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Abstract

e To test the idea that a pause (~3-min) in the delivery of shock waves (SW) soon after the
initiation of treatment is unnecessary for achieving a reduction in renal injury, if
treatment is begun at a low power setting that generates low-amplitude SWs.

»  Anesthetized female pigs were assigned to one of three SWL treatment protocols that did
not involve a pause in SW delivery of more than 10 seconds (2000 SWs at 24 kV; 100
SWs at 12 kV + ~10-sec pause + 2000 SWs at 24 kV; 500 SWs at 12 kV + ~10-sec pause
+ 2000 SWs at 24 kV; all SWs delivered at 120 SWs/min using an unmodified Dornier
HM3 lithotripter).

» Renal function was measured before and after SWL.

»  The kidneys were then processed for quantification of the SWL-induced hemorrhagic
lesion. Values for lesion size were compared to previous data collected from pigs in
which treatment included a 3-min pause in SW delivery.

e All SWL treatment protocols produced a similar degree of vasoconstriction (23-41%
reduction in GFR and ERPF) in the SW-treated kidney.

»  The mean renal lesion in pigs treated with 100 low-amplitude SWs delivered before the
main dose of 2000 high-amplitude SWs (2.27% FRV) was statistically similar to that
measured for pigs treated with 2000 SWs all at high-amplitude (3.29% FRV). However,
pigs treated with 500 low-amplitude SWs before the main SW dose had a significantly
smaller lesion (0.44% FRV) that was comparable to the lesion in pigs from a previous
study in which there was a 3-min pause in treatment separating a smaller initial dose of
100 low-amplitude SWs from the main dose of 2000 high-amplitude SWs (0.46% FRV).
Time between the initiation of the low- and high-amplitude SWs was ~4-min for these
latter two groups compared to ~1-min when there was negligible pause after the initial
100 low-amplitude SWs in the protocol.

»  Pig kidneys treated by SWL using a 2-step low-to-high power ramping protocol were
protected from injury with negligible pause between steps, provided the time between the
initiation of low-amplitude SWs and switching to high-amplitude SWs was ~4-min.

»  Comparison with results from previous studies shows that protection can be achieved
using various step-wise treatment scenarios in which either the initial dose of SWs is
delivered at low-amplitude for ~4-min, or there is a definitive pause before resuming SW
treatment at higher amplitude.

»  Thus, we conclude that renal protection can be achieved without instituting a pause in
SWL treatment. It remains prudent to consider that renal protection depends on the
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acoustic and temporal properties of SWs administered at the beginning stages of a SWL
ramping protocol, and that this may differ according to the lithotripter at hand.
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INTRODUCTION

An undesirable side effect of SWL treatment is that SWs can injure renal and surrounding
tissue [1]. The primary acute lesion is vascular trauma with breakage of blood vessels and
pooling of blood within the parenchyma, which if extending to the kidney surface will result
in subcapsular or perirenal hematomas [1]. Along with the vascular insult, there is damage
to tubules and the production and release of proinflammatory cytokines and injurious agents
(e.g. iron/reactive oxygen metabolites; vasoconstrictor peptides/ischemia; metabolic toxins)
that can result in fibrosis and the loss of functional tissue [1,2]. Such SW-induced injury has
been linked to adverse outcomes such as hypertension, diabetes and exacerbation of kidney
stone disease [3-5]. This raises concern about the long-term safety of SWL, and developing
SWL treatment strategies that reduce or prevent tissue injury would certainly help mitigate
such concerns.

One approach to reduce SWL-induced tissue injury has been to alter the manner in which
SWs are delivered to the kidney [2,6], and in this regard we have reported that treatment of
the pig kidney with low-amplitude SWs followed by a 3-min pause in treatment prior to
applying high-amplitude SWs will reduce SWL-induced hemorrhagic lesion sizes by as
much as 20-fold [7]. In fact, similar protocols in which low-amplitude SWs were substituted
with a relatively small number of higher-amplitude SWs were also shown to reduce SW-
induced tissue damage, implicating the 3-min pause in treatment to be a critical factor in the
development of the renal protective response [8].

