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Abstract
• To determine how the size and location of coupling defects caught between the therapy

head of a lithotripter and the skin of a surrogate patient (acoustic window of a test
chamber) affect the features of shock waves responsible for stone breakage.

• Model defects were placed in the coupling gel between the therapy head of a Dornier
Compact-S electromagnetic lithotripter and the Mylar window of a water-filled coupling
test system.

• A fiber-optic hydrophone was used to measure acoustic pressures and map the lateral
dimensions of the focal zone of the lithotripter.

• The effect of coupling conditions on stone breakage was assessed using Gypsum model
stones.

• Stone breakage decreased in proportion to the area of the coupling defect; a centrally
located defect blocking only 18% of the transmission area reduced stone breakage by an
average of almost 30%.

• The effect on stone breakage was greater for defects located on-axis and decreased as the
defect was moved laterally; an 18% defect located near the periphery of the coupling
window (2.0 cm off-axis) reduced stone breakage by only ~15% compared to when
coupling was completely unobstructed.

• Defects centered within the coupling window acted to narrow the focal width of the
lithotripter; an 8.2% defect reduced the focal width ~30% compared to no obstruction
(4.4 mm versus 6.5 mm).

• Coupling defects located slightly off center disrupted the symmetry of the acoustic field;
an 18% defect positioned 1.0 cm off-axis shifted the focus of maximum positive pressure
~1.0 mm laterally.

• Defects on and off-axis imposed a significant reduction in the energy density of shock
waves across the focal zone.

• In addition to blocking the transmission of shock wave energy, coupling defects also
disrupt the properties of shock waves that play a role in stone breakage, including the
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focal width of the lithotripter and the symmetry of the acoustic field; the effect is
dependent on the size and location of defects, with defects near the center of the coupling
window having the greatest effect.

• These data emphasize the importance of eliminating air pockets from the coupling
interface, particularly defects located near the center of the coupling window.

INTRODUCTION
The quality of acoustic coupling in shock wave lithotripsy (SWL) is often overlooked and
may be one of the most important factors affecting treatment outcomes (1,2). SWL can be
very effective in breaking stones but only if the shock waves (SWs) can get to the target. In
early lithotripters such as the Dornier HM3 the patient was immersed in a water bath,
providing an ideal medium for SW propagation. Modern lithotripters on the other hand are
dry-head devices in which the cushion of the treatment head must be coupled, usually with
gel or oil, to the skin of the patient. Unfortunately, air can get trapped at the coupling
interface and this interferes with SW transmission to the patient (3,4).

Reports have suggested that newer lithotripters are not nearly as effective as the Dornier
HM3 (1, 5–7). Clearly there are multiple factors that distinguish one lithotripter from the
next so it is difficult to know what contributes to higher success rates with the HM3. The
HM3 is not the most powerful lithotripter nor does the acoustic output or dimensions of the
focal volume distinguish this lithotripter from most others. The HM3 is, however, the only
lithotripter that employs a complete immersion water bath, the only lithotripter where the
quality of coupling is not potentially problematic, and this could be the primary reason the
HM3 has proven to be more effective than newer machines.

In previous studies with dry-head lithotripters we have shown that air pockets caught at the
coupling interface between the cushion of the treatment head and the acoustic window
(surrogate skin) of the test tank interfere with the transmission of SW energy (8). As the area
occupied by air pockets increased, acoustic pressure at the focal point of the lithotripter
decreased, as did the efficiency in breakage of model stones. There was considerable
variability in the system in that every coupling attempt yielded a different pattern of air
pockets with defects of different shape, size and location depending on how the gel was
handled and applied. This was found to be the case for tests using a Mylar membrane as
surrogate skin, but also when a treatment cushion affixed to a viewing port was pushed
against the skin of a volunteer. It was also observed that coupling attempts having a similar
total area occupied by air pockets could yield stone breakage values differing by greater than
30%, suggesting that not only does the area of coupling defects matter, but perhaps that the
location of the air pockets is also important (9).

