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This paper reports how laboratory experiments and hydrocode simulations (of cavitation
and shock wave propagation) have been used to generate a clinical device which can deliver real
benefit to patients with kidney stones. Currently X-ray or ultrasound B-scan imaging are used to
locate the stone and to check that it remains targeted at the focus of the lithotripter during
treatment. Neither imaging method is particularly effective in allowing the efficacy of treatment
to be judged during the treatment session. In this study, laboratory experiment and
Computational Fluid Dynamics simulations of the complex interactions between the shock wave,
the stone, and the human tissue, have been used to develop a new clinical device. This device,
which has been tested in clinical trials, exploits the passive acoustic emissions generated by these
interactions, to identify whether the stone remains in the focus, and to what extent the treatment
has been successful.

INTRODUCTION

Extracorporeal shock wave lithotripsy (ESWL) was introduced in the 1980s and has
become the preferred modality for the non-invasive treatment of renal and ureteric stone disease.
The treatment involves focusing several thousand acoustic shock waves on the stone to generate
stone fragments that are small enough to be passed naturally from the body, or more effectively
dissolved by drugs [1]. Currently, around 30% to 50% of patients need re-treatment with ESWL
[2], with some of these patients undergoing more than three treatments for the same stone [3-5].
Re-treatment is a useful option, but involves additional morbidity due, amongst other things, to
the bruising of tissue caused by the passage of the shock wave [6].
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Fig.1 X-ray image of a stone (a) before and (b) immediately after ESWL

This paper reports on a seventeen-year activity, begun by Leighton and Coleman in the
early 1990s, to develop the first clinically-proven passive acoustic device to offer the opportunity
of reducing retreatment rates by addressing two factors which are key to reducing the likelihood
of retreatment’ [7]. These factors are:

" Note, however, that the ethical permissions under which the clinical trials were performed specifically excluded
our providing the clinicians with information which would alter the treatment. Therefore our clinical studies could
not specifically test retreatment rates. This UK team is unlikely to be able to secure funding to undertake such
follow-up trials.



e maintenance of good targeting - if the focus of the shock wave moves of the stone,
and onto healthy tissue, not only is the likelihood of fragmenting the stone reduced,
but healthy tissue may receive unwanted shock exposure;

e real-time monitoring of whether each shock contributed significantly to stone
fragmentation — the detection of a series of ineffective shocks would indicate to the
clinician that the treatment parameters may need further examination (e.g.
retargeting may be in order);

¢ an indication of the cumulative effectiveness of the shocks given to date in a single
treatment (which for example could indicate whether it is appropriate to terminate
the treatment).

The device generated in this study provides an indicator of all three features (the second
two are referred to as TS(t) and TS, respectively in this study). This feedback is important

because, although a range of physical factors probably influences the stone-free rate and
morbidity associated with ESWL treatment (including the stone size, location and density, the
anatomical position and the body mass index of the patient [4,8,9]), the output of the Passive
Acoustic Sensor (PAS) developed in this study provides information which is directly relevant to
changes that can be made by the lithotripter operator during treatment to enhance the procedure.
The maintenance of accurate targeting throughout the treatment, for example, is under operator
control using ultrasound or X-ray imaging systems (Figure 1(a)) and can be expected strongly to
influence treatment effectiveness [10]. Whilst X-ray or ultrasound B-scan imaging are used to
locate the stone and to check that it remains targeted at the focus of the lithotripter during
treatment, neither imaging method is particularly effective in allowing the efficacy of treatment
to be judged during the treatment session.

The operator also selects the shock wave strength setting, typically using the highest setting
compatible with the level of pain tolerated by the patient [3]. Ideally the operator would also have
a role in limiting the morbidity associated with shock wave exposure [12], for example by
terminating the treatment when the stone has fully fragmented. In practice, the current imaging
systems are largely inadequate for indicating when stone fragmentation is complete [13]; Figure
1(b)) and the strategy almost universally adopted by ESWL operators is to deliver a pre-defined
number of shock waves (typically around 3000). Finally, the operator has a significant role in
minimising the ionising radiation exposure by restricting the fluoroscopy exposure time and
number of spot films, within the constraint of achieving accurate shock wave targeting of the
stone [14]. More information on treatment progress and targeting during clinical ESWL may
allow the operator to exercise greater control over many of the factors that influence re-treatment
rate and morbidity.