On the other hand, some clinical centers begin SWL treatment at a low power setting to
condition the patient to treatment-related discomfort and then gradually ramp up to higher
levels with continuous delivery of SWs. That is, there is typically no pause in treatment
during the lithotripsy session [9-12]. It is unclear even with power ramping if continuous
delivery of SWs can be used to protect the kidney from injury. Therefore, we sought to
determine in our pig model, using a 2-step ramping protocol, whether a definitive pause in
SW delivery is needed in order to protect the kidney from SWL-related tissue damage.

METHODS AND MATERIALS

All animal studies were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committees of Indiana University School of Medicine and Methodist
Hospital. Juvenile female farm pigs at 7-8 weeks of age (12-18 kg body wt., Hardin Farms,
Danville, IN) were anesthetized [induction with ketamine (20 mg/kg) and xylazine (2 mg/
kg); maintenance with 1-3% isoflurane] and prepared for renal function assessment as
previously described [13]. In brief, inulin and para-amino hippuric acid were intravenously
infused into the pig and blood samples taken from a catheter inserted into the femoral artery,
and timed urine collections from catheters inserted into both ureters. Colorimetric assays
were employed to measure the renal clearance of inulin and para-amino hippuric acid in
order to calculate GFR and ERPF, respectively [13]. Renal function measurements were
taken before SWL and at 1 hour and 4.5 hours after SW treatment. At the conclusion of the
post-SWL blood and urine sampling, the kidneys were perfusion fixed in situ with 2.5%
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gluteraldehyde, harvested and processed for quantification of tissue hemorrhagic lesion size
and for light microscopy [13].

SWL treatment was carried out using an unmodified Dornier HM3 lithotripter (Dornier
Medical Systems, Kennesaw, GA, USA) delivering SWs (120 SWs/min) targeted to the
lower pole of the left kidney. Pigs were assigned to receive either 100 SWs or 500 SWs at
12 kV followed by 2000 SWs at 24 kV. For these animals there was a very short pause (~10-
sec) in treatment while adjusting the lithotripter from 12 kV to 24 kV. A third group of pigs
was treated with 2000 SWs all at 24 kV. This latter group (n=9) builds upon a core set of
seven animals from a previously published study [8]. Renal lesion size data for these three
groups are compared to previously reported lesion data for pigs treated in two steps (12 kV
to 24 kV, 18 kV to 24 kV, 24 kV to 24 kV) in which there was a 3-min pause between the
steps [7,8]. In all groups, treatment with 2000 SWs at 24 kV was paused every 500 SWs for
X-ray verification of targeting on the kidney lower pole (~30-sec) and after 1000 SWs to
replace the electrode and check targeting (~1-min).

STATISTICS

RESULTS

Function

Comparisons of cardiovascular/renal function within (change from baseline at 1 hour and
4.5 hours post-SWL) and across groups were done using paired and two-sample t-tests.
Kruskal-Wallis ANOVA (a nonparametric method for non-normally distributed data) was
used to compare the renal lesion sizes of all groups. Given the significant result from
Kruskal-Wallis ANOVA, an independent two-sample t-test was used to compare the mean
lesion sizes and Mood’s median test was used to compare the median lesion sizes between
each pair of groups. Differences were considered significant if two-tailed P<0.05, and data
were presented as the mean + SD. All analyses were performed using SAS 9.2 (SAS
Institute, Cary, NC).

Body and kidney weights were comparable for all groups and averaged 14.5 kg and 68.5 g,
respectively (Table 1).

Blood pressure and renal function were similar in all groups at baseline and following SWL
(Table 1). Although there was a significant fall in MAP (6-16 mmHg) within each group of
animals throughout the time course of the experiment, similar changes in MAP have been
observed in sham (time control) animals and, consequently, are not related to SWL [13]. The
SW-treated kidneys of all groups demonstrated a similar fall in GFR (~30%) and ERPF
(~35%) at 1 hour after SWL, with variable degrees of recovery at 4.5 hours post-treatment
(Table 1 and Figure 1).

