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Abstract 

Background  This work aimed to identify a method to achieve improved stone targeting and safety in shockwave 
lithotripsy by accounting for respiration.

Methods  We set up an electromotive device simulating renal movement during respiration to place artificial stones 
within the phantom gel, measuring stone weight changes before and after shockwave exposure and the cavitation 
damage. We conducted clinical trials using respiratory masks and sensors to monitor and analyze patient respiration 
during shockwave lithotripsy.

Results  The in vitro efficiency of lithotripsy was higher when adjusted for respiration than when respiration 
was not adjusted for. Slow respiration showed the best efficiency with higher hit rates when not adjusted for respi-
ration. Cavitation damage was also lowest during slow respiration. The clinical study included 52 patients. Respira-
tory regularity was maintained above 90% in regular respiration. When respiration was regular, the lithotripsy rate 
was about 65.6%, which stayed at about 40% when respiration was irregular. During the lithotripsy, the participants 
experienced various events, such as sleep, taking off their masks, talking, movement, coughing, pain, nervousness, 
and hyperventilation. The generation of shockwaves based on respiratory regularity could reduce pain in patients.

Conclusion  These results suggest a more accurate lithotripsy should be performed according to respiratory 
regularity.
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Introduction
Extracorporeal shockwave lithotripsy (ESWL) has 
become the preferred treatment for urinary stone 
removal during the last 40 years. ESWL is still gaining 
popularity due to its minimal invasiveness of requiring 
local anesthesia and shorter treatment duration than 
the more invasive endoscopic or open surgery alter-
natives. However, the literature suggests that stone-
free rates of ESWL range from 32 to 90% and 43–90%, 
respectively [1, 2]. Residual stone fragments after 
unsuccessful ESWL can lead to several complications, 
including urinary infection, obstruction, and hema-
turia. Renal hematoma can also occur in severe cases, 
although it is rare.

Determining the optimal ESWL settings is desir-
able to improve its success rates and minimize the 
associated health risks. Meta-analyses and system-
atic reviews of randomized controlled ESWL trials 
have suggested that the optimal frequency of ESWL 
to improve stone fragmentation efficiency is 60 to 90 
times per minute [3]. However, even with an optimal 
frequency, it is intuitive that the kidney and the stone 
will move with breathing. As a result, the shockwave 
accuracy suffers, and kidney and perirenal tissues are 
thus exposed to shockwave-derived damage caused by 
respiratory motion. Further, reducing the accuracy of 
stone targeting due to positional change by breathing 
can lead to inefficient lithotripsy, causing side effects 
[4]. Therefore, ESWL can be applied more effectively 
by considering the breathing pattern of patients, thus 
allowing shockwaves to be more accurately transmit-
ted to stones.

The efficiency and safety of ESWL with kidney stone 
movement have yet to be thoroughly investigated. 
While it is intuitive that respiration can compromise 
the accuracy of ESWL targeting, there remains uncer-
tainty regarding the efficacy and safety of lithotripsy 
when adjusting for respiration compared to when 
not adjusted. This study offers evidence for the clini-
cal application of an introduced method that precisely 
targets shockwaves by considering respiratory patterns 
and identifying specific respiratory points to enhance 
the efficiency and safety of lithotripsy. This approach 
introduces a novel method for improving the accu-
racy of shockwave targeting by considering respiration 
patterns, thereby providing a foundation for its clini-
cal implementation. This study modulated a practical 
ESWL approach to achieve better stone targeting dur-
ing lithotripsy through in-vitro experiments and a clini-
cal investigation accounting for respiratory motion. We 
suggest a novel approach that contributes to improved 
outcomes of ESWL therapy of stones by considering the 
respiratory regularity of the patients.

Materials and methods
Preparation of artificial stones, phantom gel, 
and a respiration‑electromotive device
By analyzing the responses of kidney stones using phan-
tom gel, which mimics the surrounding kidney tissue [5], 
we investigated how respiration affects the efficiency of 
lithotripsy and the damage to the gel. To reproduce uri-
nary calculi in their natural environment, we prepared 
artificial stones and phantom gel, which represent nor-
mal kidneys responsive to pressure as described by Lafon 
et  al. and Guntur and Choi [6, 7]. Four artificial stones 
were placed in 4 × 4 × 4 mm phantom gels (Fig. 1A) with 
a mean hardness of 91.2 ± 15.8  N/m2 as measured by a 
push-pull gauge to resemble the mechanical properties of 
calcium oxalate monohydrate stones [8]. The gel with an 
inner side space for stone placement was positioned on 
a motorized plate (Fig.  1B). A respiration-electromotive 
device consisting of a motorized positioner in a water 
tank was set up to simulate kidney movement during res-
piration (Fig.  1C). It was custom-designed to fit the gel 
with low walls on three sides and hold it in place so that it 
would be unmoved at the force of shockwave delivery, as 
shown below in a simple illustration (Fig. 1D).

