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Acoustic field characterization of the Duolith: Measurements
and modeling of a clinical shock wave therapy device
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Extracorporeal shock wave therapy (ESWT) uses acoustic pulses to treat certain musculoskeletal
disorders. In this paper the acoustic field of a clinical portable ESWT device (Duolith SDI)
was characterized. Field mapping was performed in water for two different standoffs of the
electromagnetic head (15 or 30 mm) using a fiber optic probe hydrophone. Peak positive pressures
at the focus ranged from 2 to 45 MPa, while peak negative pressures ranged from —2 to —11 MPa.
Pulse rise times ranged from 8 to 500 ns; shock formation did not occur for any machine settings.
The maximum standard deviation in peak pressure at the focus was 1.2%, indicating that the
Duolith SD1 generates stable pulses. The results compare qualitatively, but not quantitatively
with manufacturer specifications. Simulations were carried out for the short standoff by matching
a Khokhlov-Zabolotskaya-Kuznetzov equation to the measured field at a plane near the source, and
then propagating the wave outward. The results of modeling agree well with experimental data.
The model was used to analyze the spatial structure of the peak pressures. Predictions from the
model suggest that a true shock wave could be obtained in water if the initial pressure output of the
device were doubled. © 2013 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4812885]

PACS number(s): 43.25.Cb, 43.58.Vb, 43.80.Vj [MDV]

I. INTRODUCTION

Extracorporeal shock wave therapy (ESWT, or SWT) is
a noninvasive technology used to treat several musculoskel-
etal disorders, including chronic plantar fasciitis,l’2 calcific
tendonitis of the shoulder,’ lateral epicondylitis,*> Achilles
tendinopathy,®’ and nonunion of fractures of long bones.”®
Therapeutic  bioeffects induced by ESWT include
angiogenesis,”!" osteogenesis,'*>'* and antinociceptive
effects.'*'° Several studies suggest that ESWT is associ-
ated with up-regulation of proteins like vessel endothelial
growth factor (VEGF),'™'" bone morphogenic protein
(BMP),12’13’17 osteogenic protein (OP),IZ’13 and nitride ox-
ide syntheses (NOS) in multiple tissues,'>!® and these
might activate pathways to induce beneficial bioeffects.'-'®
Although some of these bioeffects have been identified, the
actual physical mechanisms of ultrasound action on bones
and surrounding tissues in ESWT remain unknown. The
problem is exasperated from clinical reporting of ESWT
effects. Clinical studies often do not report acoustic parame-
ters and treatment protocols used for trials, which may lead
to conflicting therapeutic interpretations.

Progress toward understanding the mechanisms of bio-
effects requires accurate characterization of the parameters
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of ultrasound fields generated by clinical devices. ESWT
devices include electromagnetic, electrohydraulic, ballistic,
and piezoelectric sources. The acoustic outputs from similar
devices used for shock wave lithotripsy have been
measured,lg*zo but independent measurements of clinical
ESWT devices have not been done for several machines that
are commercially available. In one independent study,
Chitnis and Cleveland reported that the electrohydraulic
source of the Equitron/Evotron system produces an output
that does not change by varying device settings.>' A second
publication by the same group showed that the ballistic
source of the same system generates a wave that does not
resemble a shock front.?? Thus, while self-reported results
by manufacturers are useful, independent characterization is
needed. Towards that goal, the acoustic field generated
by the electromagnetic therapy head of the Duolith SDI1
T-Top (Storz Medical AG, Tagerwilen, Switzerland) was
characterized.

The Duolith SD1 T-Top device has dual modes of
operation, one called “focused shock wave therapy” (focused
electromagnetic head), and the other “radial shock wave
therapy” (ballistic head). The focused therapy head is com-
posed of a cylindrical coil and a parabolic reflector. A coil
excites a cylindrical membrane, which generates a wave that
is focused, similar to lithotripsy spark sources, by a parabolic
reflector.”® The ballistic source consists of an air-pressure
driven projectile that impacts a metallic applicator and
distributes a pressure wave when contacted against the treat-
ment area. Some studies have addressed clinical aspects
such as efficacy and safety of the focused head,”**® but to
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our knowledge, no independent studies of the acoustic output
at various machine settings, measured or modeled, have
been published.

Treatment parameters for ESWT span from low energy
(mentioned below) to high energy settings, comparable to
the higher levels reached by the measured device.”®*
ESWT treatment parameters for the Duolith SD1 reported in
the literature span several output settings. High nominal lev-
els of 43 MPa have been used for studies that explored the
potential of shock waves to remove calculi and biofilms,?
and for case reports on the treatment of pseudoarthrosis.'”’
Lower settings are more common with more recent studies:
A nominal level of 25 MPa was used in studies of chronic
pelvic pain syndrome,>’® systemic sclerosis,”® and
Peyronie’s disease.’’ Nominal levels of 14-31 MPa were
used to explore shock wave treatment for tibial stress
syndrome in athletes.*®

Characterization of the acoustic fields produced by med-
ical devices is usually performed in water and then the
results are translated (derated) into tissue, where direct meas-
urements are impossible in most cases. In recent studies, nu-
merical modeling combined with measurements has been
actively used to characterize acoustics fields from high-
power ultrasound medical devices. Simulation data based on
the nonlinear parabolic Khokhlov—Zabolotskaya—Kuznetzov
(KZK) type equation that accounts for effects of nonlinear-
ity, diffraction, and absorption in ultrasound beams has been
shown to agree well with experimental data. This model has
been applied to predict acoustic fields of lithotripters, unfo-
cused transducers, diagnostic ultrasound probes, and high in-
tensity focused ultrasound (HIFU) sources.>®™ It has been
also shown that a critical component for accurate simulations
is to define a boundary condition for the model using actual
data, obtained from the measurements for that particular
device.?4143

Following this approach, modeling was combined with
measurements to characterize the nonlinear ultrasound fields
generated by the Duolith SD1 electromagnetic head. The
paper is organized as follows. The experimental system is
described first, followed by the model and procedure of set-
ting the boundary condition (Sec. II). Experimental results
are provided for various machine settings and compared
with modeling at the highest operating level of the device;
simulation results are presented to provide more detailed
analysis of the spatial structure of the peak positive and

negative pressures and temporal characteristics of the pres-
sure pulse in the focal region (Sec. III). The results are dis-
cussed in Sec. IV.

