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Abstract

Purpose—To determine if extracorporeal shock wave lithotripsy (ESWL) at 60 shock waves
(SWs)/min reduces renal damage and hemodynamic impairment compared to treatment at 120 SWs/
min.

Materials and Methods—One kidney in each of 19 juvenile pigs (7—8 weeks old) was treated at
120 or at 60 SWs/min (2000 SWs, 24kV) with an unmadified HM-3 lithotripter (Dornier Medical
Systems, Kennesaw, Ga, USA). Renal function was determined before and after ESWL treatment
by inulin clearance, extraction and clearance of para-aminohippuric acid. Both kidneys were then
removed to measure parenchymal lesion size by sectioning the entire kidney and quantifying the size
of the hemorrhagic lesion in each slice.

Results—ESWL at 60 SWs/min significantly reduced the size of the acute morphological lesion
compared to 120 SWs/min (0.42% vs 3.93% of functional renal volume, (P = 0.011) and blunted the
decrease in glomerular filtration rate and renal plasma flow normally seen after treatment at 120
SWs/min.

Conclusions—Treatment at a firing rate of 60 SWs/min produces less morphological injury and
causes less alteration in renal hemodynamics than treatment at 120 SWs/min in the pig model of
ESWL-induced renal injury.
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INTRODUCTION

ESWL produces acute renal injury in most, if not all, patients who receive a shock wave (SW)
dose large enough to comminute stones [1,2]. This injury is primarily vascular, causing
hemorrhage into the tissue, and can affect a broad range of blood vessels. In some cases, this
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parenchymal bleeding can be severe enough to produce subcapsular hematomas and more
serious consequences such as acute renal failure and even kidney loss [3]. While there have
been numerous reports of hematoma formation in ESWL [2,4], there is little agreement on the
significance of subcapsular bleeding, as it has been reported that most hematomas resolve with
no lasting effect [5]. However, few clinical or experimental studies have attempted to assess
the long-term consequences of the vascular injury in ESWL, but those that have indicate that
parenchymal hemorrhage is followed by inflammation, leading to scar formation with
permanent loss of functional renal tissue [6-8]. In addition to the adverse effects mentioned
above, other serious long-term effects of SWL have recently come to light, e.g. new-onset
hypertension [9], exacerbation of stone disease after multiple lithotripsy [10,11], and an
increased incidence of diabetes mellitus [12]. Because of all these serious acute and long-term
consequences related to SW exposure, it is extremely important to find treatment strategies to
reduce the renal injury associated with ESWL [13,14].

Previous work has shown that the size of the renal lesion caused by ESWL can be greatly
reduced when SWs are delivered at 30 SWs/min [15] instead of at the more common rate of
120 SWs/min. However, slowing the SW delivery rate to 30 SWs/min increases the duration
of treatment such that is prohibitively long for use in clinical practice. With this limitation in
mind, we assessed the renal response to treatment at 60 SWs/min in a pig model.

MATERIALS AND METHODS

The present study was carried out with an unmodified HM-3 lithotripter (Dornier Medical
Systems, Kennesaw, GA, USA) at the Methodist Hospital, Indianapolis, IN, USA. This
lithotripter has an 80 nF capacitor and a focal zone (F2) of 1.0-1.2 cm in diameter and 2.5 cm
long. Refurbished spark plugs (Healthtronics, Kennesaw, GA, USA) were used for all
experiments and were discarded after 1000 shots.

The experimental protocol used in this study was carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and was approved by
the Institutional Animal Care and Use Committee of the Indiana University School of
Medicine. Nineteen female farm pigs, (7-8 weeks old; Hardin Farms, Danville, IN, USA),
were assigned to receive either 2000 SWs at 120 SWs/min (11 pigs) or 2000 SWs at 60 SWs/
min (eight). All SWs were delivered at 24 kV. At every 500 SWs the treatment session was
briefly halted to check the position of the SW focus (on a lower pole calyx). A small amount
of contrast medium (Renografin 60%, Bracco Diagnostics, Princeton, NJ, USA) was injected
through the ureteric catheter into the urinary collection system of the kidney being treated.
Once the position was confirmed by fluoroscopy, the treatment recommenced.

Surgical procedures for placing the vascular and ureteic catheters were described previously
[16], as were procedures for measuring renal function and protocols for the use of the HM-3
lithotripter [17]. Both kidneys were perfusion-fixed in-situ with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH = 7.4)[18] at the end of the experiment, and then removed and submerged
in fresh fixative for subsequent determination of lesion size.

