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To better understand how lithotripter shock waves break kidney stones, we treated human calcium
oxalate monohydrate~COM! kidney stones with shock waves from an electrohydraulic lithotripter
and tracked the fragmentation of the stones using micro-computed tomography~mCT!. A desktop
mCT scanning system, with a nominal resolution of 17mm, was used to record scans of stones at
50-shock wave intervals. EachmCT scan yielded a complete three-dimensional map of the internal
structure of the kidney stone. The data were processed to produce either two- or three-dimensional
time-lapse images that showed the progression of damage inside the stone and at the surface of the
stone. The high quality and excellent resolution of these images made it possible to detect separate
patterns of damage suggestive of failure by cavitation and by spall. Nondestructive assessment by
mCT holds promise as a means to determine the mechanisms of stone fragmentation in SWLin vitro.
© 2001 Acoustical Society of America.@DOI: 10.1121/1.1401742#
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I. INTRODUCTION

Shock wave lithotripsy~SWL! was first introduced in
19801 and has subsequently revolutionized the treatmen
kidney stones. Despite its predominance in the treatmen
urinary calculi there is a growing recognition that sho
waves~SWs! cause trauma to the kidney2–4 that can result in
acute problems5 and can lead to long-term complications
some patient groups.6–8 We present an imaging techniqu
that provides new information on the fragmentation of k
ney stonesin vitro, information that may lead to advances
SWL that reduce side-effects.

A number of mechanisms have been proposed by wh
lithotripsy shock waves may destroy kidney stones. Th
include: Spall: the compressive component of the sho
wave reflects off the distal surface and the stone fails
tension.1,9,10 Cavitation: the tensile component of the shoc
wave makes small bubbles grow in the fluid surrounding
stone; the violent collapse of the bubbles acts principally
the proximal surface of the stone.9,11,12 Squeezing: as the
shock wave propagates through the stone a differential s
between the stone and the fluid develops which leads
bulging and splitting along the SW axis.13 Superfocusing:
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reflections from curved surfaces or corners of the stone
interfere constructively to produce localized regions of hi
stress.14 Fatigue: microscopic flaws in the stone grow due
the tensile stress15 or shear stress16 induced by successive
SWs until macroscopic cracks develop and the stone bre
These mechanisms are dependent to variable extent on
ferent components of the lithotripter pressure pulse17 and the
material properties of kidney stones.18

There is limited agreement in the literature as to the r
of the mechanisms discussed above in the fragmentation
cess of kidney stones. We suggest that examination of a
ney stone at frequent intervals during its exposure to S
will reveal the role of the various mechanisms. To test t
idea we used an emerging imaging technique, x-ray mic
computed tomography~mCT!, which allows for the nonde-
structive assessment of x-ray attenuating materials. InmCT,
focused beams of x-rays are passed through an object an
absorption measured by a detector on the opposite side.
object is rotated about an axis and computed tomogra
~CT! is used to determine a 2D absorption map through t
slices. Stacks of 2D slices are then used to provide a
reconstruction of the object. The principal advantage ofmCT
is that it is nondestructive and therefore allows time-lap
measurements. We demonstrate that withmCT it is possible
to track the early progression of SW damage in human k
ney stones and that the pattern of damage is dependen
experimental manipulation of the environment surround
the stone.

il:
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FIG. 1. SerialmCT images of a COM stone ‘‘A1’’ at 0, 200, 300, and 350 SWs. Shock waves were incident from the lower left as indicated by the arr
black arrow in the baseline image denotes a region of low absorption that was in-line with a prominent lamella~dashed line!. The gray color indicates region
of very low x-ray absorption. The small white arrows at 200 and 300 SWs denote the locations of new crack formation. By 300 SWs small gaps a
along the lamellae and by 350 SWs the stone has separated into an outer shell and central core. The black arrows at 350 SWs indicate regions o
absorption.
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II. MATERIALS AND METHODS

A. Kidney stones

Calcium oxalate mono-hydrate kidney stones~;4 mm
diameter! were harvested from patients by percutaneo
nephrostolithotomy~PCNL!; COM is the most common
stone formed in the body. At PCNL the stones were tra
ferred directly into vials of sterile water for storage. Sto
composition was determined by Beck Analytical Servic
~Indianapolis, IN! using microscopic visual inspection, qua
tative chemical analysis, and infrared spectroscopy.