Air pockets caught at the coupling interface are acoustically opaque and block the SW
transmission path, but they also have smooth or regular edges that could create diffraction
with the potential to further disrupt the acoustic field at the target (10). Since the
mechanisms of SW action in stone breakage and tissue damage are dependent on the
acoustic output and dimensions of the focal zone of the lithotripter there is value in learning
more about the potential mechanistic effects of defects at the coupling interface. Therefore,
we undertook a study to assess the role that size, shape and location of coupling defects may
play in lithotripter performance.
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METHODS
Lithotripter, Coupling Defects and Stone Breakage

Studies were performed using a Dornier Compact-S electromagnetic lithotripter (Dornier
MedTech, Kennesaw, GA, USA) and in vitro test system consisting of an acrylic water tank
(length 50 cm × width 52 cm × depth 40 cm) with a 0.13-mm-thick Mylar acoustic window
that coupled with the therapy head of the lithotripter at ~45 degrees (see http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2435067/figure/F1/). This in vitro system has been
used previously to simulate coupling of the lithotripter treatment head to the skin of a patient
(8,9). Water in the test tank (room temperature, 21–23°C) was degassed continuously with a
multi-pinhole degasser, maintaining oxygen content at about 25–30% saturation (2.2–2.7
parts per million). LithoClear® (Sonotech, Bellingham, MA, USA) gel was used as the
coupling medium. The transparent Mylar membrane allowed visual inspection of coupling
quality from within the water tank. To achieve coupling free from air pockets a mound of
gel was applied to the treatment head, which was then inflated to contact the Mylar window
(9). Bubbles caught at the interface were gently pushed by hand to the periphery of the
coupling field.

Air pocket defects at the coupling interface were modeled using circular disks and freeform
shapes cut from 2-mm-thick Styrofoam sheet stock. The Styrofoam was secured to the
cushion of the treatment head, gel was applied, coupling was achieved and extraneous
bubbles were removed from the field by hand. The acoustic impedance mismatch of
Styrofoam is similar to that of air and, unlike air bubbles, these model defects did not break
up or drift during repetitive exposure to SWs. This permitted systematic tests of the size and
location of coupling defects.

The effect of coupling conditions on the breakage of Gypsum model stones was assessed by
determining the percent of stone mass retained in a 2 mm mesh basket following exposure to
SWs (400 SWs, Power level 3, 60 SW/min) (8,11).

Acoustics Measurements
A fiber-optic probe hydrophone (FOPH) (model 500, RP Acoustics, Leutenbach, Germany)
was used to determine acoustic pressures. Measurements were taken at the focal plane of the
lithotripter estimated by X-ray alignment and refined by determining the point of maximum
pressure amplitude. The lithotripter was fired at power level 3 (PL-3), 60 SW/min and sets
of 10 or more waveforms stored using a Tektronix digital oscilloscope (TDS 5034,
Textronix, Beaverton, OR, USA) (8). For mapping of the acoustic field the tip of the FOPH
was moved in 1.0 mm steps over a total excursion of 10–12 mm. Average waveforms were
calculated by aligning pulses to the coincidence of the half amplitude of the shock fronts
(8,12). Energy density within the focal zone was derived from mapping data by calculating
the time integral of pressure squared over the duration of the positive pressure phase of the
pulse. Energy density values were used to estimate total energy of the acoustic pulse across
the focal width (6.5 mm diameter) at the focal plane. Calculations were also made for a 10
mm zone centered on-axis to estimate energy that would be delivered to a ~1.0 cm stone
targeted at the focal point.

Characterization of the Coupling Window
A schematic of the coupling system is shown in Fig. 1. Since the contact surface between
the lithotripter cushion and Mylar membrane of the test tank measured larger (~12 cm
diameter) than the estimated window (~7.5 cm) for passage of the majority of acoustic
energy from the shock source, we determined the size of the effective coupling window by
measuring the efficiency of stone breakage for coupling windows of different diameter.
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Styrofoam sheets with open apertures of progressively narrower internal diameter (8.0 to 5.0
cm) were positioned at the coupling interface. Only when the window was narrower than
~7.0 cm was breakage reduced compared to unobstructed coupling (Fig. 2). But, mapping of
peak positive pressure (P+) at the focal plane did not show big differences for the various
apertures (Fig. 3). The P+ profiles for the 6.5 cm and 6.0 cm apertures were very close to
that with no obstruction and there was only a slight reduction in amplitude when the
coupling window was further reduced to 5.5 cm diameter. Values for peak negative pressure
(P−) across the focal width (6.5 mm) showed little effect even for the narrowest window,
measuring −3.9±0.6 MPa for unobstructed coupling and −4.1±0.3, −3.5±0.3, and −2.9±0.5
MPa for apertures of 6.5, 6.0 and 5.5 cm respectively. However, the acoustic pulse energy at
the focal plane showed a substantial reduction as the aperture (i.e. coupling window) was
narrowed. Whereas, the pulse energy across the focal width was 16.3 mJ with no
obstruction, apertures of 6.5, 6.0 and 5.5 cm gave values of 12.1, 10.9 and 9.3 mJ,
respectively. Values across the 10 mm “stone target zone” showed a similar trend measuring
30.7 mJ (unobstructed) and 21.9, 19.5 and 16.4 mJ for apertures of 6.5, 6.0 and 5.5 cm.