This article describes a new passive device that provides the ESWL operator with
information on the maintenance of accurate targeting of the stone and a measure of the
effectiveness of the treatment. The device consists of a passive acoustic sensor placed on the
patient during treatment that monitors the acoustic signal scattered when the shock wave
impinges on the stone and surrounding tissues. This signal is processed in real-time to provide
easily interpreted visual cues to the ESWL operator. These cues can be used to inform decisions
related to the need for re-targeting and to the ongoing effectiveness of the treatment. This paper
reports on a clinical study, in which the performance of the device has been compared with
measures of the degree of stone fragmentation obtained from pre- and post-ESWL X-ray films



interpreted by clinical staff immediately after treatment, and at the follow-up appointment three
weeks later.
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Fig.2 (a) The acoustic emission detected with an early form of the passive acoustic detector (shown in
Figure 3). (b) The photomultiplier record of the sonoluminescence from a similar discharge by the same

lithotripter (the two records could not be acquired simultaneously in this early experiment). From
Coleman et al. [11]

The development of the clinical system described in this paper has previously proceeded
through a series of studies, specifically:

e Stage 1 (detailed in Section 1): This stage combined modelling with laboratory
experimentation to determine the key passive acoustic signature that would be used
[11, 15, 16];

e Stage 2 (detailed in Section 2, and conducted in parallel with Stage 3): This stage
used computational fluid dynamics (CFD) studies of single bubbles to clarify the
interaction between shock wave, bubble, stone and tissue [17, 18]. These CFD
studies were then expanded to include the interaction of multiple bubbles with each



other, and with the shock, tissue and stone; it was also used to predict what pressure
signature would be detected in the far field from the pressure fields predicted by the
CFD in the proximity of the stone;

e Stage 3 (detailed in Section 3, and conducted in parallel with Stage 2): informed by
the ongoing CFD results, laboratory experiments were conducted using a series of
prototype passive acoustic detectors, to determine the properties of the acoustic
signal and how it changes with the accuracy of the targeting and the degree of stone
fragmentation [19-24];

e Stage 4 (detailed in Section 4): Preliminary in vivo studies were undertaken to
develop the sensor, the control and analysis software, and the procedures, for use in
theatre [7, 24];

e Stage 5 (detailed in section 5): Two clinical trials were undertaken. For the first
trial, the results of Stages 3, 4 and 5 were combined to determine a postulated a
piori set of ‘rules’ against which the passive acoustic signal could be characterized
to judge whether it had been successful in assessing targeting and stone
fragmentation (using the sensors designed in Stage 4). In the first clinical trial, these
‘rules were then tested against a set of patients in the clinic. The performance of the
equipment was also tested. Analysis of the results of the first clinical trial allowed:
(i) adaptations to be made to the hardware to make it more robust; (ii) the ‘rules’
used to judge the effectiveness of the shocks to be adapted to account for the
differences between the in vitro and in vivo scenarios; and (iii) generation of the in-
theatre SEAC (Secondary Emissions Analysis in Clinic) software for control and
data acquisition of the device to be developed to final form. In the second clinical
trial, these three innovations were tested against the outcome of treatment, and the
performance for the PAS was assessed [7, 24].

These stages will now be described.
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Fig.3 This early form of the sensor for péssive acoustic emissions was based upon a focused bowl
hydrophone having a natural frequency of 1 MHz. The output from the device is displayed on the
oscilloscope, showing the characteristic two-peak structure



Bubble wall radius vs. time
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Fig.4 An air bubble of initial radius 40 microns in water is subjected in the free field to the lithotripter
pulse shown in inset (i) (Peak positive pressure = 56 MPa; Peak negative pressure = -10 MPa). (a) The
bubble radius against time is shown, as predicted by the Gilmore model, with (solid line) and without
(dashed line) mass flux across the bubble wall. Note that the inclusion of diffusion makes the final bubble

size greater than the initial size, with a consequent slight decrease in the period of the oscillations (i.e. a
reduction in the frequency) at the timescales marked y . Inset (ii) shows the micro-rebounds that are
visible in the fine detail of the collapse which occurs around t=0. Similar features are seen in the CFD
predictions (Turangan et al. [18]). (b) On a common time axis with (a) and for the same bubble collapse,
the pressure that would be measured 1.5 mm away from the bubble centre is shown. Two main emissions
(at t=0 us and at t =190 ws) are associated with rebounds in (a), subsequent emissions being smaller.
The overall effect of such pairs of emissions from the collapse of a cloud of bubbles was identified as
demarcating the interval t_ in the early 1990s [11, 15, 16]. The labels in square boxes are explained in the