The stones were packaged so that they could be tr
ported back and forth between the lithotripter~Indianapolis!
and themCT facility ~Boston! and could be re-positioned t
their original spatial orientation within the lithotripter an
the mCT scanner. The stones were placed in polypropyl
screw-cap cryovials~2 ml, 12348 mm, Dot Scientific, Bur-
ton, MI! that were packed with water-saturated cotton ga
sponges~Johnson and Johnson, New Brunswick, NJ!. In or-
der to minimize transfer of air into the vial the gauze w
soaked for 3 h in deionized water and kneaded by hand
displace bubbles. Gauze was inserted into the vials un
water and packed tightly so that when a stone was put in
the cap secured, all under water, it would be held secu
near the cap. One stone~stone A1! was packed entirely sur
rounded by gauze. This was done to reduce the opportu
for cavitation to take place at the surface of the stone
second stone~stone A2! was loaded into a vial that had a
optically clear, 0.1mm thick, mylar window in the cap and
was packed without gauze at its proximal surface. That
the leading face of this stone was open to the surround
water and was visible through the mylar window. Stone
was scanned bymCT prior to treatment, and then scanned
50 SW intervals until 350 SWs had been administered~8
mCT scans performed!. Stone A2 was treated until damag
was visible through the mylar window~10 SWs!. This stone
was then scanned bymCT.

B. Micro-computed tomography

A desktopmCT imaging system~mCT 20, Scanco Medi-
cal AG, Basserdorf, Switzerland! was used to image th
stones. The system used a microfocus x-ray tube with a f
spot of 10mm as an x-ray source. The filtered 40 kVp x-ra
spectrum was peaked at 25 keV, allowing excellent sto
water contrast due to the pronounced photoelectric eff
The source produced a fan beam that was detected
charge coupled device~CCD! array with 1024 elements
1734 J. Acoust. Soc. Am., Vol. 110, No. 4, October 2001
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Measurements were obtained by mounting the unproce
specimen on a turntable that could be shifted automatic
in the axial direction. Six hundred projections were tak
over 216°~180° plus half the fan angle on either side!. A
standard convolution-back-projection procedure with
Shepp–Logan filter was used to reconstruct the CT image
102431024 pixel matrices. The spatial resolution of the sy
tem was defined by the 10% contrast level in the modulat
transfer function~MTF! resulting in a spatial resolution of 2
mm.19

The vial that was used for shock wave treatment of
stone was placed directly inside themCT imaging device,
that is, without disturbing the kidney stone. At each sca
total of 250 to 300 micro-tomographic slices, using a sl
increment of 17mm, were acquired depending on the heig
of the sample~4.3–5.1 mm!. The typical imaging time for a
single scan of 300 slices was 8 h. Measurements were st
in three-dimensional image arrays with an isotropic vo
size of 17 mm. A constrained three-dimensional Gaussi
filter was used to partly suppress the noise in the volum
Stone samples were segmented from background usin
global thresholding procedure.20 Because of the amount o
data collected~of the order 1 GByte per 3D image of a ston!
special visualization software was used that addresses
demands of rendering large triangulated objects includ
real-time functional animations.21

C. Shock wave lithotripsy

Shock wave exposures were performed using a rese
electrohydraulic lithotripter in which the acoustic output
equivalent to the Dornier HM3 lithotripter.22 The HM3 is the
most widely used lithotripter in the US.23 Vials were posi-
tioned with the stone at the focus of the lithotripter and t
cap facing the SW source. The orientation of the vial ensu
that SWs entered through the flat surface of the vial, wh
reduces artifacts associated with the interaction of the
and the vial.24 SWs were delivered at 20 kV and pulse rate
1 Hz.

III. RESULTS

Figure 1 shows time-lapsemCT images of a slice
through the center of the stone A1~gauze surrounded stone!.
Dark gray coloring was added during post-processing to
gions of low absorption which we interpret to be associa
with fractures or voids. The pre-SWL scan showed an in
nal region of low absorption in the form of a narrow ban
Cleveland et al.: Letters to the Editor
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near the distal side~relative to the SW source! of the stone.
This region appeared to be in line with a prominent lame
that circumscribed the core of the stone. At 200 SWs and
SWs precursors of cracks were evident at both ends of
region, appearing to grow in from the surface of the sto
Also at 300 SWs small cracks had formed at midline on
right and the left. This is the location where squeezing a
stress concentrations associated with curvature would be
pected. In addition, at 300 SWs minute defects could be s
along the lamella previously observed in frame 0-SW. At 3
SWs growth of fractures along this lamella had separated
stone into an inner core and an outer shell. The growth of
cracks observed in these images consistent with a fat
type of process. A broad chip had separated from the d
side of the stone. Loss of this piece is consistent with fail
by spall. At 350 SWs there were also localized regions
very high x-ray absorption, as indicated by the presence
bright white spots.