Because stone breakage was not affected by the 7.0 cm aperture we defined this as the
“effective coupling window”, using this diameter to calculate the percent area occupied by a
defect. All experiments with coupling defects were performed without restrictive apertures,
that is, otherwise unobstructed.

Statistical Methods
Data for stone breakage results were compared using linear regression, analysis of variance
(with post-hoc testing using the Tukey-Kramer HSD test), or t-test as appropriate. Error bars
indicate standard deviation from the mean. Calculations were completed using JMP 9.0
(SAS Institute, Cary, NC, USA).

RESULTS
Coupling defects affected both the efficiency of stone breakage and the characteristics of the
acoustic field, with the effect dependent on the size and location of the defects within the
coupling window. Defects located on-axis had the greatest effect.

Stone breakage decreased in proportion to the area of the coupling defects. Figure 4 shows
stone breakage results when defects measuring 2.0–5.0 cm in diameter were positioned on-
axis in the coupling window. Stones held in a 2 mm mesh basket were treated with 400 SWs
and the mass of fragments retained in the basket was determined. There was a near linear
relationship between breakage and the area of the coupling window occupied by defect, and
a defect of only ~8% of the coupling surface caused a significant reduction in stone
breakage.

Mapping of the acoustic field showed a narrowing of the focal width (−6dB zone) when
coupling defects were centered on-axis. Figure 5 shows the lateral distribution of peak
positive pressure (P+) measured at the focal plane of the lithotripter for unobstructed
coupling and when defects of 1.0, 2.0 and 3.0 cm were centered in the coupling window.
When coupling was unobstructed the focal width measured 6.5 mm, and with defects of 1.0,
2.0 and 3.0 cm the focal width was reduced to 5.7, 4.4 and 3.1 mm, respectively.

Narrowing of the focal width was accompanied by a slight increase in P+ at the focus of the
lithotripter, and when defects of 1.0, 2.0 and 3.0 cm were in place P + measured 58.5, 62.4
and 65.0 MPa compared to 56.7 MPa for no obstruction. Although the presence of defects
produced a slight increase in P+, the acoustic pulse energy delivered to the focal zone was
substantially reduced. Defects reduced the energy across the focal width (6.5 mm) from 17.0
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mJ for unobstructed coupling to 14.9, 12.8 and 9.3 mJ for defects of 1.0, 2.0 and 3.0 cm,
respectively. Thus, a 3.0 cm defect located at the center of the coupling window reduced the
energy by ~45% compared to coupling without defects.

The effect of a coupling defect gradually diminished as it was moved further off axis. Figure
6 shows the effect of location on stone breakage for a 3.0 cm defect. When the defect was
positioned on-axis, breakage was reduced by ~30% compared to unobstructed coupling.
Moving the defect only 1.0 cm laterally improved breakage significantly (p<0.05) while
shifting the position of the defect further to the periphery (2.0 cm off-axis) improved
breakage to nearly 85% of when coupling was completely unobstructed.

Moving a defect a short distance off axis acted to shift the position of P +max off axis. Figure
7 shows lateral mapping data for a 3.0 cm defect. When the defect was positioned 1.0 cm
laterally the location of maximum P+ was shifted by ~1.0 mm. Moving the defect to 2.0 cm
off-axis eliminated the elevation in P+ and broadened the focal width, but the location of
P+

max remained skewed. With the defect further off axis (X>3.0 cm, not shown in Fig. 7),
the P+ profile recovered to the status with no obstruction; although at this position the defect
overlapped slightly the perimeter of the effective coupling window (see Methods). Location
of the defect also affected acoustic energy delivered across the focal zone, such that values
were lowest with the defect located on-axis (6.7 mJ), and increased as the defect was moved
laterally (6.9 mJ at X=1.0 cm, 10.1 mJ at X=2.0 cm, 13.5 mJ at X=3.0 cm). The effect of
defect location on total pulse energy was more evident when measured over a 10 mm “stone
target zone” at the focal plane, where values were 11.4, 20.0 and 25.9 mJ when the coupling
defect was moved 1.0, 2.0 and 3.0 cm, respectively.

