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The Acute and Long-Term Adverse
Effects of Shock Wave Lithotripsy

James A. McAteer, PhD, and Andrew P. Evan, PhD

Summary: Shock wave lithotripsy (SWL) has proven to be a highly effective treatment for the
removal of kidney stones. Shock waves (SWs) can be used to break most stone types, and
because lithotripsy is the only noninvasive treatment for urinary stones, SWL is particularly
attractive. On the downside SWL can cause vascular trauma to the kidney and surrounding
organs. This acute SW damage can be severe, can lead to scarring with a permanent loss of
functional renal volume, and has been linked to potentially serious long-term adverse effects.
A recent retrospective study linking lithotripsy to the development of diabetes mellitus has
further focused attention on the possibility that SWL may lead to life-altering chronic effects.
Thus, it appears that what was once considered to be an entirely safe means to eliminate renal
stones can elicit potentially severe unintended consequences. The purpose of this review is
to put these findings in perspective. The goal is to explain the factors that influence the
severity of SWL injury, update current understanding of the long-term consequences of SW
damage, describe the physical mechanisms thought to cause SWL injury, and introduce
treatment protocols to improve stone breakage and reduce tissue damage.
Semin Nephrol 28:200-213 © 2008 Elsevier Inc. All rights reserved.
Keywords: Lithotripsy, shock waves, urinary stones, kidney, injury, vascular trauma
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hock wave lithotripsy (SWL) uses high-en-
ergy acoustic pulses (shock waves [SWs])
generated outside the body to break stones

ithin the kidney and ureter. A s such, SWL is the
nly noninvasive method available to remove
tones. In the early years after its introduction
WL was considered an option for the treat-
ent of virtually any stone type in any anatomic

ocation. Urologists soon learned, however, that
he urinary tract has a limited ability to clear stone
ragments a n d that ureteral obstruction could
ccur if the mass of stone debris was too high.
s such, SWL now is used to treat otherwise
ncomplicated solitary stones, or a combined
tone burden of less than 2 cm (on KUB), lo-
ated in the upper urinary tract (renal pelvis or
roximal ureter).1 Not all mineral types re-
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pond well to SW. Some calcium oxalate mono-
ydrate stones, brushite stones, and a subtype
f cystine can be highly SW-resistant.2 A note-
orthy drawback of SWL is that in many cases

tone fragments left behind can serve as foci for
he development of new stones.3 As such,
tone-free rates are lower and stone recurrence
ates are higher for SWL than with invasive
rotocols such as ureteroscopy and percutane-
us nephrostolithotomy that involve visual lo-
alization and extraction of stones.4 Still, be-
ause lithotripsy can be very effective, is
oninvasive, and typically is performed on an
utpatient basis, SWL is used for the treatment
f up to 70% of uncomplicated upper-tract
tone cases.5

ITHOTRIPTERS AND SHOCK WAVES

ithotripters differ from one another in the
ethod used to generate SWs (ie, electromag-

etic, electrohydraulic spark gap, piezoelectric
rray), but they are largely the same in that they
ll produce a very similar acoustic pulse.6 Litho-

ripter SWs are characterized by a waveform

in Nephrology, Vol 28, No 2, March 2008, pp 200-213

mailto:mcateer@anatomy.iupui.edu
mailto:mcateer@anatomy.iupui.edu


h
o
n
t
p
�
t
c
m
t
w
m
t
p
a
i
i
s
t
h
b
s
i
c

H
S

E
f
p
(
t
f
s
s
A
e
s
c
f
t
s
a
e
f
t
r
b
e
c

b
p
a
n
m
t

c
p
C
t
a
s
m
f
s
i
a
f
h
w
t
s
f
i
i
s
l

h
t
s

Adverse effects of SWL 201
aving a leading positive pressure component
f approximately 20 to 110 MPa, followed by a
egative pressure phase of approximately �5
o �10 MPa (1 MPa � �10 atm pressure). The
ositive phase of the pulse is short lived (�1
s) and jumps to peak pressure almost instan-

aneously. It is this portion of the pulse that
onstitutes the shock of the SW. The focusing
echanism of the lithotripter directs the pulse

o an elongated (cigar-shaped) region in space
here the patient’s stone is positioned for treat-
ent. Lithotripters differ in the dimensions of

his focal zone (focal volume) and the acoustic
ressure and energy density that occupies this
rea. Studies on the mechanisms of SW action
ndicate that the width of the focal zone is an
mportant feature in stone breakage and that
tones break better when the focal width exceeds
he stone diameter (see later). Most lithotripters
ave focal widths of approximately 6 to 10 mm,
ut some are quite narrow (�4 mm), whereas
ome are much wider (�16-18 mm). This is an
mportant feature, particularly in regards to re-
ent efforts to improve the efficacy of SWL.

