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Abstract. We present our findings from a real-time laser optoacoustic
imaging system (LOIS). The system utilizes a Q-switched Nd:YAG
laser; a standard 128-channel ultrasonic linear array probe; custom
electronics and custom software to collect, process, and display op-
toacoustic (OA) images at 10 Hz. We propose that this system be
used during preoperative mapping of forearm vessels for hemodialysis
treatment. To demonstrate the real-time imaging capabilities of the
system, we show OA images of forearm vessels in a volunteer and
compare our results to ultrasound images of the same region. Our OA
images show blood vessels in high contrast. Manipulations with the
probe enable us to locate and track arteries and veins of a forearm in
real time. We also demonstrate the ability to combine a series of OA
image slices into a volume for spatial representation of the vascular
network. Finally, we use frame-by-frame analysis of the recorded OA
video to measure dynamic changes of the crossection of the ulnar

artery. © 2010 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3370336]
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1 Introduction

Fifteen years after pioneering works that defined basic prin-
ciples of this technology,"” optoacoustic (OA) imaging
emerges as a useful modality for a variety of clinical and
biological applications.3’4 The most important applications of
OA imaging are enabled by its capability to visualize blood
vasculature® or regions of enhanced optical absorption, usu-
ally associated with an increased density of microscopic blood
vessels®™ or the presence of exogenous optical contrast
algents.9 OA imaging is based on tomographic reconstruction
using measured transient ultrasonic signals.lo'13 Therefore,
OA imaging can be naturally combined with ultrasound
imaging™'* (USI). However, while USI is effectively operated
at video frame rates and higher, the development of a real-
time laser OA imaging system (LOIS) is impeded by the re-
quired intense data processing and image reconstruction
algorithms.” Despite these challenges, there have been reports
of real-time OA systems for both preclinical and clinical ap-
plications. Zemp et al.”” recently reported a preclinical system
capable of displaying images at rates near ~50 Hz that was
used to visualize the beating heart of a mouse. In the clinical
system development, Niederhauser et al.> described a 64-
channel real-time OA system that was capable of displaying
images at a rate of 7.5 Hz, while Kolkman et al.'® recently
showed images acquired from an 8-Hz real-time OA system
based on a commercially available ultrasound system. In both

Address all correspondence to: Alexander A. Oraevsky, Fairway Medical Tech-
nologies, 710 North Post Oak Road, Houston, Texas 77024. Tel: 713-772-7867;
Fax: 713-772-2010; E-mail: aoraevsky@fairwaymed.com

Journal of Biomedical Optics 021305-1

of these works, the enhanced contrast of blood vessels was
evident, as was the ability to track vessels in real time to see
bifurcations. However, the results do not show images of the
larger forearm vessels (i.e., the ulnar and radial arteries) that
are deeper in tissue, and the images appear to lack sufficient
sharpness of the vessel boundaries to provide medical person-
nel with accurate vessel measurements. These shortcomings
may limit the effectiveness when used in certain clinical ap-
plications.

Preoperative mapping of the forearm to evaluate vessels
before attempting hemodialysis access for end-stage renal dis-
ease is a relevant clinical application that would benefit from
the high-contrast real-time OA imaging. The National Kidney
Foundation Dialysis Outcomes Quality Initiative guidelinesI7
recommend that physicians attempt to perform hemodialysis
by using the native arteriovenous (AV) fistula in the wrist
(radial-cephalic) or elbow (brachial-cephalic) due to the low
complication and high patency rates associated with these
sites. If neither of these sites are deemed appropriate, implant-
ing a synthetic AV graft is recommended.'” Several groups
have explored using ultrasound for preoperative evaluation of
the forearm vessels."® " Several key parameters to consider
for the veins include diameter” [>2.5 mm Ref. 18], com-
pressibility, and vessel continuity from distal to proximal por-
tions of the arm.” Suitable vessels can be mapped using skin
markings for the surgical procedure.zo The radial artery evalu-
ation includes measuring ﬂow,18 pressure,20 and vessel
anatomy.” If the radial artery is not of sufficient size
[>2.0 mm Ref. 18] or lacks appropriate flow, the ulnar or
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Fig. 1 OA probe of the LOIS.

brachial arteries can be examined to provide arterial
inflow.'*%

In this paper, we present the developed LOIS that utilizes a
commercial linear ultrasonic probe. We demonstrate real-time
OA imaging capabilities by visualizing blood vessels on the
forearm of a human volunteer and compare the findings to
control ultrasound imaging results.

