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Abstract

Kidney stone disease is a major health problem worldwide. Shockwave lithotripsy (SWL), which
uses high-energy shockwave pulses to break up kidney stones, is extensively used in clinic.
However, despite its noninvasiveness, SWL can produce cavitation /7 vivo. The rapid expansion
and violent collapse of cavitation bubbles in small blood vessels may result in renal vascular
injury. To better understand the mechanism of tissue injury and improve treatment safety and
efficiency, it is highly desirable to concurrently detect cavitation and vascular injury during SWL.
Current imaging modalities used in SWL (e.g., C-arm fluoroscopy and B-mode ultrasound) are not
sensitive to vascular injuries. By contrast, photoacoustic imaging is a non-invasive and non-
radiative imaging modality that is sensitive to blood, by using hemoglobin as the endogenous
contrast. Moreover, photoacoustic imaging is also compatible with passive cavitation detection by
sharing the ultrasound detection system. Here, we have integrated shockwave treatment,
photoacoustic imaging and passive cavitation detection into a single system. Our experimental
results on phantoms and /77 vivo small animals have collectively demonstrated that the integrated
system is capable of capturing shockwave-induced cavitation and the resultant vascular injury
simultaneously. We expect that the integrated system, when combined with our recently developed
internal-light-illumination photoacoustic imaging, will find important applications for monitoring
shockwave-induced vascular injury in deep tissues during SWL.
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l. INTRODUCTION

Kidney stone disease is a major health problem with substantial costs and disruption to
patients’ lives [1-4]. About 22.1 million cases occurred worldwide in 2015, resulting in
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about 16,100 deaths [5]. In the U. S., about 9% of the population will have an episode of
kidney stone during their lifetimes with the direct medical treatment expenditures exceeding
$2 billion annually [6]. Shockwave lithotripsy (SWL) is a treatment technique that uses
high-energy shockwave pulses to break the stones in the kidney or peripheral organs such as
ureter. With its non-invasiveness, ease of use, and high reimbursement rate, shockwave
lithotripsy (SWL) has remained as the first-line therapy for the management of stone
patients despite the advancements in ureteroscopy and laser lithotripsy [7-9]. In SWL, two
types of mechanical force contribute to the stone comminution: the internal tensile and shear
stress, and the external cavitation [10, 11]. The internal tensile and shear stress produces
strong compression inside the stone and fractures the stone into smaller pieces. The
shockwave-induced external cavitation forms bubbles surrounding the stone fragments [10,
12], and the violent bubble collapse leads to secondary shockwaves that can further grind
down the stones [12, 13].

The same mechanical forces that comminute stones, however, also contribute to renal
injuries [14-16]. It has been widely reported that SWL-induced injuries range from self-
limited trauma to potentially life-threatening complications [17-19]. In particular, with
much increased output acoustic pressure, contemporary lithotripters have high propensity for
renal vascular injuries [20, 21]. For example, a clinical dose of 2000 shocks using the
maximum output energy and pulse repetition rate on an HM3 lithotripter can produce a
parenchymal lesion measuring ~6% of the functional renal volume [22]. Post-SWL, about
100% patients experience mild hematuria, up to 29% patients develop hematomas, and in
rare cases, excessive bleeding can develop [23-25]. In severe cases, the injury is
catastrophic, leading to permanent renal damage or even death [26].

In clinical SWL, C-arm fluoroscopy is used alone or in combination with B-mode
ultrasound for stone localization and treatment monitoring. However, neither imaging
modality is sensitive to vascular injuries [27]. Although visualization of blood vessels by B-
mode ultrasound can be enhanced by ultrasound contrast agents (/.e., encapsulated
microbubbles), the delivered microbubbles can potentially cause damages during SWL
treatment as they serve as cavitation nuclei in the vasculature and thus greatly increase the
risk of bleeding upon subsequent shockwave exposure [28, 29]. Therefore, it is
recommended clinically that contrast agents should not administrated prior to or during
SWL. Doppler ultrasound can image flowing blood in major blood vessels but has difficulty
in detecting static blood pool from hemorrhage of microvessels. Lacking a real-time imaging
technique to monitor the vessel conditions in the clinics, urologists commonly have to push
the SW dose to the upper limit in order to comminute stones in a short time. By doing so,
patients are suffering from high risks of intra- and peri-renal vascular injury that can lead to
acute and long-term adverse consequences [25]. Tapping the full potential of SWL,
especially its noninvasiveness, relies on not only ongoing work to determine the mechanisms
of tissue injury, but also new imaging methods for real-time monitoring of SWL-induced
vascular injury.