Urine and plasma samples were analyzed for inulin and para-aminohippuric acid (PAH)
concentrations, as previously described [19]. Inulin clearances, PAH clearance and PAH
extraction (Epan) Were determined and used to calculate the GFR and renal plasma flow (RPF).
These data were normalized to baseline values and expressed as the mean (SEM) of the
percentage decline from baseline renal function. The data were then analyzed by paired t-tests
for differences within groups (between baseline and 1 hour values) and two-sample t-tests
(between the 120 and 60 SWs/min groups). The criterion for statistical significance was set at
P <0.05.
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Kidneys used to measure lesion size were processed according to our previously published
protocol [20]. The size of the hemorrhagic lesion in each slice from the SW-treated kidneys
was measured and summed to determine the lesion volume as a percent of the total functional
volume (FRV). The mean (SEM) was then calculated in each group of pigs, and assessed using
the Kruskal-Wallis test, a non-parametric ANOVA for non-normally distributed data, with the
criterion for statistical significance at P < 0.05.

Body weights and baseline blood pressures were not significantly different between the groups
of pigs (Table 1). The mean blood pressure was also similar in both groups over the course of
the experiment. Figure 1 shows a digitized and colored cross-section of a kidney from each of
the two treatment groups. Pigs treated with 120 SWs/min had a mean lesion size of 3.93 (1.29)%
FRV (Figure 2). These kidneys had many areas of intraparenchymal bleeding that were
localized within the focal volume of the lithotripter and involved both the cortex and medulla
(Figure 1). In some cases, the hemorrhage extended all the way from the papillary tip to the
renal capsule. All of the treated kidneys in the 120 SWs/min group had subcapsular hematomas.
However, only three of eight treated kidneys from pigs in the 60 SWs/min group had surface
hematomas. In addition, the sites of intraparenchymal hemorrhage in these kidneys were small,
and primarily in the medulla. The lesion size for the 60 SWs/min group was 0.42 (0.23)% FRV
(Figure 2), which was significantly smaller than that in the 120 SWs/min group.

The GFR (Figure 3) decreased significantly (from baseline) in the treated kidneys from both
groups at 1 hour after lithotripsy. However, the 19.8 (6.4)% decrease in the 60 SWs/min group
was significantly smaller than the 42.2+5.0% decrease in kidneys treated at 120 SWs/min.

The Epay (Figure 4) decreased significantly by 8.5 (3.0)% in the kidneys from the 60 SWs/
min group at 1 hour after ESWL. This change was not significantly different from the 11.4
(2.3)% decrease in kidneys treated at 120 SWs/min.

Finally, the RPF (Figure 5) did not change significantly at 1 hour after ESWL in kidneys of
the 60 SWs/min group, at —11.9 (10.6)%, vs —47.7 (7.2)% in the kidneys of pigs treated at 120
SWs/min. This response was significantly different from both baseline (P = 0.001) and from
the 60 SWs/min group response (P = 0.012).

DISCUSSION

The present data show that ESWL at 60 SWs/min significantly reduces the size of the acute
hemorrhagic lesion compared to treatment at 120 SWs/min in this porcine model. This result
is similar to that previously reported for treatment at 30 SWs/min (0.08% FRV) using the same
experimental protocol [15].

While we do not fully understand the mechanism that reduces tissue injury when SW rate is
reduced, blood vessel constriction probably plays little or no role in this response. We
previously suggested that if vasoconstriction occurs during ESWL, an increase in vessel wall
tension would result, which could act to interfere with the cavitation bubble expansion-collapse
cycle, thereby reducing the chance of vessel rupture. However, a recent study from our
laboratory using measurements of resistive index to monitor renal vasoconstriction in pigs
showed that, under condition of continuous SW exposure at 120 SWs/min, vasoconstriction
did not occur during SW delivery, but occurred well after ESWL treatment ended [21]. These
data suggest that there is no increase in vessel wall tension during the time that SWs are being
administered at 120 SWs/min. We suspect, but have not tested, that there will be a similar lack
of change in vessel wall tension at 60 SWs/min.
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One possible explanation for the decrease in lesion size when SW rate is slowed to 60 SWs/
min comes from Freund et al. [22], who used numerical modeling to show that stress can
accumulate within tissue if the SW rate exceeds the displacement-relaxation time of that tissue.
Their model predicts that shear stress accumulates at SW rates of >~ 60 SWs/min, and that the
degree of shear deformation will be different for different regions of the kidney, such that the
renal papilla, particularly the region near the tip of the papilla, will undergo the greatest strain.
In previous studies we observed that the renal papilla is more susceptible to SW damage than
is the cortex, and this appears to be the case also in the present study [15,23]. The model of
Freund et al. proposes a role for a direct effect of SWs on tissue injury, in which shear causes
vessel rupture. This initial insult would act to seed sites of hemorrhage where cavitation can
occur, in turn leading to expansion of the lesion. The pattern of tissue damage observed in the
present study, in which injury at 60 SWs/min was limited to the renal papilla (Fig. 1), seems
consistent with such a scenario, but clearly more work is needed to determine the precise
mechanisms at play.

