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Abstract Hand-held implementations of recently intro-
duced real-time volumetric tomography approaches repre-
sent a promising path toward clinical translation of the
optoacoustic technology. To this end, rapid acquisition of
optoacoustic image data with spherical matrix arrays has
attained exquisite visualizations of three-dimensional
vascular morphology and function deep in human tissues.
Nevertheless, significant reconstruction inaccuracies may
arise from speed of sound (SoS) mismatches between the
imaged tissue and the coupling medium used to propagate
the generated optoacoustic responses toward the ultra-
sound sensing elements. Herein, we analyze the effects of
SoS variations in three-dimensional hand-held tomo-
graphic acquisition geometries. An efficient graphics
processing unit (GPU)-based reconstruction framework is
further proposed to mitigate the SoS-related image quality
degradation without compromising the high-frame-rate
volumetric imaging performance of the method, essential
for real-time visualization during hand-held scans.
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1 Introduction

The prospects of clinical translation of optoacoustic
imaging have recently been bolstered by the introduction
of hand-held systems employing concave tomographic
geometries for optimal optoacoustic data collection [1-6].
This is in contrast to earlier approaches based on
incorporating light delivery elements into standard planar
or linear pulse-echo ultrasonography probes [7-9], com-
monly leading to sub-optimal optoacoustic imaging
performance due to the limited-view data acquisition
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[10]. Yet, concave acquisition geometries do not permit
close contact between the detection aperture and tissue
surface. Thus, an acoustic coupling medium between the
two surfaces is required [11,12], which may introduce an
additional source of acoustic mismatches and alter the
accuracy of tomographic reconstructions.

In general, the propagation of optoacoustically-excited
waves is known to be affected by various acoustic
phenomena, including scattering and reflections [13,14],
acoustic attenuation [15—17], as well as speed of sound
(SoS) variations in the medium [18-24]. Scattering and
attenuation are generally negligible in soft tissues for the
low MHz frequency range employed in most array-based
optoacoustic scanners. On the other hand, the SoS in soft
tissues can vary up to 10% with respect to that of water at
room temperature [25], which may lead to significant
reconstruction inaccuracies if the characteristics of the
acoustic propagation path substantially differ for the
different source-detector pairs. In small animal imaging
systems with a broad or full tomographic coverage, the
SoS distribution in the medium can be readily estimated
tomographically by measuring the time-of-flight of ultra-
sound waves [26,27]. In this case, it has been shown that
the quality of optoacoustic reconstructions can be
improved by accounting for the heterogeneous SoS
distribution instead of assuming a uniform SoS [19].
Proper selection of the SoS may alternatively be done with
an autofocusing approach [28,29], which however may not
be applicable to accurately reconstruct a relatively large
region. However, the SoS distribution cannot be accurately
measured in the case of a hand-held human imaging
system having very partial tomographic coverage. In this
work, we investigate on the effects of the SoS variations in
volumetric hand-held optoacoustic imaging based on
curved (concave) tomographic arrays and suggest a
graphics processing unit (GPU)-based implementation of
a back-projection algorithm that allows real-time operation
for this configuration.
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2 Materials and methods

2.1 Tomographic reconstruction in concave-array-based
hand-held scanners

The acoustic propagation problem is schematically
depicted in Fig. 1. As a first order approximation, let us
assume that the SoS in tissue ¢, is uniform and different
from the SoS in the coupling medium (water) cy,.
Furthermore, the interface between both media is con-
sidered to be flat, which is a realistic assumption when e.g.
using a flat membrane pressed against the skin surface
[11,30]. The distortion of the signals with respect to the
case of a uniform acoustic propagation medium relates to a
time-shift of the signals associated with the variations in
their time-of-flight. The exact calculation of the time-of-
flight involves calculating the propagation path by means
of the Fermat’s principle or, equivalently, by considering
the Snell’s law at the interface. Fermat’s principle states
that the actual path of a wave propagating between two
points is that for which the time of flight is minimum. If
two different values of the SoS are considered, the
propagation path between #'; (the j-th voxel in the imaged
region of interest) and r; (the i-th detection element) is
characterized by the intersection point at the interface
between the two media (defined by the distance x in Fig. 1)
According to Fermat’s principle, the value of x can be
calculated by minimizing the time of flight between »'; and
7y, 1.e., t; satisfies

0 0 (d, dy
8x<t”) B 6x<ct + cw> =0, M
where #;; is the time-of-flight of ultrasound waves between
r'; and r; along the path defined in Fig. 1, being d, and d,,
the propagating distances in tissue and water, respectively.
The time-of-flight for the calculated values of x for all
points of the region of interest (ROI) and the detection
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Fig. 1 Propagation of an optoacoustic wave generated at an
absorbing point within the imaged tissue to the detection point
located in the coupling medium. Acoustic refraction takes place at
the interface due to a difference in the speed of sound (SoS)

locations can be fed into a back-projection-based recon-
struction method, which calculates the optical absorption at
r'; via [31,32]