Gross morphology and tissue histology

Figure 2 shows examples of the gross morphology of post-SWL treated kidneys showing the
presence of subcapsular hematomas in pigs treated with the main dose of 2000 SWs all at
high-amplitude (9 of 9 kidneys), 100 low-amplitude SWs plus the main SW dose (7 of 8
kidneys) and 500 low-amplitude SWs plus the main SW dose (6 of 8 kidneys). Histologic
examination of all SW-treated kidneys revealed multiple, small, focal hemorrhagic lesions
that were largely localized to one or more papillae in the region targeted by the focal volume
of the lithotripter (Figure 2). Some kidneys had additional areas of intraparenchymal
bleeding that involved the cortex. In a few kidney sections, damage extending from the
medulla to the surface could be traced and likely accounted for the presence of subcapsular
hematomas.
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Table 2 and figure 3 show data related to quantification of the SWL-induced hemorrhagic
lesion volume of the three groups, and for comparison purposes the renal lesion data from a
previously published group of pigs are included in which a 3-min pause in treatment
separated the initial 100 low-amplitude (12 kV) SWs from the main dose of 2000 high-
amplitude (24 kV) SWs [7]. Mean lesion size was greatest for kidneys treated with the main
dose of 2000 high-amplitude SWs. Treatment with 100 SWs at low amplitude followed by a
3-min pause preceding delivery of the main SW dose at high amplitude dramatically reduced
lesion size by ~7-fold, but shortening the pause to just 10-sec failed to protect the kidney
from injury. However, treatment with a larger dose of low amplitude SWs (500 SWs, 12 kV)
immediately prior to the main SW dose significantly reduced the size of the lesion.

Figure 4 illustrates various two-step SW ramping treatment protocols that have been
performed on pigs at our facility. Renal protection was apparent when either low-amplitude
(12 kV) SWs were delivered continuously over ~4-min before switching to high-amplitude
(24 kV) SW treatment, or there was a definitive pause between initial treatment with 100
SWs (12 kV, 18 kV or 24 kV) and resuming SW treatment at high-amplitude. All treatment
groups that demonstrated renal protection from SW-induced injury had ~4-min interval
between initiation of the two separate steps of SW treatment, whereas the protective
response was lost upon reducing this time interval to ~1-min.

DISCUSSION

We have previously reported that delivery of 500 or 100 low-amplitude (12 kV) SWs to the
pig kidney followed by a 3-min pause in treatment and then the administration of 2000 high-
amplitude (24 kV) SWs dramatically reduced (~20-fold) the size of the resulting tissue
hemorrhagic lesion compared to SWL with 2000 high-amplitude SWs alone [7]. Further
studies demonstrated that the protective response to such SWL treatment protocols occurred
even if the initial SW dose was 100 SWs at 18 kV or 24 kV [8]—that is, injury was reduced
regardless of the amplitude of the initial SW dose as long as a 3-min pause was part of the
protocol. Together, this implicated the 3-min pause, and not the amplitude of the initial dose,
as being the critical factor in the development of the protective response. Such a conclusion
is undoubtedly true when the kidney is exposed to only high-amplitude SWs since the
degree of renal injury is positively correlated to SW number [1,2]. However, it is less certain
whether the treatment pause is necessary for renal protection in the case of initial treatment
with low-amplitude SWs. We have attempted to address this issue in the present study by
removing the 3-min treatment pause in escalating SW amplitude treatment protocols that
have been shown to protect the kidney from injury (see above). The renal lesion of 2.27%
FRV in pigs initially treated with 100 low-amplitude SWs followed closely by 2000 high-
amplitude SWs would certainly support the importance of a pause in treatment because an
identical treatment protocol that included a 3-min pause during the transition from low- to
high-amplitude SW delivery resulted in a 5-fold smaller tissue lesion of only 0.46% FRV. In
contrast, extending the low-amplitude SW treatment to 500 SWs clearly demonstrated that
the kidney was still protected from injury in the absence of a definitive pause in SW delivery
(see Table 2). These new findings strongly suggest that protection from high-amplitude SW-
induced injury is critically dependent upon the initial low-amplitude SW treatment
conditions.