Il. MATERIALS AND METHODS
A. Experimental arrangement

Measurements were performed on the portable Duolith
SD1 T-Top ESWT device (Storz Medical AG, Tagerwilen,
Switzerland). The device output has a number of settings,
some of which are shown in Table I. The machine pulse rep-
etition frequency (PRF) ranges from 1 to 8 Hz (in the higher
output settings it can only go up to 3 or 4 Hz, depending on
the setting). The electromagnetic source provides two differ-
ent standoffs that require an oil bag attachment as a film cou-
pling to the membrane of the therapy head with lengths of
15 or 30 mm, respectively (Fig. 1). The other therapy head is
a ballistic source advertised as a radial shock wave, respec-
tively pressure wave source. The ballistic head has an appli-
cator/transmitter with a diameter of 15 mm, but a number of
other transmitters are available. It uses compressed air to fire
a projectile against the tip of the applicator, generating a
pressure pulse, and can operate at a PRF of 1-21 Hz. A full
characterization of a different ballistic head (EMS Swiss
Dolorclast Vet) has previously been performed,* thus we
devote the majority of this work to the focused electromag-
netic therapy head.

Figure 2 displays the experimental setup: A computer-
controlled 3D positioning system (Velmex NF90, Bloomfield,
NY) was used to move a fiber optic probe hydrophone (FOPH
2000, RP Acoustics, Germany) for field mapping. The fiber
tip was 100 um in diameter. The step-size increment was
0.5mm. Alignment of the FOPH to the acoustic field was
done by performing a raster scan in two separate planes: One
plane intersected the acoustic axis at the focus, with the maxi-
mum pressure at the center. The other plane was distal to the
first. The beam axis was found as a line crossing the pressure
maxima of the two planes. The FOPH was positioned parallel
to the axis.

The treatment heads (electromagnetic or ballistic)
were located outside the water bath (31 cm long x 18 cm deep
x 18 cm wide, maximum degassed level 8% O,, at room tem-
perature). They were coupled to the bath via a Tegaderm
(3M, MN, USA) window on one end of the bath and coupling
gel. Care was taken to ensure that there were no visible

TABLE I. Selected output settings of the Duolith SD1 discussed throughout the results and discussion sections.

Nominal settings®

Measured parameters, 30 mm standoff

Measured parameters, 15 mm standoff

No. pt, MPa ED, mJ/mm® pt, MPa p~, MPa p-to-p, MPa ED, mJ/mm> pt, MPa p~, MPa p-to-p, MPa ED, mJ/mm?
1 3 0.01 1.8 -2.3 4.1 0.01 2.1 —-2.0 4.1 0.01
2 10 0.07 5.7 -5.0 10.7 0.04 5.7 —4.7 10.4 0.03
3 31 0.3 17.5 -8.0 25.5 0.12 17.4 -7.3 24.7 0.11
4 36 0.35 20.3 —-8.3 28.6 0.13 19.5 7.7 27.2 0.13
5 51 0.45 29.9 —-9.2 39.1 0.19 26.3 —8.6 349 0.17
6 56 0.5 35.8 -9.5 45.3 0.21 30.8 —-8.9 39.7 0.19
7 62 0.55 427 -9.9 52.6 0.23 39 —-9.3 48.3 0.22

#According to the manufacturer, in-house measurements were done without the coupling cone.
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FIG. 1. Electromagnetic treatment heads. The —3 dB focal zone is shown
for the 30 mm (top) and 15 mm (bottom) standoff. Axial focal length from
the tip depends on which standoff is used (15 and 30 mm, respectively). The
focal dimensions shown were obtained from measurements.

bubbles in the contact area. The bath was large enough to
avoid interference from reflections.

B. Measurement protocols and pulse definitions

The fiber optic hydrophone (FOPH 2000, RPI
Acoustics, Germany) was originally developed specifically
as a tool for shock wave measurements.** It was also used to
measure the field generated by the ballistic source because it
is calibrated even at lower frequencies (down to 100 kHz)
and provides a broadband (up to 100 MHz) frequency
response. An equi-potential discharge pin located on the
back of the Duolith was used as a reliable trigger. The
FOPH signals were digitized by an oscilloscope (LT344
Waverunner, LeCroy, NY) at 500 MSamples/s. The FOPH
2000 software CALDEC was used to calculate pressure val-
ues from the oscilloscope data and to deconvolve the signal
to account for the frequency response of the system.** Data
collection was automated using LabVIEW (National
Instruments, Austin, TX).

Acoustic parameters for pressure waveforms associated
with the focused electromagnetic source are illustrated in
Fig. 3. Peak positive (p*) or negative (p~) pressure

——[ESWTControIIerIﬂErbl Oscilloscope |

FOPH Electronics
| 3D-Positioner ||

Oilbag

Tegaderm
Membrane

Therapy R S—
Head FOPH holder
Water Tank

FIG. 2. Illustration of experimental setup. The therapy head can be either
ballistic (no standoff used) or electromagnetic (as shown). Coupling of the
treatment head to the water was facilitated by a Tegaderm window and cou-

pling gel.
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corresponds to the maximum or minimum pressure value in
the pulse. Compression phase duration (¢, ) is defined as the
length of time between zero crossings for the positive pres-
sure, while tensile phase duration (z,_) is equivalently
defined for the rarefaction phase. There is a secondary pulse
(characteristic of electromagnetic sources) with a peak pres-
sure p," and duration #,,. The energy flux density for a pulse
was calculated by computing the pulse intensity integral
(PII) based on the International Electrical Commission (IEC)
standard for shock wave lithotripsy (IEC 1998),* defined as
the integral of the intensity over the duration of the entire
temporal waveform between time points where the pulse first
and last reaches 10% of its maximum pressure value.

