the addition of pulse modulation, 
especially the emergence of a high-power 120W Holmium 
laser generator with Moses technology which has less energy 
loss and lower stone retropulsion, the application scenario of 
holmium laser lithotripsy has been expanded [2–5], which 
improves the efficiency and effect of lithotripsy and makes 
it possible to treat renal stones larger than 2 cm (cm) in 
diameter with a flexible ureteroscopy [6–8].

Dusting and popcorning are common principles in ure-
teroscopic lithotripsy, which can create stone dust and tiny 
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fragments (usually less than 1–2 mm/mm in diameter) to 
enable spontaneous passage of the small particles [9]. Their 
basic requirements are high frequency and long laser action 
time (usually longer than 2 min) [10, 11].

However, the risk of thermal damage increases with the 
introduction of high-power lasers and the lasting time of 
laser activation [12]. The primary mechanism of thermal 
injury is protein denaturation, leading to severe complica-
tions such as ureteral stenosis. Higher temperature irriga-
tion fluid, continuous laser activation and limited irrigation 
flow can promote this injury [13–15]. It is generally believed 
that a temperature of 43 °C lasting 120 min can cause ther-
mal damage to various tissues [16]. Teng et al. found in the 
human body that the fluid temperature after a 20-W laser 
for 60 s can stay below 43 °C with 37 °C irrigation at 15 or 
30 ml/min [17]. High-power holmium settings can induce 
potentially injurious temperature elevations in laboratory 
"caliceal" models and the porcine in vivo model [13–15, 
18]. However, there are no studies on the holmium laser's 
real intraoperative calyceal temperature change with power 
above 20 watts (W). In this study, we aim to use Moses hol-
mium laser with more than 20W in the human body and the 
3D printed model to study the safety of lithotripsy.

Material and methods

Temperature measurement

The temperature measurement device consists of a medi-
cal temperature sensor (Jingpu, China) (Fig. 1) and a medi-
cal monitor (Philips, The Netherlands). The temperature of 
the surgical area was measured with the sensor attached to 
Olympus fiber-optic flexible ureteroscope (Olympus, Japan), 
with its tip 5 mm from the distal end (Fig. 1) and inserted 
into the renal pelvis with the flexible ureteroscope through a 
12/14 Fr single lumen ureteral access sheath (Cook, USA).

In the human body

After obtaining ethics approval (Approval no. K2021127 and 
no.2022-0893), the study included patients who underwent 
flexible ureteroscopic and holmium laser lithotripsy between 
December 2021 and October 2022. Inclusion criteria were 
as follows: (1) 18–70 years of age; (2) American Society of 
Anesthesiologists (ASA) grade I or II; (3) clinically con-
firmed calyceal stones. Exclusion criteria were as follows: 
(1) preoperative fever; (2) preoperative urinary tract infec-
tion; (3) preoperative ureteral stricture.

In this study, we used high frequency and high-power 
settings (24 W, 80 Hz/0.3 J and 32 W, 80 Hz/0.4 J) with a 
200 μm laser fiber (Lumenis, USA) and Lumenis Pulse 120H 
Holmium Laser System with MOSES Technology (Lumenis, 

USA) to perform lithotripsy. The flow rate of 30 ml/min and 
60 ml/min saline irrigation (controlled at 25 °C to reduce the 
risk of fluid overheating during lithotripsy) was delivered 
using a pumping system (Yida, China).

We continuously irrigated of 30 or 60 ml/min during each 
trial. We first tried to reach a stable temperature in the renal 
calyx where the stones were located through irrigation, after 
which the laser was activated for 60 s and temperature vari-
ations were documented every 5 s.

In the 3D printed model

The kidney model (Fig. 2) was obtained by 3D printing, and 
its data was from CT imaging files of the normal urinary 
system, available from a standard library (www.​slicer.​org). 
In the model, we used more holmium laser settings (24 W, 
80 Hz/0.3 J, 32 W, 80 Hz/0.4 J and 40 W, 80 Hz/0.4 J), two 
different irrigation temperatures (25 °C and 37 °C) and two 
irrigation rates (30 ml/min and 60 ml/min). We conducted 
experiments and recorded temperatures on the kidney mod-
el's upper, middle and lower calyces. All experiments were 
repeated three times. In each experiment, we placed the laser 
fiber in the renal calyx and released the laser continuously 
for 60 s after the temperature was stabilized through continu-
ous irrigation.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 
version 9 (GraphPad Software Inc., USA) and SPSS 22.0 
(IBM Corporation, USA) software packages. Data were pre-
sented as the mean ± SD. Paired t test was used to analyze 

Fig. 1   The medical temperature sensor secured to flexible uretero-
scope
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the differences between group. p < 0.05 was considered to 
be statistically significant.

Results

Effect of flexible ureteroscopic holmium 
laser lithotripsy on the calyceal temperature 
in the human body

Twenty-two patients who experienced all four parameter set-
tings were included in our study. The clinical and periopera-
tive characteristics are summarized in Tables 1 and 2.

