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Abstract
Introduction and Objective—A great deal of effort has been focused on developing new
treatment protocols to reduce tissue injury to improve the safety of shock wave lithotripsy. This has
led to the discovery that pretreatment of the kidney with a series of low-energy shock waves (SWs)
will substantially reduce the hemorrhagic lesion that normally results from a standard clinical dose
of high-energy SWs. Because renal blood flow is reduced following low- or high-energy SWL, and
may therefore contribute to this effect, this study was designed to test the hypothesis that the
pretreatment protocol induces renal vasoconstriction sooner than the standard protocol for SW
delivery.

Methods—Female farm pigs (6-weeks old) were anesthetized with isoflurane and the lower pole
of the right kidney treated with SWs using the HM3 lithotripter. Pulsed Doppler sonography was
used to measure resistive index (RI) in blood vessels as a reflection of resistance/impedance to blood
flow. RI was recorded from a single intralobar artery located in the targeted pole of the kidney, and
measurements taken from pigs given sham SW treatment (Group 1; no SWs, n = 4), a standard clinical
dose of high-energy SWs (Group 2; 2000 SWs, 24 kV, 120 SWs/min, n = 7), low-energy SW
pretreatment followed by high-energy SWL (Group 3; 500 SWs, 12 kV, 120 SWs/min + 2000 SWs,
24 kV, 120 SWs/min, n = 8) and low-energy SW pretreatment alone (Group 4; 500 SWs, 12 kV, 120
SWs/min, n = 6).

Results—Baseline RI (~ 0.61) was similar for all groups. Pigs receiving sham SW treatment (Group
1) had no significant change in RI. A standard clinical dose of high-energy SWs (Group 2) did not
significantly alter RI during treatment, but did increase RI at 45-min into the post-SWL period. Low-
energy SWs did not alter RI in Group 3 pigs, but subsequent treatment with a standard clinical dose
of high-energy SWs resulted in a significantly earlier (at 1000 SWs) and greater (two-fold) rise in
RI than that observed in Group 2 pigs. This rise in RI during the low/high-energy SWL treatment
protocol was not due to a delayed vasoconstrictor response of pretreatment, as low-energy SW
treatment alone (Group 4) did not increase RI until 65 min into the post-SWL period.

Conclusions—The pretreatment protocol induces renal vasoconstriction during the period of SW
application whereas the standard protocol shows vasoconstriction occurring only during the post-
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SWL period. Thus the earlier and greater rise in RI during the pretreatment protocol may be causally
associated with a reduction in tissue injury.
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INTRODUCTION
Shock wave lithotripsy (SWL) is an effective means of removing uncomplicated stone burdens
of 2 centimeters or less located in the upper urinary tract [1], and is the most preferred therapy
by urologists [2] and patients [3,4] alike. Despite such wide acceptance, however, both human
and animal studies have documented a consistent and predictable pattern of acute tissue injury
and impaired renal hemodynamics after SWL [5]. The tissue injury primarily occurs in the
microvascular system of the renal medulla and spreads into the cortex toward the capsule where
a subcapsular hematoma may form. The injury is first noted in small veins and capillaries to
small to medium sized arteries as lacerations of their endothelial/smooth muscle layers
resulting in intraparenchymal bleeding [5].

The acute injury from SWL may have long-term adverse effects that include the onset of
hypertension [6,7], diabetes [7] and brushite stone disease [8,9], all of which have the potential
of greatly altering a patient’s quality of life. These long-term complications have raised
questions of the present safety of SWL and have directed our research group to develop and
study in animal models new therapeutic protocols for the safer administration of SWL for all
stone patients. One of these treatment strategies has been termed the “protection” protocol,
where the kidney is initially treated with low-energy shock waves (SWs) prior to administration
of the standard clinical dose of SWs [10]. This reduces, possibly prevents, the tissue lesion that
normally develops after the administration of a standard clinical dose of high-energy SWs to
a porcine kidney in vivo [10].