text
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Fig.5 Data from a single patient, with the lithotripter setting increasing down the page from 1 to 6 (as
shown on the far right), showing on the left the time history of passive acoustic emissions detected with
the early version of the sensor shown in Figure 3. To the right of each time history is the corresponding

spectrogram of the signal. Transient broadband signals are generated by cavitation. If one requires (as did

the authors for modeling) some ‘typical’ bubble size which might persist from one lithotripter pulse to the

next, then an estimate from this could be obtained from the emissions detected at the greater times. Taken
from Cunningham et al. [25]
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Fig.6 Axi-symmetric plots of the distributions of pressure and stress, are indicated for the expansion of a
bubble near planar and notched aluminium walls, after a high speed jet has passed through the bubble (a
situation which can only be modelled with any accuracy by a simulation which includes liquid

compressibility). Whilst not an exact match (see below), in the context of this paper this scenario
resembles the situation approximately at the time associated with the generation of the signal m,. The

location occupied by the bubble wall (when it was stationary with an internal pressure greater than that in
the surrounding liquid) is indicated by the semicircle. The axis of symmetry is at the base of each frame.
The bubble is close to solid aluminium which is planar (a,c) or notched (b,d). Air/water and
water/aluminium interfaces are shown by dashed (a,b) or thick black (c,d) lines, with a horizontal axis of
rotational symmetry at the base of each frame. In the greyscale images (a,b), the right half of each plot
refers to the pressure in the water (given in Pa), but on the left of each plot (in the aluminium) the
greyscale plots the second invariant of stress [ 9, units Pa’]. For this aluminium model with 0.3G Pa yield
strength, elastic-plastic yield will occur in aluminium when the value of 9 exceeds 6x10'® Pa’. Although
the aluminium is still under elastic phase, the notch introduces stress concentration and a greater
likelihood of failure (c.f. fig. 5.57 of reference [16]). Parts (c,d) show the total stress oy, contours in
aluminium parallel to the rotational axis, and pressure contours in water and bubble, for 1 MPa contour
intervals (-ox, in aluminium indicates compression, and +oyy indicates tension). For details see reference
[18]

1. INCEPTION OF THE IDEA THROUGH MODELLING AND EXPERIMENTATION

In 1990 Leighton and Coleman correlated the typical two-peak passive acoustic emission
observed when lithotripsy occurred in a test tank (Figure 2(a)), with the temporal profile of
sonoluminescent emissions which were indicative of cavitation (Figure 2(b)). They used the
passive acoustic sensor shown in Figure 3. They suggested that the source of the first peak was
the cavitational collapse which results when the lithotripter first meets the bubble (Figure 4, label
a). After this collapse, the Gilmore model suggests that the bubble undertakes a prolonged
expansion phase (Figure 4, label B), before collapsing again (at which time the second peak in

acoustic emission and luminescence is generated; see Figure 4, label y ). These studies are



described in references [11, 15, 16]. The bubble must remain spherical and intact in the Gilmore
model, so that after this second collapse the bubble oscillates with gradually decreasing
amplitude, with a frequency which tends ever more closely to its ‘Minnaert’ frequency as time
proceeds (Figure 4, label ¢). Of course the real cavitational bubble will undergo a host of other

behaviours that are not included in the Gilmore model, including:

e departures from sphericity;

e bubbles fragmentation and coalescence;

e interaction with other bodies (other bubbles, stones etc.) in the liquid,

e the presence of pressure fields and flows which are not spherically symmetric with
respect to the bubble centre, and which may change over lengthscales which are not
very much greater than the bubble radius.

However the Gilmore model has proved to be an extremely useful tool (in part through
phenomenon which bring the overall behaviour of a cloud of bubbles into closer alignment with
its rather limiting assumptions, an example being when fragmentation during a collapse can be
reversed through coalescence of the fragments during the subsequent expansion phase [26-28].

Therefore Leighton and Coleman conceived of developing a passive acoustic sensor to
monitor targeting and fragmentation in real time in the clinical during lithotripsy. This required a
sequence of research tools to be developed, and a series of knowledge gaps to be filled. An
example of a research tool is the CFD approach described in Section 2, which overcame the
assumptions listed by bullet-point above. An example of the knowledge gap is in the form of an
appropriate value for the initial bubble size R, to use in the CFD simulations and the Gilmore

modeling of the form shown in Figure 4. A useful value of R, ~40um was arrived at by applying
the o,B,y,¢ interpretation described above to in vivo records [25] (Figure 5)).