The options were set according to human respiratory 
rates (RR) at three (20 RR/min), four (15 RR/min), or 
five seconds per cycle (12 RR/min) for fast, intermediate, 
and slow breathing, respectively. For lithotripsy, shock-
wave frequency sets of 60 times/min (1  Hz), 90 times/
min (1.5  Hz), and 120 times/min (2  Hz) are most com-
monly used in clinical practice. There are stone fragmen-
tation condition sets for two situations. In one situation, 
the shockwaves and the position of the stone were tem-
porally matched, and the shockwaves only hit the stone 
when it was at its starting place of translational move-
ment. In the other situation, shockwaves were fired at 
a constant frequency of 60, 90, or 120  Hz regardless of 
the stone position. For each experiment, the stones were 
treated with 150 shockwaves at 14 KeV, an intermediate 
energy level that is commonly used in clinical practice. It 
duplicated respiration and frequency in 27 trials of 3 sets 
of artificial stones multiplied by three kinds of respiration 
and frequency. Each condition was repeated and carried 
out back-to-back.

Measurement of stone fragment efficiency and gel 
cavitation damage on the phan‑tom gel
Four artificial stones were soaked in water and weighed 
after removing all excess water (W0). After deliver-
ing the shock, the stones were removed and collected 
from the phantom gel by carefully spraying water. Next, 
the fragments were filtered sequentially through 2- and 
1-mm sieves and allowed to air dry for five minutes to 
eliminate excess water. The particles > 2  mm and the 
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ones sized 1 to 2  mm were labeled W2(A) and W1(B), 
respectively (Fig.  1E). Fragmented stone powder (Wp, 
C) was assumed to have been lost during shock delivery; 
therefore, it was calculated by subtracting W2 and W1 
from W0. A JAB1004 analytical balance (Joan Lab, Zhe-
jiang, China) capable of detecting a range from 10 mg to 
120  g was used for stone weight measurement. Finally, 
the authors macroscopically counted the focused shock-
waves firing on the stone (Fig. 1F), and the fraction of the 
total number of shocks was represented as the hit rate.

The phantom gel was imaged using an EOS 5D Mark 
III camera (Canon, Tokyo, Japan) from a lateral perspec-
tive after shock delivery. Commercial graphic software 
was used to mark and measure cavitation on the gel after 
adjusting image contrast for better visualization.

Clinical setting
In total, 52 patients who received ESWL participated. This 
study was approved by the institutional review boards of 
our institution (IRB: 2003-046-1108). Among the patients 
who underwent ESWL, cases in which the stones were 
located in the upper urinary tract and had diameters rang-
ing from 4 to 15 mm were included for analysis. However, 
patients with urinary tract obstruction, hemorrhagic 

diseases that are difficult to treat with drugs and pregnant 
or pediatric patients were excluded from the study [4].

Informed consent was obtained from all patients. 
After guiding the patient to the lithotripsy bed (Fig. 2A), 
the investigators adjusted the position of the bed to fit 
the shockwave (Fig.  2B), explained to the patient the 
reason for measuring respiration during lithotripsy, 
and then started lithotripsy. If the patient felt discom-
fort, they might take a break, or the investigators might 
adjust the shockwave power. However, ESWL was 
stopped early if the patient complained of severe pain. 
About 2 or 3 weeks after lithotripsy, a non-contrast kid-
ney CT scan was taken to confirm whether the calculus 
was shattered. During the ESWL process, the complica-
tions and the degree of pain were checked repeatedly to 
verify safety.

Evaluation of respiration
Patients’ respiration curves were recorded to predict 
stone locations using ultrasound. This helped identify a 
specific breath point for accurate shockwave targeting, 
enhancing lithotripsy efficiency. Corrections were made 
during the ESWL process for events that might disrupt 
respiration.

Fig. 1  a Top view of the four artificial stones in the phantom gel. b Outside view of the phantom gel with artificial stones. 
c Respiration-electromotive device setup showing the phantom gel on the motorized plate submerged in water. d A respiration-electromotive 
device consisting of a motorized positioner in a water tank. e Stone decomposition divided into powder, 1 mm, and 2 mm by size. W0 (initial 
weight) is soaked in water and weighed after removing all excess water. Before weighing, fragmented stones were filtered with 2- and 1-mm sieves 
and dried to remove excess water. W1, W2, and Wp labeled according to size, where the particles > 2 mm are large particles W2, particles 1–2 mm 
are small particle W1, and fragmented stone powder is Wp. Stone fragment marked as W0; initial, W2; > 2 mm, W1; 1–2 mm, and Wp; W2 subtracted 
W1. f Image contrast was adjusted using commercial graphic software to mark and measure cavitation on the gel, enhancing visualization
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ESWL was performed using a Sonolith i-move® shock-
wave lithographer (EDAP, Lyon, France), and high-def-
inition Bk5000 Type2300® Ultrasound (BK Medical, 
Peabody, Massachusetts) was used (Fig.  2C). A breath 
measurement sensor (Spirometer logger sensor NUL_216 
with USB Module USB-200) (Neulog) and an ultrasound 
device were connected to a research laptop, and a video 
recording program (o-Cam) was used to analyze move-
ment distance of stones during the ESWL (Fig.  2D). To 
collect respiratory data, a respiratory mask (large: MA501, 
small: MA502) (Mow medical, Wonju, Republic of Korea) 
and a respiratory measurement sensor were connected to 
the patient’s oral cavity. The facial connection between the 
respiratory mask and the respiratory measurement sensor 
was checked and sealed with tape to minimize air leakage.