The rise time of the main pulse at the focus, #,,, was
defined from the time derivative of the pulse profile (see
Fig. 3 inset). It is given by the duration of the derivative at
0.36 of the maximum derivative value. This definition of the
rise time, which corresponds to the steepest region of the
front, was recently proposed from laboratory-scale sonic
boom studies to characterize shock structures of spark-
generated pulses propagating in air.***’ The definition is
equivalent to the classical definition (time needed for the
pressure at the shock of the amplitude A, to increase from
0.1-A; to 0.9-Ay) for shocks governed by the stationary solu-

tion of the Burgers equation:*®

p(1) :%{1 —&—tanh(ﬁ;:r)} :%{l +tanh<%)},

ey

where p is the acoustic pressure, t=¢ — z/c is the retarded
time, z is the propagation distance, c is the propagation speed
of the shock, the parameter 7 is introduced as 9 = 2b/flA;,
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FIG. 3. Typical averaged pressure waveform (25 averages) at the focus
(15mm from the long standoff) at the maximum output setting of the
Duolith SD1 T-Top. The main pulse has a sharp front followed by a longer
negative tail. Here, maximum and minimum pressure amplitudes are
p"=42.3MPa and p~ =9.9 MPa. There is a repeatable trailing pulse that is
particular to electromagnetic sources. Inset: Close up of the pulse front of
the waveform (top) and its time derivative (bottom). These are used to mea-
sure the rise time (7,,) of the main pulse, in this case ¢,, = 8 ns (see text).
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p is the coefficient of nonlinearity of the propagation me-
dium, and b is the thermoviscous absorption of the medium.
Classical weak shocks, Eq. (1), with short rise times form
when high amplitude acoustic waves propagate in a nonlin-
ear thermoviscous medium.*® Nonlinear effects tend to
steepen the shock, while thermoviscous effects of energy
absorption at the shock tend to smoothen it. The balance of
these two effects creates a shock of quasi stationary thick-
ness, inversely proportional to the shock amplitude. The
10% to 90% rise time of the pressure Ap at the shock in
Eq. (1) is the length of time for the function tanh(t/ty) to
change from —0.8 to 0.8, and is equal to 2.2-t5. The time
derivative of Eq. (1) is Op/dt = A,/210 - cosh™>(t/70)
= Ay/210 - (1 — tanh?(t/10)). It is equal to 0.36 of the maxi-
mum value of the derivative when tanh(t/7() is equal to plus
or minus 0.8. For a stationary shock such as governed by Eq.
(1), these two definitions are equivalent. In estimating the
rise time of the experimental waveforms (Fig. 3), the defini-
tion based on the time derivative is more accurate, as it
rejects the smooth “pedestal” rise that precedes the sharp
pressure jump; this pedestal is often in excess of 10% of the
shock front amplitude. The presence of the pedestal in the
focal waveform is typical for electromagnetic sources and
leads to over estimation of the rise time if it is defined from
10% to 90% of the peak positive pressure (shock amplitude).
On the contrary, the time derivative definition leads to an
estimate for the characteristic time width of the steepest part
of the shock front. For example, in water ¢= 1486 m/s,
B=35,and b=4.33-10kgs "m'; Ap=0.8p" ~20MPa
(see inset to Fig. 3). If a shock front is formed with
pt=25MPa, and its steepness is balanced by nonlinear and
thermoviscous effects, the theoretical rise time would be about
0.27 ns.

C. Numerical model and experimental data
processing for the model

Numerical modeling of the nonlinear propagation of
focused acoustic pulses generated by the electromagnetic
source in water was performed using the KZK nonlinear par-
abolic equation:

a (op

o\ oz pocgpﬁf 2ppc30t2 ) 2

B Op

b &p\ «co <82p 18p)
2\ rar) @

Here r is the radial distance from the beam axis, ¢ is the am-
bient sound speed, pq is the density in water, and other varia-
bles are the same as used in Eq. (1). The equation accounts
for the combined effects of nonlinearity, diffraction, and
weak thermoviscous absorption in water. The key compo-
nent for using Eq. (2) to simulate the experiment was to set
a boundary condition for the model. The most accurate
way is to obtain the boundary condition directly from
measurements,””!*?

To set a boundary condition at some initial plane, pres-
sure waveforms were measured radially in a plane as close
to the therapy head as possible for the existing experimental
arrangement, which was approximately 5 mm from the short
standoff. A total of 71 waveforms (each an average of 20
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individual waveforms) were measured in increments of
0.2mm radially away from the axis of the beam up to
14 mm. Signals were sampled at 500 MSample/s. Radial
symmetry was assumed after initial experiments (not shown)
confirmed that the emitted field from the device was indeed
symmetric. Measurements of waveforms were carried out up
to 14mm from the beam axis; measurements at longer
distances from the axis were not obtained because of low
signal-to-noise levels. Representative examples of averaged
waveforms collected from the experiment, along with the
model fits, are shown in Fig. 4. To facilitate the modeling
effort by reducing the noise level in the measured signal,
each experimental waveform was further numerically
smoothed 3 times over 5 points in the region around the
maximum peak positive pressure (within 1.25 us) and 3
times over 30 points in the other smoother parts of the pulse.