2 System Description

The developed LOIS consists of the optical unit, acoustic
probe, data acquisition, and visualization systems. The optical
unit has a Q-switched Nd:YAG laser (Brilliant B, Big Sky
Laser/Quantel, Bozeman, Montana) emitting 6-ns pulses
(maximum 750 mJ/pulse) at 1064 nm. The laser pulse repeti-
tion rate of 10 Hz defines the maximum frame rate of the OA
images. The output laser beam is coupled into the %—in. ran-
domized fiber bundle (Fiberoptics Technology, Inc., Pomfret,
Connecticut) bifurcating into two rectangular beams (2
X 50 mm). The maximum output laser fluence is limited to
15 mJ/cm? in accordance with the ANSI safety standard.”
The rectangular terminals of the fiber bundle are attached on
both sides of the commercial ultrasound (US) probe (L3-8/
40EP, Prosonic, Gyeongbuk, Korea) and acoustically isolated
using porous polyurethane (Fig. 1). The probe contains a lin-
ear acoustic array of 128 rectangular elements (0.3 X 4 mm)
focused at 20 mm in elevation with an acoustic lens. Each
transducer has a central frequency of about 5 MHz and a
fractional bandwidth of about 75%. Acoustic contact with the
interrogated medium is provided through a light-scattering
buffer (about 3 mm thick) that is used to minimize the impact
of back-scattered light absorbed by the transducers and probe
housing. The light-scattering buffer is made of TiO, sus-
pended in the silicone elastomer material (Sylgard 184, Dow-
Corning, Midland, Michigan) to a mass fraction of 2%. The
probe elements are connected to 128 channels of our two-
stage custom-made amplifier designed to respond to the wide
bandwidth of the OA signals. Each stage had a built-in time-
gain control for flexible manipulation of the dynamic range of
the recorded OA signals. The amplifier allows overall system
gain to be within a 0- to 80-dB range, with 90% of the gain
change achieved in 0.75us. The amplifier is followed by 128
channels of our custom-made analog-to-digital converter
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Fig. 2 Schematic showing the scanning locations for the two experi-
ments. (a) Regions scanned for the first test. The first test involved
visualizing the vessels of the wrist while sliding the probe from the
ulnar artery to the radial artery. The letters a to d indicate location of
images shown in Figs. 3 and 4. (b) Region investigated during the
second test. The second test was performed to track the path of the
cephalic vein by connecting the probe to a translational stage and
scanning in the proximal direction of the forearm for a distance of
76 mm starting at the wrist.

(ADC) boards based on 12-bit ADCs (AD9042, Analog De-
vices, Norwood, Massachusetts). The ADC boards digitized
OA signals with a sampling rate up to 41 MHz and output
them for processing and image reconstruction by packets of
512, 1024, or 1536 samples. In this work, we used a fixed
amplifier gain of 60 dB, a 25-MHz sampling rate, and a data
packet of 1536 samples. The data acquisition system commu-
nicates with a PC through the Ethernet interface and is con-
trolled by a field-programmable gate array (Stratix II, Altera,
San Jose, California). The PC-based real-time visualization of
OA images is performed by custom-made LOIS-XP software.
The reconstruction of OA images is achieved using 2-D fil-
tered radial back projection of processed OA signals.“’12 The
signal processing involves a five-scaled high-frequency wave-
let transform based on the third derivative of the Gaussian
wavelet, which reduces low-frequency artifacts and highlights
typical N-shaped optoacoustic waveforms.® OA images can be
displayed with a 40- X40-mm (512- X 512-pixel) field of
view at a 10-Hz frame rate. For each laser flash, the data set
collected from all the transducers is saved into a file. Indi-
vidual files were later combined to make a video of the tests.
The imaging region was identical to that visualized during a
regular USI procedure using a linear array probe that has a
26-mm aperture and center frequency of 8.5 MHz (L-10,
Acuson, Mountain View, California) attached to a commercial
US system (Acuson 128 XP-10, Mountain View, California).
Therefore, OA and US images of corresponding tissue struc-
tures could be visually compared.