Photoacoustic tomography (PAT) is promising to address this unmet clinical need. In PAT,
excitation light is absorbed by tissue and converted into pressure waves via the
photoacoustic effect, which are subsequently received by an ultrasonic transducer array to
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form an image [30]. The laser illumination used in PAT has a typical surface optical fluence
well below the ANSI safety limit [31]. PAT has been widely used in a variety of biomedical
applications providing hemodynamic information such as vascular structure, oxygen
saturation of hemoglobin [32], blood flow speed [33], and metabolic rate of oxygen [34].
PAT is thus promising for label-free imaging of the renal vasculature hemorrhage in SWL.
Using hemoglobin as endogenous contrast, the changes in the blood flow and distribution
due to shockwave-induced vascular injury, such as hemorrhage and onset of hematoma in
deep renal tissues, may potentially be detected by PAT before severe adverse effects are
produced during SWL [35].

Cavitation is a primary mechanism for vascular injury in SWL [29, 36]. Therefore, it is
important to monitor the distribution of cavitation bubbles produced in SWL, assess their
progression, and correlate their collapse with the resultant hemorrhage (/.e., vessel rupture).
Several optical and acoustic techniques have been used for cavitation detection, including
high-speed photography in optically transparent media [15], as well as active cavitation
detection (ACD) and passive cavitation detection (PCD) that can be applied to soft tissues
[37]. ACD detects the ultrasound waves reflected by the bubbles in a transmission-receiving
mode, and PCD detects cavitation collapse signals in a receiving-only mode. Compared to
ACD, PCD does not affect cavitation activities. An ultrasonic transducer array is typically
used to provide two-dimensional mapping of cavitation events, /.e., passive cavitation
mapping (PCM). PCM enables flexible detection of cavitation bubbles [38-40], and is
compatible with PAT. Both PAT and PCM rely on receiving-only acoustic detection: while
PAT detects signals generated by laser excitation, PCM detects signals generated by the
collapse of cavitation bubbles.

In this work, we have integrated three technologies: SWL for fragmenting stones, PAT for
monitoring the vascular injury during the treatment, and PCM for detecting the cavitation
activity. We have developed a deep-penetrating PAT system based on a programmable
ultrasound scanner, and integrated the PAT system with a clinical shockwave lithotripter. We
have demonstrated the performance of the integrated system using phantoms, and its real-
time label-free imaging of the vascular injury during SWL on a small animal model.
Together with our recently developed internal light illumination strategy that can potentially
provide deep penetration [41], we expect the integrated system will allow urologists to
adjust the SWL treatment in time to minimize the risk of extensive tissue damage (e.g.,
hematoma formation).

Methods

A. Theintegrated SWL/PAT/PCM system

Figure 1(a) shows the schematic of the integrated system, which includes three subsystems:
SWL, PAT and PCM. In the SWL subsystem, a focused shockwave generator (Piezoson 100,
Richard Wolf, Germany) transmits microsecond ultrasonic pulses, with a focal distance of
65 mm. The shockwave pulse is adjustable with a maximum in-focus pressure of ~60 MPa
and a pulse repetition frequency (PRF) of 1 Hz. The PAT subsystem includes a 128-channel
programmable ultrasound scanner (Vantage 128, Verasonics, USA) and a linear ultrasonic
transducer probe (L7-4, Philips, USA; Central frequency: 5 MHz). The excitation light
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source for PAT is a Q-switched Nd: YAG laser (Q-smart 850, Quantel Laser, USA;
Wavelength: 1064 nm). The emitted light pulse is coupled into a bifurcated line optical guide
(53-987, Edmund Optics, USA). The ultrasound probe is flanked by the two outputs of the
light guide along the lateral sides. The two light beams intersect at the elevational focus of
the ultrasound probe, which is 25 mm beneath the surface of the probe. The PCM subsystem
shares the same ultrasonic detection with the PAT. A high-speed CMOS camera (Phantom
7.3, Vision Research, USA) is used to validate the PCM results in water.