Our results also reveal that extending the period of continuous low-amplitude SW treatment
from ~1-min (100 SWs, 120 SWs/min, 0.8-min) to ~4-min (500 SWs, 120 SWs/min, 4.2-
min) allows the expression of the protective response. Figure 4 shows a variety of 2-step
ramping SWL protocols that have been performed on pigs at our facility, and demonstrates
that renal protection can be achieved by either delivering the initial dose of SWs at low-
amplitude or including a definitive pause between the first SW dose and second SW
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treatment at high-amplitude. From the timing of the applied SWs in these experimental
groups, it becomes clear that ~4-min elapsed between the initiation of the first and second
set of SWs for renal protection to be apparent. That is not to say that this is the optimal time
interval in a 2-step SW ramping protocol, but rather that such an interval between the two
sets of SW treatment assures renal protection from tissue injury under animal study
conditions done to date. Further studies are needed to identify the minimum number of SWs,
minimum time interval between SW exposures, and how these factors interact in various
SWL ramping protocols to allow the full expression of the renal protective response.

The present study demonstrates for the first time that a step-wise SW ramping protocol in
which the initial dose of low-amplitude SWs are delivered continuously for ~4-min will
initiate renal protection. This raises the real possibility that clinical SWL treatments that
employ escalating SW power protocols with continuous delivery of SWs to the kidney may,
at appropriate SW delivery settings, have the added benefit of reduced tissue injury. In this
regard, a recent prospective, randomized clinical study by Lambert and colleagues
demonstrated that renal stone patients treated continuously with SWs at increasing voltages
(500 SWs at 14 kV + 1000 SWs at 16 kV + 1000 SWs at 18 kV; 60-80 SWs/min using the
Doli 50 lithotripter) had less renal tissue injury than patients treated with a fixed SW voltage
(2500 SWs at 18 kV; 60-80 SWs/min) [12]. Indicators of reduced renal injury were lower
urinary levels of microalbumin and beta-2-microglobulin—markers of glomerular and
tubule injury, respectively [12]. However, it is difficult to distinguish whether the reduced
renal injury in such patients was due to the SW-voltage ramping protocol that began with
500 low-voltage SWs given over 6-8 minutes and/or the fact that 60% of the total
administered SWSs were at a lower voltage than the fixed SW voltage group—renal injury is
greater at higher SW voltages [14,15]. Our experimental strategy of renal protection is
different in that there is a two-step increase in SW voltage, with the initial treatment dose of
low-amplitude SWs being added to, not substituted for, the fixed dose of high-amplitude
SWs. Therefore, we are confident that the renal protection seen in our animal model is due
to the initial low-amplitude SW treatment conditions.

We found no association between post-lithotripsy subcapsular hematomas or renal
vasoconstriction and the degree of SWL-induced renal trauma, since nearly all pig kidneys
exhibited subcapsular bleeding and a similar intensity of vasoconstriction after SW
treatment, regardless of whether the measured volume of the parenchymal hemorrhagic
lesion (a surrogate marker for renal tissue injury) was substantial or small. This was not
altogether surprising given that subcapsular hemorrhage gives an incomplete picture of the
degree of tissue injury and that renal vasoconstriction nearly always occurs after SWL
irrespective of the number, strength, rate or sequence of administered SWs [1,7,10,14,16].
What is important to note is that the pre-SWL status of the renal vasculature in pigs treated
with 100 or 500 low-amplitude SWs was similar (as reflected by equivalent blood pressures
and renal hemodynamics), which implies that the resulting protection from tissue injury was
solely related to extending low-amplitude SWs treatment from ~1-min to ~4-min.

The mechanism(s) involved in initiating the renal protective response when employing a
two-step, SW amplitude ramping strategy is unknown, but we have shown that pretreatment
of the kidney with 500 low-amplitude SWs and a 3-min pause in SW delivery will elicit a
more robust vasoconstriction (Doppler measurements of resistive index in a blood vessel
within the zone of SW treatment) during the subsequent application of 2000 high-amplitude
SWs than without pretreatment [17]. This enhanced renal vasoconstriction occurs at a time
when tissue injury would normally be detectable—that is, between 1000 to 2000 high-
amplitude SWs [18]. A constricted blood vessel would be stiffer and likely be less
susceptible to rupture by SW forces and there would be less bleeding within the parenchyma
to support SW-induced cavitation activity—such factors could contribute to protecting the
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kidney from the damaging effects of SWL (discussed in ref. 17). If vasoconstriction is the
mechanism of protection, then perhaps there must be sufficient time for the initial low-
amplitude SW treatment to sensitize the renal vasculature and/or vasoconstrictor system(s)
(e.g. neural, endocrine, paracrine, autocrine) for a robust renal vasoconstriction to occur
upon subsequent high-amplitude SWL.