The general properties of the solution to the KZK equa-
tion assumes that the time integral over the pulse is equal to
zero, as the zero frequency component in the FFT series
expansion of the signal is eliminated by diffraction. To
ensure that the pulses used for the boundary condition satisfy
this requirement, a tail of Ar=30 us duration was added at
the end of each pulse as:

p(t) = py cos®(nt/2At) — <p1 + %) sin®(nit/2At).  (3)

Here p, is the pressure value at the last measured time point
of each waveform, ¢ is the time counted from this last point,
S is the integral over the averaged waveform. The absolute
value of the maximum pressure in the tail did not exceed
1.6 MPa, i.e., it was of the same order as the level of noise in
the measured waveforms (% 0.7 MPa). To account for non-
measured waveforms in the radial scan from 14 to 20 mm
from the axis, additional waveforms were numerically intro-
duced in the boundary condition by taking the very last
radial waveform at 14 mm and exponentially decreasing its
amplitude along the radial coordinate with a linear time
delay that followed the overall geometry of the measured
field. The radial step in the numerical modeling was refined
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FIG. 4. Selected radial scan averaged waveforms collected from the meas-
urements in a plane 5 mm from the short standoff, along with simulation fit
from model. Radial scan had a total length of 14 mm and waveforms along
the way were used as a boundary condition for the model.
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by adding 36 waveforms in between each two experimental
waveforms in the neighboring spatial points with linear
interpolation of pressure for each time point. The boundary
condition map for the modeling algorithm is shown in Fig. 5,
where every vertical line depicts a pressure waveform at a
certain radial distance from the beam axis.

The KZK equation [Eq. (2)] with the boundary condi-
tion described above was simulated using an algorithm
previously described in detail.**>' A method of fractional
steps with an operator splitting procedure was used to march
the solution over the axial coordinate z. A combined time
and frequency domain solution was used. The effect of
diffraction was calculated in the frequency domain for each
harmonic using a finite-difference implicit backward algo-
rithm at shorter distances from the initial plane (up to
4.4mm) and then using the Crank—Nicholson algorithm.
Absorption was also calculated in the frequency domain
using the exact solution for each harmonic. Nonlinear effects
were calculated in the time domain using a Godunov-type
scheme. Transition between the spectral and time domains
was performed using the fast Fourier transform. Simulations
were run in water with physical parameters introduced ear-
lier in this section. The parameters for the modeling were:
16 384 harmonics, 32768 time-steps, 65.5 us time window,
2ns time step, 43.2mm radial window, 8000 radial grid
points, 5.4 um radial step, and 0.11 mm axial step.

lll. RESULTS

Experimental results were obtained for the long and
short standoffs. Given the relatively small difference
between the measured fields from different standoffs, numer-
ical simulations are only provided for the short standoff.

Measurements of individual waveforms were used to
present the results with means and standard deviations.
However, in many cases, to reduce noise levels for figure
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FIG. 5. Boundary condition map for the modeling algorithm. Experimental
pressure waveforms were measured 5 mm from the short standoff along the
radial (transverse) coordinate out to 14 mm. Numerically extrapolated wave-
forms extends the map out to 20 mm. In addition, 36 additional numerically
interpolated waveforms were added between each two experimental wave-
forms, giving the map a total of 3701 waveforms. The low pressure tail
described by Eq. (3) is not shown. Waveforms are represented by vertical
lines; pressure is shown as in gray scale; the actual computational windows
were 65.5 us in time and 43.2 mm in the radial (transverse) direction. The
time axis is relative to the time in Fig. 4 where the “0” corresponds to a time
shift by 32 us from the data in Fig. 4.
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presentation or for collecting boundary condition wave-
forms, waveform averages were used. It was thus important
to determine whether or not the waveform average affected
the actual peak amplitudes or rise times. The peak ampli-
tudes and rise times of an averaged pulse were compared to
those of an individual pulse. The averaged amplitude was at
most 1.2% lower than the peak amplitude of an individual
pulse and no difference in rise times was observed; this can
be explained by two factors. First, the electromagnetic
source is stable, much more stable than an electrohydraulic
source. Second, the FOPH is band-limited at 100 MHz,
therefore the measured rise time was most probably over
estimated and limited by the hydrophone bandwidth in both
cases. It is further instructive to examine the jitter by taking
the time derivative of each individual pulse and computing
the time difference between the maxima of the resulting de-
rivative. The maximum jitter at the highest output setting of
the machine was on the order of 5 ns.

A typical (averaged) waveform measured at the focus
(15 mm from the long standoff) at the highest output setting
of the machine (no. 7, Table I), is displayed in Fig. 3. This
characteristic waveform has a rapid rise in positive pressure,
followed by a negative tail, and then a second trailing pulse
that is characteristic of electromagnetic shock wave devi-
ces.”® The measured peak positive pressure in the pulse is
pT=423MPa (for the individual pulses, p"=42.7
* 1.2 MPa); the positive phase lasts about 1 us (¢,,) for the
highest machine setting (no. 7, Table I) and 1.4 us for the
lowest setting (no.1, Table I). The negative tail has a peak
amplitude of p~ =-9.9MPa (for the individual pulses,
p =-9.9=*0.24 MPa) and lasts 2.2 us (¢,_) for the highest
setting and 1.8 us for the lowest setting. The secondary pulse
has a peak positive pressure of p,"=7.0 + 0.4 MPa. The
ratio of the tensile tail length to the positive tail length
(t,—/t,1) increases from 1.2 to 2.1 with increasing machine
output setting and the pressure ratio between peak positive
and peak negative pressures (p'/p~) increases from 0.8 to
4.3 with increasing machine output setting. The secondary
pulse becomes a significant fraction of the maximum peak
pressure (p, /p*) as the energy setting of the machine
decreases, ranging from about 17% of the peak positive
pressure at the highest output setting (no. 7, Table I) to
almost 62% at the lowest machine output setting (no. 1,
Table I). The length of the secondary pulse ¢,, decreases as
the machine setting decreases from 1.4 to 0.8 us.