We precisely synchronize the shockwave transmission, PCM signal acquisition, laser firing,
and PAT signal acquisition. The trigger signals are sent by a lab-made control box, as
illustrated in Fig. 1(b). The shockwave generator is triggered at 1 Hz, which also initiates the
PCM and PAT data acquisition sequences. There is a 60-us delay time from the trigger of
shockwave generator to begin the PCM signal acquisition, ensuring all the possible
cavitation events induced by the incident shockwave can be captured. There is a 500-ms
delay between the shockwave transmission and the laser firing to avoid the overlapping
between the cavitation signals and PA signals. To minimize the system’s jitter, the laser’s Q-
switch is synchronized with the PA signal acquisition. Using our current laser, PAT can
achieve a frame rate up to 10 Hz. We use a PA frame rate of 1 Hz in this study to reduce the
total data size for longitudinal monitoring.

We use a delay-and-sum (DAS) based method for the PCM image reconstruction [42] and an
iterative total-variation (TV) based method for the PAT image reconstruction [43, 44]. The
TV-norm regularization is a widely used strategy in model-based PAT image reconstruction.
It uses TV-norm of the absorbed energy density as the regularization term (or penalty term)
of the objective function in the reconstruction. The TV-norm is effective for removing the
high frequency noise without affecting the boundaries. The DAS-based method is faster than
the TV-based method, and thus is preferred in PCM to reduce the processing time on a large
amount of cavitation data [42]. Meanwhile, the TV-based method produces fewer high-
frequency artifacts than the DAS-based method, and thus TV-based method is preferred in
PAT to improve the image quality of small hemorrhages [43, 44].

In PCM, the DAS-based reconstructed image size is 40 mm (laterally) by 50 mm (axially)
with a pixel size of 65 pm. A bandpass filter (cutoff frequencies: 3.5 MHz and 6.5 MHz),
which corresponds to the bandwidth of the ultrasonic transducer array, is applied to the raw
channel data before the image reconstruction. The speed of sound used is 1540 m/s. Each
DAS reconstruction takes ~5 seconds. In PAT, the TV-based reconstructed image size is 60
mm (laterally) by 35 mm (axially) with a pixel size of 100 um. The same bandpass filter is
used as in PCM. The average number of iterations is 50. Each TV reconstruction takes ~18
seconds.

B. Characterization of PAT on phantoms

We first quantified PAT’s spatial resolutions by imaging a black hair with a diameter of ~100
um immersed in water as a line source (Fig. 2(a)). The distance between the hair and the
probe surface was ~25 mm. The full-width-at-half-maximum of the hair profile in the
reconstructed PA image was measured as the spatial resolution. We then measured PAT’s
maximum penetration depth by imaging a 2-mm-diameter plastic tube filled with whole
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bovine blood (Quad Five, MT, USA). The tube was embedded at different depths in an
optically scattering medium made of gelation and 0.5% whole milk. The estimated reduced
optical scattering coefficient is ~6 cm™1 at 1064 nm [45, 46]. A total of 300 frames were
averaged at each depth. The signal to noise ratio (SNR) was quantified as a function of
depth. After characterizing PAT’s key imaging performance, we also demonstrated 3D
imaging of a mouse /in vivo.

C. PCM of shockwave-induced cavitation

Passive cavitation mapping was initially introduced for studying high intensity focused
ultrasound (HIFU) treatment. HIFU treatment typically utilizes longer and faster pulses than
SWL, and the HIFU-induced cavitation events are often tightly confined in space and in time
[47, 48]. By contrast, in SWL, the shockwave focus is much larger (up to a few centimeters
axially), and the pulse is slower (1~10Hz), resulting in a less confined cavitation distribution
in space and in time after each shockwave pulse.