The respiration measurement sensor was checked and 
zeroed before data measurement. During the 30-minute 
ESWL procedure, the patient’s breathing was continuously 
recorded. Respiration was measured every 0.1  s in L/sec. 

Ultrasound and X-ray images were captured for 5 to 10 s 
to simultaneously measure breathing-induced movement 
and the maximum longitudinal diameter of the stones.

Parameters
Respiratory regularity was defined as 90% or more of 
regular breathing among all respirations. Therefore, 
even if cough, sleep, mask off, tension, hyperventila-
tion, conversation, and body movement occurred, it 
was defined as respiratory regularity if it was main-
tained at over 90%. Respiratory regularity was deter-
mined by dividing the respiration measurement time 
minus the event occurrence time by the respiration 
measurement time.

After the procedure, the stone fragmentation rates 
were compared between regular and irregular breathing 
patients.

∗Respiratory regularity (%) = (Respiration measurement time (sec) − Event occurence time (sec)) / Respiration measurement time (sec) × 100

∗Stone fragmentation efficiency (%) = Fragments or Stationary / (fragments + stationary) × 100

Fig. 2  Evaluation of respiration. a, b The position of the bed was set to fit the shockwave using X-rays, the operator explained to the patient 
the reason for measuring respiration during lithotripsy, then lithotripsy began. c, d Patients’ respiration curves of inhalation and exhalation were 
recorded, and the locations of the stones in the kidney were predicted using ultrasound to recognize a specific breath point and generate 
high-accuracy shockwave targeting
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The pain degrees were classified as none, mild, middle, 
or severe. The number of patients demonstrating each 
pain classification was observed.

Statistical analysis
Descriptive statistics were conducted to analyze the char-
acteristics of the patient group, and the Mann-Whitney 
U test was used to compare the two groups. The variables 
were analyzed to determine the associations between 
the relation to the actual value (cm) of the kidney travel 
distance, age, gender, the location of stones, laterality, 
and events during the process. Chi-square analysis was 
applied to verify the association between each category. 
IBM SPSS Statistics ver. 25.0 (IBM Co., Armonk, New 
York, USA) was used, and a two-tailed p-value < 0.05 was 
considered to indicate statistical significance. Univariate 

and multivariate logistic regression analyses were con-
ducted, calculating odds ratios with 95% CIs to estimate 
the associations between respiration regularity and litho-
tripsy efficiency, adjusting for potential confounders.

Results
Stone fragmentation efficiency on the phantom gel
Figure 3A summarizes the results regarding the 100% hit 
rate of the respiration-adjusted lithotripsy. The hit rate 
is the number of shockwaves focused on the stone out 
of the total. Without respiration adjustment, the 1 and 
1.5 Hz frequencies showed higher hit rates than those of 
2 Hz. The hit rate ranged from 50 to 67% in the respira-
tion-electromotive device setting.

Figure 3B (upper mid) summarizes the results of the res-
piration adjustment. The percentage of exchanged stone 

Fig. 3  Analysis of stone fragment efficiency. a The hit rate quantification of stone targeting was measured by adjusted respiration compared 
to non-adjusted respiration. Shock-wave frequency: 60 times/min (1 Hz), 90 times/min (1.5 Hz), and 120 times/min (2 Hz). Respiration rate: slow 
(12 RR/min), intermediate (15 RR/min), and fast (20 RR/min). Hit rate: a number of shock-waves focused on the stone out of a total number 
of shock-waves. b The change in the weight of the stone was measured according to respiration rate and shock-wave frequency. The stone weight 
change was analyzed by adjusted respiration (b), compared to non-adjusted respiration with frequency of 1 Hz (c), 1.5 Hz (d), and 2 Hz (e). f A 
percentage of phantom gel cavitation numbers was counted according to respiration adjustment. Phantom gel cavitation was individually marked 
and counted using a Sprinter-HD high-speed camera of the CamRecord-Sprinter series (Optronics GMBH, Ludwigstr, Kehl, Germany
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weight calculated the stones’ fragmentation efficiency. 
When adjusted for respiration and applying the shock-
wave frequency to 1  Hz, the stones’ fragmentation effi-
ciency increased according to the increase in respiration 
cycles. The fractions of fragments W2, W1, and Wp were 
represented in the order of slow RR (70.4%, 6.6%, 23.0%), 
intermediate RR (65.9%, 14.6%, 19.5%), and fast RR (45.5%, 
12.8%, 41.8%) respiration. The highest particles of Wp 
were fast respiration.

Without respiration adjustment in shockwave fre-
quency applied in the order of 1 Hz (Fig. 3C, upper right), 
1.5  Hz (Fig.  3D, under left), and 2  Hz (Fig.  3E, under 
mid), the stones’ fragmentation efficiency was found 
to be highest in slow respiration. The fraction of large 
fragments W2 measured in the slow (78.3%, 79.3%, and 
90.7%), intermediate (90.7%, 93.6%, and 91.9%), and fast 
(92.7%, 88.9%, and 91.4%) respiration. The remaining 
small particles W1 for slow, intermediate, and fast RR 
were less than 5%. The opposite result was observed with 
the fraction of powder Wp, where the slow respiration 
showed the largest fraction of 7.9–17.3%, contrasting a 
range from 2.5 to 7.3% for the other two respiration con-
ditions. Slow respiration showed the best fragmentation 
to Wp at all frequencies.