The effect of coupling defects on the acoustic field is further illustrated by pressure profiles
collected at the focal plane in 1.0 mm steps perpendicular to the SW-axis (Fig. 8). As the on-
axis coupling defect was increased in size (rows 1–4), P+ on-axis (X=0 mm) increased
slightly while the duration of the positive-pressure phase (measured at half-amplitude)
decreased. Increasing the size of the coupling defect also reduced the amplitude of the off-
axis pressure profile.

Moving a defect off-axis disrupted the symmetry of the acoustic field. Shown in Figure 8 are
scans with the 3.0 cm defect located on-axis (row 4) and at positions lateral to the SW-axis
(rows 5–8). When the defect was located on axis, the acoustic field at the focal plane was
symmetrical, with a maximum at X=0 mm (row 4). Moving the defect 1.0 cm off axis
disrupted the symmetry of the acoustic field (rows 5, 6), shifting the position of maximum
P+ ~1.0 mm laterally (X=1.0 mm, row 5). Moving the defect further off axis restored the
symmetry of the acoustic field (rows 7, 8), with pressure amplitudes slightly reduced
compared to unobstructed coupling (row 1).

Waveforms for a defect similar in shape to an air pocket caught in the coupling gel showed
profiles comparable to those collected for circular defects. Shown in row 3 of Figure 8 is the
lateral mapping for a defect of “natural shape”, that is, a shape traced from an air pocket that
formed in the coupling gel when the treatment head was brought into contact with the
acoustic window of the test tank. The surface area of this defect (3.97 cm2) was slightly
larger than the area of the 2.0 cm circular disk, and shock waves measured with this defect
of “natural shape” positioned on-axis showed profiles intermediate between the 2.0 and 3.0
cm circular defects (rows 2, 4).

DISCUSSION
The first clinical lithotripter was remarkable in its simplicity. The Dornier HM3 consisted of
little more than an underwater spark-gap electrode positioned at the F-1 point of a
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hemiellipsoidal reflector, with twin fluoroscopy tubes to image and target the stone. By
today’s standards this lithotripter was somewhat difficult to use. It was necessary for the
patient to recline in a support system suspended from an X-Y-Z gantry then be lowered into
the water tank to position the stone at the F-2 point of the reflector. Also, the shock source
employed short-lived (~2,000 SWs) open-caged electrodes that due to arc-jitter were
inherently inconsistent. Still, this lithotripter was highly effective, more effective than
modern machines (1, 2, 5–7). The open water path for acoustic coupling with the HM3
likely had a lot to do with this success.

Current lithotripters are fairly sophisticated. They often have highly consistent shock
sources, state-of-the-art imaging, and some are equipped with automated targeting systems.
Despite these technical advances the seemingly simple step of coupling the shock source to
the patient has emerged as a significant challenge. The problem is not so much in finding a
coupling medium that transmits acoustic energy efficiently, but in knowing how to minimize
the air pockets that form between the treatment head and the patient’s skin (9). This is where
in vitro test systems have proven to be invaluable, and past work has shown that interference
by coupling defects can significantly reduce the efficiency of stone breakage (8). The
current study begins to address the mechanisms responsible for this effect.

We observed a reduction in stone breakage roughly proportional to the area of the coupling
window occupied by defects centered on the acoustic axis. This is what might be predicted
considering the relatively uniform distribution of acoustic energy across the aperture of an
electromagnetic shock source (13). Results from previous studies in which natural defects in
the coupling gel occurred randomly distributed over the coupling interface trended toward
such a relationship (8). However, observation that the efficiency of stone breakage could be
significantly different for coupling conditions that have the same surface area of defect
suggests that the location of defects is important (9). We found that breakage improved
when defects were moved progressively off axis, and the effect was dramatic. Shifting the
location of an 18% defect just 1.0 cm showed a significant improvement in breakage, while
positioning the defect further towards the periphery (2.0 cm off-axis) improved breakage to
nearly 85% toward that seen when coupling was entirely unobstructed. This suggests that
defects near the edge of the coupling interface are not nearly as important as those located at
the center of the coupling window.