OW SHOCK WAVES BREAK
TONES AND DAMAGE TISSUE

ven though lithotripter SWs are quite power-
ul, it can take hundreds, even thousands, of
ulses to reduce stones to particles fine enough
�2 mm) to be voided through the urinary
ract. Breakage tends to be gradual and stones
ail by a process of fatigue caused by repetitive
tress.7,8 SWs create microcracks that progres-
ively lengthen and expand until failure occurs.
variety of mechanisms have been proposed to

xplain how SWs break stones (Table 1), but in
imple terms this amounts to two main events:
avitation and direct stress.6 Cavitation is the
ormation of bubbles in the urine surrounding
he stone, and is driven by the negative pres-
ure phase of the SW. Bubble growth is rapid
nd collapse can be particularly forceful, gen-
rating powerful secondary SWs that radiate
rom the point of collapse and fluid microjets
hat produce intense, focused pressures di-
ected at the surface of the stone. Cavitation
ubbles form clusters and collapse together to
rode the surface of the stone.9 Cavitation may

ontribute to all phases of the progressive j
reakage of stones but appears to be most im-
ortant in grinding down stone fragments that
re too small to be broken by other mecha-
isms.10 Thus, cavitation is critical to stone com-
inution, but also plays a major role in causing

issue damage (see later).
The large-order fragmentation of stones is

aused by internal stresses induced by the com-
ressive, positive pressure phase of the SW.
ompressive waves (or acoustic waves) travel

hrough the stone and the surrounding fluid
nd induce internal stresses within the stone in
everal ways. Recent studies using numerical
odeling have shown that stress waves launch

rom the surface toward the interior of the
tone and are amplified by angles and irregular-
ties at the stone surface.11 The compressive/
coustic wave also acts to squeeze the stone
rom the outside, a sort of narrow but intense
oop stress passing along the stone.12 This in-
ard-directed circumferential stress is critical

o fragmentation, and in vitro studies have
hown that if the compressive wave is blocked
rom the stone surface, fragmentation is signif-
cantly less efficient.13 These findings carry an
mportant implication for lithotripsy—that is,
tones break better when the focal width of the
ithotripter is wider than the stone.

The mechanisms involved in stone breakage
elp one appreciate the conditions that lead to
issue injury in SWL (Table 1). That is, because
tone breakage is a progressive process it sub-

Table 1. Mechanisms of SW Action in SWL

Stone breakage
Shear stress is maximized when the focal

zone is larger than the stone, breaks
stone into fragments

Cavitation contributes to large-order
fragmentation, and breaks fragments into
gravel

Tissue injury
Cavitation ruptures blood vessels—typically

requires hundreds of SWs to initiate
Shear stress, enhanced at fast SW rate,

may break vessels, leading to further
cavitation
ects the body to repetitive SWs (hundreds to
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202 J.A. McAteer and A.P. Evan
housands of SWs). It is also true that some of
he same features of the lithotripter acoustic
eld that contribute to stone breakage also are

nvolved in generating tissue damage—that is,
here is a role for cavitation and a possible contri-
ution from shear stress. SWL injury to the kidney

s primarily a vascular hemorrhagic lesion.14,15

here is substantial evidence to show that cavi-
ation plays a role in this damage. For example,
onditions that enhance cavitation such as in-
ecting the vasculature with microbubbles, re-
ult in increased injury, whereas suppression of
he tensile phase of the SW, which is necessary
o drive bubble growth, reduces tissue dam-
ge.16-19 Precisely how cavitation breaks vessel
alls, particularly in very small diameter ves-

els, is hard to know. In vitro studies using
essel phantoms suggest that bubble expansion
ay be involved, and a recent study in which
icrobubbles were perfused within an ex vivo