Patient and overall trial performance
After receiving 58 patients, six were excluded from the 
experiments because of device errors. As a result, 52 
patients (33 males and 19 females) were analyzed in the 
respiration data set. The mean age was 55 ± 16 years. 
The stone laterality was 29 patients on the left and 23 
patients on the right side, and the mean kidney size was 
10.0 ± 1.0 cm. The mean maximal diameter and number 
of stones were 9.9 ± 3.9 mm, and 1.2 ± 0.6 stones, respec-
tively. The ESWL treatment was conducted for 32 and 14 
patients in the first and second sessions, respectively. The 
mean number of transmitted shockwaves was 2,900 ± 281, 
and the mean of the total energy was 744.63 ± 105.54 KeV. 
The respiratory motion range was from 6 to 30 mm, with 
an average value of 12.8 ± 4.8  mm. The mean maximum 
volumes of inhalation and exhalation are 0.96 ± 0.4 L and 
− 1.23 ± 0.57  L, respectively. The mean ESWL execution 
time and the mean ESWL number were 28.6 ± 2.7  min, 
1.65 ± 1.23 times. The mean respiration flow velocity and 
respiration rate(bpm) were 0.79 ± 0.3, 17.69 ± 0.4, and the 
mean respiratory duration was 3.4 ± 0.6.

Lithotripsy efficiency according to respiratory regularity
Among the 52 patients, 33 (63.5%) were identified as 
having respiratory regularity, whereas 19 (36.5%) had 
respiratory irregularity. Respiratory regularity from 90 
to 95% was shown in eight patients (24.2%), and respira-
tory regularity from 95 to 100% in 25 patients (75.8%). By 

contrast, irregularities from 80 to < 90% were shown in 
seven patients, 50 to < 80% in six patients, and < 59% in 
four patients. Among patients with respiratory regular-
ity > 90%, two patients with non-specific breathing cycles 
of very slow respiration > 5  s and very rapid breathing 
shorter than 2 s were excluded from the regular breath-
ing group.

The regular breathing group showed fragmented stones 
in 22 patients (66.7%) and stationary in 11 patients 
(33.3%), while the irregular group showed fragmented 
stones in seven (36.8%) and stationary in 12 patients 
(63.2%). The stone fragmentation efficiency was 29.9% 
higher in the regular group than in the irregular group 
(OR 3.43, 95% CI 1.05–11.16, P = 0.036*). Table 1 shows 
that the kidney migration (OR 12.14, 95% CI 1.04-141.71, 
P = 0.046*), the respiration regularity > 95% (OR 6.10, 
95% CI 1.04–35.97 and P = 0.046*), and the intensity (OR 
1509.06, 95% CI 1.51-1510472.04 and P = 0.038*) were 
significant predictors for stone-free status.

Respiratory irregularity and associated events
During the ESWL procedures, five types of events 
occurred: (1) cough, (2) sleep, (3) mask off, (4) tension 
or hyperventilation, and (5) conversation or body move-
ments; some patients exhibited two or more events simul-
taneously. Table 2 summarizes the events in patients with 
regular and irregular breathing. In regular respiration, 
cough, hyperventilation, and conversation showed the 
highest number in cases of < 10%, while in irregular respi-
ration, sleep and tension showed the highest number.

The group with > 95% of regular breathing exhibited a 
consistent waveform, and the group with < 95% showed a 
slight bounce from time to time. In this group, the dura-
tion of an event was very short, and the frequency was 
low. On the other hand, an irregular waveform appeared 
when an event occurred, such as a cough with a sharp 
wave, sleep with shallow breathing, conversation and 
movement with prolonged breathing, etc.

Safety represented by phantom gel damage, complications 
and degree of pain
The cavitation damage in the respiration-adjusted group 
was lowest in slow respiration compared to intermediate 
and fast respirations (23.5 vs. 30 and 29.5, respectively). 
Without respiration adjustment, no definite differences 
existed among different respirations (Fig. 3F).

In the clinical investigation, no patients had a high 
fever, acute pyelonephritis, significant bleeding, or peri-
renal hematoma. The pain strengths of none, mild, mod-
erate, and severe appeared in 4, 11, 18, and 0 cases in 
the regular group and 1, 4, 10, and 4 cases in the irregu-
lar group, respectively (P = 0.019*). However, the pre-
scription rate of drugs on the procedure day showed 
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no significant differences in 17 cases out of 33 patients 
(51.5%) in the regular group and 12 cases out of 19 
patients (63.2%) in the irregular group (P = 0.563).

Discussion
Respiratory regularity and its effect on the stone 
fragmentation efficiency
Regardless of the change in respiratory movement, reg-
ularly-triggered shockwaves showed an inefficient lith-
otripsy process that reduced the number of shockwaves 
delivered to stones, which may cause tissue damage 
[4, 5, 9]. Some studies have considered the respiratory 
movement of the kidney to be the cause of unsuccess-
ful lithotripsy and proposed some practical techniques 
[10]. There are tips and tricks to reduce the effect of 
kidney motion, such as the self-controlled breathing 
technique [8], the use of an abdominal compression 
plate [11], quantification of the range of kidney motion 
in conscious patients [12], and respiratory modulation 
in the anesthetized patients [13]. However, none of 
them are commonly used in the urology field. The stone 
being a moving target suggests that respiratory rate, 
excursion length, shockwave rate, and such may coun-
teract the effort of stone fragmentation. To our knowl-
edge, no studies have investigated the use of respiratory 
regularity and shockwave generation according to the 
stone position at the start of the shockwave treatment. 
The result of the current investigation would help 
increase the stone fragmentation efficiency. Respiratory 
regularity is more critical than kidney migration. There-
fore, respiratory regularity increased the efficiency of 

lithotripsy by increasing the respiratory regularity more 
than having less migration. Consequently, the stone-
free rate is higher in regular and high kidney migration 
than in irregular and low kidney migration.

