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ABSTRACT

One of the major challenges of optoacoustic imaging is that it involves relatively weak acoustic signals, which need to be
detected with high signal-to-noise ratio (SNR). Because the SNR is generally proportional to the area of the detector's
face, large detectors are commonly used. Although the use of such detectors improves the SNR, it may lead to significant
signal distortion resulting in artifacts in the reconstructed optoacoustic image. In this work we developed a method for
simulating the spatially dependent frequency response of acoustic detectors with arbitrary surface shapes. The frequency
response is incorporated into a forward model for optoacoustic propagation. Our method can be used for designing
detectors with desired properties and reducing reconstruction artifacts caused by the response of finite-size detectors.
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1. INTRODUCTION

Optoacoustic imaging is a non-invasive hybrid imaging method for high-resolution mapping of optical absorption in
tissues'®. The ability of optoacoustics to image tissue has been shown by visualizing vascular anatomy”, tumor
angiogenesis'’, as well as functional imaging of blood oxygenation'' in living tissues of small animals and humans. It
has been also shown that common fluorochromes, such as fluorescent proteins or fluorescent molecular probes can be
resolved with high specificity when employing illumination at several optical wavelengths using multispectral
optoacoustic tomography (MSOT)>'%.

Optoacoustic imaging is performed by illuminating an optically absorbing object with short high-power laser pulses and
measuring the subsequent ultrasound fields emanating from within the object. Various detector geometries are used in
the detection, which can be largely divided into three categories: cylindrically focused detectors'>, spherically focused
detectors*®, and flat detectors’”. The geometry of the detector is chosen according to the given imaging scenario to
optimize image fidelity. The choice of detector geometry affects the dependence of the magnitude and bandwidth of its
acoustic response on the location of the optoacoustic source.

The measured acoustic fields are used to form an image of the optical absorption within the imaged object by means of
inversion algorithms'>'*. Despite the profound effect the detector geometry may have on the detected acoustic field, it is
often assumed in the inversion that the detector can be approximated by a point detector in which the sensitivity is not
spatially dependant. In the case of back-projection algorithms, generalization to focused detectors was obtained using the
virtual-detector approach’. However, this approach is limited in resolution by the focal width of the detector. In addition,
no generalization to flat detector has been proposed.
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In order to accurately account for the geometry of the detector in the inversion, model-based algorithms should be used.
In these algorithms, the forward acoustic problem is modeled, allowing the calculation of the acoustic fields for any
given optoacoustic source. The forward model is then used in an optimization algorithm to find the optoacoustic image
whose corresponding acoustic signals match those which were measured. The geometry of the detector can be integrated
in the forward model by convolving the image with the shape of the detector’. However, this method was only
demonstrated for flat detectors in a translational scanning geometry, in which the shape of the detector fits the grid on
which the optoacoustic image is represented. In other geometries, numerical convolution might result in artifacts in the
calculated acoustic signal. Additionally, spatial convolution increases the size of the image, which in the case of large
detectors may significantly reduce numerical efficiency.

Recently, a numerically efficient model-based inversion algorithm, termed interpolated-matrix-model-inversion (IMMI)
was developed'!. The method is based on building a forward-model matrix connecting the optoacoustic image and the
measured acoustic signals. One of the advantages of this approach is the ability to include linear effects in the model. In
Ref. [14], a spatially constant frequency response was included in the model, whereas in Ref. [15], the spatially-
dependent effect of non-uniform illumination was modeled. In both cases, the inclusion of additional effects led to an
improved image reconstruction.

In this paper we present an efficient and accurate method for integrating the effect of the sensor geometry in IMMI. In
contrast to the method presented in Ref. [9], no spatial convolution is performed. Instead, the temporal response of the
detector is calculated for point sources on every pixel on the grid. The calculated responses are then integrated in the
model by performing convolution in the time domain. The advantage of this approach is that it circumvents numerical
difficulties involved with spatial convolution in non-rectangular detection geometries, e.g. focused detector.

The spatially dependent impulse response can be calculated for acoustic detectors of any shape using an analytical
solution to the field equation obtained for a line acoustic detector. The detector is then approximated by a set of line
detectors. The response of the detector is integrated in the optoacoustic model, thus allowing one to calculate the
response of arbitrary-shape detector to any optoacoustic source. The method is demonstrated in numerical simulations
for flat and focused detectors in 2D.