ascular bed and exposed to ultrasound shows
hat bubble collapse can occur within small-
rder vessels and can damage the vascular wall
s well.18,20 Regardless of how cavitation may
ause vessels to rupture it is important to note
hat under normal physiologic conditions the
atent vasculature does not readily support cavi-
ation.16 Although whole blood in vitro or blood
ooled within a hematoma in vivo undergoes
avitation readily, cavitation is rare in the circula-
ion. Pig studies using a sensitive technique for
assive cavitation detection have shown that it
akes many hundreds of SWs to initiate cavitation
n the kidney.21 It seems likely that this is be-
ause the conditions necessary to support cav-
tation require repetitive stress. This opens the
uestion of what conditions must be present
or cavitation to occur. One possibility is that
avitation may be dependent on the presence of
irculating particulates that act as nuclei for bub-
le growth. However, what might serve as such
natural cavitation nucleus is unknown.16,22

If blood flowing in the circulatory system is
uch a poor matrix for cavitation, perhaps the
ubstantial cavitation necessary to cause mea-
urable hemorrhage is secondary to some other
njury event. That is, perhaps the vessel must
ail and blood must pool for cavitation and fur-
her damage to be sustained. A recent study

odeling the material properties of various tis- t
ue compartments within the kidney suggests
hat shear stress may accumulate within the
arenchyma, but only if the rate of SW delivery

s faster than the displacement relaxation time
f the tissue.23,24 The model predicts that the
egree to which shear induced displacement/
eformation occurs will depend on the back-
round structure of the tissue, that is, will be
ifferent for different regions of the kidney and
e greatest near the tip of the renal papilla. Pig
tudies show that the renal papilla is particu-
arly sensitive to SWL damage.19 Thus, the cu-

ulative shear model may be in good agree-
ent with experimental results and may help

xplain why renal injury is reduced at a slow
W rate (see later).25

HE SPECTRUM OF ADVERSE
FFECTS IN SWL: ACUTE RENAL AND
XTRARENAL DAMAGE CAUSED BY
HOCK WAVES

issue damage in SWL most often involves
rauma localized primarily to the region where
he focal zone is targeted (ie, the renal calyceal
ystem), but can include injury to surrounding
rgans as well (Tables 2 and 3). Understand-
bly, injury to the kidney has received consid-
rably more attention than extrarenal effects.
owever, reports of damage outside the kidney
re noteworthy and may be additional cause for
oncern. A sampling of such findings (Table 4)
ncludes perforation of the colon, rupture of

Table 2. Characteristics of Acute Renal
Injury in SWL

Focal hemorrhage in region targeted by focal
zone

Rupture of veins, small arteries, and
capillaries

Extravasation and pooling of blood
Necrosis of vascular wall
Disruption of podocytes and mesangial cells
Blood within Bowman’s space and lumen of

renal tubules
Ischemic change in tubular epithelium
Infiltration by inflammatory cells
he hepatic artery, hepatic hematoma, pneumo-
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Adverse effects of SWL 203
horax, urinothorax, rupture of the spleen, acute
ecrotizing pancreatitis, dissecting abdominal
all abscess, rupture of the abdominal aorta, and

liac vein thrombosis, among others.26-38

Virtually all patients who undergo SWL for
enal stones show hematuria after receiving
bout 200 SWs.1 The occurrence of blood in the
rine is so common that it is considered, and
ightly so, an incidental finding. The severity of
ematuria is rarely a concern, and there was a
ime when urologists considered a little blood
n the urine as a good sign—that the lithotripter

as, indeed, targeted on the kidney. For some
ime it also was thought that hematuria was a
onsequence of irritation of the urothelium as
tone fragments were broken by the SW. How-
ver, animal studies soon showed that this was
ot the case. Detailed morphologic studies in a
ariety of animals have shown that SWs rupture
lood vessels and can damage surrounding re-
al tubules.1,14,39,40 The pig is the preferred an-

mal model for SWL injury; treatment results in
isruption of a wide range of vessels from glo-
erular and cortical capillaries and the vasa

ecta, to the larger arcuate and intralobular ves-
els.15,41 When the focal zone is targeted on a
ower pole calyx the lesion typically extends
rom the cortex to medulla, with focal spots of
emorrhage. Details of the lesion in animals
illed 4 hours after treatment commonly in-
lude torn vessels with platelet aggregation,
acuolization to complete necrosis of the endo-
helium and vascular smooth muscle, and red