Renal vasoconstriction is nearly always observed after SWL and is a feature that is independent
of the strength of the administered SWs [11], Therefore, we have hypothesized that the low-
energy SWs of the protection protocol induce renal vasoconstriction prior to the administration
of the standard full-strength SWs, thereby minimizing hemorrhage and, accordingly, the size
of the resulting lesion. As a first step in testing this hypothesis, we have measured and assessed
the renal resistive index (RI), which provides the means for noninvasive monitoring of renal
vascular resistance/impedance to blood flow [12]. We report here the results of experiments
in which renal RI was measured in real time before, during and after standard SWL and SWL
applied via the protection protocol.

METHODS
Anesthesia was induced in female farm pigs (6-weeks old, body wt ~ 15 kg) with an
intramuscular injection of xylazine (15 to 20 mg/kg) and ketamine (2 mg/kg), and maintained
with the inhalation of isoflurane (1 to 3%) and oxygen (100%). Catheters were placed in an
ear vein for the intravenous infusion of saline to maintain hydration, a femoral artery for mean
arterial blood pressure (MAP) measurements, and both ureters to collect urine from both
kidneys and to permit the injection of X-ray contrast agent into the treated kidney for
fluoroscopic visualization of the urinary collecting system and targeting of the SWs as
previously described [11]. The lower pole of the right kidney was identified and then targeted
for SWs delivered by an unmodified HM3 electrohydraulic lithotripter (Dornier GmbH,
Germany). The pigs remained in the lithotripter’s heated water bath for the duration of the
experimental protocol.
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Each pig was assigned to one of four treatment groups: sham SW treatment (Group 1; no SWs,
n = 4), a standard clinical dose of high-energy SWs (Group 2; 2000 SWs, 24 kV, 120 SWs/
min, n = 7), the protection protocol [10] consisting of low-energy SW pretreatment followed
by a 3-min pause and then the standard dose of SWs (Group 3; 500 SWs, 12 kV, 120 SWs/min
+ 2000 SWs, 24 kV, 120 SWs/min, n = 8) or low-energy SW pretreatment alone (Group 4; 500
SWs, 12 kV, 120 SWs/min, n = 6). The SW treatment was briefly stopped after every 500 SWs
to verify targeting. Electrodes were replaced following 500 low-energy SWs and after 1000
high-energy SWs.

An experienced sonographer (M.P.) used color and pulsed Doppler ultrasound (Phillips C5-2
ultrasound transducer attached to a Phillips iU22 ultrasound machine) to identify an intralobar
artery in the lower pole of the right kidney and measure RI [RI = (peak systolic velocity – peak
diastolic velocity)/peak systolic velocity]. The ultrasound transducer was attached to a flexible
positioning arm (CIVCO Medical Solutions, USA) that allowed serial RI measurements from
the same intralobar artery before, during (at 500 SW intervals) and up to one hour after (at 5-
min intervals) SWL. RI measurements were taken only during pauses in SW treatment (see
above) because SWs often interfered with the ultrasound waveform.

Baseline RI was defined as the mean of three RI measurements taken over a 5- min interval
that did not differ by more than 0.02 RI units from each other, and were taken immediately
before high-energy SW delivery in Group 2, and before low-energy SW delivery in Groups 3
and 4. The timing of baseline and subsequent RI measurements in Group 1 (sham SW-treated
animals) was similar to the latter two groups. Digital screen captures and cine loops were saved
for each measurement and the imaging display was recorded to videotape over the duration of
the entire experiment. These data formats were subsequently viewed to ensure accuracy of the
calculated RI value by checking that peak systolic and diastolic blood velocities were
accurately identified and that representative waveforms had been chosen for analysis.