In addition to blocking the transmission of acoustic energy, defects at the coupling interface
also disrupted the focus, intensity and symmetry of the acoustic field, with the effect
dependent on the size and location of the defect. Defects on-axis resulted in a modest
increase in P+ but the rise was so slight (< 10% for a 2.0 cm defect) as to likely be of little
consequence. More importantly, defects on-axis interfered with shock focusing, effectively
narrowing the focal width of the lithotripter. The effect, likely due to diffraction off the
sharp edge of the Styrofoam disk, was substantial. A 2.0 cm coupling defect, in the range of
air pockets that occur clinically, reduced the focal width by ~30% (4.4 mm compared to 6.5
mm). It is reasonable to consider that a reduction in focal width to this degree could affect
breakage efficiency, as it has been shown that initial stone breakage is improved when the
focal width is greater than the stone diameter (14,15). In addition, as respiratory motion acts
to carry a stone in and out of the target area a narrower focal width reduces the chance of
hitting the stone (16).

Coupling defects on axis reduced the delivery of total energy to the focal zone, observed in
part as a reduction in pulse width (duration of positive pressure ≥ half the maximum
pressure). The effect was fairly substantial as a 3.0 cm defect reduced pulse width to less
than half that of when coupling was unobstructed (0.18 μs versus 0.40 μs). Pulse width is a
potential factor in stone breakage, as when pulse width is shortened a stone will be exposed
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to less acoustic energy. Indeed, long pulse duration has been employed as a design feature to
enhance dynamic squeezing involved in stone breakage in a broad focal zone, low-pressure
lithotripter (17).

The effect of coupling defects on shock wave focusing was largely dependent on location of
the defect and most apparent when the defect was on-axis, but lost as the defect was moved
progressively toward the perimeter. That is, coupling defects had greatest effect on the
acoustic field when located near the center of the coupling window. The location of a
coupling defect may also be important in an electrohydraulic lithotripter where the acoustic
energy is not uniform across the aperture of the source. That is, in an electrohydraulic
lithotripter the pulse originates as a shock but the characteristics of the waveform change as
the shock wave converges toward the focal point (18,19). For example, the diffraction wave
that originates at the edge of the reflector contributes substantially to the negative tail of the
focused shock wave. If defects at the periphery of the coupling window were to block
significant segments of the diffraction wave this, conceivably, could alter the amplitude and
duration of the negative pressure phase, the portion of the shock wave responsible for
cavitation and, thereby, affect stone breakage (20).

In previous studies with this in vitro test system we have observed that when the initial
coupling condition was poor, as when the gel was applied by hand or from a squeeze bottle,
the quality of coupling tended to improve during the administration of large numbers of
shock waves (9). That is, delivery of 1500 SWs could cause some air pockets, particularly
millimeter-size bubbles, to collapse. In the current study we used a non-collapsible material
(i.e. Styrofoam) to model air-pocket defects. Use of Styrofoam permitted us to more reliably
test the effect of defect size and location on the acoustic field, but Styrofoam does not mimic
the dynamic nature of bubbles in response to repetitive shock waves and, as such, must be
considered a limitation of this study.

One of the practical problems with coupling in clinical SWL is the inability to observe the
coupling interface. One simply cannot see the contact surface between the rubber boot of the
therapy head and the skin of the patient, and this makes coupling a hit or miss proposition.
Recently, however, investigators have reported use of a remote camera positioned inside the
treatment head of a lithotripter to monitor the quality of coupling (4). Consistent with in
vitro studies this report showed that quality of coupling is variable, with area of air pocket
defects ranging from less than 5% to greater than 20% of the coupling window. The ability
to directly monitor coupling will hopefully lead to improved coupling methods, but may also
pose the question of what constitutes good coupling. That is, when defects are observed to
be present, what degree of coverage is acceptable? Our findings begin to address this, and
suggest that for electromagnetic lithotripters similar in design to the Dornier Compact-S,
defects near the center of the coupling window have greater potential to disrupt the acoustic
field than do defects toward the periphery. Provided with a means to observe the quality of
coupling one would strive to eliminate all defects. Still, clearing the central 6–7 cm of the
field would likely improve the chances of a good result. Determining how much of the
coupling interface can be occupied by air pockets and still yield an acceptable result during
patient treatment will need to be determined, likely on a system-by-system basis.
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What’s known on the subject? And What does the study add?