Table 3. Remarkable Renal Injury as a
Consequence of SWL

Intraparenchymal and subcapsular
hematomas

Rupture of renal pelvis
Proliferative glomerulopathy
Anti–glomerular basement membrane disease
Permanent loss of nephrons
Diffuse fibrosis
Acellular scarring from cortex to inner

medulla
Complete papillary necrosis
Irreversible acute renal failure
lood cells and leukocytes in the interstitial
pace. Damaged renal corpuscles typically show
reaks in Bowman’s capsule, blood in the uri-
ary space, and damage to podocytes and mes-
ngial cells. Renal tubules often contain blood
ell casts, and the tubular epithelial cells can
how injury (vacuolization, sloughed microvilli)
haracteristic of ischemic change. A typical
linical dose of 2,000 SWs with the Dornier
M3 lithotripter (Dornier Medical Systems,
ennesaw, GA) operated at 24 kV and SWs
elivered at 120 SW/min produces a parenchy-
al lesion measuring approximately 5% to 6%

f functional renal volume (FRV).42

Perhaps the first indication of the potential
or lithotripsy injury in patients came in an early
eport introducing lithotripsy as an alternative
o open surgery.43 In that study subcapsular
ematomas were observed by ultrasonography,
ut the occurrence was low—less than 1% of
atients. Soon, an article by Kaude et al44 re-
orted a much higher hematoma rate (29%) in
atients assessed by magnetic resonance imag-

ng. The Kaude et al44 report focused attention
n the possibility that SWs potentially could
ause significant injury. Numerous studies have
ince reported moderate to severe hemorrhage
s a consequence of lithotripsy.1,14 Case studies
escribe a variety of severe complications from

ntraparenchymal, subcapsular, or perirenal
leeding, including irreversible acute renal fail-
re.45-53 It is interesting to note that severe
omplications have occurred in the absence of
xcessive bleeding. One example is a case of
rreversible acute renal failure in an individual

ho developed anti–glomerular basement mem-

Table 4. Extrarenal Injury as a Consequence
of SWL

Intra-abdominal bleeding
Abdominal abscess
Splenic rupture and abscess
Liver and pancreatic hematomas
Acute pancreatitis
Pulmonary contusion and hemoptysis
Pneumothorax, urinothorax
Perforation of bowel
Rupture of abdominal aorta, hepatic artery,

iliac artery
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204 J.A. McAteer and A.P. Evan
rane disease, likely as a consequence of glomer-
lar injury during SWL.54 Values for hematoma
ates range from less than 1% to about 20%, and
epend on the type of lithotripter used and the
adiologic method and timing of the assess-
ent.48,55,56 Age is an apparent risk factor in he-
atoma formation, with incidence increasing

bout 2-fold per decade.57 Although some hema-
omas can persist for many months to years, it has
een reported that most resolve within
eeks and without long-term adverse ef-

ects.58 Thus, SWL has the potential to cause
emorrhage in and around the kidney. In some
ases this bleeding is severe and can be cata-
trophic. It is thought, however, that in most
nstances renal hematomas resolve spontane-
usly without apparent long-term adverse ef-
ects.

HE POTENTIAL FOR
ONG-TERM ADVERSE
FFECTS CAUSED BY SWL

here has yet to be a definitive study performed
ith experimental animals to fully characterize

he manifestations of chronic injury in SWL. It is
lear, however, that SWs damage blood vessels
nd the incidental, or mild to severe, hemor-
hage that ensues initiates an inflammatory re-
ponse and the cascade of events that leads to
car formation.59 Perhaps the first evidence of
asting SW injury was a study in dogs that
howed dose-dependent parenchymal fibrosis
t 1 month after treatment.39 Dose-dependent
car formation also was shown in rabbits in
hich scar volume increased nearly 10-fold by
oubling the dose of SWs from 1,000 to 2,000
ulses.60 There has yet to be a thorough survey
o determine if the kidney expresses a regional
usceptibility to scarring, but it has been ob-
erved that the inner medulla is prone to dam-
ge. Pigs treated with 2,000 SWs can show
omplete atrophy of renal papillae when the
ocal zone of the lithotripter is targeted within
lower pole calyx.1