STATISTICS
Descriptive statistics are presented as mean ± standard error for each of the four groups. One-
way analysis of variance (ANOVA) was used to compare mean RI for the four groups at
baseline. Two sets of mixed effect models were used to analyze repeated RI measures over
time, where time was included as a categorical independent variable to accommodate nonlinear
trends. The first set of models examined repeated RI values in each of the four groups over
time, with time as the independent variable. The second set of models was used to examine
whether the four groups differed in changes in RI measures over time by including group, time
and the interaction between group and time as independent variables. If significant overall time
effects were detected in the first set of models, or if significant interactions were evident
between group and time in the second set of models, we conducted post-hoc analyses using
linear contrasts of the fixed effects in the models to compare post-baseline RI values at each
time point to baseline measures, or to identify the time points where differences in changes of
RI were different among the four groups. Significance levels were adjusted, as appropriate,
according to the procedure proposed by Holm (also known as the step-down Bonferroni
procedure) [13,14]. Overall type I error rate for each model was set to 0.05. All analyses were
conducted using SAS v9 software [15].

RESULTS
Baseline RI was similar for all groups (Group 1, 0.61 ± 0.05; Group 2, 0.63 ± 0.01; Group 3,
0.61 ± 0.02; Group 4, 0.59 ± 0.02; P = 0.72; see Fig 1A through Fig 1D, respectively). Pigs
receiving sham SW treatment (Group 1, Fig. 1A) had no significant change in RI throughout
the experimental observation period (P = 0.91 for overall time effect). The delivery of a standard
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clinical dose of 2000 high-energy SWs (Group 2, Fig. 1B) did not significantly change RI
during the period of SW administration. The apparent trend for RI to rise at 1500 SWs (Fig.
1B) did not attain statistical significance (P = 0.16), but RI rose progressively after SWL,
ultimately attaining values that were 14 ± 4% greater than baseline at the end of the experiment
(P = 0.0041). Pigs treated with the protection protocol (Group 3, Fig. 1C) showed no significant
change in RI during the delivery of 500 low-energy SWs, but subsequent delivery of high-
energy SWs resulted in a significant rise in RI that remained elevated both during and following
SWL treatment. During the high-energy SW phase of the protection protocol, RI increased 9
± 4% at 500 SWs (P = 0.0687), 13 ± 4% at 1000 SWs (P = 0.0052), 21 ± 6% at 1500 SWs (P
< 0.0001), and 14 ± 4% at 2000 SWs (P = 0.0017). Thereafter, there was a brief decline in RI
followed by a progressive increase such that RI was 26 ± 1% higher than baseline at the end
of the experiment (P < 0.0001). Treatment with only 500 low-energy SWs (Group 4, Fig. 1D)
did not alter RI during and ~ 60 min following SW delivery, but RI did increase thereafter, as
was the case with Group 2.

Fig. 2 shows the change in RI from their respective baseline values for Groups 2 and 3 only
during the 20 min period of high-energy SW delivery. The rise in RI after the application of
1500 and 2000 high-energy SWs was significantly greater in the protected animals than in pigs
exposed only to the standard SW protocol (P = 0.0470 and P = 0.0224, respectively).

Baseline MAP was similar in all groups (Group 1, 74.8 ± 10.9 mmHg; Group 2, 74.6 ± 3.6
mmHg; Group 3, 77.5 ± 3.7 mmHg; Group 4, 68.2 ± 3.8 mmHg; P = 0.28). Linear trend models
demonstrated that blood pressure did not differ between the four groups (P = 0.24) and that
MAP significantly decreased (P < 0.0001) over time in all groups, with an estimated decrease
of 0.13 mmHg/min (Fig. 3). Mixed-effect models examined whether there was an association
between MAP and RI. Both linear trend and discrete time point models demonstrated that the
decrease in MAP was associated with the increase in RI over time in all groups (P < 0.0001).
However, there was no difference in the association of MAP with RI among the four groups,
i.e., the progressive fall in MAP did not account for the differences in RI that was observed
between the standard protocol (Group 2) and protection protocol (Group 3) following the
delivery of 1500 and 2000 high-energy SWs.