2. COMPUTATIONAL FLUID DYNAMICS STUDIES

As stated in Section 1, CFD studies were implemented to provide a method of simulating
the interaction of bubbles, tissues and stones without the limitations of assuming that the spatial
scales of the pressure perturbations are long with respect to the bubble radius, and without the
assumption of spherical symmetry in the bubble and the liquid, and free field conditions [17, 30-
33]. The free-Lagrange technique used is described in detail in Turangan et al. [18]. As an
example, Figure 6 illustrates how techniques were developed to incorporate the presence of solids
close to the bubble, and methods by which those boundaries may incorporate cracks and notches.
In these simulations, real material properties can be assigned to the solid. Maps of the evolution
of an index reflecting the likelihood of failure (Figure 6(a,b)) can be made from the stresses
calculated within it (Figure 6(c,d)). The method has been extended to estimate the emission from
a population of O(1000) bubbles distributed throughout the focus of the lithotripter (Figure 7).
Whilst the first simulations of the pressures close to single bubbles are found in references [17,
18, 30-33], details of the techniques used to generate the far field pressures from the pressure
field predicted close to the bubble by the CFD simulations, and the simulation of the effects of
multiple bubbles, will be detailed in future papers.
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Fig.7 The predicted pressure time history of a 'first burst' (compare with signal measured in Figure 2), 500
mm from focus centre, where 1000 bubbles are modelled as cavitating within the lithotripter focus [29]
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Fig.8 Schematic representation of the experimental set-up

3. LABORATORY STUDIES OF LITHOTRIPSY

In parallel to the CFD studies described in the previous section, an investigation on the
possible exploitation of non focused passive sensors as diagnostic tools in lithotripsy started in
January 2002. In particular, a novel cylindrical broadband sensor (up to 10 MHz) developed by
the National Physical Laboratory (for monitoring cavitation in industrial applications [34, 35])
was tested in a laboratory facility at Guy's and St Thomas' NHS Foundation Trust. Figure 8



shows the experimental set-up; shockwaves were generated by means of an electromagnetic
lithotripter operated under a voltage of 16kV to produce (at the focus) waveforms at pressures
comparable to those expected in vivo (peak positive pressure P'= 19+4 MPa, peak negative
pressure P= 3+0.6 MPa). A high pass filter with a cut-off frequency of 200 kHz was used to
remove background noise. The waveforms were recorded by means of a LeCroy 9354L digital
scope operating at 100 MHz and then analysed off-line using MATLAB™. The analysis was
aimed to identify important features in both the temporal history of the secondary emissions and
the corresponding distribution of acoustic power over the frequency range of 0-2.5 MHz (which
was considered to be clinically relevant). The digital signals were decimated at 5 MHz before
performing any frequency processing. The details of the processing have been described in other
publications [19-24, 36].
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Fig.9 Example of the time domain analysis of an in vitro signal. The dash-dotted boxes delineate those two
portions of the signals that are attributed two the first and second burst. The two bursts are separated by a
collapse time t. estimated as the interval between the two central times of the bursts (t; and t;). Each of
these bursts is then characterised in terms of a maximum amplitude (m; and m, respectively), and a
duration (d; and d, respectively) [7, 19-24]. The kurtosis and skewness [37] of each of the two bursts (not
reported in the figure) were also calculated [7, 24]

Figure 9 and Figure 10 report the main emissions features for a signal collected in tap-
water. In particular, Figure 10 shows how the different mechanisms that contribute to the
emission (mainly scattering for the first, and cavitation for the second) are reflected in different
frequency distributions. The first burst contains most of its acoustic energy below 400 kHz,
whilst the energy of the second burst is mainly distributed above 400 kHz [19-24, 36]. In order to
quantify the power contributions in those two bands, for the two bursts, a Low Frequencies ratio
(LF) and a High Frequencies ratio (HF) were defined as:
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power spectrum of the portion of signal q(t) of interest (that is, either the first or second burst).

That is to say, four parameters were derived: the low frequency ratio of the first burst (LF;), the
high frequency ratio of the first burst (HF;), the low frequency ratio of the second burst (LF;) and
the high frequency ratio of the second burst (HF;). In the example reported in Figure 10,
LF,=52%, HF = 48%, LF>=26% and HF>,= 74%.