It is fair to say that we have a rather incom-
lete picture of the progression from acute

njury to lasting damage, how renal structure
nd function are affected, and the factors that
nfluence the severity of long-term effects. Still,

he work that has been reported indicates that O
ong-term effects are dose dependent, and can
nvolve a permanent loss of functional renal

ass. It goes without saying that acute injury
recedes lasting effects. However, little is
nown about the threshold of damage to pre-
ipitate a lasting change, where within the kid-
ey acute injury is most likely to lead to chronic
hanges, whether or not visible change such as
carring truly represents significant damage,
nd the role that pre-existing risk factors may
lay in the progression to chronic effects. This

s all to say that animal research reported to
ate, although convincing, that the kidney is
usceptible to permanent damage, has only be-
un to address clinical relevance. Indeed, it is
he clinical data that are understandably the most
oncerning, in particular evidence pointing to the
ossibility that SWL may cause new-onset hyper-
ension in some patient groups, may exacerbate
he progression of stone disease, and may be
inked to the development of diabetes mellitus.

ew-Onset Hypertension
as Been Linked to SWL

number of clinical studies have suggested
hat new-onset hypertension is a potential long-
erm consequence of SWL.61,62-67 Among these,
ne prospective study showed age as a signifi-
ant risk factor, with an increase in intrarenal
esistive index in patients 60 years of age and
lder.62 Other studies as well have reported an

ncrease in hypertension among older litho-
ripsy patients.66 It appears that transient hyper-
ension can result from formation of subcapsu-
ar hematomas.51 Potential mechanisms for
ong-term effects have not been determined,
lthough there is a report of mesangial cell
roliferation in experimental work with pigs at
month post-SWL.68

ultiple Lithotripsies
ay Exacerbate Stone Disease

idney stone disease is not a simple problem,
nd there is ample evidence to show that stone
ormation involves multiple etiologies.69 Indeed,
t is appropriate to refer to specific stone disease
ntities such as brushite disease or cystine stone
isease in comparison, for example, with idio-
athic calcium oxalate (CaOx) stone disease.70,71
ne piece of this story follows the observation
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Adverse effects of SWL 205
hat over the past 3 decades there has been an
ncrease in the occurrence of calcium phos-
hate (CaP) stones within the population.72 A
otential explanation for this shift has been
ifficult to find. That is, until it was observed
ecently that a correlation exists between the
ercentage of CaP in stones and the number of

ithotripsy sessions in the cohort.73 The data

igure 1. Exacerbation of stone disease may be a c
orphologic features of the renal papilla from a patient w

essions before the onset of brushite stones. (A) Endoscop
o the ducts of Bellini, one of which has a plug of apa
andall’s plaque appear as irregular whitish areas (ar
epresenting crystalline deposits in the lumen of inner m
pecimen stained by the Yasue method for calcium show
uff of interstitial fibrosis. (C) At higher magnification,
ithin fibrotic/atrophic tissue.
howed that CaP stone formers underwent a s
reater number of lithotripsies than did CaOx
tone formers, and patients with brushite stones
nderwent SWL more than either of these
roups. This may suggest the possibility that SWL
s linked to a transition from CaOx disease to
rushite disease, a change toward a more compli-
ated pathology.70 The implication is that multi-
le lithotripsies for the treatment of CaOx

uence of SWL treatment. These images illustrate the
ushite kidney stone disease. This patient received 5 SWL
w of a renal papilla showing 3 dilated openings (arrows)
otruding from its lumen (asterisk). In addition, sites of
ads) next to sites of yellow plaque (double arrows)
ry collecting ducts. (B) Tissue section of papillary biopsy
lockage of a duct of Bellini (arrows) with a surrounding
f Yasue-positive material (arrows) are seen embedded
onseq
ith br
ic vie

tite pr
rowhe
edulla
ing b

sites o
tones may cause progressive injury in the renal
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206 J.A. McAteer and A.P. Evan
apilla that alters the normal physiology of the
ollecting ducts, and fuels the formation of in-
raluminal crystalline deposits of apatite—a pro-
ess that typically involves tubular atrophy,
ven papillary necrosis. Thus, multiple litho-
ripsies could be driving the formation of brush-
te, a mineral type that does not respond well to
Ws, and often is considered a contraindication
or SWL (Fig. 1).