The authors have attempted to improve stone fragmen-
tation efficiency by using artificial stones, laser, or thera-
peutic ultrasound [8, 14, 15]. In this study, the hit rates of 
shockwaves to the stones on the phantom gel were only 
50–67% of those in the adjusted respiration. These results 
are similar to a previous clinical investigation showing 
as much as 40% missed shockwaves in clinical practice 
[13]. According to the respiratory regularity in this study, 
the stone fragmentation of the regular respiration group 
was 29.9% higher than that in the irregular group. All the 
comparisons of the ESWL outcomes according to each 
respiratory duration and shockwave generation settings 
were impossible. However, more than 63.5% of patients 
presented regular breathing during ESWL, and 76% 
showed very high regularity (> 95%). By including the two 
patients with very slow and very fast respirations in the 
regular group, the portion of respiratory regularity could 
be increased to 67.3%.

Suppose the ESWL machine can generate shockwaves 
when it detects the initial point of the respiratory regu-
larity and the maximal inhalation time point. In that 
case, the stone can be positioned at the same lowest level, 
and the hit rates will be increased. The sensor to identify 
the respiratory regularity can create a signal to generate 
shockwaves, and the hit rates can be maximized without 
checking the stone location with ultrasonography and 
fluoroscopy.

Table 1  Univariate and multivariate logistic regression analysis for prediction of stone-free status after shockwave lithotripsy

* p < 0.05

Univariate Multivariate
Variables OR 95% CI p value OR 95% CI p value

Age 0.935 0.809–1.079 0.356

Height 1.236 0.912–1.676 0.172

Weight 0.822 0.608–1.111 0.202

Laterality 0.047 0.001–1.941 0.107

Max size 1.001 0.667–1.504 0.995

ESWL time 4.413 0.229–85.162 0.326 1.656 0.967–2.835 0.066

ESWL No 0.586 0.031–10.971 0.721

Total energy 1.019 0.973–1.068 0.428

Intensity (Hz) 890246.377 0.000-6.026E + 18 0.363 1509.061 1.508-1510472.035 0.038*

Respiration number 0.414 0.134–1.275 0.124 0.853 0.613–1.187 0.346

Respiration regularity (> 95%) 401.806 0.336-480114.589 0.097 6.101 1.035–35.966 0.046*

Respiration event number 1.122 0.553–2.275 0.751

Respiration duration 0.003 0.000-1.531 0.068

Kidney migration 3715.476 0.799-17283214.50 0.056 12.137 1.039-141.705 0.046*

Kidney size 0.840 0.191–3.688 0.818
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In the occurrence of an event that changes the respira-
tory regularity, the shockwave generation may stop, and 
it can restart when detecting respiratory regularity again. 
For example, we observed five types of respiratory events 
during ESWL procedures: (1) cough, (2) sleep, (3) mask 
off, (4) hyperventilation or tension, and (5) conversation 
or body movement. In the case of regular breathing, the 
breathing waveform was consistent and had regular res-
piratory durations. On the other hand, when an event 
occurred, the waveform varied irregularly according to 
the event. Then, the stone inside the kidney moved irreg-
ularly, and the shockwave generation was unnecessary. If 
respiratory regularity changes, the shockwave generation 
may stop, and it can restart when detecting respiratory 
regularity again.

ESWL outcomes according to other settings
According to previous investigations, the current stand-
ard has scaled down from 120 to 60 shockwaves per min-
ute [2]. However, many centers have recently adopted the 
dual-frequency procedure of 60 and 90 Hz to shorten the 
treatment time [16, 17]. . In our in-vitro experiments, 
neither fragmentation efficiency nor cavitation at 1  Hz 
was superior to those at 1.5 or 2  Hz in the case of fast 
or intermediate respiration. Our slow respiration simula-
tion shows slow breathing likely yields better results, as 
evident in higher stone fragmentation. Although the hit 
rates did not differ significantly across the settings when 
not adjusted for respiration in this study, there might be 
a lingering effect with slow respiration due to a slower 
motion of the stone, which allows more cavitation bub-
bles to surround the stone.

A previous investigation also showed that respiratory 
motion caused a reduced hit rate in an in-vitro study [18]. 
Another group speculated that pronounced respiratory 
movements provided a more extended period of shock-
wave focusing on the stone, and they, therefore, recom-
mended using an abdominal belt as a means of movement 
reduction. Thus, the relationship between slow respiration 
and better stone fragmentation merits additional inves-
tigation, and we should attempt to use respiration to our 
advantage. However, no evidence applying an abdominal 
belt increases respiratory regularity.