In addition to measuring changes in lesion sizes at different SW repetition rates, the present
study also sheds light on the functional consequences of treatment at 60 SWs/min. We showed
previously that applying 2000 SWs at 120 SWs/min (using same experimental protocol as the
present study) with the HM-3 lithotripter significantly reduced GFR, Epan and RPF [16,23].
The present results indicate that treatment at 60 SWs/min blunts part of this functional
impairment. The reduction of GFR at 60 SWs/min was only about half that at 120 SWs/min.
Inaddition, RPF in the 60 SWs/min group did not decrease significantly after ESWL, in contrast
to the decline seen after treatment at 120 SWs/min. The mechanism underlying this blunting
of the hemodynamic impairment at the lower SW rate is unclear, but might be related to the
smaller lesion created at 60 SWs/min or to a difference in the amount of vasoconstriction
between different treatment protocols, like that reported previously [21].

While GFR and RPF did not decrease as much with treatment at 60 than 120 SWs/min, the
decline in Epay Was comparable between the groups. ESWL at 60 SWs/min did not reduce
the impairment in Epan despite the fact that the hemorrhagic lesion was greatly reduced in that
group. This observation would suggest that changes in Epap are independent of measures of
hemorrhagic lesion size. This disparity between lesion size and functional decline might be
related to the way lesion size is determined. Calculations of Epap are based on measurements
of tubular epithelial cell transport function, while measurements of ESWL-induced lesion size
are based on the histological detection of blood in the parenchyma. As such, there might be
injury to tubular cells and transporters unrelated to vascular hemorrhage, and thus undetectable
by our morphological techniques.

There is added benefit to treatment at reduced SW rate. Several prospective clinical trials
showed better stone breakage at 60 than 120 SWs/min [24-26]. These findings are further
supported by an independent meta-analysis concluding that despite differences in methods for
assessing success, and that different lithotripters were used in the various studies, treatment
outcomes were significantly better at 60 than at 120 SWs/min [27].

In conclusion, the present findings show that a SW rate of 60 SWs/min greatly reduces the
acute morphological injury associated with lithotripsy, and blunts the reductions in GFR and
RPF that occur with treatment at 120 SWs/min. These observations, in a well-established
animal model of ESWL-induced renal injury, suggest that slowing the SW rate to 60 SWs/min
is a viable strategy to improve the safety of ESWL.
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120 SWs/minute 60 SWs/minute

FIG. 1.
Representative cross-sections from pig kidneys treated at 120 or 60 SWs/min (2000 SWs, 24

kV) with an unmodified Dornier HM-3 lithotripter. The lesions have been coloured (red) to
visualize regions of hemorrhage. Quantitation of the lesion was restricted to the renal
parenchyma and did not include areas of bleeding into the renal pelvis, seen here as black
deposits in the renal pelvicalyceal system. One papilla is marked with an asterisk (*). Damage
to the kidney treated at 120 SWs/min involves several renal papillae and extends from the
medulla to the cortex. The subcapsular hematoma in this kidney is beyond the plane of section.
The lesion in the kidney treated at 60 SWs/min is restricted to small foci in the medulla (arrows).
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FIG. 2.

Effect of 2000 SWs at 120 or 60 SWs/min with an unmodified Dornier HM-3 lithotripter on
lesion size (percent functional renal volume). The data are expressed as mean £ SEM. N
indicates the number of individual kidneys sectioned and quantified in each group. The
ampersand (#) indicates a significant difference between the groups.
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GFR After Lithotripsy
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FIG. 3.
Effect of 2000 SWs at 120 or 60 SWs/min on glomerular filtration rate. N indicates the number

of animals in each group. The asterisks (*) indicates that renal function after ESWL was
significantly different in that group from pre-ESWL baseline values. The Ampersand (#)
indicates that the two groups were significantly different 1 hour after ESWL.
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FIG. 4.

Effect of 2000 SWs at 120 or 60 SWs/min on Epan. N indicates the number of animals in each
group. The asterisks (*) indicates that renal function was significantly different after ESWL in
that group from pre-ESWL baseline values. The two groups were not significantly different
from each other 1 hour after ESWL.
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RPF After Lithotripsy
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FIG. 5.

Effect of 2000 SWs at 120 or 60 SWs/min on renal plasma flow. N indicates the number of
animals in each group. The asterisks (*) indicates that renal function after ESWL was
significantly different in that group from pre-ESWL baseline values. The ampersand (#)
indicates that the two groups were significantly different 1 hour after ESWL.
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Table 1

Body weight and mean blood pressure (mean = SEM) of the 120 SWs/minute and 60 SWs/minute treatment
groups.

Mean Blood Pressure (mmHg)

Group Body Weight (kg) Baseline + 1 Hour
120 SWs/min 148+05 69.7+11.0 66.6 +3.0
60 SWs/min 133+05 68.2+1.9 64.0+1.8
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