Here, we have developed a sliding-window-based PCM method to reconstruct the spatial and
temporal distribution of shockwave-induced cavitation events. It is crucial for PCM to find
the correct time origin of the cavitation bubble collapse to reconstruct the correct location of
the event. In our PCM experiments, the collapsed bubbles can be approximated as sparsely
distributed point sources. A correct time origin leads to a point-shaped pattern in the PCM
reconstruction, while an incorrect time origin generates a converging or diverging pattern. In
other words, as the time origin is approaching the optimized value, the reconstructed bubble
is converging into a point in space. Therefore, we have developed a sliding-window
algorithm to search for the optimized time origin for each cavitation event. The signal
amplitude in the reconstructed PCM image can be written as [49]:

S r+|r_r) @

H(_r)) = l;la(rl - r) Di

Here, H(") is the reconstructed signal amplitude at location 7', a denotes the ultrasound
probe’s angular detection sensitivity, 7 is the index of the ultrasound probe element, 7; is the

location of the Ah probe element, pyis the signal recorded by the Ah element, tis the starting
time of the sliding window (/.e., the time origin to be optimized), and cis the speed of
sound. In our experiments, we used a 30-ps window for each reconstruction instance, and
then slid the window by 2 ps for the next reconstruction instance. A representative sliding-
window PCM reconstruction process is shown in Supplementary Video 1 (Videos can be
found under the “Supplementary Files” tab in ScholarOne Manuscripts).

D. Validation of PCM in clear medium using a high-speed camera

Laser-induced single-bubble cavitation was performed to demonstrate the feasibility of our
sliding-window PCM reconstruction method. The experimental setup is shown in Fig. 3(a).
The pulsed laser beam at 532 nm was expanded and then focused by a convex lens into a
water tank. A single bubble was produced when the laser pulse energy reached the optical
breakdown threshold [50]. A high-speed CMOS camera captured the laser-induced bubble
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through an optical window of the water tank. The ultrasound probe was placed 3 cm above
the laser focus and the high-speed CMOS camera’s imaging plane was aligned with the
ultrasound probe’s imaging plane. The laser firing was synchronized with the PCM
detection and high-speed camera imaging. The camera’s frame rate was 100 kHz, and
PCM’s sampling rate (or frame rate) was ~20 MHz. The sliding-window PCM method was
used to reconstruct 2D mapping of the bubble collapse events. To better visualize cavitation
bubble events, all the reconstructed instances with different time origins were stacked into a
3D data volume, from which we traced the cavitation’s space origin based on the signal’s
converging pattern (Methods, Section C). The time tracing scheme is illustrated in
Supplementary Fig. 1 (Figure can be found under the “Supplementary Files” tab in
ScholarOne Manuscripts).

In addition to laser-induced single bubble, the behavior of a group of bubbles induced by
shockwaves was also investigated, as shown in Fig. 4(a). The water tank with the shockwave
generator installed at the bottom was filled with degassed water. The ultrasound probe’s
imaging plane was aligned orthogonally to the shockwave propagation direction in order to
avoid signal overlapping. The focal distance of the shockwave generator is 65 mm, and the
ultrasonic transducer probe was placed ~45 mm away from the shockwave focus. Based on
this geometry, the earliest possible cavitation signals should arrive at the ultrasonic
transducer at least ~71 ps after the shockwave emission, assuming a speed of sound of 1540
m/s in water and soft tissues. Therefore, the 60-s delay before the PCM signal acquisition
ensured that the highest number of cavitation events were imaged. The data acquisition
duration for each shockwave pulse was 340 ps. Cavitation events induced by 100 shockwave
pulses were recorded. A high-speed camera captured the cavitation events to validate the
PCM results.

To further validate the PCM method, the effect of shockwave intensities on the cavitation
generation was investigated, in which five shockwave levels of 4, 8, 12, 16, and 20 were
used. At each shockwave level, 30 shockwave pulses were recorded with a 500-us record
duration for each pulse. The PCM results were validated by the high-speed camera images.
The results are shown in Supplementary Fig. 2 (Figure can be found under the
“Supplementary Files” tab in ScholarOne Manuscripts).

E. Simultaneous PAT of tissue injury and PCM of cavitation in vivo

We demonstrated simultaneous PAT and PCM during SWL treatment /n7 vivo on healthy
Swiss Webster mice (female; 10 weeks old; ~30 grams in weight). The protocol was
approved by the Institutional Animal Care and Use Committee of Duke University. The hairs
on the mouse’s back and abdomen were removed. The experimental setup is shown in Fig.
6(a). The mouse was anesthetized with isoflurane (1.0 v/v flow rate). The water tank was
filled with degassed water for shockwave coupling. The shockwave focus was positioned
around the back muscle of the mouse. The imaging plane of the PAT and PCM was aligned
with the shockwave generator’s acoustic axis. Laser pulses at 1064 nm (pulse energy: ~30
mJ) were delivered to the skin surface. A baseline PAT image was acquired before applying
the shockwaves. A total of 1000 shockwave pulses were applied at an energy level of 15. For
each shockwave pulse, we reconstructed one PAT image and one PCM image. All the other
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experimental settings were the same as the phantom experiments. To further test the
integrated SWL-PAT-PCM system on detecting different levels of hemorrhage, we
performed four more animal experiments at shockwave energy levels of 0, 6, 12 and 18,
respectively. We targeted the vasculature around the liver with rich blood perfusion. A total
of 600 shockwave pulses were applied on each animal.