The shockwave frequency that affects the hit rates on 
the stones may include frequency. An interesting factor 
for the reduced hit rate is the misalignment of a stone at 
the initiation of shockwave generation. During our exper-
iments with fast respiration at 1 Hz, we observed that the 
hit rates of the shockwaves generated at the beginning of 
respiration were higher than that of the shockwaves that 
were not developed at the start of respiration (no data 
shown). This may suggest that the agreement between 

the stone location and the beginning of the shockwave 
generation is essential for increasing the hit rates.

Safety of ESWL
During ESWL, physicians have attempted to reduce such 
pain [9, 19] by administrating analgesics [20] and divert-
ing patients’ attention to audiovisual content [21] or 
music [19, 22, 23]. The phantom gel damage showed no 
significant differences in the slow, intermediate, and fast 
respiration groups without respiration adjustment. How-
ever, the slow respiration group showed less gel damage 
than the intermediate and fast groups, and the regular 
group showed less pain than the irregular group. The 
results suggest that shockwave generation according to 
respiratory regularity may contribute to reducing pain 
among patients undergoing ESWL. If the intensity is high 
and the ESWL time is extended, the number of delivered 
shockwaves increases, and it is reasonable that the stone-
free rate increases regardless of complications [24].

Limitations
First, comparing the stone fragmentation efficiency 
according to each respiratory duration and shockwave 
settings was impossible, as the respiratory durations of all 
patients varied from 2.9 to 5.5 s. Moreover, further study 
with a larger number of patients would be helpful to show 
the comparative study between the stone fragmentation 
efficiency and the other shockwave generation settings.

Conclusions
Stone fragmentation efficiency was higher in the respi-
ration-adjusted model than in the non-adjusted model. 
When adjusted for respiration and applying the shock-
wave frequency to 1  Hz, the stone fragmentation effi-
ciency increased according to the increase in respiration 
cycles. The low frequencies showed higher hit rates than 
2  Hz without respiration adjustment. Moreover, the 
stones’ fragmentation efficiency was highest in slow res-
piration. Misalignment of stones at the start of the shock-
wave generation can also reduce the hit rate.

‘Respiratory movement’ itself can compromise the effi-
ciency of ESWL, and many urologists already recognize 
this. However, this study tried to analyze how much pro-
portion of respiratory regularity could be seen and how 
we could define “Respiratory regularity (%)” for the first 
time in the world. Therefore, in the clinical setting, a high 
portion of patients exhibited regular breathing during 
ESWL. The stone fragmentation of the regular respira-
tion group was higher than that of the irregular group. 
Our study reveals the potential for a new ESWL machine 
with a triggered shockwaves generator, a stone location 
detector, and a respiratory regularity sensor.



Page 10 of 11Cho et al. BMC Urology           (2024) 24:65 

Abbreviations
ESWL	� Extracorporeal Shock Wave Lithotripsy
RR	� Respiratory Rates

Acknowledgements
Technical works were done by Sunghyun Choi, Kyeong-O Lyu, Eunhae Lee, 
and Sangyup Lee.

Authors’ contributions
S.Y.C., H.P. and M.J.C. conceptualized this study. S.Y.C. and J.S.P. performed the 
analyses and drafted the manuscript and revisions. S.C.K. and O.B.K. collected 
the patients’ data and analyzed statistically. S.Y.C., H.P., J.S.P., S.C.K., O.B.K., H.J.S., 
and M.J.C. validated the analysis and reviewed the manuscript. M.J.C. super-
vised this study, and confirmed final manuscript. All authors approved the 
results of the data analysis and the final manuscript.

Funding
This work was supported by the National Research Foundation of Korea (NRF) 
grant funded by the Korea government (MEST) (No. 2022R1F1A1059835) and 
the Korea Medical Device Development Fund grant funded by the Korea gov-
ernment (the Ministry of Science and ICT, the Ministry of Trade, Industry and 
Energy, the Ministry of Health & Welfare, the Ministry of Food and Drug Safety) 
(Project Number: 1711194216, RS-2020-KD000010).

Availability of data and materials
Raw data are available upon request to the corresponding author.

Declarations

Ethics approval and consent to participate
This study was approved by the institutional review boards of Seoul National 
University Hospital (IRB: 2003-046-1108). All methods were carried out in 
accordance with relevant guidelines and regulations.

Consent for publication
Written informed consent was obtained from the patient for publication of 
this paper and any accompanying images.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Urology, Seoul National University Hospital, Seoul, Korea. 
2 Seoul National University College of Medicine, Seoul, Korea. 3 Interdisciplinary 
Postgraduate Program in Biomedical Engineering, Jeju National University, 
Jeju, Korea. 4 Department of Electronic Engineering, Sogang University, Seoul, 
Korea. 5 Department of Medicine, School of Medicine, Jeju National University, 
Jeju, Korea. 

Received: 6 August 2023   Accepted: 30 January 2024

References
	1.	 Yoon JH, Park S, Kim SC, Park S, Moon KH, Cheon SH, et al. Outcomes of 

extracorporeal shock wave lithotripsy for ureteral stones according to 
ESWL intensity. Translational Androl Urol. 2021;10(4):1588. https://​doi.​org/​
10.​21037/​tau-​20-​1397.