The ability to simulate the effect of the detector geometry on the detected acoustic signal can be utilized for the design of
acoustic detectors for optoacoustic imaging. Specifically, the shape of the detector can be optimized to obtain maximum
response for images with features similar to those imaged. In addition, the inclusion of spatially-dependent frequency
response of the detector can improve the quality of the optoacoustic reconstruction using IMMI, similarly to previously
published generalizations.

The paper is organized as follows: In section II we present the theoretical background for optoacoustic imaging; in
section III we develop the theory for calculating the frequency response of acoustic detectors and for integrating it in the
optoacoustic model; in section IV we present numerical simulations of our methods; in section V we compare
experimental results to theoretical predictions; and in section IV we discuss the results.

2. THEORETICAL BACKGROUND

In an acoustically homogenous medium, under the condition of thermal confinement', the optoacoustically induced
pressure wave p(r,¢) obeys the following equation'®:
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where v and p are velocity of sound in tissue and its density, I  is the Griineisen parameter, and
H ( r,t) =H, ( r) H, ([) is the amount of energy absorbed in the tissue per unit volume and per unit time, which is the

source for the acoustic fields.

We start our treatment by using the solution to Eq. 1 for a delta-function source, i.e. we substitute the right-hand side of
the equation with §(7)&(t). The solution to Eq. 1 in that case is a spherical delta function'”:

§(|r|—vt)
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Since Eq. 1 is linear, its solution can be represented as a superposition of the fundamental solution given in Eq. 2:
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Assuming that the laser pulse is significantly shorter than the temporal resolution of the detection, the function H,(t) can
be substituted by a temporal delta function, yielding:
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where 8’ is the derivative of Dirac's delta function. Further simplification leads to the following equation:
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in which the integration is performed on the sphere defined by |r — r'| = vt. If the optoacoustic sources are assumed to
be located on a plane, the integration is performed on arc.

Equation 5 is commonly used to calculate the acoustic fields generated by an arbitrary optoacoustic source. The
discretization of Eq. 5 is given in Ref. [14] and lead to the following matrix relation:

p=M: ©)

Where p is a column vector representing the acoustic fields measured at a position 7', for a set of times {f,} (i=1...]):

p;, = p(r,t,); zis a column vector representing the values of the optoacoustic source on the grid z;=H(r) G=1:...J);

and M is the model matrix for a point detector positioned at 7.

In the case of a finite size detector, the response of the detector is obtained by integrating p(r, t) over the surface of the
detector:

pdetect(t) = fp(rr t)D(r)dr, (7

where
_ (1 r € detector area
D(r) = {0 else '

In order to numerically calculate Eq. 7, the integral in Eq. 5 should be evaluated for different points over the detector's
surface. This procedure would require calculating the model matrix M for each point on the detector's surface, leading to

®)
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high computational complexity. In order to reduce the complexity, a different expression for pgec(t) was proposed in
Ref. [9] :

r o DxHy(1) , 4
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where * denotes the convolution operator. The advantage of using the expression in Eq. 9 is that it requires calculating
the model matrix only once.

While the convolution operation in Eq. 9 can be performed with high numerical efficiency, it is prone to numerical errors
if the shape of the detector is not accurately represented on the square grid on which H.(r) is given, e.g. curved
detectors. In such cases, in order to minimize the errors, the grid resolution should be increased beyond the imaging
resolution of the system, significantly increasing the computational complexity.

3. THE RESPONSE OF ARBITRARY-SHAPE DETECTORS

In this section we present a semi-analytical solution to simulate the response of arbitrary-shape acoustic detectors. The
solution is based on finding an analytical expression to the response of a flat 2D detector to a point source. The response
is given in the time-domain and can be integrated into the model matrix M by using temporal convolution. The response
of an arbitrary-shape detector can be simulated by approximating the detector by a series of flat detectors.