The overall temperature change curve is shown in Fig. 3. 
Under the irrigation setting of 60 ml/min, the intrarenal 
temperatures increased sharply during the first 10 s of laser 
activation. After 20 s, the temperature tended to stabilize 
(Fig. 3A). Under the irrigation setting of 30 ml/min, the 
intrarenal temperatures increased sharply during the first 
20 s of laser activation. After 30 s, the temperature tended 
to stabilize (Fig. 3B).

With the same irrigation flow rate, the group with 
higher laser power setting flow had higher temperature 
rise (24W 30 ml/min vs. 32W 30 ml/min: 10.03 ± 0.88 
vs. 13.32 ± 1.17, 24W 60 ml/min vs. 32W 60 ml/min: 
6.91 ± 0.95 vs. 8.33 ± 0.85) (Fig. 4A, B). With the same 
laser power setting, the group with lower irrigation flow 
had higher temperature rise (24W 30 ml/min vs. 24W 
60 ml/min: 10.03 ± 0.88 vs. 6.91 ± 0.95, 32W 30 ml/min 
vs. 32W 60 ml/min: 13.32 ± 1.17 vs. 8.33 ± 0.85) (Fig. 4C, 
D), and the difference between groups was also significant. 

The local temperature of the renal calyx did not reach 
43 °C in any of these groups under irrigated conditions at 
25 °C. If a higher irrigation temperature is used, the local 
temperature may exceed 43 °C due to the higher starting 
temperature. Therefore, choosing the appropriate perfu-
sion temperature is advisable when laser activation for 
more than 60 s is required. Otherwise, the laser activation 
has to be stopped promptly.

Fig. 2   The 3D printed model

Table 1   Preoperative clinical characteristics of the study participants

Characteristics Overall (N = 22)

Gender, n (%)
 Male 18 (82)
 Female 4 (18)

Age (years) 50.4 ± 12.5
Body mass index (kg/m2) 24.34 ± 2.92
Preoperative creatinine (µ mol/L) 86.8 ± 27.4
Stone number, n (%)
 Multiple 9 (41)
 Single 13 (59)

Stone location, n (%)
 Multiple calyx 4 (18)
 Upper calyx 2 (9)
 Middle calyx 7 (32)
 Lower calyx 8 (36)

Operation side, n (%)
 Right 10 (45)
 Left 12 (55)

Double-J stent placement, n (%) 12 (55)
 Stone size (mm) 14.6 ± 3.5
 Stone CT value (Hu) 756.3 ± 101.0

Table 2   Perioperative and postoperative characteristics of the study 
participants

Characteristics Overall (N = 22)

Operative time (min) 72.3 ± 33.6
Postoperative creatinine 90.3 ± 33.1
Hemoglobin dropa (g/l) 10.9 ± 6.7
White blood cell count (× 109/L) 9.3 ± 3.0
Serum procalcitonin (ng/mL) 0.067 ± 0.063
Fever 0
Complication rate (%) 15 (68)
 Grade I 15 (68)
 Grade II 0

Postoperative stay (days) 2.0 ± 0.6
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Effect of flexible ureteroscopic holmium laser 
lithotripsy on the calyceal temperature in the 3D 
printed model

We tested more parameter settings in the 3D printed model. 
Under saline irrigation at 25 °C, there were similar tem-
perature changes within the model and in vivo (Figs. 3, 5). 
None group reached the alert temperature after 60 s of laser 
activation (Table 3).

Under saline irrigation at 37 °C, the temperature rise 
slowed down (Fig. 6). However, the temperature in the renal 
calyces was close to or even exceeded the alert temperature 
at the setting of 32 W, 30 ml/min and 40 W, 30 ml/min after 
continuing laser activation (Table 4). When the laser power 
of over 32 W is continuously released, the 37 °C irrigation 
is unsuitable.

Discussion

Our study is the first study of temperature changes under 
the release of high-power holmium laser in the renal calyces 
of patients who have undergone flexible ureteroscopy and 
reveals an accurate temperature change curve. The high-
power laser platform made continuous dusting and popcorn 
possible and improved the efficiency of flexible uretero-
scope lithotripsy. However, it has raised concerns about the 
increased temperature of the calyces during laser activation, 
which increases the risk of thermal injury and has been the 

subject of many studies [12–15, 17, 19–24]. The cumulative 
equivalent minutes at 43 °C (CEM43) is a good indicator 
of the degree of thermal damage to the tissue. CEM43 over 
120 min can commonly cause thermal damage in various 
tissues [16]. Animal experiments have shown that CEM 43 
longer than 80 min causes significant bladder damage, and 
CEM 43 longer than 70 min causes considerable kidney 
damage [25–27]. Hein et al. found that high-power laser set-
tings, particularly higher than 30 W, have an elevated risk 
of liquid overheating in postmortem porcine kidneys [28]. 
High irrigation was required for safety in the porcine when 
the high-power holmium laser was continuously released 
[14]. Previous studies were conducted in vitro, ex vivo, or in 
a small number of live Yorkshire pigs, which all pointed out 
that high-power lasers may induce injurious temperatures 
and prompted the desire to go further in the human body 
to clarify thermal safety envelope and accurately simulate 
clinical situations [13, 14, 19, 21, 23, 24].