3 Results

To demonstrate the ability of LOIS to locate and trace human
vasculature we imaged blood vessels in two separate experi-
ments using the forearm of one of the authors. Figure 2 shows
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Fig. 3 OA images of the wrist vessels acquired in real-time during test
1: the ulnar artery in (a) a cross axis view and (b) a long axis view, (c)
a vein near the surface, and (d) the radial artery.

a schematic of the experiments. The first test examined cross
sections of the ulnar and radial arteries in the region of the
wrist [Fig. 2(a)]. The letters a to d on the schematic indicate
the locations of the results shown in Figs. 3 and 4. For this
test, the OA images were displayed within 26 X 15 mm
(332X 192 pixels) to match the fixed field of view of the
ultrasound images. The cross section of the ulnar artery was
initially located near the wrist [Fig. 3(a)]. In this work, the
arteries were differentiated from veins by observing the pul-
sations associated with arterial blood flow. A vein running
along the left side of the ulnar artery is visible, as are other
smaller vessels. From this location, the probe was rotated
90 deg to visualize the artery in a long axis view [Fig. 3(b)].
The probe was moved back to visualize the ulnar artery in
cross section, then the radial artery was located by slowly
moving the OA field of view across the wrist [Figs. 3(c) and
3(d)]. A small vessel close to the skin surface is clearly visible
in Fig. 3(c). This vein is most likely a branch off the cephalic
vein seen near the wrist in Fig. 2(b). Figure 3(d) provides a

Ulnar Artery
Cross.Axis Ulnar Artery | = ===

Long Axis: s

Small Vein

Radial Artery
Cross Axis

Fig. 4 US images acquired using probe manipulations identical to
those yielding OA images shown in Fig. 3: (a) cross axis and (b) long
axis views of the ulnar artery, (c) view of a vein in the midwrist region,
and (d) the radial artery in cross axis view.
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Video 1 Real-time tracking of the wrist vessels using optoacoustic
imaging (QuickTime 4.1 MB).
[URL: http://dx.doi.org/10.1117/1.3370336.1].

clear view of the radial artery in cross axis, along with two
veins running parallel to the artery on each side. The indi-
vidual frames of the USI data corresponding to the manipula-
tions already described are shown in Fig. 4. Videos 1 and 2
show real-time tracking of the wrist vessels using OA and US
imaging, respectively.

During the second test [Fig. 2(b)], the forearm of a volun-
teer was submerged in water. The probe was fixed on a trans-
lational stage few millimeters above the arm surface with the
imaging plane orthogonal to the long axis of the arm. The
translational stage was used to scan the probe along the arm
with 1-mm steps while acquiring OA data. This scan region
(38X 76 mm) is denoted in Fig. 2(b) by the red dashed line
and shaded region. Knowing the position of each recorded
frame enabled us to reconstruct a 3-D OA image of the fore-
arm acquired in the OA mode [Fig. 5(a)]. Several branches of
the cephalic vein are clearly seen in the 3-D image running
under the skin at a depth of 1 to 3 mm [Fig. 5(b)]. Video 3
shows the reconstructed OA volume rotating about the verti-
cal axis, helping us to better understand the spatial orientation
of the blood vessels.