	2.	 Kim CH, Chung DY, Rha KH, Lee JY, Lee SH. Effectiveness of percutaneous 
nephrolithotomy, retrograde intrarenal surgery, and extracorporeal shock 
wave lithotripsy for treatment of renal stones: a systematic review and 
meta-analysis. Medicina. 2020;57(1):26. https://​doi.​org/​10.​3390/​medic​
ina57​010026.

	3.	 Kang DH, Cho KS, Ham WS, Lee H, Kwon JK, Choi YD, et al. Comparison of 
high, intermediate, and low frequency shock wave lithotripsy for urinary 
tract stone disease: systematic review and network meta-analysis. PLoS 
ONE. 2016;11(7):e0158661. https://​doi.​org/​10.​1371/​journ​al.​pone.​01586​61.

	4.	 Liu C, Zheng S. Application of self-controlled breathing technique in 
respiratory gating that triggers the shockwave for lithotripsy of urinary 
calculi. Di 1 Jun Yi da xue xue bao = academic. J First Med Coll PLA. 
2003;23(5):504–6. https://​europ​epmc.​org/​artic​le/​med/​12754​147.

	5.	 Legrand F, Roumeguère T. Medical complications of extracorporeal 
lithotripsy. Rev Med Brux. 2013;34(3):163–9. https://​europ​epmc.​org/​artic​
le/​med/​23951​856.

	6.	 Lafon C, Zderic V, Noble ML, Yuen JC, Kaczkowski PJ, Sapozhnikov OA, 
et al. Gel phantom for use in high-intensity focused ultrasound dosim-
etry. Ultrasound Med Biol. 2005;31(10):1383–9. https://​doi.​org/​10.​1016/j.​
ultra​smedb​io.​2005.​06.​004.

	7.	 Guntur SR, Choi MJ. An improved tissue-mimicking polyacrylamide 
hydrogel phantom for visualizing thermal lesions with high-intensity 
focused ultrasound. Ultrasound Med Biol. 2014;40(11):2680–91. https://​
doi.​org/​10.​1016/j.​ultra​smedb​io.​2014.​06.​010.

	8.	 Cho SY, Kwon O, Kim S-C, Song H, Kim K, Choi MJ. Understanding 
cavitation-related mechanism of therapeutic ultrasound in the field of 
urology: part I of therapeutic ultrasound in urology. Invest Clin Urol. 
2022;63(4):385–93. https://​doi.​org/​10.​4111/​icu.​20220​059.

	9.	 Bovelander E, Weltings S, Rad M, van Kampen P, Pelger RC, Roshani H. 
The influence of pain on the outcome of extracorporeal shockwave 
lithotripsy. Curr Urol. 2018;12(2):81–7. https://​doi.​org/​10.​1159/​00048​9424.

	10.	 Yucel MO, Ozcan S, Tirpan G, Bagcioglu M, Aydin A, Demirbas A, et al. The 
Respiratory Induced kidney motion: does it really Effect the Shock Wave 
lithotripsy? Urol J. 2018;15(1):11–5. https://​doi.​org/​10.​22037/​uj.​v0i0.​3774.

	11.	 Bohris C, Stief CG, Strittmatter F. Improvement of SWL efficacy: reduction 
of the respiration-induced kidney motion by using an abdominal com-
pression plate. J Endourol. 2016;30(4):411–6. https://​doi.​org/​10.​1089/​end.​
2015.​0681.

	12.	 Harrogate SR, Yick LS, Williams JC Jr, Cleveland RO, Turney BW. Quantifica-
tion of the range of motion of kidney and ureteral stones during shock-
wave lithotripsy in conscious patients. J Endourol. 2016;30(4):406–10. 
https://​doi.​org/​10.​1089/​end.​2015.​0388.

	13.	 Sorensen MD, Bailey MR, Shah AR, Hsi RS, Paun M, Harper JD. Quantitative 
assessment of shockwave lithotripsy accuracy and the effect of respira-
tory motion. J Endourol. 2012;26(8):1070–4. https://​doi.​org/​10.​1089/​end.​
2012.​0042.

	14.	 Ryang SH, Ly TH, Yoon HS, Park DH, Cho SY. How to reduce ‘double-
firing’-induced scope damage by investigating the relationship 
between laser fiber core degradation and fiber jacket burn? PLoS ONE. 
2020;15(5):e0233135. https://​doi.​org/​10.​1371/​journ​al.​pone.​02331​35.

	15.	 Do M-T, Ly TH, Choi MJ, Cho SY. Clinical application of the therapeutic 
ultrasound in urologic disease: part II of therapeutic ultrasound in urology. 
Invest Clin Urol. 2022;63(4):394. https://​doi.​org/​10.​4111/​icu.​20220​060.

	16.	 Han CS, Vetter JM, Endicott R, Chevinsky M, Zafar A, Venkatesh R. Dual-
frequency setting for urinary stone fragmentation during shock wave 
lithotripsy: an in-vitro study. Urolithiasis. 2020;48(4):369–75. https://​doi.​
org/​10.​1007/​s00240-​019-​01162-w.

	17.	 Yilmaz E, Batislam E, Basar M, Tuglu D, Mert C, Basar H. Optimal 
frequency in extracorporeal shock wave lithotripsy: prospective ran-
domized study. Urology. 2005;66(6):1160–4. https://​doi.​org/​10.​1016/j.​
urolo​gy.​2005.​06.​111.