The inset waveforms (Fig. 6) also illustrate the fact
that the secondary pulse becomes relatively more important
as the machine setting is lowered. That is, the ratio of the
second positive peak to the first peak for the settings no. 7,
no. 3, and no. 2 from Table I is 17%, 37%, and 62%, respec-
tively; corresponding waveforms are shown in Figs.
6(a)—6(c). At the low settings, the device essentially delivers
a low-amplitude double pulse. The ratio of the peak positive
to the peak negative pressure, on the other hand, decreased
from 4.3 at the highest machine output setting to 0.8 for the
lowest setting.

Returning to Fig. 3, the rise time in the experimental
waveform was estimated at 8ns. It was determined by the
width of the derivative of the pressure waveform at a level
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FIG. 6. Waterfall plot for all machine output settings from the long standoff.
Individually labeled waveforms correspond to the machine setting shown in
Table I. Inset displays averaged waveforms for three different machine set-
tings indicated as dark lines in the waterfall plot. (a) Setting no. 7 of 62 MPa
nominal peak positive pressure; (b) setting no. 3 of 31 MPa; (c) setting no. 2
of 10 MPa.

of 0.36 from its maximum value (see discussion in Sec.
II B). This is illustrated in the inset of Fig. 3, where a rapid pres-
sure jump of about 25 MPa at the pulse front occurs. For this
setting, the value of 8 ns is over an order of magnitude greater
than the theoretical rise time for a shock front of the same am-
plitude defined from the hyperbolic tangent solution of the
Burgers equation (0.27 ns). It was not possible to determine
from measurements whether or not the true rise time in the pulse
was overestimated because of the limited 100 MHz bandwidth
of the FOPH that can provide time resolution of about 10ns.
Thus, it was not possible to determine whether the true weak
shock was present in the waveform. This issue is examined fur-
ther in the discussion section, where numerical modeling was
used to show that the waveform was indeed not yet shocked.

A. Axial and radial scans

Axial scans for both the short and long standoffs at the
machine’s highest output (no. 7) are displayed in Fig. 7. The
axial scans show a clear positive peak corresponding to
the focus of the short or long therapy head (the tips of the
standoffs are illustrated by the dashed vertical lines). For the
short standoff, the spatial maximum for the peak negative
pressure is almost 20 mm closer to the standoff than for the
peak positive pressure. For the long standoff, there is only
the hint of a peak near —9 mm. The peak negative pressure
is higher prefocally than post focally, and not as symmetric
as the peak positive pressure along the axis. To prevent dam-
age to the FOPH, the tip was never brought into contact with
the standoff. Thus, there is some uncertainty in the exact
location of the tip of the therapy head membrane with
respect to the focus (the position represented by the dashed
lines in Fig. 7), by as much as * 1.5 mm.

A comparison of measurement and modeling results
along the axis of the short standoff is shown in Fig. 8. The
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FIG. 7. Axial scans along the beam axis for the focused source using 30 mm
and 15 mm standoffs with a 1 mm step-size and 20 averages per location.
Measurements include p™ and p~ (“x” symbols for 30mm standoff and
black circles for 15mm standoff). “Short” and “Long” correspond to the
position of the tips of the short and long standoffs, respectively. The dis-
tance between standoff tips is 15 mm.

simulation results are in good agreement with the experi-
mental data. There appears to be a systematic shift that
biases the simulation to slightly more negative values than
the data for peak negative pressures, but the discrepancies
are all within experimental error. Finally, we show a com-
parison of actual waveforms at different distances from the
short standoff (along the beam axis) in Fig. 9. There is excel-
lent agreement between the measured and modeled axial
waveforms, where again, the simulations predict a slightly
more negative peak pressure.

The radial (transverse) scans for both long [(a) and (c)]
and short [(b) and (d)] standoffs (at setting no. 7, Table I) in
the focal plane are shown in Fig. 10. For the short standoff,
the corresponding simulation results are also shown (repre-
sented by the solid line in Figs. 10(b) and 10(d). The model-
ing results are in excellent agreement with the
measurements, but the simulations again predict a slightly
more negative peak pressure (absolute values are shown).

By combining all the measurements together from dif-
ferent axial and radial scans the focal zones were constructed
for each standoff, and are shown in the diagram of Fig. 1.
The focal zone was defined as the —3 dB region where peak
positive pressures are within 70.8% of their maximum
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Measured Pressure (MPa)
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FIG. 8. Axial distribution of the averaged peak positive and peak negative
pressures measured for the short standoff (black circles) and compared to
the modeling results (solid lines) at the highest machine output setting (no.
7, 62 MPa). “Short” corresponds to the position of the therapy head edge of
the short standoff.
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FIG. 9. Axial waveform measured and modeled for the short standoff at the
distances —20mm (a), —10mm (b), Omm (c, the focus), and 10mm (d)
away from focus at the highest machine output setting (no. 7, 62 MPa). The
experimental waveform was averaged over 25 individual waveforms in
order to reduce the noise level.

values. The measured —3 dB focal zone is narrower with the
30 mm standoff [17 x 1.5 x 1.5 mm] compared to that of the
15mm standoff [24 x 1.8 x 1.8 mm]. While measurements
were performed only along the axis and radially in the focal
plane, simulations provided full reconstruction of the spatial
structure of the field. Shown in Fig. 11 are simulations of the
2D spatial distributions of the peak positive (left) and peak
negative pressure fields (middle), and energy density (right)
for the short standoff, at the highest machine output. The
plots indicate that the spatial distributions of the peak pres-
sures and the energy densities are very different. The spatial

a , et b —— Model
40 ,”"I fe) \-p_‘
30 f
20 st

Measured Pressure (MPa)

Radial Position (mm)

FIG. 10. Radial (transverse) scans at the focus for both long and short stand-
offs. The labels and legends apply for all of the plots: (a) and (c) - x and y
scan for the 30 mm standoff; (b) and (d) - x and y scan for the 15 mm stand-
off. The coordinate x corresponds to the vertical direction and y - to in and
out of the page from geometry of Fig. 2. Each figure represents the peak pos-
itive pressure and absolute value of the peak negative pressure. Modeling
results are presented for the short standoff experiments (b) and (d).
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maximum of the peak negative pressure is located 20 mm
closer to the therapy head than the maximum of the peak
positive pressure; the focal region for p~ is much larger (the
—3dB focal zone for p~ is >27.6 mm X 4.9 mm compared
to the one for p* of 23.7mm x 1.8 mm). The energy density
has a maximum at —18.3mm (closer to the head than
both p* and p~) and has a —3 dB focal zone of >26.3 mm
x 5.2mm. The values above, which are extracted from the
2D modeled figures, agree very well with the experimental
focal zone measurements already provided. This may have
important consequences for therapy, depending on whether
the positive (associated with stress) or negative (associated
with cavitation) component is responsible for therapeutic
bioeffects.