The source-detector geometry of a flat detector and a delta source is shown in Fig. 1, where a is the width of the detector,
r = (x,y) is the location of the detector's center, r' = (x',y") is the location of the source, and 0 is the tilt angle of the
detector. The detector's response is obtained by integrating Eq. 2 over the detector's length. For =0 , the detected
pressure field is given by

y-yr+a/2 5(\/(x—x')2+372—vt)dA 0
y-y'=a/2  anv[(x—x1)2+92 Y (10)

In order to calculate the integral in Eq. 10, we first calculate the temporal anti-derivative of p (t):

by (67,0 = 0) = L 132 M

vIyrTyI=alz L, (xf —x1)2+92

where H is the Heaviside step function. A closed-form expression to P and p¢ are given in Appendix 1.

pr(t, 7', 71,6 =0) =

dy. (11)
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Figure 1. A schematic description of a point source and a flat detector in 2D.

In the case of an arbitrary shape detector, the detector's surface is approximated by a series of flat detectors defined by
their specific location and orientation{ (rp,, 8,)}\_. The response of the detector is then readily obtained by summing the
responses of the flat detectors

Darp(t,7') = 29{:1 pf(t'rl'rnr ) (12)
In analogy to Eq. 5, the acoustic field detected by an arbitrary-shape detector from an arbitrary optoacoustic source is
given by
_T 3 NH () !
p(t) = == [ Parp(t, T )H, (r)dr". (13)

We note that the integration is performed over all values of 7’ and not only on a single arc. In contrast to Eq. 9, in Eq. 13
the source H, (r") is not spatially convolved but rather multiplied by a function which is known analytically.

In order to discretize Eq. 13, we first bring it to the form of Eq. 5:

— ,_
. &1(|r-r |’| vt)

H,.(r")dr'. (14)

r r—r'

p(t) = Eflr - rllparb (t + %:T,)
where the convolution is performed in the time domain. Thus, to obtain the signal measured by a finite-size detector, for
each value of r’, the contribution of the optoacoustic source to the signal measured by a point detector should be
convolved with the function|r — r'|pyp(t+ [r—1'|/v,r"). In the discretized equations, the contribution of the
optoacoustic source at a point rj to the acoustic signal measured by a point detector is given by the jth row of the matrix
M. Thus, to obtain the model matrix for a finite-size detector, for all values of j, the jth row of the matrix M should be
convolved with |r — rj|parb(t + |r — r]-|/v,r]-).

|r—r

4. NUMERICAL SIMULATIONS

In this section we demonstrate our method for calculating the response of two commonly used detector geometries: flat
detector and focused detector. The responses of both detectors were integrated into the model matrix of a point detector
calculated using the method in Ref. [14]. All the simulations were performed in 2D with geometrical parameters similar
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to what has been used in previous studies. The simulation was performed over a 100x100 grid with a resolution of
200pm with a detector positioned 4 cm from the center of the imaged area. The focused detector had a focal length of 4
cm and was approximated by 30 flat detectors. The two geometries are shown in Fig. 2.
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Figure 2. A schematic description of the geometry used in the numerical simulations for (a) flat and (b) focused

In the first example, we calculated the spatially dependent frequency responses of flat and focused detectors. The
frequency response was calculated by taking the Fourier transform of p,q, for every coordinate on the grid. The
simulations were performed for 2 values of the sensor length a 0.65 cm and 1.3cm. The bandwidth of the responses was
defined according to the following formula:

[|P(r)T ar
BW = |=

I 2
JlP(rf ar
s s)

Figures 3a and 3b show the bandwidth map of the flat detector for a=0.65cm and a=1.3cm, respectively. For both values,
the high bandwidth region has approximately the same width as the detector. The wider detector exhibited a lower
bandwidth as expected due to spatial averaging. Figures 3¢ and 3d show the bandwidth map of the focused detector for
a=0.65cm and a=1.3cm, respectively. As expected, the region around the focal line of the detector has a higher

bandwidth than the areas outside it. The larger detector exhibited a tighter focus and less variation in bandwidth along
the focal line. The maximum value of the bandwidth was limited by the temporal resolution used for the calculations.
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Figure 3. A map of the effective bandwidth, as defined in Eq. 15, of the detection calculated for the geometry of Fig. 2a

with (a) a=0.65cm and (b) a=1.3cm and for the geometry of Fig. 2b with (c) a=0.65cm and (d) a=1.3cm. The frequency

response was calculated for each point on the grid using Eq. (12) and (A7).
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Figure 4. (a) An optoacoustic test image composed of 3 point source for which acoustic fields were calculated. The
response was calculated using the temporal-convolution method for a (b) flat and (c) focused transducer. In addition,
the response for the focused transducer was calculated using (d) the spatial-convolution method described in Ref [9].
The response was calculated for two detector sizes: a=1.3cm (solid-blue curve) and a=0.65cm (dashed-red curve). The

figure shows numerical artifacts in the response calculated using the spatial-convolution method for source 1.