Acute injury to the microvasculature of the kidney and surrounding organs has been reported
after SWL treatment, and in some cases can be severe [1]. There is debate as to whether
such acute injury may have long-term adverse effects such as hypertension and diabetes
[3,5,19]; or that multiple lithotripsies may drive the formation of brushite stone disease [4].
Considerable research has been focused on SWL treatment strategies to reduce these acute
and chronic injurious complications of SWL, which have included pharmacological
therapies (e.g. calcium channel lockers, anti-inflammatory agents, antioxidants) [2,20], and
altering the manner in which SWs are applied (e.g. reductions in SW number, SW amplitude
or SW rate) [2,6,21-24]. Our research group has reported that a two-step low- to high-
amplitude SW treatment strategy with [7,8] or without (present study) a 3-min pause in the
treatment protocol—or a SWL treatment that slows the rate at which SWs are delivered to
the kidney [25]—can be an effective means to reduce acute tissue injury in animals. What is
not known is whether a similar benefit also occurs in patients. Regardless, both SWL
treatment strategies are being used in the clinic because 1) patients are more easily
acclimatized to treatment when initially given low-voltage SWs, and 2) both escalating SW
voltage and slow SW rate treatment strategies have been shown independently to enhance
the efficiency of stone breakage and improve patient stone free rates [9,11,12,21-24,26-28].
Interestingly, Yong and colleagues recently reported that a combined approach of increasing
SW amplitude at slow SW rate produced the best stone fragmentation efficiency /in vitro
[28], and presumably such a SWL treatment strategy would also lead to less tissue injury /in
vivo. Therefore, a major goal of SWL research continues to be optimization of SWL
treatment protocols to achieve superior stone comminution with minimal tissue injury.

There remain many unknowns regarding escalating SW-amplitude treatment protocols. It is
not know if such protection from tissue injury occurs in patients and whether the protective
response will occur in lithotripters other than the Dornier HM3. The mechanism(s)
responsible for the protection from SW-induced tissue injury is unknown, although we have
shown that there is an association with renal vasoconstriction [17]. Some progress has been
made in identifying requirements for the protective response to develop, which is dependent
on the initial low-amplitude SW treatment settings [7,8, present study]. Herein, we report
that 500 low-amplitude SWs given continuously for ~4-min prior to increasing SW
amplitude can elicit renal protection. However, it is important to recognize that within the
lithotripsy community there is ambiguity as to what constitutes low-amplitude SW
treatment. The 12 kV pulses from the HM3 lithotripter generate relatively low pressures of
~25 MPa [29], and it remains to be determined whether an equivalent acoustic pressure on a
different lithotripter gives comparable protection. These are some of the issues that need to
be addressed to help ascertain whether treating patients with SWL ramping protocols will be
a valuable strategy in the urologist’s arsenal for managing stone patients in a safer and more
efficient manner.
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Abbreviations and Acronyms

SWL Shock wave lithotripsy

SW shock wave

GFR glomerular filtration rate

ERPF effective renal plasma flow

FRV functional renal volume

kv kilovolts

MAP mean arterial pressure

HR heart rate

ANOVA analysis of variance

SD standard deviation
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Figure 1.

Shown are renal filtration (GFR, left panel) and perfusion (ERPF, right panel) responses to
SWL in pigs treated with only the main dose of 2000 high-amplitude (24 kV) SWs, 100 low-
amplitude (12 kV) SWs followed 10 seconds later by the main SW dose, or 500 low-
amplitude (12 kV) SWs followed 10 seconds later by the main SW dose. Data are shown as
mean * SD; * = P<0.05 from pre-SWL values.
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Figure 2.

