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ABSTRACT

Photoacoustic (PA) imaging is a rapidly developing imaging modality that can detect optical contrast agents with high
sensitivity. While detectors in PA imaging have traditionally been single element ultrasound transducers, use of array
systems is desirable because they potentially provide high frame rates to capture dynamic events, such as injection and
distribution of contrast in clinical applications. We present preliminary data consisting of 40 second sequences of co-
registered pulse-echo (PE) and PA images acquired simultaneously in real time using a clinical ultrasonic machine.
Using a 7 MHz linear array, the scanner allowed simultaneous acquisition of inphase-quadrature (IQ) data on 64
elements at a rate limited by the illumination source (Q-switched laser at 20 Hz) with spatial resolution determined to be
0.6 mm (axial) and 0.4 mm (lateral). PA images had a signal-to-noise ratio of approximately 35 dB without averaging.
The sequences captured the injection and dlstrlbutlon of an infrared-absorbing contrast agent into a cadaver rat heart.
From these data, a perfusion time constant of 0.23 s™' was estimated. After further refinement, the system will be tested
in live animals. Ultimately, an integrated system in the clinic could facilitate inexpensive molecular screening for
coronary artery disease.

Keywords: photoacoustic, optoacoustic, ultrasound, coronary heart disease, perfusion imaging, contrast
agents, molecular imaging

1. INTRODUCTION

In its 1nfancy photoacoustic (PA) 1mag1ng was performed using mechanically scanned single element ultrasound
transducers'. Due to the slow scanning speed of these systems, there has been considerable effort to implement
ultrasound receiving arrays for data capture. These arrays are typically modified ultrasound scanners or custom systems.
Groups using custom hardware have been able to show high frame rate PA imaging from 15-50 Hz. However, in these
studies co-registered pulse echo (PE) ultrasound images have not been acquired simultaneously **. These ultrasound
scanners have been limited to frame rates less than 1 Hz, primarily because they lacked parallel receive architecture and
access to pre-beamformed data. >’ Other systems demonstrated PA imaging co-registered with static PE images at a
relatwely high frame rate (~10Hz) *'°.. In this paper we describe the acquisition of real time co-registered PA and PE
imaging sequences using a clinical ultrasomc machine (z.one, Zonare Medical Systems, Mountainview, CA). We
implemented the system to dynamically track the perfusion of an infrared-absorbing contrast agent in an excised rat heart
with the ultimate aim of developing novel screening methods for coronary heart disease based on photoacoustic imaging.

According to the American Heart Association approximately 1200 U.S. Citizens die each year from coronary heart
disease (CHD) with an estimated cost of CHD close to $156.4 billion in 2008 '' and an average cost of a diagnostic test
approaching $30,000. Thus, there is an enormous incentive for creating new, quick, and cost effective ways to screen for
and diagnose CHD at the earliest stage possible.

Imaging diagnostic methods for CAD can be classified into three main groups; gross anatomical, untargeted contrast
imaging, and targeted contrast imaging. The main two gross anatomical methods are stress echocardiography and
multidetector row computed tomography (MCT). MCT has been used to detect and quantify coronary calcification, an
indirect measure of atheroscler051s Th1s is primarily useful in younger patients since the coronaries of older individuals
tend to be calcified to some extent '%. In stress echocardiography, an image taken during resting condition is compared to
images taken under physiological stress, induced with either exercise or drugs (e.g. dobutamine). The increased demand
created with the stress cannot be met by underperfused muscles, causing them to contract less. This abnormal muscle
contraction presents itself in so-called “abnormal wall motion,” as estimated by the radiographer . A number of
research §roups are working to improve on this method by estimating the abnormal motion with ultrasomc strain
imaging
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X-ray angiography, for which radiopague material is injected with a catheter into the coronaries, remains the gold
standard for diagnosing coronary vessel constriction with untargeted contrast .The coronary tree is then scanned for
abnormalities and constrictions'®. Although it has good spatial resolution and can help identify constricted vessels, it
does not measure perfusion, thereby allowing the possibility that a myocardium fed by a constricted coronary can be fed
by parallel circulation . Methods that measure perfusion directly are single photon emission computed tomography
(SPECT), magnetic resonance imaging (MRI), and myocardial contrast echocardiography (MCE) ***'. An indicator is
injected in a stress protocol similar to what is described above. Any myocardial region that does not “light up” with
contrast agent is scrutinized. MRI has been used less because of its greater cost. SPECT and MCE have been shown to
offer similar performance in terms of specificity and sensitivity, but MCE has higher spatial resolution and does not
incur radiation dose *.