In shock wave lithotripsy air pockets tend to get caught between the therapy head of the
lithotripter and the skin of the patient. Defects at the coupling interface hinder the
transmission of shock wave energy into the body, reducing the effectiveness of treatment.
This in vitro study shows that ineffective coupling not only blocks the transmission of
acoustic pulses but also alters the properties of shock waves involved in the mechanisms
of stone breakage, with the effect dependent on the size and location of defects at the
coupling interface.
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Figure 1.
Schematic of the coupling system. The shock wave generator is 14.0 cm in diameter, and the
focal length of the Compact-S is 13.0 cm. In the experimental setup, the coupling interface
was located ~7.0 cm from the focal point and was considerably wider (~12 cm) than the
acoustic window of the lithotripter (estimated at ~7.5 cm by geometrical acoustics).
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Figure 2.
Efficiency of stone breakage for coupling windows created using circular apertures of
different diameter. Vertical axis shows percent breakage normalized to breakage when the
coupling interface was entirely unobstructed (no fixed aperture or other coupling defect).
Stones were treated with 400 SWs (PL-3, 60 SW/min). Number of stones broken for each
group was 6 or 7. Legend indicates P-values for Tukey test, showing significant differences
as compared with the 8.0 cm aperture, but breakage was also reduced with 6.0 cm aperture,
as judged by t-test showing the mean to be lower than 100% (P<0.05).
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Figure 3.
Pressure (P+) mapping at the focal plane for different coupling windows, using Styrofoam
apertures to block SW energy over the remainder of the 12 cm diameter coupling interface.
Only when the window was reduced to 5.5 cm in diameter was there a noteworthy reduction
in P+ across the width of the focal zone.
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Figure 4.
Stone breakage for circular coupling defects of increasing size, positioned on-axis. Vertical
scale shows percent breakage normalized to that measured when the coupling interface was
entirely free of defects. A defect covering as little as 8% of the coupling window caused a
significant reduction in stone breakage. Number of stones broken for each group was 12,
except for 5.0 cm disk data, which had only 6 stones. P-values are from Tukey test and show
comparison with breakage measured without defect present (data not shown).
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Figure 5.
Pressure (P+) mapping at the focal plane for on-axis defects of various sizes. Note that a 3.0
cm defect cut the focal width to less than half (~3.1 mm) compared to when coupling was
unobstructed (~6.5 mm). Peak negative pressure (P− not shown) measured −4.1±0.4,
−3.1±0.8, and −2.8±0.5 MPa for unobstructed coupling, and 2.0, 3.0 cm disks, respectively.
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Figure 6.
Effect of defect location on stone breakage. Breakage improved as the 3.0 cm defect was
moved progressively toward the periphery of the coupling window. Inset illustrates area of
the coupling window blocked by the 3.0 cm defect and position as it was moved laterally 1.0
and 2.0 cm. Number of stones broken for each group was 16 or 18. P-values are from Tukey
test and show comparison with on-axis breakage.
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Figure 7.
Effect of defect location on acoustic field at the focal plane. A 3.0 cm Styrofoam disk was
moved along the horizontal axis (x-axis, positive direction). With the defect on-axis (X=0
cm) P+ was slightly increased, and focal width was narrowed compared to unobstructed
coupling. Moving the defect 1.0 cm laterally shifted P+ max ~1.0 mm laterally. Moving the
defect to 2.0 cm off-axis eliminated the rise in P+ but the focal point remained skewed.
When the defect was moved 3.0 cm laterally (not shown) trace was similar to unobstructed
coupling, further suggesting that defects near the periphery of the coupling window have
minimal effect on the acoustic field.
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Figure 8.
Effect of size and location of coupling defects on shock waves collected on-axis and at 1.0
mm steps lateral to the acoustic axis. As defects on-axis were increased in size (rows 1–4),
P+ on-axis (X=0 mm) increased slightly while duration of the positive pressure phase
(measured at half-amplitude, arrows) decreased from 0.40 μs for unobstructed coupling (row
1) to 0.18 μs for a 3.0 cm defect (row 4). Shock waves measured for a replica of an actual air
pocket (natural defect) having area ~25% greater than the 2.0 cm defect showed profiles
intermediate between the 2.0 and 3.0 cm circular defects (rows 2, 4). Increase in size of the
defect also reduced pressure amplitude off-axis (rows 1–4). When defects were located on-
axis, the acoustic field at the focal plane was symmetrical with a maximum at X=0 mm
(rows 1–4). Moving the defect off axis disrupted the symmetry of the field, shifting the
position of maximum P+ laterally. Placement of a 3.0 cm defect 1.0 cm off-axis shifted
maximum P+ ~1.0 mm laterally (row 5, X=1.0 mm) while moving the defect to 2.0 cm
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lateral position shifted maximum P+ further off axis (row 7, X=1.0 mm and X=2.0 mm) (see
Fig. 7).
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