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Abstract
Purpose  High-power laser lithotripsy can elevate temperature within the urinary collecting system and increase risk of 
thermal injury. Temperature elevation is dependent on power settings and operator duty cycle (ODC)—the percentage of 
time the laser pedal is depressed. The objective of this study was to quantify temperature and thermal dose resulting from 
laser activation at different ODC in an in-vitro model.
Methods  Holmium laser energy (1800 J) was delivered at 30 W (0.5 J × 60 Hz) to a fluid filled glass bulb. Room tempera-
ture irrigation was applied at 8 ml/min. ODC was evaluated in 10% increments from 50–100%. Bulb fluid temperature was 
recorded and thermal dose calculated. Time to reach threshold of thermal injury and maximal allowable energy were also 
determined at each ODC.
Results  Upon laser activation, there was an immediate rise in fluid temperature with a “saw-tooth” oscillation superimposed 
on the curves for 50–90% ODC corresponding to periodic activation of the laser. Higher ODC resulted in greater maximum 
temperature and thermal dose, with ODC ≥ 70% exceeding threshold. Use of 50% compared to 60% ODC resulted in a ten-
fold increase in time required to reach threshold of thermal injury and an eightfold increase in maximal allowable energy.
Conclusions  Laser activation at higher ODC produced greater fluid temperature and thermal dose. Time to threshold of 
thermal injury and maximal allowable energy were dramatically higher for 50% compared to 60% ODC at high-power set-
tings. Proper management of laser ODC can enhance patient safety and optimize stone treatment.
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Introduction

With advances in laser technology, the range of lithotripsy 
techniques has expanded beyond fragmentation. Dusting and 
popcorn strategies that rely on higher laser pulse frequency 
and power are now commonly employed for treatment of 
urinary stones [1]. However, use of high-power settings 
can produce excessive temperature elevation of fluid within 
the ureter or collecting system and increase risk of thermal 
injury to adjacent tissue as seen in prior in-vitro and in-vivo 
research studies [2–11]. Recently, several clinical cases of 

thermal injury of the ureter have been reported to regula-
tory agencies prompting revised recommendations for 8 W 
default settings and not to exceed 20 W when using the SOL-
TIVE laser in the ureter [12].

In addition to laser power, operator duty cycle (ODC) is 
an important factor when considering thermal safety. ODC is 
the percentage of time the pedal is depressed. For example, a 
pattern of 7 s on, followed by 3 s off constitutes a 70% ODC. 
While it is generally understood that greater ODC produces 
higher temperature and thermal dose [13], this has not been 
quantitatively characterized. A proper understanding of this 
relationship is necessary for the urologist to efficiently per-
form laser lithotripsy (LL) without inducing thermal injury. 
The objective of this study was to measure temperature and 
calculate thermal dose resulting from laser activation at dif-
ferent ODC in an in-vitro model containing a volume of fluid 
representative of that found in a segment of ureter or within 
a renal pelvis during ureteroscopy.
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Prior work has characterized the temperature profile and 
thermal dose that result from delivery of 1200 J of laser 
energy at 50% ODC with a range of pedal activation times 
from 5 to 30 s [13]. Building on that knowledge, this study 
examines temperature response from laser activation at ODC 
from 50–100%. This work is directly relevant to conven-
tional laser treatment strategies; a series of clinical cases 
revealed that the mean ODC employed during the treatment 
phase of LL was 63% with a range of 12–100% [13]. Quan-
titatively measuring fluid temperature from a range of ODC 
will provide insight to urologists on appropriate LL activa-
tion patterns. This knowledge, in conjunction with selection 
of appropriate power setting and irrigation flow rate, can be 
used to optimize efficiency of LL while ensuring thermal 
safety in the ureter and other locations within the urinary 
tract.

Materials and methods

A model consisting of a glass bulb (volume 2.8 ml) and stem 
(5.7 mm inner diameter, 55.0 mm length) was partially sub-
merged (10 mm of stem above the water surface) in a 17 L 
water bath maintained at 37.0˚C ± 0.2 °C. A wire thermo-
couple (Omega, CT) was affixed 5 mm proximal to the tip 
of a flexible ureteroscope (LithoVue, Boston Scientific). The 
ureteroscope was positioned in the model and a 200 µm laser 
fiber (Flexiva, Boston Scientific) inserted through the work-
ing channel with fiber tip 5 mm beyond the ureteroscope 
centered in the fluid filled glass bulb, (Fig. 1).

Irrigation with room temperature (20 ± 1 °C) deionized 
water was delivered through the ureteroscope working chan-
nel from a peristaltic pump (Masterflex; Cole Parmer, IL) at 
8 ml/min. Once fluid temperature in the glass bulb reached 
steady state, the holmium:YAG laser (Pulse120; Lumenis) 
was activated at 30 W (0.5 J × 60 Hz, short pulse) to deliver 
1800 J with 50, 60, 70, 80, 90, or 100% ODC, (Table 1). 
Four trials at each ODC were performed.