The third and final class is targeted contrast imaging. In this regime, the contrast agents have biomarkers that bind
specifically to early indicators of atherosclerosis, such as inflammation and fibrosis. The main modality so far has been
SPECT, but there are efforts to develop targeted ultrasound and MRI contrast **°,

Photoacoustic imaging could have a niche as a screening method by enhancing traditional ultrasound contrast.
Photoacoustics has been used to image cardiovascular dynamics in murine hearts * and to characterize vulnerable
plaques using intravascular ultrasonic (IVUS) catheters **?’. Perfusion imaging has been also been demonstrated, & ** %
as well as contrast agents targeting vascular inflammation *°. We envision a potential molecular photoacoustic imaging
system for 3gcreening early indicators of coronary heart disease, with special emphaisis on imaging the proximal
coronaries. ~.

2. METHODS AND MATERIALS

The experimental setup is shown in Fig. 1. A cadaver rat heart was suspended inside a watertank. The watertank had
an acoustic window at the bottom and an optical window on the side. A 7 MHz ultrasonic linear array (L10-5, Zonare
Medical Systems, Mountain View, CA) was placed under the heart against the gel-coupled acoustic window. The linear
array was connected to a clinical ultrasound scanner (z.one, Zonare Medical Systems, Mountain View, CA). As depicted
in Fig. 1, the lateral and axial scanner coordinates define the x and z coordinate axis while the y-axis is perpendicular to
the imaging plane. The linear array had 128 elements; each element had dimensions of 0.3 mm (azimuthal) and 5 mm
(elevational). The z.one scanner acquires and stores inphase-quadrature (IQ) data on 64 elements simultaneously, such
that full 2D photoacoustic frames can be acquired with a single laser firing. At 20 Hz frame rate, the memory of the
z.one scanner can store up to 70 second (1400) long sequences. The data was downloaded through ethernet protocol to
an external personal computer (PC).

Illumination was provided by a wavelength-tunable laser system. An optical parametric oscillator (Surelite OPO,
Continuum I1-20) was pumped by a frequency-doubled Q-switched (QS) laser (5 ns pulse width; Surelite 1-20,
Continuum Inc., Santa Clara, CA). The output of the system was tuned to 825 nm for this study. Light was directed in
free space through a cylindrical lens (25.4 mm wide, focal length 38.1 mm) and a ground glass diffuser such that it
generated a rectangular pattern (12.5 mm x 3 mm)--co-planar with the imaging plane of the linear array. The energy of
each light pulse was approximately 20 mJ. Synchronization between the z.one scanner and the QS laser was provided by
a field programmable gate array (FPGA) chip (ezFPGA; Dallas Logic, Plano, Texas). The frame rate of the scanner was
limited by the pulse repetition rate of the laser (20 Hz). Spatial resolution of the photoacoustic imaging system was
measured by placing a human hair inside the tank at the same location along the z-axis as the heart.

Solutions of different concentrations of contrast material (India Ink) were prepared by diluting it with deionized
water (2000, 1000, 500, 200, 100, 50 parts per million (ppm)). The linearity of the photoacoustic signal with
concentration was examined inside tubing (0.5 mm inner diameter) placed at the same imaging depth as the cadaver
heart. The absorbance as a function of concentration was independently measured using an optical transmission
spectrometer (USB4000, Ocean Optics, Dunedin, FL).
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Figure 1: Experimental setup. A cadaver rat heart (photographed in the upper right corner) was placed inside a water tank filled with
de-ionized water. The experiment was controlled by a computer (PC) through Matlab™ with a field programmable gate array (FPGA)
to control timing. A 532 nm Q-switched laser, triggered by the FPGA at 20 Hz, pumped an optical parametric oscillator (OPO) to
produce infrared light (IR) of wavelength A. The IR light illuminating the heart was focused into a line pattern using a cylindrical lens
and diffused with ground glass. The photoacoustic emission was measured by a linear array (L10-5) and an ultrasound scanner
(Zonare).