Results and discussion

A. Characterization of the PAT and PCM system

The performance, including the imaging resolution and imaging depth, of the integrated
system was evaluated first. The PAT’s lateral and axial resolution at the elevational focus (25
mm from the probe surface) are 400 um and 425 um, respectively (Fig. 2(b-c)), consistent
with our previous work [41]. We measured the maximum penetration depth of PAT at 1064
nm in optically scattering medium (Fig. 2(d)). The tube was clearly imaged at depths up to 7
cm. The SNR decreased with imaging depth. The decay constant was ~5 dB/cm or 1.8 cm™1
(Fig. 2(e)). Moreover, a 3D image of the mouse was acquired by scanning the ultrasonic
probe along the elevational direction for 3.5 cm. A 3D focal-line reconstruction method was
used to reconstruct the 3D image [51, 52]. A maximum amplitude PAT image projected
along the axial dimension was superimposed on the ultrasound projection image (Fig. 2(f)).
The volumetric rendering of the 3D PA image is shown in Fig. 2 (9).

To validate the feasibility and accuracy of the PCM method, we performed single-bubble
and group-bubble studies, and compared the PCM results with the images from the high-
speed camera. In the single-bubble PCM experiment, we clearly observed the initial
cavitation collapse at 96 ps after the laser firing (Fig. 3(b)). We confirmed from the high-
speed camera imaging that the bubble collapse time was indeed between 90 ps to 100 us
after the laser firing, as the camera had a temporal resolution of 10 ps (Fig. 3(c)). A
secondary bubble collapse at 142 ps was also captured by PCM, which was induced by the
collapse of the initial bubble (Fig. 3(d)). The secondary bubble collapse was again confirmed
by the camera results (Fig. 3(e)). Therefore, the PCM results agree well with the high-speed
camera results, and PCM can provide more accurate bubble collapse time. The dynamics of
the single bubble generation and collapse are shown in Supplementary Video 2. Our sliding-
window PCM method also generated a cavitation time trace that helped find the cavitation’s
spatial center. Figure 3(f) shows two representative bowtie-shaped time trace patterns for
two bubble collapse events. The center of the bowtie pattern (or the most converged point)
indicates that the sliding-window has reached the correct bubble collapse time. The two
“wings” of the bowtie-pattern indicate the conditions that the sliding-window are either
before or after the correct collapse time.

In the group-bubble study, the high-speed camera was used to record bubbles induced by a
single shockwave pulse. Figure 4(b) is a representative camera image acquired at 70 ps after
the shockwave pulse transmission, in which the dark features are the bubbles with diameters
up to 0.7 mm. The PCM reconstruction at 140 s after the shockwave pulse transmission is
shown in Fig. 4(c). The cavitation collapse detected by PCM corresponds to the centers of
the bowtie-shaped patterns in the PCM images. We used a Matlab’s built-in circle-finding
function to search for the bowtie-pattern centers, as shown by the blue circles in Fig. 4(c).
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The retrieved cavitation centers were then assembled in Fig. 4(d), which shows three bubble
collapse events at this moment. It is worth pointing out that the results from PCM and the
camera do not represent exactly the same cavitation events, simply because the two
modalities have different field of views, temporal resolutions, and contrast mechanisms
(high-speed camera captures existing bubbles while PCM captures collapsing bubbles). For
each shockwave pulse, by overlaying all the PCM instances, we can show the cavitation
traces in the imaging plane (Fig. 4(e)). The brightness of Fig. 4(e) represents the frequency
of cavitation events. By searching through all the PCM reconstruction instances, the
distribution of cavitation events could be mapped in space (Fig. 4(f)). Representative time
traces of group bubbles from one shockwave pulse are shown in Fig. 4(g).