The study progressed to examine the influence of stone targeting and fragmentation on the
features of the secondary emissions [36]. Three kinds of stone phantoms were used in the study:
plaster stones [36], sieved stones and lime-glass phantoms [24]. The last two stone phantoms
were used to simulate stones of same size, but at different stages of fragmentation [19-24, 36]. In
particular, a fragmentation ratio F was defined for each glass phantom as the percentage decrease
in weight from an ideal intact glass stone of the same dimensions [24]. In order to investigate the
influence of targeting on the emissions, the variation of the main emissions parameters (m;, M,
and t;) was examined when a cylindrical plaster of Paris stone phantom was moved around the
lithotripter focus [19, 36]. Both the maximum amplitude of the first burst m; (linked to scattering
from the targeting) and the collapse time t. (associated with cavitation) were shown to be
sensitive to targeting. In addition, the introduction of the stone on the acoustic field showed an
increase in both features [19, 36]. Figure 11 reports the variations observed in the collapse time
t.. In particular, collapse times of 300 us and higher are observed when the stone is on target.

Sieved stones and soda-lime glass phantoms were used to investigate the influence of
fragmentation on the characteristics of the emissions. A preliminary time-frequency analysis of
the emissions collected adjacent to sieved stone phantoms showed some increase in the
contribute of the acoustic energy at high frequencies (f> fy) [19]. That is to say, the analysis
showed a decrease in LF; and an increase in HF,. However, when these experiments were
repeated (with both sieved and glass phantoms) enough times to produce a statistically rigorous
analysis which took into account the variability of these frequency parameters around the group
average, the difference among different stone phantoms observed in these tests could not be
considered to be statistically significant [22, 24]. Figure 12, for example, reports the variability
showed by LF; and HF, for soda lime glass phantoms simulating stages of fragmentation ranging
from 31% to 100% [24]. A similar behaviour showed the central frequencies of the two bursts (o
and foz).
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Fig.10 Example of the frequency domain analysis of an in vitro signal [7, 24]. Panel (a) shows the power
spectral density (PSD) of the first burst (solid line) and the second burst (dotted line). The former contains
a greater proportion of lower frequency energy (< f,;, = 0.4 MHz) because in addition to cavitation
emissions, it contains the reflected energy of the incident lithotripter pulse (which the second burst lacks).
To illustrate this more clearly, in panel (b) the two PSDs from the upper plot are normalised so that their
maximum is unit (upper box). The central frequencies of the two bursts (fo; and fy, respectively) are also
shown. In this case the frequency power ratios were LF;=52%, HF = 48%, LF,= 26%, HF,= 74%

At this time in the study, a key decision had to be made on which parameters the clinical
device should measure in order to provide real-time feedback in theatre of the effectiveness of
each individual lithotripter shock. The variability seen in the study of the spectral characteristics,
outlined above, suggested that all the frequency parameters considered here did not appear
reliable predictors to use in real-time monitoring of clinical lithotripsy treatments (which would
not have the benefit of acquiring large datasets for statistical analysis). They were consequently
excluded from further analysis in favour of parameters which could be derived from the time
history [22, 24]. It should however be noted that these conclusions refer only to the data taken in
this study, in that a decision had to be made as to which method was proving to be most fruitful
for the development of a successful clinical device. As such, the variability seen in our frequency
measurements was indicating that, if a significant discrimination in the frequency characteristics
were to be identified, it would in theatre take a large number of measurements, and therefore
would not be practicable for the real-time shock-by-shock diagnostic system we were trying to



design. Other authors have since reported promising in Vitro results from frequency analysis of
the passive acoustic emissions of lithotripsy [38].
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Fig.11 Variability in the collapse time t., when a plaster stone phantom is moved along (a) the beam axis
and (b) off—axis of the bench-top lithotripter. The values (empty diamonds) are compared against reference
values (solid squares) obtained moving the NPL sensor around the focus in absence of any stone sample.
Each point is the average of five measurements and the error bars indicate + one standard deviation from
the average. The dotted lines in (a) indicate a linear interpolation. The solid line in (b) indicates a spline
interpolation

On contrast, all the main features of the emissions extracted from the time history (m;, my, t.
and the ratio of the two amplitudes m,/m;) were able to discriminate between different stages of
fragmentation, with the potential for real-time application in theatre. For example, reference [24]
reports the variability observed in the ratio my/m; (Figure 13). It can be noted that the stone
phantoms with a considerable grade of fragmentation (F>50%) showed a ratio m,/m;>0.35.