Thermal dose was calculated using the Dewey and Sapa-
reto methodology. The threshold of thermal injury is defined 
as 43 °C for 120 min or shorter times at higher temperatures 
[14, 15]. The time to reach threshold of thermal injury was 
determined from each thermal dose curve. For lower ODC 
where thermal dose did not reach the threshold of thermal 
injury, longer trials were performed with extrapolation of the 
thermal contribution from the last three cycles of laser acti-
vation as needed. The maximal energy that could be applied 
before reaching threshold of thermal injury was also calcu-
lated (time to threshold × power setting × ODC).

A second complete set of data was generated by repeating 
each of the studies described above for delivery of 2400 J of 
energy at 40 W (0.5 J × 80 Hz, short pulse) and 12 ml/min 

irrigation rate. These supplementary data and additional notes 
are presented in the Online Resource.

Mean and standard deviation values were calculated using 
Microsoft Excel. Statistical significance was determined with 
two-tailed Student’s t test with probability for type I error 
set at 0.05 and Bonferroni correction applied for multiple 
comparisons.

Fig. 1   In-vitro model consisted of a glass bulb (volume 2.8 ml). The 
top 10 mm of the stem extended above the surface of the water bath. 
A wire thermocouple was affixed 5 mm proximal to the flexible uret-
eroscope tip and a laser fiber was secured 5 mm distal. The laser fiber 
tip was centered in the glass bulb

Table 1   Pedal on/off time and the time required to deliver prescribed 
energy for each ODC

1800  J were delivered for 30  W trials and 2400  J for 40  W trials 
(Online Resource)

Operator duty 
cycle (%)

Pedal on/off time (s) Time to deliver 
prescribed energy 
(s)

50 5 ON/5 OFF 120
60 6 ON/4 OFF 100
70 7 ON/3 OFF 86
80 8 ON/2 OFF 75
90 9 ON/1 OFF 67
100 10 ON/0 OFF 60
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Results

Upon laser activation, an immediate rise in fluid tempera-
ture was noted followed by flattening towards a plateau 
and then decay after deactivation of the laser. A “saw-
tooth” oscillation in temperature was superimposed on 
the curves for 50–90% ODC corresponding to the periodic 
activation of the laser, (Fig. 2). Maximum temperature 
for 30 W settings was 58.6, 56.6, 55.2, and 53.0 °C for 
ODC of 100, 90, 80, and 70%, respectively. Higher ODC 
yielded greater thermal dose (p < 0.002) which exceeded 
the threshold of thermal injury for ODC of 70–100%, 
(Fig. 3, Table 2).

The time to reach the threshold of thermal injury 
increased as ODC decreased, (Fig.  3). Notably, with 
a 50% ODC the time to reach threshold of injury with 
extended trials was tenfold greater than with 60% ODC 
(948 vs. 94 s). Similarly, the energy that could safely 
be applied before reaching threshold of thermal injury 
increased as ODC decreased. At 30 W settings the thresh-
old of injury was reached after delivery of only 683 J at 
100% ODC compared to 1180 J at 70% ODC and 14,200 J 
at 50% ODC, (Table 2).

Discussion

Safe use of high-power laser settings during endoscopic 
LL requires proper understanding of temperature elevation 
resulting from a range of laser ODC. Decreasing ODC limits 
the rise in fluid temperature and lessens thermal dose. This 
allows the laser to be activated for a longer period of time 
and deliver greater total energy before the threshold of ther-
mal injury is reached. Proper management of laser ODC can 
enhance patient safety and optimize stone treatment.

Thermal injury to biological tissues is dependent upon 
both temperature elevation and exposure time. Dewey and 
Sapareto developed the metric of thermal dose, reported in 
“equivalent minutes at 43 °C”, to standardize cumulative 
temperature exposure for varying temperature curves [14]. 
The threshold of thermal injury (commonly defined as 120 
equivalent minutes) is reached when tissue is exposed to 
43 °C for 120 min [14, 15]. Exposure to higher temperatures 
for shorter durations can also reach threshold. For example, 
laser activation at 30 W settings with 80% ODC produced 
a thermal dose of 1270 equivalent minutes, which exceeds 
the threshold of thermal injury.

While thermal dose provides a biologically relevant 
measure of cumulative temperature exposure, two other 
metrics are more intuitive. The time to threshold of 

Fig. 2   Mean bulb temperatures (°C) at 50, 70, 90, and 100% ODC with 1800 J delivered at 30 W setting and irrigation at 8 ml/min. Curves for 
ODC of 60 and 80% followed the same trend but were not plotted to improve visualization of the graph. Error bars represent ± standard deviation
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thermal injury indicates how long laser energy can be 
applied before thermal injury will occur. Related, is the 
concept of maximal allowable energy which indicates how 
much energy can be applied before producing thermal tis-
sue injury. As seen in this study, laser activation at 30 W 
and ODC of 50% allows 14,200 J of energy to be delivered 
before reaching threshold of injury. This is compared to 
only 1180 J at 70% ODC. In clinical cases with large stone 
burden a lower ODC may allow completion of stone treat-
ment before threshold of injury is reached.