DISCUSSION
The results demonstrate that the pretreatment protocol induced renal vasoconstriction during
the latter half of the SW application, whereas the standard protocol showed measurable
vasoconstriction only during the post-SWL period. The detection of vasoconstriction during
the latter half of the SW application period, a time when tissue injury doubtless is occurring
[16], allows us to suggest that this vasoconstrictive event correlates with the reduced injury
reported for the low-energy pretreatment protocol. The data support the hypothesis that renal
vasoconstriction may protect the kidney from the tissue damaging effects of high-energy SWL.

A major obstacle to understanding how vasoconstriction protects the kidney from SWL-
induced injury is the paucity of information on how SWs damage tissue. We know that the
SWL-induced renal injury is largely hemorrhagic, i.e. that the SWs rupture blood vessels, and
the resulting hemorrhagic lesion comprises approximately 5.2% of the functional renal volume
(FRV) in the juvenile pig [10]. However, the role of factors such as SW-induced shear waves
and/or cavitation activity (bubble expansion and/or SWs generated by bubble collapse) in the
initiation and progression of the hemorrhagic lesion is not known. Nevertheless, we speculate
on several mechanisms, acting alone or in combination, which could potentially explain how
renal vasoconstriction protects tissue from the damaging effects of high-energy SWL and
reduces mean hemorrhagic lesion size to less than 0.4% FRV [10].
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Mechanism 1: A constricted blood vessel would arguably be stiffer due to contraction of its
smooth muscle cells resulting in reduced strain on the vessel wall due to shear and/or as a
bubble expanded, and reduced violence during bubble collapse. Accordingly, the likelihood
of blood vessels being ruptured would be reduced. Mechanism 2: A localized decrease in blood
flow through renal tissue might be associated with reduced O2 and elevated CO2 levels in the
affected tissue [17]. Because some investigators have suggested that CO2 can reduce cavitation
activity [18–20], a rising renal CO2 level during vasoconstriction could potentially suppress
cavitation activity and the damage that it causes. Mechanism 3: Renal vasoconstriction should
reduce bleeding from a ruptured vessel and thereby diminish the amount of blood that
accumulates in the nearby parenchyma. Since a smaller pool of intraparenchymal blood would
be expected to support fewer cavitation nuclei, less cavitation activity, and subsequently less
tissue injury to surrounding structures would be expected. However, we should keep in mind
that with the protection protocol only few damaged vessels are seen in the cortex and medulla
[10]. This would imply a protective mechanism that limits the rupture of vessels rather than
bleeding. Also, the mechanism(s) of protection must be capable of influencing the entire kidney
as pretreatment of a lower renal pole with SWs protects the upper pole of the same kidney from
injury when a clinical dose of high-energy SWs is applied to that pole [10].

While the cause of the protection is unknown, factors that could potentially trigger the response
include the number of pretreatment SWs, the starting energy (voltage) of the pretreatment SWs,
and the time interval between the SW applications. We have shown that a similar degree of
protection occurs when the number of low-energy SWs administered in the pretreatment period
was reduced in a series of experiments from 2000 to 100, indicating that the threshold number
of SWs required to initiate the protective response must be 100 or less [10]. In addition, the
protection was comparable whether the initial 100 pretreatment SWs were begun at strengths
of 12 kV, 18 kV or 24 kV [21]. This finding, together with our original observation that
pretreatment of one pole of the kidney with either 2000 SWs at 12 kV or 24 kV will protect
the opposite pole of the same kidney from the damaging actions of 2000 high-energy SWs
[10], suggests that the onestep voltage ramping in the protection protocol per se is not solely
responsible for limiting lesion size. Consequently, the time interval between the pretreatment
and clinical doses of SWs emerges as the only other obvious factor that could contribute to the
protection phenomena. This is illustrated by the fact that pretreatment with 100 high-energy
SWs followed by a 3-min pause and then the clinical dose of 2000 high-energy SWs produced
a lesion that was at least 10-fold smaller than that observed with a clinical dose of 2000 high-
energy SWs alone [21]. Therefore, there appears to be a critical interaction between the initial
non-damaging SW stimulus and the delay interval that permits the development of the
protective response, presumably by allowing sufficient time for the sensitization of the renal
vasculature and/or vasoconstrictor system(s) (e.g. neural, paracrine, autocrine) such that a
robust renal vasoconstriction is apparent when high-energy SWs are subsequently applied.
Renal vasoconstriction, through the suppression of SW forces that rupture blood vessels, and
the reduction in intraparenchymal hemorrhage, may then protect the kidney from SWL-induced
tissue injury.