Paired images show the posterior surface and a representative histology section of kidneys
from different treatment protocols. The quantified hemorrhagic lesion size is shown below
each paired image. Circles mark targeting of the focal zone to the lower renal pole.
Arrowheads point to focal sites of hemorrhage within the parenchyma of several renal
papillae located within and surrounding the lithotripter’s targeting zone.
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Figure 3.

Individual and mean (denoted by horizontal bar) renal hemorrhagic lesion sizes for each
group of pigs undergoing SWL. Mean lesion size was greatest for kidneys treated only with
the main dose of SWs (2000 SWs, 24 kV). Treatment with 100 SWs at low amplitude (12
kV) followed by a 3-min pause preceding delivery of the main SW dose at high amplitude
(2000 SWs, 24 kV) dramatically reduced lesion size, but shortening the pause to just 10-sec
failed to protect from injury. However, treatment with a larger dose of low amplitude SWs
(500 SWs, 12 kV) immediately prior to the main dose significantly reduced the size of the
lesion. Data for treatment using a 3-min pause comes from a previous study (ref. 7).
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Figure4.

SWL protocol timelines illustrating the various step-wise treatment scenarios associated
with renal protection. Lesion size was greatest for kidneys treated only with the main dose
of SWs (2000 SWs at 24 kV). Interrupting treatment with a 3 min pause significantly
reduced lesion size regardless of the voltage setting of an initial dose of 100 SWs (12 kV, 18
kV, 24 kV) given before the main SW dose. Adding a very short (~10-sec) pause between
the initial dose (100 SWs, 12 kV) and main SW dose was not effective in reducing injury.
However, extending the initial dose so that the duration of treatment at the low voltage
setting (12 kV) was ~4-min (500 SWs, 120 SWs/min, 4.2 min) resulted in a significant
reduction in lesion size. A common finding in all treatment protocols demonstrating renal
protection was that the time between initiating the first set of SWs and the onset of the main
SW dose was ~4-min. An asterisk (*) indicates that the size of the renal lesion is
significantly (P<0.05) different from that measured in pigs treated with 2000 SWs all at 24
kV.
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TABLE 1
Weights, cardiovascular and renal function.
Pre-SWL 1hpost-SWL | 4.5h post-SWL
Body Weight (kg)
2000 SWs at 24 kV (n=9) 143+16
100 SWs at 12 kV + 2000 SWs at 24 kV (n=8) 148+19
500 SWs at 12 kV + 2000 SWs at 24 kV (n=10) 145+16
P value 0.83
Kidney Weight (g)
2000 SWs at 24 kV (n=9) 67.8+9.9
100 SWs at 12 kV + 2000 SWs at 24 kV (n=8) 73.1+83
500 SWs at 12 kV + 2000 SWs at 24 kV (n=10) 65.6 +10.2
P value 0.27
MAP (mm Hg)
2000 SWs at 24 kV (n=9) 719+75 66.9 £ 8.6 56.2+73%
100 SWs at 12 KV + 2000 SWs at 24 kV (n=8) | 69.8+4.8 66.1+4.1 622+56%
500 SWs at 12 kV + 2000 SWs at 24 kV (n=10) | 71.8+133 | 68.4%7.1 645+88"
P value 0.88 0.78 0.07
GFR (ml/min)
2000 SWs at 24 KV (n=9) 91%29 58+25% 7933
100 SWs at 12 KV + 2000 SWs at 24 kV (n=8) | 9.4+14 71417% 74412
500 SWs at 12 kV + 2000 SWs at 24 kV (n=10) [ 8.8+17 62+19% 7623
P value 0.84 0.43 0.91
ERPF (ml/min)
2000 SWs at 24 KV (n=9) 476+195 | 2554+165* | 3194168
100 SWs at 12 kV + 2000 SWsat 24 kV (n=8) | 52.3+132 | 3614+138% | 369+108%
500 SWs at 12 kV + 2000 SWs at 24 KV (n=10) | 4319.0 | 5974103 39.220.4
P value 0.42 0.48 0.64

Data are shown as mean + SD. The P value was derived from group analysis;

*
P<0.05 from pre-SWL value within a group.
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