	18.	 Cleveland RO, Anglade R, Babayan RK. Effect of stone motion on 
in-vitro comminution efficiency of Storz Modulith SLX. J Endourol. 
2004;18(7):629–33. https://​doi.​org/​10.​1089/​end.​2004.​18.​629.

	19.	 Whelan JP, Gravenstein N, Welch JL, Lampotang S, Newman RC, Finlayson 
B. Simulation of ventilatory-induced stone movement and its effect 
on stone fracture during extracorporeal shock wave lithotripsy. J Urol. 
1988;140(2):405–7. https://​doi.​org/​10.​1016/​s0022-​5347(17)​41645-4.

	20.	 Daly KM, Chaker K, Rhouma SB, Chehida MAB, Ouanes Y, Sellami A, et al. 
Evaluation of protocols on the use of analgesics for pain management in 
patients with extracorporeal shock wave lithotripsy (ESWL). Pan Afr Med 
J. 2019;32:109–. https://​doi.​org/​10.​11604/​pamj.​2019.​32.​109.​17690.

	21.	 Marsdin E, Noble JG, Reynard JM, Turney BW. Audiovisual distraction 
reduces pain perception during shockwave lithotripsy. J Endourol. 
2012;26(5):531–4. https://​doi.​org/​10.​1089/​end.​2011.​0430.

	22.	 Akbas A, Gulpinar MT, Sancak EB, Karakan T, Demirbas A, Utangac MM, 
et al. The effect of music therapy during shockwave lithotripsy on patient 
relaxation, anxiety, and pain perception. Ren Fail. 2016;38(1):46–9. https://​
doi.​org/​10.​3109/​08860​22x.​2015.​10967​28.

https://doi.org/10.21037/tau-20-1397
https://doi.org/10.21037/tau-20-1397
https://doi.org/10.3390/medicina57010026
https://doi.org/10.3390/medicina57010026
https://doi.org/10.1371/journal.pone.0158661
https://europepmc.org/article/med/12754147
https://europepmc.org/article/med/23951856
https://europepmc.org/article/med/23951856
https://doi.org/10.1016/j.ultrasmedbio.2005.06.004
https://doi.org/10.1016/j.ultrasmedbio.2005.06.004
https://doi.org/10.1016/j.ultrasmedbio.2014.06.010
https://doi.org/10.1016/j.ultrasmedbio.2014.06.010
https://doi.org/10.4111/icu.20220059
https://doi.org/10.1159/000489424
https://doi.org/10.22037/uj.v0i0.3774
https://doi.org/10.1089/end.2015.0681
https://doi.org/10.1089/end.2015.0681
https://doi.org/10.1089/end.2015.0388
https://doi.org/10.1089/end.2012.0042
https://doi.org/10.1089/end.2012.0042
https://doi.org/10.1371/journal.pone.0233135
https://doi.org/10.4111/icu.20220060
https://doi.org/10.1007/s00240-019-01162-w
https://doi.org/10.1007/s00240-019-01162-w
https://doi.org/10.1016/j.urology.2005.06.111
https://doi.org/10.1016/j.urology.2005.06.111
https://doi.org/10.1089/end.2004.18.629
https://doi.org/10.1016/s0022-5347(17)41645-4
https://doi.org/10.11604/pamj.2019.32.109.17690
https://doi.org/10.1089/end.2011.0430
https://doi.org/10.3109/0886022x.2015.1096728
https://doi.org/10.3109/0886022x.2015.1096728


Page 11 of 11Cho et al. BMC Urology           (2024) 24:65 	

	23.	 Karalar M, Keles I, Doğantekin E, Kahveci OK, Sarici H. Reduced pain and 
anxiety with music and noise-canceling headphones during shockwave 
lithotripsy. J Endourol. 2016;30(6):674–7. https://​doi.​org/​10.​1089/​end.​
2016.​0005.

	24.	 López-Acón JD, Budia Alba A, Bahílo-Mateu P, Trassierra-Villa M, de los 
Angeles Conca-Baenas M, de Ordaz-Jurado G. Analysis of the efficacy and 
safety of increasing the energy dose applied per session by increasing 
the number of shock waves in extracorporeal lithotripsy: a prospective 
and comparative study. J Endourol. 2017;31(12):1289–94. https://​doi.​org/​
10.​1089/​end.​2017.​0261.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1089/end.2016.0005
https://doi.org/10.1089/end.2016.0005
https://doi.org/10.1089/end.2017.0261
https://doi.org/10.1089/end.2017.0261

	Optimizing targeting strategies for lithotripsy through in-vitro and in vivo studies with consideration of respiratory regularity
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Preparation of artificial stones, phantom gel, and a respiration-electromotive device
	Measurement of stone fragment efficiency and gel cavitation damage on the phan-tom gel
	Clinical setting
	Evaluation of respiration
	Parameters
	Statistical analysis

	Results
	Stone fragmentation efficiency on the phantom gel
	Patient and overall trial performance
	Lithotripsy efficiency according to respiratory regularity
	Respiratory irregularity and associated events
	Safety represented by phantom gel damage, complications and degree of pain

	Discussion
	Respiratory regularity and its effect on the stone fragmentation efficiency
	ESWL outcomes according to other settings
	Safety of ESWL
	Limitations

	Conclusions
	Acknowledgements
	References