H(’”/j) =2 pfilt(ri:tij>' 2)

The filtered pressure pgi(7;,t;) in Eq. (2) represents the
measured pressure variations after implementing all the
relevant corrections, such as the finite impulse response
(FIR) filter combining deconvolution with the impulse
response of the sensing elements, noise-reduction filtering
and differentiation [31]. GPU-based implementation of the
three-dimensional (3D) back-projection formula has
recently enabled real-time volumetric visualization of
structures at a frame rate determined by the pulse repetition
frequency of the laser, i.e., tens of Hz [31]. However, direct
solution of Eq. (1) to account for the SoS variations is
associated with a fourth-order polynomial equation, whose
analytical solution involves a large number of computa-
tions. Alternatively, Eq. (1) can be iteratively solved with
Newton’s method via

N 16))
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where f(x) = 9 t;;). The number of iterations in Eq. (3
o i
X

determines the accuracy and the reconstruction time,
although a few iterations are generally sufficient for
convergence. For the first iteration, xo was taken by
considering a straight line between 7; and 7/ (Fig. 1). This
first guess represents the straight acoustic ray model
(SARM), which enables a good estimation of the time-of-
flight for small SoS variations and a relatively small angle
of incidence at the interface [19].

2.2 Numerical simulations

Numerical simulations were first done to assess the image
distortions produced when assuming a uniform SoS.
Without loss of generality, a two dimensional case was
considered for the ease of computations. Five point
absorbers were positioned at depths ranging from 0 to 2
cm within a tissue, as depicted in Fig. 2(a). The SoS within
the coupling medium (water) was taken as 1500 m/s
whereas a 10% increase (1650 m/s) was considered in the
tissue as also indicated in Fig. 2(a). The optoacoustic
signals at 91 equally-spaced locations along an arc
covering an angle of 90° (Fig. 2(a)) were calculated with
the k-wave toolbox [23] and band-pass filtered between 0.1
and 7.5 MHz. In fact, this sensor configuration is
analogous to a recently-developed 3D optoacoustic hand-
held probe [33].

2.3 Experimental measurements

A phantom experiment was subsequently done to validate
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Fig. 2 Simulated optoacoustic reconstructions for point absorbers embedded at different depths within the imaged tissue. (a) Location of
the five absorbers within the tissue and the detection geometry (blue dots). The values of the speed of sound (SoS) in tissue ¢, and water c,,
are indicated. Scalebar — 10 mm. Reconstructed images of the absorbers when assuming a uniform SoS of 1500 and 1590 m/s in the entire
medium are shown in (b) and (c), respectively. The region of interest is labeled by a dashed rectangle in (a). Reconstructions obtained by
considering the actual SoS distribution with 0 and 10 iterations in Eq. (3) are shown in (d) and (e), respectively

the simulation results. For this, eight 200 pum diameter
polyethylene microspheres were embedded in an agar
matrix (1.3% agar powder by weight). The agar solution
contained 33% of glycerine (by volume) to mimic an
approximately 10% increase in the SoS with respect to
water [19]. Optoacoustic imaging was done by illuminat-
ing the phantom with nanosecond-duration light pulses
from an optical parametric oscillator (OPO)-based laser
(Innolas, Krailling, Germany) set to 750 nm wavelength.
The generated signals were collected by a matrix array
detector (Imasonic SaS, Voray, France) that consisted of
256 individual piezocomposite elements distributed along
a spherical surface covering an angle of 90° [33]. The
phantom and the matrix array were immersed in a water
tank for acoustic coupling. Prior to reconstruction, the
acquired signals were deconvolved with the impulse
response of the transducer elements and band-pass filtered
between 0.1 and 7.5 MHz. Tomographic reconstruction
was then performed using Eq. (2) for a volume of interests
of 4x4x20 mm® (80x80x400 voxels).

The performance of the proposed reconstruction algo-
rithm was finally demonstrated by 3D hand-held imaging
of a human palm. The laser wavelength was set to 800 nm
in this case, corresponding approximately to the near-
infrared isosbestic point of hemoglobin. Much like in the
phantom experiment, the acquired signals were decon-
volved with the impulse response of the transducer
elements and band-pass filtered between 0.1 and 7.5
MHz prior to reconstruction. Optoacoustic image volumes
of 12x12x 12 mm® containing 240 x 240 x 240 voxels were

reconstructed for each laser shot without applying signal
averaging.