The RI data also gives us some new insight into the timing of the renal vasoconstriction to a
standard clinical dose of SWs. Previous studies focused on the impact of SWL on renal blood
flow only after treatment and showed that renal vasoconstriction was detectable 0.5 to 4 hours
after low- or high-energy SWL [11,22–28]. The factors that may reduce renal blood flow under
these circumstances are not known, but we have always assumed that renal vasoconstriction
was initiated at some point during SWL. The results obtained with the standard high-energy
SWL protocol (Group 2) and low-energy SW pretreatment alone (Group 4) suggest that renal
vasoconstriction is not readily apparent — as assessed by RI methodology — during lithotripsy,
but instead becomes most intense after SW treatment.
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Although acute injury to the renal microvasculature and a reduction in renal blood flow are
hallmarks of SWL [5], there has been limited clinical and basic research on whether such effects
may have long-term consequences. Some clinical data suggest a link between SWL-induced
renal damage and new-onset hypertension, primarily in older patients [6,27], and recent studies
show a correlation between multiple lithotripsies and the transition from calcium oxalate to
calcium phosphate (brushite) stone disease [8,9]. In both cases, the initial sites of acute injury
in the renal cortex and medulla would result in a loss of microvessels and nephron segments
that lead to tissue scarring. The loss of parenchymal tissue would be expected to have a
pathological outcome at some point when enough functional tissue has been lost, especially in
patients with other risk factors. Tissue damage that is specific to medullary collecting duct cells
would likely result in a loss of urinary pH regulation by these cells, which in turn would
alkalinize the urine and favor apatite crystal retention and the production of brushite stones,
which are resistant to SWL [9]. In addition, the findings of a nineteen-year follow up study of
SWL-treated patients suggest that they have an increased risk of developing diabetes as well
as hypertension [7]. Therefore, an intuitive benefit of SWL treatment using the protection
protocol is not only the significant reduction in acute renal injury, but also that it will likely
lessen, or even prevent, the induction of these potential long-term complications.

Further studies are needed to confirm that renal vasoconstriction is indeed the cause of the
protection, and that this protocol indeed reduces tissue injury with the newer-generation single-
head lithotripters. The mechanisms that initiate renal vasoconstriction and how it may lead to
reduced tissue injury require investigation. We need to understand how to manipulate
lithotripter SW delivery settings to invoke the protective response and tailor the SW delivery
protocols to the type of lithotripter, and perhaps even the type of patient. These are some of
the directions of study that will advance our knowledge of the protection response, which will
have significant translational implications, as they will aid in optimizing lithotripsy protection
protocol settings, and thus improve the safety of SWL.
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Figure 1.
Serial RI measurements from a single intralobar artery during sham SW treatment (panel A),
a standard clinical dose of high-energy SWs (panel B), pretreatment with low-energy SWs
followed by a 3-min pause and then the standard dose of SWs (panel C) and pretreatment with
low-energy SWs alone (panel D). □ = treatment period with 500 low-energy SWs; ■ = treatment
period with 2000 high-energy SWs. * = P < 0.05 from baseline (pre-SW) RI values.
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Figure 2.
The change in RI from baseline values for Group 2 (standard clinical SW dose) and Group 3
(pretreatment/standard clinical SW dose) animals during the period of high-energy SW
delivery. * = P < 0.05 between the two groups following the application of 1500 and 2000
high-energy SWs.
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Figure 3.
Measurements of mean arterial blood pressure (MAP) measured during the four experimental
protocols. Group symbols as in figure 1.
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