In the next example, we calculated the response of the flat and focused detectors to the image shown in Fig. 4a. Figure
4b and 4c respectively show the responses for the flat and focused calculated with ¢=1.3cm (solid-blue curve) and
a=0.65cm (dashed-red curve). The benefits of large focused detectors are clearly visible in the figure. Although the
larger focused detector has a slightly lower bandwidth at the edges of the focal line, as compared to the smaller detector,
it still achieves approximately twice the signal for detector for sources I and II without signal distortion. In addition, the
rejection of source III outside the focal line is not reduced in the larger detector. In contrast, in the case of the flat
detector, the larger detector only gave a marginally stronger signal than that of the smaller detector for sources I and II.
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This increase came at a price of increased signal duration, which is clearly visible in the figure. Additionally, a much
stronger distortion to the bipolar signal of source III is obtained for the larger detector.

Figure 4d shows the responses to the image shown in Fig. 4a for the focused detectors, obtained using the spatial-
convolution method described in Ref. [9]. Because the spatial convolution increased the support of the image, the grid
over which the simulation was performed was increased to 150x150, whereas the resolution was maintained at 200um.
The figure shows that for the in-focus targets, the results are similar to the temporal-convolution method discussed in this
work. However, the signal from the out-of-focus target suffered from significant distortion. First, in contrast to expected
result obtained by the time-convolution method — where all the contributions of different parts of the focused transducer
but the edges cancelled each other out — no signal cancellation was obtained. Additionally, the signal obtained for a=1.3
mm contains discontinuities owing to numerical errors. These discontinuities can be eliminated by increasing the image
resolution to 100pm, but at the cost of higher numerical complexity. We note that increasing the resolution only
contributed to the smoothness of the signals and did not lead to the result obtained by the time-domain convolution
method.

5. DISCUSSION

In this paper we developed a new method for integrating the effect of the detector geometry in optoacoustic forward
simulations. Although this effect can significantly alter the detected acoustic fields it is usually ignored in inversion
algorithms, which may lead to reconstruction errors. While back-projection algorithms are not inherently equipped to
incorporate the effect of detector geometry, model-based algorithms can theoretically include the effect of any detector
geometry.

Our method is based on calculating the spatially dependent impulse response of the detector which results from its
geometry. An analytical solution was developed for a line detector. The shape of an arbitrary 2D detector can then
approximated by approximating the detector by a set of line detectors. The impulse response is then integrated in the
model matrix by convolving the acoustic signal obtained for each pixel in the image with its corresponding impulse
response.

Our temporal-convolution method was compared in numerical simulations to the spatial-convolution method described
in Ref [9]. In Ref. [9] the geometry of the detector was integrated in the forward optoacoustic problem by convolving the
optoacoustic image with the shape of the detector. Although the mathematical formulation of the spatial-convolution
method is exact, its direct numerical implementation involves difficulties which may result in high complexity and
errors. One difficulty demonstrated in this work is simulating the response of focused detectors to out-of-focus small
targets. For these targets the field summation over the surface of the detector should cancel all the contributions but those
originating from the detector edges. However, because the detector is discretizied, the summed bi-polar optoacoustic
signals do not get perfectly cancelled out. In contrast, our temporal-convolution method accurately simulated the
acoustic response in that case.

The method developed in this work can be utilized for the design of acoustic detectors for optoacoustic imaging.
Specifically, the shape of the detector can be optimized to obtain maximum response for images with features similar to
those imaged. In addition, the inclusion of spatially-dependent frequency response of the detector can improve the
quality of the optoacoustic reconstruction using IMMI, similarly to previously published generalizations.
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