On the basis of these preliminary in vitro experiments and the results of the CFD
simulations (Section 2), a first clinical prototype passive sensor was developed in 2004 [19-24].
Three different passive prototypes were developed (Figure 14). The first prototype, referred to as
Mark I (Figure 14(a)), was a square multi-channel sensor.

The three channels differed for a different diameter of the Polyvinylidene Fluoride (PVdF)
sensitive element. That is to say, channel 1 was connected to a 1 mm sensitive element, channel 2
was connected to a 2 mm sensitive element and channel 3 was connected to a 3 mm element. The



four features (m;, My, my/m; and t.) of the emissions extracted from the three channels did not
appear significantly different when this prototype was tested in vitro. In addition, when tested in
vivo, the channel at the highest sensitivity (channel 3) showed a poor signal to noise ratio. In fact,
this ratio was less than 50% also for patients with regular body mass index (BMI<25). In
addition, patients showed a certain dislike and diffidence towards the appearance of this
prototype. This is because they are used to the application of either round or flat sensors (i.e.
ECG leads) or anyway sensors with smooth rounded surfaces (i.e. ultrasound probes). Such was
the dislike of this prototype that the rate of acceptance to participate in the trial was low (about
30%). Therefore, for both technical and aesthetical reasons, such multi-channel design was
abandoned to move towards a round smooth single channel sensor that could make the patient
feel comfortable. The second prototype (Mark II), not reported in Figure 14, had the same
appearance of the latest (Mark III, Figure 14(b)). Both Mark II and Mark III have a larger
sensitive element than those used in Mark I. This element is 18 mm in diameter. The only
difference in the two versions is the external diameter (20 mm vs. 25 mm), as Mark II had a
smaller layer of protecting backing material than Mark III. The signals collected in vitro with all
the prototypes showed similar characteristics to those collected with the NPL sensor [19, 20, 24].
It was in vivo that the three prototype showed different performances (see Section 4).
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Fig.12 (a) Low frequency ratio of the first burst LF; and (b) high frequency ratio of the second burst HF,
for soda-lime stone phantoms at different grades of fragmentation. The average value over 10
measurements is shown for each set and the error bars represent + one standard deviation from the average
of each set [24]

4. INITIAL IN VIVO STUDIES

As described in section 1, in 1992 Coleman, Leighton and co-workers [11] proved the
presence of cavitation during ESWL and were able to monitor it in vivo by the recording of the
associated secondary acoustic emissions. This was achieved by placing a passive acoustic sensor
(the focused bowl of Figure 3) on the patient's abdomen. It was also shown that cavitation was
generated within regions of increased echogenicity in the ultrasound image. In the late 1990s, as



explained in section 1, secondary acoustic emissions were recorded during clinical treatments
(exploiting the same focused sensor) and analysed in the time frequency domain [25]. Then (as
detailed in the previous section) the study progressed with the development of a first unfocused
prototype system [19-24], that was tested in vivo for the first time in August 2003. This trial
(aimed at testing and refining the system) lasted till October 2004 and involved 51 patients [24].
The result of the trial was the development of the data acquisition module of the PAS system,
from one using only an early multichannel prototype sensor (the Mark I, shown in Figure 14(a))
to the final module that uses a single channel prototype sensor (the Mark III, shown in Figure
14(b)) in conjunction with a commercial preamplifier (HP1, Precision Acoustics, Dorchester,
UK) and a high pass filter with a cut-off frequency of 292 kHz at 3 dB (custom-made for the
project by Precision Acoustics, Dorchester, UK). Each component was tested for electrical safety
before its use in vivo and the trial received the approval of Guy's and St. Thomas' NHS Trust
Ethic Committee (Reference 06/Q0702/12). In compliance with the rules of this committee,
consent was obtained before enrolling any patient in the trial. The final data acquisition module
provided data of good quality (signal to noise ratio greater than 50%) for all 6 patients (among
the 51) on whom it was tested. This stage was also used to analyse the features of the acoustic
emissions in vivo and to compare them against treatment outcomes. The treatment outcomes were
established by the urologist at the patient follow-up examination 2-3 weeks after the treatment.
The results of this comparison helped the development of the signal processing module of the
diagnostic system, and in particular they were exploited to develop an interface to synchronise
the operations of data acquisition with the following processing to perform on-line monitoring
[24]. This information was then used in the design of the clinical studies proper, which are
described in the next section.
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Fig.13 Ratio of the maximum amplitudes of the two burst m,/m; for soda-lime stone phantoms at different
grades of fragmentation. The average value over 10 measurements is shown for each set and the error
represent + one standard deviation from the average of each set. The dotted line indicates the linear
interpolation between the average points [24]