B. Peak pressures at different machine settings

The peak positive and negative pressure and calculated
energy density at the focus at each setting for both standoffs
are shown in Fig. 12. Because the position of the focus on
the beam axis changes due to nonlinear wave propagation,
the hydrophone was scanned for each new setting to find
the spatial maximum of the peak positive pressure. A total
of 25 waveforms were independently recorded at each
machine output setting. The means and standard deviations
are displayed.

The results shown in Fig. 12(a) indicate that neither
standoff generates peak positive pressures that correspond to
the machine display settings shown by the dashed line and
labeled as 1:1. The measured pressure, except at the extreme
lowest machine settings, is always less than the displayed
setting. The peak negative pressures increase as the machine
setting is increased. The trends for both standoffs are quanti-
tatively the same. On the other hand, the peak positive pres-
sures diverge slightly at higher machine settings, with the
long standoff having slightly higher pressure amplitudes. As
the machine settings were increased, the peak negative pres-
sures increased at a slower rate than peak positive pressures.

The Duolith settings also display an energy level (in mJ/
mm?). Figure 12(b) compares the pulse intensity integral cal-
culated from the actual waveform to the machine display.
Again, the measured energy density was much less than the
displayed setting at all levels except the lowest.

C. Variation of peak pressures at different pulse
repetition frequencies (PRF)

Three different machine settings were compared to
determine if the pulse repetition frequency (PRF) affected
peak positive or negative pressures (Fig. 13). The measure-
ments were done at the focus using the long standoff. The
PRF setting affected the peak positive pressures only when
the PRF was set above 2.5Hz. The maximum amplitude
reduction was between 9% and 15%. 3 Hz was the maximum
PRF available for these settings.

D. Rise time measurements

The rise times were calculated using the long standoff for
most machine settings following the definition described in
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Sec. II B along with the traditional definition for comparison,
and are shown in Fig. 14. However, because there is noise in
the measured waveforms, the derivative will also have noise.
To reduce the noise levels for settings below no. 5, finite
impulse response (FIR) filtering was implemented to smooth
out the function around the peak in the derivative (see Fig. 3,
inset). In general, as the output levels decreased, the rise times
increased, from a minimum of 8 ns at setting no. 7 (Table I), to
almost 500 ns at a low machine setting (not shown in Table I).

IV. DISCUSSION

The pressure field of a clinical shock wave device, the
Storz Medical Duolith SD1 T-Top, was studied in detail. In
particular, measurements were performed with two standoffs
for the electromagnetic therapy head (30 and 15mm in
length). Several aspects of the measurements are worth
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FIG. 12. (a) p* and p~ pressures measured at each machine output setting
for both standoffs. (b) Calculated energy density (E.D.) at each machine set-
ting for both standoffs. 1:1line plotted for comparison on each plot.
Measurements were collected at the measured focal point starting with the
highest energy level and recording 25 waveforms independently for each
energy level. Means and standard deviations (error bars) are shown.
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additional discussion, including differences between stand-
offs, and comparisons with simulations.

The Duolith SD1 has several operating modes. The elec-
tromagnetic handpiece can be configured without a standoff,
or with one of two different length standoffs. The standoffs
are advertised as a way to mechanically change the
“therapeutic penetration depth.” Our goal was not to measure
every possible configuration. Instead, we compared some
aspects of the two standoffs, and at other times, performed
detailed measurements from one or the other standoff.

The SD1 output can be displayed in units of pressure
(MPa) or energy flux density (mJ/mm?). Peak pressure
amplitudes (or calculated energy densities based on the
measured waveform) measured in this study were lower than
the values displayed on the device (see Fig. 12). However,
the focal lengths for the two standoffs were similar to device
specifications. There is a large discrepancy between our
measurements and those reported by the manufacturer. Their
in-house measurements were performed without a coupling
cone; the measurement equipment was different as well, but
not specified by the manufacturer. These differences in ex-
perimental conditions may account for the major discrepan-
cies observed. (Personal communication with Storz.)

There is also a difference in p* between the two stand-
offs at the higher machine settings (Fig. 12). This may be
due to extra focusing and stronger nonlinear effects caused
by the difference in the lengths of the standoffs (15 mm).
That is, each standoff is filled with oil (proprietary
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FIG. 13. Change in p* (solid symbols) and p~ (open symbols) pressure with
respect to a change in machine PRF for three selected machine output set-
tings: 62 MPa (no. 7), 51 MPa (no. 5), and 36 MPa (no. 4). The long 30 mm
standoff was used for these measurements. Data acquired shows averaged
pulses (50 pulses averaged) at a specific PRF. Means and STDs are less than
2% in all the cases.
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FIG. 14. Rise time versus machine setting pressure levels for most of the
machine settings using the long standoff. The rise time of the shock front of
the electromagnetic source at a range of machine output settings is measured
from averaged waveforms obtained at the beam focus. Rise time called
“derivative definition” was calculated at the 36% level of the derivative of
the pressure wave based on Fig. 3. The “traditional definition” is the stand-
ard rise time from 10% to 90% of p*. Settings between no. 2 and no. 1
(Table I) are difficult to detect since the signal is very noisy and the noise
level is comparable to the amplitude when the derivative is calculated. A
more powerful derivative method could be implemented to calculate rise
times in these low amplitude sinusoidal-like waveforms.

information); the sound speed for some oils (e.g., silicon oil,
1350m/s) is lower than in water. The linear focusing gain,
which is inversely proportional to the sound speed, is thus
increased for the longer standoff. In addition, nonlinear
effects are also stronger in a medium with lower sound
speed, leading to further enhancement of the focusing
gain.**® The difference in standoff lengths also resulted in
a slight narrowing of the focal region of the beam in the axial
scan (Fig. 7). But the differences are not large. This suggests
that selection of a particular standoff is indeed related to the
advertised function of mechanically changing the focus.