3 Results

The simulation results are shown in Fig. 2. Specifically, the
reconstructed images within the dashed area in Fig. 2(a) are
shown in Figs. 2(b)—2(e). Figures 2(b) and 2(c) were
obtained by assuming a uniform value for the SoS in the
medium of 1500 and 1590 m/s, respectively. While the
superficial absorber can be accurately reconstructed when
assuming a uniform SoS equal to that in water (Fig. 2(b)),
shapes of the deeper absorbers are distorted. It is indeed
possible to heuristically choose a SoS value to optimize the
reconstruction for a particular absorber at a given depth
(Fig. 2(c)). However, an accurate reconstruction in the
entire ROI cannot be achieved in this way. On the other
hand, Figs. 2(d) and 2(e) show the reconstructions obtained
by considering the actual SoS distribution for 0 and 10
iterations in Eq. (3). Here all the five absorbers are
accurately reproduced even when considering a random
initial guess xo (Fig. 1), confirming usefulness of the
SARM approximation.

Maximum intensity projections (MIPs) of the 3D
reconstructions corresponding to the phantom experiment
are displayed in Fig. 3. In particular, Figs. 3(a)—3(c)
display images reconstructed by assuming a homogeneous
medium with SoS values of 1505, 1540 and 1575 m/s,
respectively. Much like in the simulation, it is not possible
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Fig. 3 Experimental imaging results for an agar-glycerine phantom with a higher SoS than water containing 200 um absorbing
microspheres. (a)—(c) Reconstructions obtained by considering a uniform SoS of 1505, 1540 and 1575 m/s, respectively. (d)
Reconstructions obtained by considering SoS values of 1505 and 1650 m/s in water and the phantom material, respectively. Scalebar — 2
mm. (¢) Comparison of the computational time when considering homogeneous (blue triangles) or heterogeneous (red squares) SoS

distributions as a function of the number of reconstructed voxels

to simultaneously resolve both shallow and deeply
embedded absorbers. On the other hand, Fig. 3(d)
showcases reconstructions rendered by considering two
different SoS in the media (1505 and 1650 m/s for the
water and phantom, respectively). In this case, all
absorbers can be resolved with the fast and simple
SARM approach, which was implemented on a GPU as
described in Ref. [31]. The computational times achieved
with this implementation are displayed in Fig. 3(e) as a
function of the number of reconstructed voxels. The
computation times for the homogeneous case are also
displayed as a reference. Considering common laser pulse
repetition rates of tens of Hz and typical reconstructed
volumes containing about one million voxels, the SARM
approximation can be confidently used for rendering 3D
optoacoustic reconstructions in real time.

A comparison of the results obtained with homogeneous
and heterogeneous SoS reconstruction approaches for the
hand-held human scan is shown in Fig. 4. Specifically, Figs.
4(a)—4(c) show the MIPs of a reconstructed volume for
depths ranging from 0 to 4.5 mm within the tissue and Figs.
4(d)—4(f) display the MIPs for a depth range between 4.5
and 9 mm. The images in the first and second columns of
Fig. 4 were rendered by assuming a uniform SoS of 1510
and 1535 m/s, respectively. One notes that superficial
structures (e.g. vessels V1 and V2 in Fig. 4(a)) are more
accurately resembled for a SoS of 1510 m/s whereas SoS
value of 1535 m/s better fits for the deeper areas (e.g. vessel
V3 in Fig. 4(e)). On the other hand, better vascular contrast
is attained for both superficial and deeper structures when

the two SoS reconstruction is applied, namely, SoS value of
1510 m/s for the coupling medium versus 1575 m/s within
the tissue, as displayed in the third column of Fig. 4. Since
the images shown in Fig. 4 present localized features (blood
vessels) on a large uniform background, their contrast was
quantified according to Weber fraction (/—1,)/I, [34],
where / was taken as the maximum of an image and the
background /[, was taken as the average. The values
obtained were 15.2, 14.0 and 16.0 for Figs. 4(a)—4(c) and
9.6, 9.2 and 9.6 for Figs. 4(d)—4(e), respectively, i.e., the
highest values of the Weber fraction are rendered with the
two SoS reconstruction procedure.

4 Conclusions

The results showcased indicate that the spatial resolution
and image contrast of volumetric optoacoustic reconstruc-
tions can be optimally maintained across different tissue
depths by considering different SoS in tissue and the
coupling medium. The proposed methodology serves for
image quality enhancement but may also contribute to
increasing the effective imaging depth by better focusing on
the deeper structures. More sophisticated reconstruction
procedures considering a heterogeneous SoS distribution
within the tissue may further help improving the images.
However, the main advantage of the currently proposed dual
SoS approach lies in its computational simplicity that does
not compromise the real-time image rendering performance,
which guarantees its applicability in clinical practice.
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Fig. 4 3D optoacoustic images acquired from a human palm. (a)—(c) Maximum intensity projections along the depth direction for
imaging depths ranging from 0 to 4.5 mm. (d)—(f) Maximum intensity projections along the depth direction for imaging depths ranging
from 4.5 to 9 mm. First column — reconstructions assuming a uniform SoS of 1510 m/s. Second column — reconstructions assuming a
uniform SoS of 1535 m/s. Third column — reconstructed image assuming different SoS in water (1510 m/s) and tissue (1575 m/s). Scalebar

—4 mm
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