iabetes Mellitus May be
inked to Multiple Lithotripsies

t is well documented that SWL for treatment of
tones within the kidney can cause extrarenal
oft-tissue damage (see previously).14,37,38 The
ccurrence of injury to the bowel, liver, spleen,
r some other organ does not necessarily mean
hat the lithotripter was targeted incorrectly.
lthough a lithotripter typically is characterized
y the temporal and spatial distribution of
coustic energy within its focal zone, it should
e appreciated that this region does not define
he limits of high acoustic pressures generated
y the SW. The focal zone is the area that
ontains the highest acoustic pressure and
ighest energy density, but SW pressures of
oth the compressive and tensile phases of the
ulse can be relatively high outside this volume.
he pressure threshold for initiation of cavitation

s on the order of only about �1 to �2 MPa, and
uch pressures can be measured many centime-
ers off the acoustic axis.6 This is all to say that it
s reasonable to expect that organs other than the
idney will be subjected to stresses sufficient to
ause injury during SWL. This explains why it is
ot easy to dismiss on mechanistic grounds the

dea that the pancreas could be damaged during
ithotripsy, and that this injury might lead to
ong-term effects such as diabetes.

A retrospective 19-year follow-up study from
he Mayo Clinic suggested that patients who
nderwent SWL for the treatment of kidney
tones in 1985 were at increased risk of devel-
ping diabetes mellitus compared with con-
rols.61 Occurrence of diabetes in these patients
as related to the total number of SWs and the
ower level of the lithotripter. The investiga-
ors were duly cautious in their approach, and
n this and a subsequent report noted a number

f limitations to the study.74 For example, the m
ata for the SWL group were collected by self-
eport questionnaire, whereas the control
roup was examined via chart review. Based on
tone size, the stone disease of the SWL group
as more severe than in the control group. In

ddition, family history for diabetes was not
etermined for either group. The report stimu-

ated considerable discussion within the urol-
gy community.75,76 Similar to the data suggest-

ng that multiple lithotripsies may be linked to
n exacerbation of stone disease (see previ-
usly), these findings are new and have as yet to
e validated independently. Still, similar to new-
nset hypertension or a transformation of stone
isease, the possibility of diabetes as an out-
ome of SWL represents a potential side effect
hat ought to be cause for concern, and clearly
eserves further investigation.

ACTORS THAT AFFECT
HE SEVERITY OF SWL INJURY

nimal studies have shown that renal injury in
WL is dependent on the number of SWs deliv-
red, the power setting of the lithotripter, and
he rate of SW delivery.26,77-83 The idea that SW
ose is important seems intuitive and it makes
ense that steps should be taken whenever pos-
ible to reduce SW exposure. The suggestion
hat some long-term effects could be linked to
epetitive injury from multiple lithotripsies also
eems to be a reasonable possibility. The effects
f SW rate are a lot less obvious. Early in the
volution of SWL, lithotripters were developed
hat could fire at extremely fast rates, with the
dea of shortening treatment time, and studies

ere conducted to assess tissue effects. Rates
f 900 SW/min and higher were tested and
ere found to create significantly more damage

han the conventional rate of 60 to 120 SW/
in.81,82 Cavitation and the potential for cumu-

ative shear both are enhanced as the SW rate is
ncreased, so both mechanisms may well be
nvolved in injury at extremely fast SW
ates.6,22-24 Current practice is to treat patients
t 60 to 120 SW/min and the vast majority of
he literature on SWL adverse effects is for treat-
ent in this range. Recent studies now have

hown that slowing the SW rate to approxi-

ately 30 SW/min has a dramatic protective
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Adverse effects of SWL 207
ffect, and a slow rate may be an important
trategy for the future (see later).

A number of factors have been identified that
ay place patients at increased risk of injury in

WL. Because SW injury is dominated by vascu-
ar trauma it is not surprising that patients with
lotting disorders experience greater damage.84

igure 2. Demonstration that proper treatment strategi
he exterior kidney surface and the bottom row shows th
ifferent treatment protocols using the Dornier HM3 lith
he focal zone targeted to the lower pole. Tissue secti
arenchymal hemorrhage (digitally colored red). (Left) S
Ws at 120 SW/min. The kidneys typically developed sub
idney, determined from serial sections, measured ap
amping at a standard rate. This pig received a priming d
24 kV) all at 120 SW/min. The lesion, limited to the tips
RV) compared with the injury seen with the standard
nimal was treated with 2,000 SWs delivered at 30 SW/m
etermined from serial sections measured less than 0.1%
bleeding diathesis can significantly lower the m
hreshold for severe injury, and there is a report
f uncontrolled renal hemorrhage in a patient
ho received only 250 SWs.85 History of a
leeding disorder is, indeed, considered a con-
raindication for SWL, as is a current course of
nticoagulants or even aspirin.1,52 Age has been
hown to be a factor in the occurrence of he-