To test the scanner, contrast material (India ink) was injected into the heart with a syringe pump (2400-006, Harvard
Apparatus, Holliston, MA) at 2 ml/min via a cannula placed into the aorta. For each injection, IQ data was acquired for
40 seconds. Pulse echo data were acquired concurrently with the PA data by programming the scanner to transmit a
plane wave at the same time as the laser firing. PA images and PE images were formed from 1Q data using delay and
sum beamforming based on one way and two way propagation, respectively. After each injection of contrast, deionized
water was injected for 2 minutes to wash out any remaining contrast material.

3. RESULTS

We have demonstrated real time acquisition of PA images co-registed with PE ultrasound using a clinical ultrasound
scanner. The scanner was used to dynamically track the injection of PA contrast material into a cadaver rat heart.

Figure 2 depicts a PA wavefield and beamformed PA image of a human hair that was analyzed to estimate the spatial
resolution of the system at the same imaging depth as the cadaver heart. The beamformed image has a dynamic range of
60dB and a characteristic “bow-tie” beamforming artifact. At -6 dB the resolution was 0.4 mm laterally and 0.6 mm
axially.

The results of the spectrographic characterization of the ink are shown in Fig. 3. The figure demonstrates that the
contrast material had a relatively flat absorption spectrum in the near infrared spectrum. It also demonstrates the linearity
of contrast absorbance with concentration with good agreement with the amplitude of the photoacoustic signal (Figure
4).

Figure 5 presents results of the injection of diH,0 water (0 ppm solution) into the heart. The first frame of a 40-second
sequence is depicted (A4), representing a pulse-echo image (grayscale) co-registered with the PA image (hot scale)
collected simultaneously. In these images, the heart is illuminated from the left;The strong background PA signal is due
to higher fluence at that side of the heart. The cannula is seen as a blip in the PA image and a bright spot in the PE image
near coordinate (x,z) = (10, 28.5) mm. The distention of the heart due to the injection is seen on the left (M-mode image
of line z=28.5 mm) after approximately 10 seconds (B). The slow time PA signal (C) corresponding to the vertical dotted
line in (B) illustrates the temporal evolution of the PA signal from the cannula. The large abrupt discontinuous changes
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are due to bubbles in the water stream that mask the light and the sound. There is a slower evolution of ~6-8 dB, which is
more difficult to interpret, but some change is expected due to geometrical distortions of the distending heart.

Figure 6 depicts results of an injection of 10 ppm solution. There was a 30 dB increase in signal amplitude as a
function of time in an area near the base of the heart. This increase is demonstrated in the M-mode image (B) from the
line z =27 mm and the PA slow time trace (C). Assuming an exponential model, a ten second increase produces a 20 dB
(tenfold) change in signal amplitude with an equivalent time constant of 0.23 s,
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Figure 2: Top: Photoacoustic wavefield emitted from a human hair. The colorscale is in arbitrary units (A.U.). Bottom: The
beamformed photoacoustic image of the human hair. The -6dB resolution measured 0.6 mm axially and 0.4 mm laterally.
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Figure 3: Left: A representative absorbance spectrum of the contrast material. Right: The absorbance at 825 nm of the contrast
material as a function of concentration.
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Figure 4: Comparison of photoacoustic signal amplitude and spectroscopic measurements for different concentrations of India ink.
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Figure 5: Injection of 0 ppm solution (deionized water) into heart. 4) The first frame in a movie sequence captured during the
injection. The pulse echo (PE) image is shown in gray scale on a 40 dB dynamic range. The photoacoustic (PA) image is
superimposed in hot scale of 40 dB with 60% transparency. B) An M-mode PA image corresponding to the blue dashed line (z = 28.5
mm) in 4). This line transects the photoacoustic signal of the cannula seen in 4). The vertical blue dashed line is shown as plot in C).
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Figure 6: Injection of 10 ppm solution into heart. 4) The first frame in movie sequence captured during the injection. The pulse echo
(PE) image is shown in gray scale on a 40 dB dynamic range. The photoacoustic (PA) image is superimposed in hot scale of 40 dB
with 60% transparency. B) An M-mode PA image corresponding to the blue dashed line (z =27 mm) in 4). The vertical blue dashed
line is shown as plot in C).