We recorded 100 shockwave pulses and mapped their cavitation events. We quantified the
number of cavitation events in the entire field of view as a function of time after each
shockwave pulse. Each column in Fig. 5(a) represents the normalized probability of
cavitation events induced by one shockwave pulse. The same process was performed on the
camera images of 10 shockwave pulses (Fig. 5(b)). Figures 5(a)-(b) show a highly consistent
cavitation pattern after each shockwave pulse: the first group of cavitation bubbles collapsed
at ~110 ps, and the second group of cavitation bubbles collapsed at ~240 ps. Figures 5(c-d)
are the averaged cavitation distribution obtained by PCM and the camera, respectively, also
showing two groups of cavitation events. The second group of cavitation events might be
induced by the residual shockwaves first reflected by the water surface on the top and then
refocused by the shockwave generator surface at the bottom. There is a time delay between
the high-speed camera results and the PCM results, because the camera detects existing
bubbles while PCM detects the bubble collapses.

PCM was also performed in water at different shockwave pulse energy levels, and the results
are shown in Supplementary Fig. 2 (Figure can be found under the “Supplementary Files”
tab in ScholarOne Manuscripts). Supplementary Fig. 2(a) shows the PCM-detected
cavitation collapse after each shockwave pulse, from 30 shockwave pulses in total. Firstly,
regardless of the shockwave energy settings, we found that the earliest cavitation signals
arrived at similar times after the shockwave emission, which was confirmed by the high-
speed camera images (Supplementary Fig. 2(b)). Secondly, the total number and duration of
the cavitation activities increased with the shockwave energy levels, because a higher SW
energy leads to more and bigger bubbles that last longer. The average cavitation distribution
obtained by PCM and the high-speed camera are shown in Supplementary Figs. 2 (c)-(d).
Similar trends were found using these two imaging modalities.

From the above three studies on cavitation generated by SWL, we observed high consistency
between the results from PCM and high-speed cameras, which demonstrated the feasibility
of using PCM to detect cavitation activities. However, unlike the high-speed camera, PCM is
not restricted to clear medium and can be easily applied for /n vivo cavitation detection.

B. Simultaneous in vivo PAT and PCM

For in vivo experiments on mice, we simultaneously acquired B-mode ultrasound images
(Fig. 6(b)), PAT images, and PCM images of the tissue region treated by shockwaves. Figure
6(c) shows representative PAT images before and after applying up to 1000 shockwave
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pulses. Substantial PA signal increase due to hemorrhage was observed in the shockwave
focus. The hemorrhage dynamics can be captured by PAT with a cross-sectional frame rate
of 1 Hz. As shown in Fig. 7(a), two major blood vessels, marked as vessel #1 and #2, were
monitored. Hemorrhage was observed close to vessel #1 after 40 shockwave pulses. After 70
shockwave pulses, the hemorrhage grew larger and the damaged vessel #1 shrank. The
diameter of the vessel #2 also decreased without obvious hemorrhage observed, probably
because the two blood vessels were connected. The hemorrhage dynamics detected by PAT
are shown in Supplementary Video 3. Changes in the average PA signal amplitude within the
hemorrhage region were quantified, as shown in Fig. 7(b). The PA signals increased
gradually up to shockwave pulse #400, slightly decreased from pulse #400 to #500, and then
increased sharply at pulse #530, reflecting the multiple phases of shockwave-induced
vascular injury, including hemorrhages, blood pool formation, and diffusion into the
surrounding tissues. After 700 shockwave pulses, the PA signals were stable, indicating the
hemorrhage was over.

The cavitation events induced by shockwave pulses were also recorded by PCM with a
frame rate of 1 Hz. Figure 8(a) shows one representative PCM reconstruction instance of
cavitation signals at 116 s after shockwave pulse #520. We can observe multiple cavitation
events within the shockwave focus. Yet it was clear that the /n vivo PCM images have more
artifacts, which is mostly due to the acoustic scattering and reverberation in the tissue. By
assembling all the cavitation events (Figs. 8(b-c)), we observed that these events were
largely distributed along the shockwave propagation path and around the shockwave focus.
We overlapped the PCM images with the PAT images (Fig. 8(d)), and it is clear that the
cavitation regions were consistent with the hemorrhage sites.