protect against kidney injury in SWL. The top row shows
roscopic images of sections through 3 pig kidneys after
er (24 kV). Circles indicate the approximate location of
epict morphometric segmentation of regions showing
rd treatment protocol in which the pig received 2,000
lar hematomas (arrows). The hemorrhagic lesion in this
ately 5% FRV. (Middle) Protective effect of voltage

f 500 SWs at low energy (12 kV) followed by 2,000 SWs
al papillae (arrowhead), is reduced dramatically (�.3%

col. (Right) The protective effect of slow SW rate. This
o lesion is visible in this section. Injury at a slow rate as
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ypertension after SWL.57,62,66 Kidney size also
nfluences the degree of injury that occurs. The
idneys of juvenile pigs showed more extensive
esions than developed in young adult animals
reated with the same dose, and although lith-
tripsy is considered an option for the treat-
ent of children, there is evidence of delayed

idney growth in pediatric patients treated by
WL.1,86,87 Little is known about the effect of
enal disease on the susceptibility of the kidney
o SW injury, although it has been shown that
issue damage is accentuated dramatically in a
ig model of pyelonephritis.88

HE TYPICAL TREATMENT
ROTOCOL AND NEW
TRATEGIES THAT REDUCE SWL INJURY

ow SWs are delivered matters. That is, the
ettings used and the sequence of SW delivery
ffect the efficiency of stone breakage and the
everity of injury that can occur during treat-
ent. Although guidelines have been devel-

ped to improve treatment outcomes, there is
o widely accepted protocol for best practice
hat takes into account current understanding
f the mechanisms of SW action. During treat-
ent the urologist has control over the power

etting of the lithotripter, the number of SWs,
nd the firing rate. Most urologists are well
ware that injury is a potential outcome in SWL
nd do what they can to minimize SW expo-
ure. However, this can be difficult to do. Most
atients likely receive more SWs than are
eeded to break their stones because lithotripsy

maging systems (fluoroscopy or ultrasound) do
ot allow one to see when the stone is broken
o completion. Because stones are highly vari-
ble in their fragility to SWs it is difficult to
stimate the dose based on stone burden
lone.2 Progress has been made in using labo-
atory computerized tomography to predict fra-
ility, but this must be refined further before it
s useful at the clinical level.89 Because of this,
atients often may be treated with the maxi-
um number of SWs allowable for the litho-

ripter at hand (�2,500-4,500 SWs).
SWL injury also is dependent on power level

ut here too there is room for excess.79 Most
ithotripters are engineered to deliver a broad

ange of output, but the top end is typically a
uch higher than is needed to break stones. A
ecent study in pigs using the Dornier HM3
ithotripter showed that delivering SW with a
tep-wise increase in power setting acts to re-
uce lesion size42 (Fig. 2). Injury was reduced
ignificantly when treatment was initiated at 12
V (first 100 SWs) followed by the remainder of
he dose (2,400 SWs) at 24 kV, compared with
ll SWs at the high setting. This was the first
ndication that SWs could be used as the foun-
ation for a strategy to protect the kidney from
amage during further treatment (Table 5).
reatment with a priming dose of low-energy
Ws induces transient vasoconstriction in both
he treated and the contralateral kidneys.77

ow vasoconstriction may contribute to pro-
ection is unclear, but this finding is an indica-
ion that the kidney is very responsive to focal
tress.

SW rate is the basis of an even more effective
reatment strategy, one that both protects
gainst injury and also improves stone break-
ge. Most patients typically are treated at a rate
f 120 SW/min. A number of clinical studies
ave reported, however, that slowing the SW
ate to 60 to 90 SW/min actually improves the
uccess rate.90-94 The acoustic mechanism for
his effect involves cavitation. When stones are
reated at a fast SW rate the surrounding fluid is
harged with an increased number of minute
icrobubbles that persist between SWs and

erve to seed cavitation with the next pulse.95

hus, cavitation is enhanced at a fast rate com-
ared with a slow rate. Cavitation bubble
rowth occurs at the expense of negative pres-
ure from the tensile phase of the SW, such that