We also recorded a video (at 10 frames/s) showing the
cross section of a beating ulnar artery (Video 4). A frame-by-
frame analysis enabled us to estimate the change of the size of
the ulnar artery as a function of time. Figures 6(a) and 6(b)

Video 2 Real-time tracking of the wrist vessels using ultrasonic imag-
ing (QuickTime 4.8 MB).
[URL: http://dx.doi.org/10.1117/1.3370336.2].
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Fig. 5 (a) OA 3-D volume that showing spatial orientation of the branches of the cephalic vein. The images used to generate the volume were
obtained during test 2, and the resulting volume corresponds to the area depicted in the Fig. 2(b). (b) A single slice of the 3-D volume taken at the
position indicated by the dashed line in (a). The slice clarifies location of the veins under the skin.

show two exemplary frames (frame 59 and frame 60 out of
129, respectively), with the ulnar artery changing its size from
a local minimum to a local maximum, representing half of a
single beat. Figure 6(c) shows image intensity profiles corre-
sponding to the vertical lines that pass through the middle of
the artery in both frames. Characteristic extrema of the pro-
files, corresponding to the front and rear boundaries of the
ulnar artery are labeled. Figure 6(c) indicates that in those two
frames, the ulnar artery was located about 5 mm under the
skin and changed its size (measured orthogonally to the skin)
from 1.58 mm (frame 59) to 2.37 mm (frame 60). Figure 6(d)

20 mm

Video 3 Three-dimensional optoacoustic image showing superficial
vascular network of a human forearm (QuickTime 1.2 MB). [URL:
http://dx.doi.org/10.1117/1.3370336.3].
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shows a 13-s time line of the changing size of the ulnar artery.
From this graph we estimate that the median size of the ulnar
artery is 2.13 mm [dashed horizontal line in Fig. 6(d)], the
diameter change is 0.47 £0.11 mm [mean = StD (standard
deviation), N=39], and the average heart beat rate is about
92 beats/s.

4 Discussion and Conclusions

The ability of OA imaging to show regions of enhanced opti-
cal absorption may make it a superior imaging modality for
mapping vascular structures. We showed an ability to clearly
visualize the main vascular structure in the forearm in real-
time 2-D slices and in a reconstructed volume that showed a
more complete view of the vascular network. In comparison
to the US imaging of the same region of a forearm, the OA
images of the blood vessels had much higher contrast and
level of detail (compare Figs. 3 and 4), which eventually en-

Video 4 Cross section of a beating ulnar artery (QuickTime 616 KB).
[URL: http://dx.doi.org/10.1117/1.3370336.4].
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Fig. 6 Analysis of the cross section of the ulnar artery using real-time OA imaging: (a) frame 59 of Video 4, showing a small cross section of the
ulnar artery; (b) frame 60 (100 ms later) of Video 4 showing a large cross section of the ulnar artery; and (c) intensity profiles measured from the
images shown in (a), solid blue line, and (b), dashed red line. The profiles explain the positions of the front (closer to the skin) and rear (farther from
the skin) boundaries of the ulnar artery at those time moments. (d) Size of the ulnar artery measured as a function of time orthogonally to the skin
using real-time OA imaging; the dashed red line shows median value. (Color online only.)

abled us to visualize the investigated vascular network as a
3-D volume [Fig. 5(a)] and evaluate the size of the ulnar
artery in real time (Fig. 6). The real-time aspect of the system
also improved our ability to localize, evaluate, and track the
vessels of interest (Video 1).