We also performed animal experiments at different SW energy settings (Fig. 9). Without
shockwave treatment, no clear changes in the PA signals were observed. With increased
shockwave pulse energy, we observed elevated hemorrhages at various time points during
the treatment. In addition, more hemorrhage regions were observed at higher shockwave
energy levels. We also reconstructed the cavitation events at different shockwave energy
levels, as shown in Fig. 10(a). The results confirmed that more cavitation events within
larger regions were generated at higher shockwave energy levels, which matched well with
the PAT results (Fig. 10(b)).

V. Conclusion

In this work, we have developed an integrated SWL-PAT-PCM system that is capable of
simultaneously monitoring the shockwave-induced vascular injury, as well as the cavitation
events that are mostly responsible for the damage. Three subsystems were seamlessly
integrated with balanced spatial resolution and penetration depth. Compared with existing
imaging modalities in SWL, such as X-ray fluoroscopy and ultrasound imaging, PAT is
superior because it is non-ionizing, non-invasive, and more sensitive to blood. The sliding-
window PCM reconstruction was validated by using a high-speed CMOS camera. /n vivo
mouse imaging has further demonstrated that tissue damage by shockwave treatment can be
monitored by PAT, together with simultaneous cavitation mapping by PCM. These results
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have collectively proved that the integrated system has a high potential for predicting and
monitoring hemorrhage during SWL treatment.

The major concern of the current PAT system is the limited penetration depth. Averaged over
all stone patients, the skin surface is ~10 cm from the posterior boundary of the kidney [53].
However, traditional PAT technologies are limited by optical attenuation to ~7 cm in soft
tissue, due to both optical absorption and scattering [54]. Therefore, imaging the deeply
seated human kidney will require extending the penetration depth of PAT to at least 10 cm.
On one hand, previous studies by other groups have demonstrated that PAT, with external
light illumination, can achieve a penetration depth of ~6-10 cm by using exogenous contrast
agents that have strong optical absorption at 1064 nm [55]. However, using exogenous
contrast agents on patients may meet significant safety and regulatory hurdles, and thus is
not preferred. On the other hand, our recent study has achieved a 7-cm imaging depth in
biological tissues by using internal light illumination and external ultrasound detection [41].
Based on this work, we believe that a promising solution is to illuminate the deep-seated
kidney from the inside using a flexible and thin optical fiber inserted through the ureter,
while the ultrasound signals can be detected outside on the skin surface.

Rodent models with mm-sized stone (not crystal) formation are not available despite many
years of research, and it is challenging to surgically implant kidney stones in small animal
models, limited by the small size of the mouse kidney. In the future work, we will apply our
SWL-PAT-PCM system on large animal models with implanted kidney stones [56], to
demonstrate simultaneous stone comminution, cavitation detection, and hemorrhage
monitoring. Ultimately, we expect that our non-invasive, non-ionizing SWL-PAT-PCM
system will be applied to optimize the safety and efficiency of SWL treatment in clinics. In
fact, many clinical lithotripters (e.g., Siemens LITHOSKOP and STORZ Modolith SLX)
already have a central port in the shockwave generator for incorporating an ultrasound
probe, which can be used for PAT/PCM imaging [57]. Alternatively, the PAT/PCM imaging
probe can be mounted on an articulated arm, moving isocentrically around the shockwave
focal point in order to search for the optimal imaging window.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Integrating SWL/PAT/PCM into a single device. () Schematics of the SWL-PAT-PCM
system. SW, trigger for shockwave transmission; PA, trigger for PA signal acquisition; T1,
trigger-in port 1; T2, trigger-in port 2; T out, trigger-out; DL1, delay between shockwave
transmission and PCM acquisition; DL2, delay between laser flashlamp trigger and PA
signal acquisition/laser firing. (b) Time sequence of the triggers for shockwave transmission
(SW), passive cavitation mapping (PCM DAQ) and PA imaging (PAT DAQ).
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Characterization of the PAT system. (a) PAT image of a human hair at a depth of ~25 mm.
(b) Lateral profile of the hair along the horizontal green line in (a). (c) Axial profile of the
hair along the vertical green line in (a). (d) Composite PAT image of a plastic tube filled
with whole bovine blood embedded at different depths in an optically scattering medium,
acquired at 1064 nm. (e) Measured (black dotted line) SNR of the tube as a function of
depth. A linear fitting (red solid line) quantified the signal attenuation coefficient. (f)
Superimposed maximum amplitude projections of PA (shown in color) and US (shown in
gray) image of the mouse trunk. (g) Volumetric rendering of the PA image of the mouse
trunk.
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Fig. 3.
Laser-induced single-bubble cavitation detection using sliding-window PCM. (a) Schematic