This study has several limitations that warrant further 
comment. First, the in-vitro model provides for precise 
measurement and control of parameters but does not fully 
replicate the clinical environment. However, previous 
research has demonstrated a close approximation of ther-
mal effects produced from this in-vitro model and in-vivo 
porcine studies [3, 9]. Second, the model in this study 
represents a scenario with optimal drainage and minimal 
outflow resistance, similar to what would be seen with a 15 
Fr inner diameter ureteral access sheath with tip positioned 

Fig. 3   Calculated thermal dose for 50–100% ODC with 1800  J delivered at 30  W setting and irrigation rate of 8  ml/min. Error bars repre-
sent ± standard deviation. All comparisons remained statistically distinct (p < 0.002) after applying Bonferroni correction

Table 2   Calculated thermal 
dose, time to threshold of 
thermal injury, and maximal 
allowable energy applied before 
reaching threshold of thermal 
injury for each ODC with 
application of 1800 J at 30 W 
setting and 8 ml/min irrigation

70% and greater ODC exceeded threshold of thermal injury. All comparisons between ODC within each 
column were statistically distinct (p < 0.002), except comparison of maximal allowable energy for 60–70% 
(p = 0.004) and 80–90% (p = 0.02) ODC after applying Bonferroni correction

Operator duty 
cycle (%)

Calculated thermal dose (equiva-
lent minutes) [mean ± SD]

Time to threshold of thermal 
injury (s) [mean ± SD]

Maximal allow-
able energy (J) 
[mean ± SD]

50 16 ± 2 948 ± 72 14,200 ± 1080
60 87 ± 13 94 ± 7 1680 ± 131
70 378 ± 46 56 ± 2 1180 ± 42
80 1270 ± 119 38 ± 2 912 ± 38
90 3940 ± 240 31 ± 0.5 824 ± 14
100 14,500 ± 849 23 ± 0.4 683 ± 13

p < 0.002 p < 0.002 p < 0.001
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at the location of stone treatment. The effects of ODC 
and extent of temperature elevation are likely to be more 
pronounced in clinical scenarios where drainage is not 
as optimal. Third, energy delivery of 1800 or 2400 J, as 
applied in this study, is less than what is typically used in 
many clinical laser cases. The intent was not to replicate 
an entire LL case, but to provide a standardized method to 
compare thermal profiles from a range of ODC. These data 
can be used as building blocks to predict thermal dose in 
longer, more clinically relevant patterns of laser activation. 
Lastly, the entire parameter space was not sampled; 30 and 
40 W power settings were selected as these are commonly 
used clinically.

This study quantifies the temperature elevation resulting 
from laser activation with increasing ODC at two power set-
tings (30 and 40 W). These results enhance intuition regard-
ing ODC, particularly the multiplicative benefits of using 
50% compared to 60% ODC for cases requiring greater las-
ing time and employing 30–40 W laser power. Additionally, 
this work underscores the importance of ODC as a primary 
variable for thermal management. In conjunction with pre-
vious work on the thermal effects of five other clinically 
relevant variables: laser power [3], volume of fluid in which 
the laser is activated [16], irrigation rate [3, 4, 6–8, 17], tem-
perature of irrigation fluid [18, 19], and length of pedal acti-
vation [13], these findings provide a comprehensive frame-
work for understanding laser thermal effects. Taken together, 
this body of work can provide insight into the design of 
next generation ureteroscopy systems with better control of 
temperature and thermal dose within the collecting system.

Future work will further explore the effect of ODC on 
temperature across a broader range of laser settings and 
parameters. While the general trends seen in this study are 
expected to hold, quantifying the magnitude of the effects is 
important. Additional porcine studies are planned to validate 
the thermal response to laser ODC in the in-vivo setting.

Conclusion

Laser activation at higher ODC produced greater fluid tem-
perature and thermal dose. The time to threshold of thermal 
injury and maximal allowable energy were dramatically 
higher for 50% compared to 60% ODC at 30 and 40 W 
power settings. In conjunction with recent research on laser 
power settings, pedal activation times, fluid volume, irriga-
tion rate and temperature, these findings lay the foundation 
for a set of strategies to positively impact patient safety and 
efficiency, and guide future development of laser technolo-
gies. Until real-time measurement of fluid temperature in the 
collecting system is available, urologists should be mindful 
of ODC effects with high-power laser settings.
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