Table 5. Treatment Strategies Shown to
Reduce Renal Injury in Experimental
Animals

Delivering fewer SWs
Reducing the power setting of the lithotripter
Pretreatment with SWs at low energy

significantly reduces lesion size
Treatment at slow SW rate (30 SW/min)

virtually eliminates renal vascular injury
t a fast rate the tensile phase of the pulse is
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Adverse effects of SWL 209
epleted sufficiently to alter bubble cluster ac-
ivity involved in stone breakage.96,97

Reports of improved stone breakage at slow
W rates prompted an animal study to deter-
ine if slowing the SW rate was safe. That is,

learly clinical stone breakage outcomes are
mproved by slowing the SW rate, but if this

odification in procedure were to increase tis-
ue damage the overall benefit would be lost.
igs were treated with 2,000 SWs (24 kV) at
ither 120 or 30 SW/min and then processed
or morphometric quantitation of the parenchy-
al lesion. The result was surprising.25 As ex-
ected from experience with earlier studies,
he animals treated at the faster rate showed a
arenchymal lesion occupying approximately
% FRV. The pigs treated at the slower rate,
owever, had a vastly reduced lesion (�.1%
RV) limited to renal papillae in the region of
he focal zone of the lithotripter (Fig. 2). Thus,
lowing the rate of SW administration signifi-
antly reduced tissue injury. A similar finding
as observed recently in a study to assess the

enal injury produced by a novel electromag-
etic lithotripter (XX-ES, XiXin-Eisenmenger,
iXin Medical Instruments, Suzhou, China)
ith a very broad focal zone (�18 mm).83 In

hat study pigs were treated at the same settings
1,500 SWs, �17 MPa at 9.3 kV, 27 SW/min)
sed to treat patients with the XX-ES, and com-
ared with animals treated with the same num-
er of SWs at comparable settings (�32 MPa at
8 kV, 30 SW/min) with the Dornier HM3 litho-
ripter.98 Both groups showed extremely low
njury rates. The HM3 group showed a barely
etectable lesion (�.1% FRV), whereas in the
X-ES group the lesion was too slight to quan-

ify. Both of these experiments showed that
ascular damage in the kidney can be virtually
liminated by slowing the SW firing rate. How-
ver, this protection was afforded by treating at
SW rate that is much slower than is typically
sed clinically. Further study will be needed to
etermine if intermediate rates (60-90 SW/min)
lso are protective.

UMMARY: SHOCK WAVE INJURY AND
HE PROGNOSIS FOR LITHOTRIPSY

t is clear that lithotripter SWs have the poten-

ial to cause tissue damage and that acute injury
an lead to chronic adverse effects. Still, litho-
ripsy is the only noninvasive means to re-
ove stones and this makes it particularly

aluable. Injury, such as stone breakage, is pro-
ressive and it typically takes hundreds of SWs
o cause significant tissue damage. There is a
hreshold for tissue injury that depends on mul-
iple factors including the type of lithotripter
eing used, but little has been done to define
he limits of treatment. Patients typically re-
eive more SWs than should be necessary to
liminate their stones because there is no good
ethod to determine when breakage is com-
lete. The severity of acute injury and the po-
ential for progression to long-term effects de-
ends on the SW dose and whether multiple
reatment sessions were involved, but also on
re-existing risk factors. Although severe acute

njury can occur it is not known if the damage
rom a single, typical treatment session can lead
o long-term effects.

Research suggests that lithotripsy may be
inked to several potentially serious chronic ad-
erse effects including new-onset hypertension,
he exacerbation of stone disease, and the de-
elopment of diabetes mellitus. The data for
ypertension are the most compelling, whereas
he data for transformation of stone disease are
ew and not yet validated, as is the finding that
WL may be linked to diabetes.

Thus, there is no question that there is a risk
f injury with SWL. However, new treatment
rotocols have been developed recently that
ignificantly improve stone breakage and dra-
atically reduce acute tissue damage. In partic-

lar, the data showing that treating with a pro-
ressive increase in SW energy is protective,
nd that slowing the rate of SW administration
an virtually eliminate acute tissue injury, indi-
ates that SWL can be performed safely. As
rotective treatment protocols begin to be
dopted it is hoped that long-term adverse ef-
ects also will be reduced, and perhaps elimi-
ated entirely.
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