4. DISCUSSION

The results presented in this paper demonstrate the use of real time acquisition of co-registered pulse-echo and
photoacoustic images using a clinical ultrasonic scanner. The scanner was used to track the injection of photoacoustic
contrast material into a cadaver rat heart.

Though preliminary, these results are very encouraging. It was possible to detect the injection of a low concentration
(10 ppm) of contrast material and to estimate a perfusion constant of 0.23 s™. Some part of the change seen in Fig. 6 C)
was due to the heart distending during injection. However, given the relatively small motion of the base of the heart
(where the contrast material appears) in the co-registered pulse-echo image, the effect of this distention is likely
negligible. The utility of co-registered pulse-echo images was also apparent for explaining the discontinuities in the PA
signal in Fig. 5 B) and C). Air bubbles coming through the aortic cannula had very bright PE signatures and their arrival
coincided with the disruptions in PA signal.

A number of future improvements will be made to the system. The bow tie beamforming artifact seen in the image of
the hair (Fig. 2) will be reduced with improved beamforming, such as apodization. Large background signal can be seen
in Figs. 5 and 6 on the side of the heart facing the illumination source. Due the heart distending and changing shape
during the injection, naive subtraction of background was not possible. Motion compensation using the PE signals will
enable background subtraction and improve visualization of myocardial perfusion. The non-uniform distribution of the
PA signal due to the asymmetric distribution of illumination can also be seen in Fig. 5 and 6. This can be improved, for
example, by omni-directional illumination or adding light scatters to the medium surrounding the heart.

The experimental setup was based on a Langendorff isolated heart setup, in which excised hearts are maintained alive
for several hours through retroperfusion of the coronaries via the aorta® . This is made possible by the unidirectional
properties of the aortic valve, which only admits flow away from the ventricle. In our setup it appears that the aortic
valve had been breached because, in Fig. 5, air bubbles could be seen streaming through the cannula into the ventricle.
Normally this setup is used with freshly excised hearts from animals infused with blood thinners. The cadaver heart was
not freshly excised, so the coronaries could have been blocked, thereby impeding myocardial perfusion and increasing
transvalvular pressure. The valve may also have been damaged due to handling and/or natural deterioration.

There may be advantages of photoacoustics over prevailing methods for perfusion imaging. Not only is PA imaging
potentially four dimensional (3D space + time) with sub-mm spatial resolution, but also with a strong IR absorbing
contrast agent, sensitivity might be better than microbubble-enhanced echocardiography or fluorescent imaging with

Proc. of SPIE Vol. 7177 71771R-6

Downloaded from SPIE Digital Library on 25 Mar 2010 to 150.135.115.102. Terms of Use: http://spiedl.org/terms



indocyanine green (Cardiac Green). In addition, while these preliminary studies exploit an untargeted dye, one long-
term goal is to develop a non-invasive screening technique using molecular probes targeted to early disease markers,
such as inflammation. Over the last decade, there has been considerable development of cardiac molecular imaging
using SPECT and PE ultrasound. Photoacoustic screening based on a system described in this study potentially provides
3D perfusion imaging co-registered with pulse echo and blood flow ultrasound modalities. Unlike enhanced PE imaging,
which is limited to endothelial targets due to size of microbubbles, PA nanoscale contrast agents could target a wider
range of biomarkers--both intracellular and extracellular.

5. CONCLUDING REMARKS

We have described the use of clinical ultrasonic scanner for real time, co-registered photoacoustic and ultrasound
imaging. After further refinement this flexible system will be applied to a variety of in-vivo and in-vitro studies, in
particular molecular imaging of the cardiovascular system.
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