Fig.14 (a) First clinical prototype passive multi-channel ultrasound sensor, referred to as Mark 1. (b) Final
clinical passive ultrasound prototype sensor, referred to as Mark 111

5. CLINICAL TRIALS

Having completed the initial in vivo studies (described in the preceding section), the
research moved onto two clinical studies. These clinical trials are reported in detail in Leighton et
al. [7] and only a brief overview will be given here. The studies of Sections 3 and 4 had
confirmed that characterization of each echo in terms of the ratio m, /m, and the interval between

the ‘bursts’ would be worth investigating to assess to what extent they could be used to judge the
effectiveness of each shock in contributing towards the required end product (i.e. sufficient stone
fragmentation). Specifically (noting that the precise method for working out the interval between
bursts was amended slightly to make it more robust [7]) the in vitro tests indicated that a possible
criterion for determining if a shock had been ‘effective’ in targeting and fragmenting the stone
could be based on the requirement that m,/m, >0.4 and t ~300 us [24]. Phase 1 of the clinical

studies described in this paper has examined validity and application of these ‘rules’ to the in vivo
tests, and found that in the clinical situation the precise values needed amending. In phase 1, a
complete set of acoustic and clinical data was obtained in 30 of the 118 subjects recruited. It was
decided, on the basis of the clinical data from phase 1, to alter the in vitro ‘rules’ such that an
‘effective’ shock is defined as one in which both 0.40 <m, /m, <0.8 and t >100 us. These rules

define a region shown as a box in Figures 15(a) and 15(b). The ‘successful’ treatments (as judged
by the CTS,; see Leighton et al. [7] for details) tend to generate echoes which cluster in these
boxes [7] .

These clinically derived rules were then applied in a second clinical study in which
complete data sets were obtained in 49 of the 85 subjects recruited. This second clinical study
(Phase 2) demonstrated almost perfect agreement (kappa=0.94) between the number of
‘successful’ treatments, defined as greater than 50% fragmentation as determined by X-ray at the
follow-up appointment, and a device-derived global treatment score, TS, a figure derived from
the total number of ‘effective’ shocks in any treatment. The acoustic system is shown to provide a

test of the ‘success’ of the treatment that has a sensitivity of 91.7% and a specificity of 100%. In
addition to the predictive capability, the device provides valuable real-time feedback to the



lithotripter operator by indicating the effectiveness of each shock, plus an indication TS(t) of the
cumulative effectiveness of the shocks given so far in any treatment, and trends in key
parameters. This feedback would allow targeting adjustments to be made during treatment. An
example is given of its application to mis-targeting due to respiration. Details are provided in
Leighton et al. [7].
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Fig.15 Plots from phase 1 of the clinical study giving the values of the acoustic parameters m, /m, and
t, for each shock from two sample treatments. The first plot (a) is for a ‘successful’ treatment as
classified by the clinician from the X-rays (CTS, =5);the second plot (b) is for an ‘unsuccessful’

treatment as classified by the clinician from the X-rays (CTS, =0); see Leighton et al. for an explanation

of the CTS, score. The area delimited by the solid line (0.4<m, /m, <0.8 and t,>100 s ) represents

the semi-empirical rules that appear from the phase 1 study to give the optimum indication of ‘effective’

and ‘ineffective’ shocks. It is postulated from the phase 1 study that a large number of ‘effective’ shocks

(i.e. falling within the solid lines) result in a ‘successful’ treatment. Note that whilst Figure 9(a) contains

no points at the origin, Figure 9(b) contains 629 overlapping points at the origin (see Leighton et al. [7]
for details)



6. CONCLUSIONS

This paper describes the sequence of studies which led to the first passive acoustic detector
for the efficacy of extracorporeal shock wave lithotripsy treatment which has been proven in
clinical trials. Whilst the scope of the ethical approval did not allow the output of the sensor to be
communicated in theatre to the clinicians (which therefore prevented our testing whether use of
the device affects retreatment rates), the study has indicated the clinical usefulness of this
technology.
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