The temperature change in renal calyces is affected by the 
temperature of irrigation. In our study, under 25 °C room 
temperature irrigation, the fluid in the kidney could still be 
maintained at a safe temperature with the continuous acti-
vation of holmium laser power up to 32W. However, saline 
irrigation at 37 °C may increase the risk of overheating at 
the same power, according to the model and in vivo data. It's 
essential for surgeons to carefully consider the temperature 
of the irrigation liquid when planning to release the laser to 
improve efficiency continuously. In a randomized controlled 
study, He et al. found that room temperature irrigation did 

Fig. 3   Temperature profiles during Ho:YAG laser activation in the human body (A Temperature–time curve at 60 ml/min. B Temperature–time 
curve at 30 ml/min)
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not increase the risk of postoperative infection, which was 
consistent with our findings [29]. Therefore, in the case of 
continuous laser activation, room temperature irrigation is 
a better choice.

It is well known that the slow down of irrigation and the 
increase of holmium laser power can accelerate and increase 
the rise of temperature, as confirmed in our study, and a 
numeric reference was given [13, 14]. Saline irrigation can 
clear vision and is essential to prevent liquid overheating. 

In vivo and in vitro experiments have proved that the tem-
perature can rise rapidly to a dangerous level without irriga-
tion or insufficient irrigation [13, 14, 17, 23]. Lower power 
and higher irrigation rates are feasible when overheating the 
fluid is a concern. Otherwise, room temperature or chilled 
irrigation, which can provide a lower starting temperature, 
may also be a better choice [22]. In our study, we chose 
the constant irrigation rate instead of the constant irrigation 
pressure used in previous studies to map out the tempera-
ture curve, because constant pressure would show differ-
ent irrigation speeds when encountering different intrarenal 
pressures.

Power determines the temperature rather than the fre-
quency or energy in the laser lithotripsy [12, 13]. Our study 
is instructive for working conditions at the same power. 
At high power, such as 40 W, the temperature in the renal 
calyx can still be within a safe range for a short time. Our 
study within the model was consistent with that in vivo, and 
more research can be carried out in the future, as the model 
showed convenience and security.

Our study had certain limitations. Firstly, due to the lim-
ited number of patients and safety concerns, no additional 
attempts were made to reveal the temperature variations at 
different holmium laser parameters in more detail. Secondly, 
we did not compare the difference in temperature change 
between the presence and absence of stones during laser 
release. Thirdly, we did not use more thermometers or ther-
mal imaging instruments to observe the temperature of mul-
tiple sites in the renal calyces during laser release. Fourthly, 
this research was lacking in the comparison for patients with 
different frequency and power setting and a randomized con-
trolled trial should be designed in the future to evaluate the 
postoperative complication between the different frequency 
and power setting.

Conclusion

In the irrigation of 60 ml/min, the temperature in the renal 
calyces can still be maintained within a safe range after con-
tinuous activation of a holmium laser up to 40 W. However, 
continuous activation of 32W or higher power holmium laser 
in the renal calyces for more than 60 s in the limited irriga-
tion of 30 ml/min can cause excessive local temperature, in 
such situation room temperature perfusion at 25 ℃ may be 
a relatively safer option.

Fig. 4   Temperature changes after 60  s of laser activation (A Mean 
temperature changes after 60-s laser activation at 30 ml/min. B Mean 
temperature changes after 60-s laser activation at 60 ml/min. C Mean 
temperature changes after 60-s laser activation at 24 W. D Mean tem-
perature changes after 60-s laser activation at 32 W) ***p < 0.001
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Fig. 5   Average temperature profiles during Ho:YAG laser activation in the 3D printed model at 25 ℃ irrigation (A Temperature–time curve at 
60 ml/min. B Temperature–time curve at 30 ml/min)

Table 3   Exact temperature and 
temperature changes after 60 s 
of laser activation in the 3D 
printed model at 25 ℃ irrigation

Irrigation speed Setting Upper calyx Middle calyx Lower calyx

60 ml/min 24 W (80 Hz, 0.3 J) 31.4 (6.4) 31.0 (6.0) 30.6 (5.6)
32 W (80 Hz, 0.4 J) 32.6 (7.6) 32.3 (7.3) 31.6 (6.6)
40 W (80 Hz, 0.5 J) 34.6 (9.6) 33.9 (8.9) 34.3 (9.3)

30 ml/min 24 W (80 Hz, 0.3 J) 35.3 (10.3) 34.6 (9.6) 35.3 (10.3)
32 W (80 Hz, 0.4 J) 35.9 (10.9) 36.2 (11.2) 35.4 (10.4)
40 W (80 Hz, 0.5 J) 38.1 (13.1) 39.1 (14.1) 37.7 (12.7)

Fig. 6   Average temperature profiles during Ho:YAG laser activation in the 3D printed model at 37 ℃ irrigation (A Temperature–time curve at 
60 ml/min. B Temperature–time curve at 30 ml/min)
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