of cavitation detection experiment. (b) PCM image of the initial cavitation collapse at 96 ps
after laser firing (Supplementary Video 1). (¢) Photographs by high-speed camera at 90 ps
and 100 ps after laser firing (Supplementary Video 2). (d) PCM image of the secondary
cavitation collapse at 142ys after laser firing. (e) Photographs by high-speed camera at 140
us and 150 s after laser firing. (f) Representative single-bubble time traces by using PCM,
showing the bowtie-shaped patterns (Supplementary Fig 1).
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Shgockwave-induced group-cavitation detection. (a) System setup of shockwave-induced
cavitation detection, including high-speed camera imaging and sliding-window PCM. TS,
translation stage; UST, ultrasonic transducer; SWT, shockwave transducer. (b) Photograph of
group cavitation by high-speed camera at 70 ps after the shockwave firing. (c) One
representative PCM reconstruction instance of cavitation signals at 140 ps. Three cavitation
centers are labelled by blue circles. (d) Scatter plot of extracted cavitation centers obtained
from (c). (e) Stacked PCM reconstruction instances with different sliding-windows over the
same field of view. (f) Scatter plot of extracted cavitation centers induced by one shockwave
pulse. (g) Representative group-bubble time traces induced by one shockwave pulse.
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Fig. 5.

Cz?vitation analysis by PCM and the high-speed camera. (a) PCM-detected cavitation
collapse probability after each shockwave pulse. A total of 100 shockwave pulses were
analyzed. (b) Camera-detected cavitation probability after each shockwave pulse. A total of
10 shockwave pulses were analyzed. (c) Normalized cavitation collapse probability as a
function of time, detected by PCM and averaged from the results of 100 shockwave pulses.
(d) Normalized cavitation probability as a function of time, detected by the camera and
averaged from the results of 10 shockwave pulses.
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lngvivo PAT of vascular injury induced by shockwave treatment. (a) Setup of the in vivo
experiment. (b) B-mode ultrasound image of a mouse cross-section. The yellow rectangular
represents the location of the shockwave focus. (c) PAT cross-sectional images of the mouse
before and after 200, 400, 600, 800 and 1000 shockwave pulses.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2020 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 20

40 SW

I 51004 Vessel 1

- » X

Blood vessel 2
v
y4

(b) 4

8 "/\\—M
O . oy

25 08/ 3 t

% é_ ) i Plateau

g ® 0.6 gt “ .~Upsurge

£« ,,{<-

g a

0 200 400 600 800 1000 1200
Shockwave pulse number

Fig. 7.
Representative hemorrhage dynamics monitored by PAT. (a) PAT images of the mouse cross-

section after 40, 55, 70, and 85 shockwave pulses, respectively. The white rectangular
regions indicate an enlarging blood pool (Video 3). (b) Time course of the relative change in
the averaged PA signal amplitude within the rectangular regions in (a), showing the multiple
phases of the vascular injury.
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In vivo PCM of cavitation events induced by shockwave treatment. (a) Representative PCM
image of cavitation signals at 116 s after shockwave pulse #520. (b) Ensembled PCM
images of cavitation events induced by 30 shockwave pulses (#520 — #550). (c) Scatter plot
of cavitation centers induced by the 30 shockwave pulses. (d) The overlay image with the
cavitation centers superimposed on top of the PAT image of the vascular injury.
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PAT of tissue injury at different SW pulse energy levels. Each column shows the PAT images
at multiple time points at the SW pulse energy level of 0, 6, 12 and 18. The white arrows
indicate the identified hemorrhage sites.
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Fig. 10.
Reconstructed cavitation events at different SW pulse energy levels. (a) Ensembled PCM

images of cavitation events induced by 13 SW pulses at the energy level of 6, 12 and 18,
respectively. (b) The overlay images of the cavitation centers superimposed on top of the
PAT images.
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