Peak positive and negative pressures measured at differ-
ent PRFs showed relatively little change (Fig. 13). There is
only a slight drop off in pressure amplitude at the highest
PRFs (maximum drop was 15% for p* at the highest set-
ting). The drop-off may be a function of the device electron-
ics, but also, at higher PRFs, cavitation may occur. Signals
affected by cavitation can show a reduction in level, but our
observations of signals affected by cavitation usually result
in a much different waveform, not just a slight reduction in
signal amplitude; this was not observed. We believe the am-
plitude reduction is a function of the device itself.

One of the important issues of using shock wave therapy
devices is the question whether or not they actually produce
shock waves. In addition to being an intriguing question in
terms of nonlinear wave physics, it also has an important
clinical implication, as the width of the shock might be
responsible for various bioeffects. This is worth some
discussion.

The potential for shock formation was evaluated by
examining the rise time of the acoustic pulse at several
machine settings. Details of the procedure used to calculate
the rise time is discussed in Secs. II B and III. The standard
definition from 10% to 90% of the peak positive pressure is
not accurate if the shock wave is superimposed with an
earlier-arriving smooth pressure-wave (the “pedestal”) as
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observed in Fig. 3. This slow rise may be due to capacitive
effects, or perhaps the inertia of the cylindrical coil plate
that has to expand and generate the cylindrical wave.
Electrohydraulic lithotripters do not have a pedestal wave as
spark discharges are generated almost instantaneously.
Furthermore, the propagation distance to the focus is longer
in lithotripters than in ESWT devices and thus nonlinear
effects, which are cumulative in nature, are stronger. Once
the shock is formed prefocally, it propagates with higher
speed than the ambient sound and overrides the preshock
low amplitude component of the pulse. When measuring rise
times using the traditional definition, the reported measure-
ments for rise times of electromagnetic sources are on the
order of hundreds of nanoseconds. '’

When using the proposed definition of rise time that
excludes the smooth pedestal part, the values agree with
some electrohydraulic and piezo electric shock wave devices
in which rise times are tens of nanoseconds or equal to the
bandwidth limit of the hydrophone.'®'* However, the rise
time for the electromagnetic device measured at the highest
output setting was about 8 ns, which is still 30 times longer
than the theoretical rise time of a quasi-stationary shock
(0.27 ns) with the same amplitude. Because shorter rise times
cannot be measured with the FOPH, the question is whether
the shock has not been formed, or was simply not resolved.

The structure of a weak shock in a nonlinear viscous
medium is determined by a balance between nonlinear and
dissipation effects as the wave propagates in the medium.
Dissipation at the shock front is very strong, therefore once
the shock is formed prefocally, its propagation is accompa-
nied by energy losses that lead to reduction of the focusing
gain of the peak positive pressure.*'**%=2 In these previous
simulation studies it was shown that the maximum focusing
gain of the peak positive pressure is reached at an output
level when the shock starts to develop at the focus. Here,
additional simulations were performed to determine if a
shock would develop if higher pressures were achieved. This
was done by scaling the pressure amplitudes of the boundary
condition (Fig. 4) from 0.5 to 2 x in steps of 0.1. From these
scaled pressures, the axial distributions and focusing gain
can be compared for increasing source output. Although this
linear scaling does not precisely correspond to changing the
output level of the device, it was an adequate approach as
nonlinear effects were weak at the distance where measure-
ments for the boundary condition were taken.

The results of these additional simulations are shown in
Fig. 15. The dashed lines correspond to (simulations of) the
experimental conditions for the short standoff at the highest
machine output (no. 7). The inset shows the peak positive
focusing gain, given by the ratio of p™ at the focus to its ini-
tial value at the boundary, as a function of the source pres-
sure output. Formation of a shock is expected when the
focusing gain curve reaches a maximum. In our case, the
experimental conditions correspond to the output level that
is lower than the level of the maximum focusing gain, i.e.,
the shock has not yet formed. Unfortunately, it was not pos-
sible to resolve the fine structure of shocks with 2ns time
steps used in the modeling, and the simulations became
unreasonably long with finer grid. But the focusing gain
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FIG. 15. Simulations of the axial peak pressure distributions. Inset: The fo-
cusing gain for the peak positive pressure (inset). The dashed lines corre-
spond to the results simulating the experimental conditions for the short
standoff at the highest machine output (no. 7, Table I). The inset shows the
ratio of the peak positive pressure at the focus to its initial value at the
boundary as a function of the source pressure output. The dashed circle in
the inset indicates the experimental point corresponding to that gain curve.

curve (inset) does suggest that a shock has not formed.
Apparently, if the device could generate an extra factor of 2
in pressure at the source, a shock may indeed form at the
focus.

Figure 15 also illustrates how the focal zone changes
with source pressure amplitude. With an increase in source
output, the position of the spatial maximum of p* on the
beam axis changes non-monotonically. It first moves away
from the source and then backward. This effect is typical for
nonlinear focused beams and has been observed in the earlier
studies.’®>? The shift away from the source is characteristic
for focusing without formation of shocks. It is caused by
strengthening of the nonlinear self-refraction phenomenon
because the speed of the pulse front depends on its ampli-
tude. At very high source outputs, when a shock is formed
prefocally, strong absorption at the shock results in diminish-
ing of the peak positive pressure and the maximum moves
backward. Note also that the maximum shift in the natural
focus from the lowest to highest setting is about 6 mm. The
peak negative pressure maximum always moves toward the
source with the increase of its output.