Several clinical applications could benefit from the en-
hanced accurate real-time visualization of the vessels that re-
sult from our system. Volumes similar to that presented in Fig.
5(a) could be used during surgical planning by providing the
medical staff with a spatial map of the vessels in the region of
interest. Evaluation of the blood vessel cross sections and
their spatial orientation is essential for the appropriate estab-
lishment of the hemodialysis access.'*? If combined with the
Doppler US, real-time information on the change of the blood
vessel cross section provided by LOIS could be used in esti-
mation of the instantaneous local blood flow rates. Such data
would be useful in tests aimed to estimate the physiological
response of the peripheral circulatory system to different
types of stress, such as thermoregulatory mechanisms,” and
the vascular effects of the dlrugs.B_25 It can also be utilized in
diagnosing of local ischemia.”®

Interestingly, the profile of variations in arterial diameter
[Fig. 6(d)] clearly indicates a cyclical increase and decrease in
blood volume that likely reflects the pulsatile nature of arterial
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blood flow during systole and diastole. This suggests that a
real-time OA system can potentially be used, similarly to pho-
toplethysmography, for monitoring arterial blood flow during
the cardiac cycle and for characterizing properties of vascular
wall function, such as elasticity, endothelial function (vascular
reactivity), and augmentation index.””*® Clinical conditions
that would benefit from such analysis include atherosclerotic
peripheral arterial disease, veno-occlusive disease, and venous
valvular insufﬁciency.zg’30 A further advantage of OA imaging
over plethysmography31 is that OA imaging provides local-
ized information (with high spatial resolution) about an indi-
vidual artery or vein, versus the regional information about
entire vascular beds that is obtained using plethysmographic
methods.

The technique used in this work to differentiate veins from
the arteries (observing pulsations of an arterial cross section)
is limited to relatively large blood vessels, such as the visual-
ized radial and ulnar arteries. The smaller arteries and arteri-
oles may not exhibit detectable deformation of their cross
sections during the cardiac cycle. Therefore, they would be
indistinguishable from the small veins. The Doppler US can
be used to identify the direction of the blood flow in a specific
blood vessel. Then the blood flow directed distally would in-
dicate that the visualized blood vessel is an artery, while the
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blood flow directed proximally would indicate that the visu-
alized blood vessel is a vein. Another approach would utilize
the dependence of the optical absorption of blood on the level
of its oxygenation® by toggling between several laser wave-
lengths during real-time OA imaging. The resultant OA im-
ages would provide blood oxygenation mapping that can be
further used to differentiate venal and arterial blood.

During real-time OA imaging, the pressure was applied
through the probe to the arm to maintain good acoustic con-
tact. The pressure was sufficient to deform superficial veins or
even to completely collapse them. However, deeper veins still
remained fully open, which can be seen in Fig. 3(d), showing
a view of the radial artery with two satellite veins visible next
to it. In this image, the veins are close to 2.5 mm in size. One
way to get around the problem of deformed superficial veins
is to perform the OA imaging with a subject’s forearm sub-
merged in water [as was done during test 2 and shown in Fig.
5(b)]. However, using this technique so far we have been
unable to reconstruct good OA images of the deeper blood
vessels (such as the reported radial and ulnar arteries). One of
the reasons for that could be the reduced amount of light that
reaches deeper tissues in the case of OA imaging without
tissue compression. When a subject’s forearm is compressed,
the blood is squeezed out of the superficial vasculature, en-
abling light to penetrate deeper in the tissue and, therefore,
produce better images of the deeper blood vessels. Currently,
we are investigating real-time OA imaging in water without
compression of a subject’s forearm for possible improvements
in visualization of the deeper blood vessels.

The special design of our LOIS probe helped reject OA
artifacts, and the implemented signal processing based on the
wavelet transform enabled us to improve the quality of the
vasculature images (Fig. 3 and Video 1) compared to previous
works.™'® Currently, we are investigating several system en-
hancements that should further improve the quality and
amount of information carried by the OA images. The US
probe used in this study has a relatively low fractional band-
width (76%). Suitable commercial probes with fractional
bandwidths up to 100% are available, and their integration
with our system should improve the contrast of the larger
vessels investigated.” Another alternative could be a custom-
made probe based on ultrawideband PVDF transducers.®**
The integration of ultrasonic imaging capabilities into our sys-
tem would provide additional information on structural fea-
tures of the visualized region. The benefits of such a com-
bined system have been previously reported.3 >
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