Figure 2 shows two images formed using 3D surfa
rendering from the same measurement series. The 3D im
clearly show the formation and separation of a cap at
distal surface. Figure 3 shows the 350 SW frame of Fig
rotated approximately 180 deg and demonstrates that
SW-entry side of this stone~stone A1, surrounded by gauze!
suffered no loss of material. After 350 SWs the stone w
removed from the vial and was observed to have broken
sevenmain pieces which corresponded with the 3DmCT
image. These included the distal cap, a central core, and
pieces that made up the remainder of the outer shell.

FIG. 2. Serial 3D surface rendered images of kidney stone A1 at 200
350 SWs. The formation of a circular chip at the distal side of the ston
consistent with failure by a spall mechanism.

FIG. 3. Opposite side of stone A1~Fig. 2, 350 SW!. This image shows tha
the location of the SW entry, indicated by the arrow, has no sign of dam
J. Acoust. Soc. Am., Vol. 110, No. 4, October 2001
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Figure 4 shows correlativemCT and optical images o
the proximal surface of stone A2 after 10 SWs. This face
the stone was open to the surrounding water, thus creatin
environment that should allow cavitation to occur. Dama
at this surface showed loss of broad, thin chips that revea
the lamellar substructure of the stone, in contrast to stone
which had no damage~Fig. 3!. The mCT scans~data not
shown! indicated no other noticeable damage to the sto
Surface damage of this type is consistent with dam
caused by cavitation in the surrounding fluid.

IV. DISCUSSION AND CONCLUSIONS

Our findings show for the first time that withmCT it is
possible to detect the initiation of micro-fractures within ki
ney stones treated by SWL. The resolution of the images
sufficient to reveal intrinsic structural features within th
stones, such as concentric lamellae, and to nondestruct
monitor the propagation of SW-induced cracks in relation
these landmarks. The long scan time~8 h/image! restricts the
use of the technique toin vitro systems.

This demonstration involved only two stones. Thus it
premature to make any firm conclusions about the mec
nisms that were involved in fragmentation. In this first te
we chose to manipulate the environment surrounding
stones in order to alter cavitation. One stone~stone A2! was
positioned with its proximal face open to the surroundi
water, giving conditions that should be conducive to cavi
tion. This stone showed damage at its leading surface a
only 10 SWs. Such damagein vitro seems comparable to th
damage that occurs to target foils due to cavitation bub
collapse.25

We packed the other stone~stone A1! tightly in water-
saturated gauze in order to reduce the potential for cavita
to occur. This may not have eliminated cavitation altogeth
but it is likely that gauze would interfere with bubble expa
sion, therefore, reducing the opportunity for effective bub
collapse.10 This stone showed essentially no damage at
proximal face, rather it suffered the loss of a large chip fro
its distal side. This is consistent with failure by spall. T
mCT images showed that cracks in this stone required h
dreds of SWs to grow consistent with the idea that fatig
contributed to the failure. This stone also exhibited localiz
regions of high absorption and we speculate that the st
material may have been compacted in these regions,
though the mechanism for the compaction is not clear.

nd
is

e.

FIG. 4. Proximal surface of COM stone ‘‘A2’’ after 10 SWs. The upp
frame is a surface rendering frommCT data and shows that this surface h
been chipped away, in contrast to Fig. 3. The lower frame shows an op
micrograph for comparison. The damage on this surface is consistent w
cavitation mechanism.
1735Cleveland et al.: Letters to the Editor
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In conclusion, we have demonstrated thatmCT imaging
can reveal the internal structure of kidney stones and ca
used to track the propagation of micro-fractures within
stone interior and at the stone surface. This preliminary
suggests thatmCT can detect patterns of SW-induced da
age that are consistent with mechanisms of stone failure
dicted by theory.
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