Therapeutic bioeffects from ESWT are often catego-
rized as being due to the peak pressure (p'), rise time, or
negative pressure (both peak and duration). The peak posi-
tive pressure and/or the rise time can generate compressional
and shear stresses that might generate a bioeffect. If so,
higher settings would most likely generate larger bioeffects,
although at low settings, the secondary pulse becomes a sig-
nificant fraction of the main pulse height (see text describing
Fig. 3), suggesting that at these settings the machine gener-
ates a pulse “doublet.” Negative pressures are associated
with cavitation. As the machine setting is increased, the peak
negative pressure also increases, but also, so does the length
of the tensile tail. This suggests that the cavitation fields will
have longer characteristic lifetimes, possibly inducing more
violent collapses, and more bioeffects. Note also that the
size and position of the positive and negative pressure fields
differ (Fig. 11). The negative pressure field is broader and is
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focused closer to the therapy head than is the positive pres-
sure field.

Returning to the rise time, according to our own experi-
mental data shown in Fig. 3, a rise time measurement of 8 ns
would correspond to a spatial scale on the order of 10 um,
which is comparable to the typical size of cells (1-100 um).
Thus many cells could experience an internal pressure gradi-
ent. According to Cleveland and Mcateelr,23 although tissue
is usually robust to isotropic compression, a leading shock
front with rise times on the order of 70ns (spatial scale of
100 um) suggests that structures in the range of 10 um to
1 mm will experience a significant variation in stress across
them as the shock wave passes. The short rise time associ-
ated with the shock will lead to non-uniform straining of the
tissue, resulting in shear forces. Lokhandwalla et al. showed
that hemolysis is directly related to the pressure gradient at
the shock and validated shearing as a cell lysis mechanism in
SWL.? It has also been shown that tissue structures are sen-
sitive to shear stress and that the distortion of tissue by a
shock wave can cause damage.”* We thus hypothesize that
mechanical tissue damage is associated with a shock front.
In addition, mechanoreceptors in cells can be affected by
shear. According to Wang et al., application of a mechanical
stimulus like shear stress to a cell turns on mechanosensitive
ion channels, heterotrimeric G proteins, protein kinases, and
other signaling molecules; these trigger downstream signal-
ing cascades that lead to force-dependent changes in gene
expression.” Based on all the above we conclude that shear
stresses from the shock front might be an active mechanism
for ESWT. It is thus important to determine whether or not
therapeutic bioeffects are due to the positive (i.e., stress) or
negative (e.g., cavitation) pressures in order to optimize
ESWT treatments. For example, if shear stress were the
major therapeutic mechanism, then treatments for near-
surface conditions (i.e., wound healing) might benefit from
the longer standoff.

The focus of this paper has been on the electromagnetic
therapy head. The Duolith also comes with a ballistic (termed
‘radial shock wave’) source. A previous study showed that
ballistic sources do not generate a shock wave.> For com-
pleteness, we show a characteristic averaged pressure wave-
form (20 averages) from the Duolith ballistic source at a
setting of 5 bar in Fig. 16. The pulse consists of a leading posi-
tive phase with p* =8 MPa and duration of 5 us. The trailing
negative phase has p— = —5.7 MPa. The spectrum of the wave
is shown in Fig. 16(b). Most of the energy is contained at or
below 200 kHz. The energy flux density is 0.115 mJ/mm?, cal-
culated according to the PII described in Sec. II. The measure-
ments taken here for the ballistic source are similar, but not
identical to the ones presented by Chitnis and Cleveland 2007
for the Dolorclast Vet device (our measurements have lower
peak negative pressures).”? Although the signal does not
resemble a shock wave, the International Society for Medical
Shockwave Treatment (ISMST) defines it as a shock wave.

The measurements reported here are important for
device characterization and understanding wave propagation
in water, but for in vivo settings, especially in musculoskel-
etal tissues, the waveform shape and amplitude would be
expected to differ greatly from in vitro results. Bones and
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FIG. 16. The pressure waveform (a) and corresponding spectrum (b) meas-
ured at a distance of 5 mm from the metal applicator for the ballistic source
operated at 5 bar setting level.

inhomogeneous tissues will create complicated reflections
and re-focusing, and shear waves that can disturb the field
and shift the focus as well. This is the direction of our future
efforts. >’

V. CONCLUSION

In this paper it was shown that the combination of meas-
urements together with mathematical modeling provided a
suitable tool for acoustic characterization of high intensity
pressure fields generated by electromagnetic shock wave
medical devices. Acoustic parameters of the field of a clini-
cal device used to treat musculoskeletal conditions in
patients were measured using a fiber optic hydrophone: focal
peak pressures, axial and radial distributions, and rise time
of the pulse front were determined at several machine power
output settings. Radial scanning in the plane close to the
therapy head was performed at the highest output setting and
the results were used as a boundary condition for an acoustic
nonlinear propagation model. The results of modeling were
validated by comparing pressure waveforms obtained in sim-
ulations and measurements. Simulation data provided addi-
tional information on the spatial distributions of the peak
pressures and the degree of nonlinear effects to form a shock
in the pulse at the focus. It was shown that shock formation
did not occur for any machine settings and that a true shock
formation could be reached if the maximum initial pressure
output of the device is doubled. Although characterization
was performed in water and strong distortions of the field
occur while propagating through the complicated musculo-
skeletal geometries and impedances that are present in the
human body, this study provides the important step at cali-
brating a device toward understanding the implication of
high intensity pressure fields in vivo.
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