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ABSTRACT

Flexible transducer arrays have the potential to conform to various organ shapes and sizes during pho-
toacoustic image-guided interventions. However, incorrect sound speeds and array shapes can interfere with
photoacoustic target localization and degrade image quality. We propose a metric to estimate the sound speed
surrounding a target and the radii of curvature of flexible arrays with approximately concave shapes. The met-
ric is defined as the maximum lag-one spatial coherence of the time-delayed, zero-mean channel data received
from a region of interest surrounding a photoacoustic target (which we abbreviate as mLOC). Performance is
demonstrated with simulated and experimental phantom data. Three photoacoustic targets were simulated in
k-Wave with 1540 m/s medium sound speed, and photoacoustic signals were received by a transducer with a
flat shape and an 81.3 mm radius of curvature. To acquire experimental photoacoustic data with the flexible
array placed on flat and curved surfaces, an optical fiber paired with a hollow metal needle was inserted into an
83-mm-radius hemispherical plastisol phantom at three locations. When implementing beamforming time delays
to calculate mLOC, the associated sound speed and radii of curvature ranged 1080-2000 m/s and 60-120 mm,
respectively. The sound speed and array curvature estimated by the maximized mLOC were 1540 m/s and 81
mm, respectively, in simulation, resulting in accuracies of 100% and 99.63%, respectively. The sound speed in
the phantom was empirically estimated by the maximum of mLOC as 1543 m/s, which led to the array curvature
estimation of 8 mm and the corresponding accuracy of 97.59%. Results demonstrate the potential of mLOC
to approximate sound speeds and array radii when these variables are unknown in future flexible array imaging
scenarios.

1. INTRODUCTION

Correct sound speed estimates and known element locations are two key components of accurate photoacoustic
image reconstruction. Although sound speeds in the propagation media or tissue is typically unknown, a highly
inaccurate sound speed can lead to degraded image quality,’ with incorrect target depths? and sizes.? A flexible
array transducer is particularly susceptible to these errors, as element positions are often unknown, which
compounds with typical uncertainties regarding medium sound speeds.

We previously presented a flexible array for photoacoustic-guided interventions, which implemented delay-
and-sum (DAS) beamforming in simulation and phantom studies,*? and compared the image quality with
that of a conventional linear transducer.® This work was based on known sound speeds and array curvatures.
When array curvatures are unknown, possible solutions include deep neural networks” for transducer geometry
parameter estimations, amplitude-based differentiable beamforming with a phase error loss,® or optimizing the
average pixel brightness in a short-lag spatial coherence (SLSC) ultrasound.’ Limitations of these approaches
include requirements for multiple training examples, high computational complexity in differentiable volume
reconstruction, and the multiple correlation calculations required to create SLSC images.

In this work, we propose to address challenges with array shape estimation by introducing a novel metric
that calculates the maximum lag-one spatial coherence within a selected region of interest surrounding the
photoacoustic target (i.e., mLOC). Training data and differential volume reconstruction are not necessary, and



only one coherence calculation is required per pixel location. As the accurate spatial coherence estimations
depend on the correct sound speeds, which are required to delay the received channel data, mLOC can also be
used to estimate the correct sound speed. It is likely that both sound speed and array curvature will be unknown.
Therefore, a flat array can be employed to first use mLOC to estimate sound speed, followed by the estimation
of the radius of curvature of a concave flexible array.

2. METHODS
2.1 mLOC Theory and Implementation

When accurate sound speed and transducer element positions are used in beamforming time delay calculations,
signals associated with a photoacoustic target are expected to have higher spatial coherence than the surrounding
background. However, if the sound speed is incorrect, the coherence-based curvature estimate will also be
incorrect. Therefore, mLOC can first be used to estimate the sound speed of a radius with an infinite radius of
curvature (i.e., an array that is approximately flat). Once sound speed is estimated with mLOC, the radius of
curvature of the flexible array can then be determined with mLOC when an array is placed in a concave shape.

To calculate mLOC, correlation of delayed channel data received by equally spaced elements (i.e., spatial
lags) was calculated when the flexible array was in either a flat or a curved shape,*® resulting in a normalized

spatial coherence function R, as follows:!0
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where m is the spatial lag of one, sj(n) is the time-delayed, zero-mean photoacoustic signal received at the ith
element from the nth depth (in samples), and N is the number of receive elements in the transducer (set to 128
for simulated data and limited to 80 for experimental data). The axial correlation kernel size (i.e., Ny Ny) was
fixed to be approximately one wavelength. A 16 mm 16 mm rectangular region of interest (ROI) was selected
surrounding the target, and mLOC is reported as the maximum LOC within this ROI.

2.2 Simulation Setup

The k-Wave toolbox!! was utilized to simulate a flexible array with 128 elements, 1 mm pitch, 5 MHz center
frequency, and 20 MHz sampling frequency. The sound speed of the simulated medium was 1540 m/s. The
photoacoustic targets within the medium were three round sources, each with a diameter of 0.6 mm. Two
data acquisition cases were simulated. First, a flat array was placed on top of the medium, resulting in the
photoacoustic sources located at a depth of 25 mm with lateral locations of -10 mm, 0 mm, and 10 mm relative
to the transducer center. Second, a concave array with an 81.3 mm radius of curvature was simulated with the
three acoustic sources placed at depths of 40 mm, 50 mm, and 60 mm and lateral locations of -10 mm, 0 mm,
and 10 mm, respectively, relative to the transducer center.

2.3 Experimental Setup

To acquire photoacoustic data with the flexible array, a hemispherical phantom was constructed using plastisol
(Bait Plastics, MO, USA). The phantom has a radius of curvature of 83 mm. The optical fiber was inserted into
a 1.25 mm-diameter hollow metal needle. The optical fiber tip and the needle tip aligned and were used as the
photoacoustic target. This optical fiber-needle pair was moved inside the phantom, parallel to the flat surface.

Experimental data were acquired using a flexible array (Japan Probe and Hitachi, Japan) with 128 elements,
0.8 mm element width, 1 mm element pitch, a center frequency of 5 MHz, and a sampling frequency of 20
MHz. The array was connected to a Vantage 128 ultrasound scanner (Verasonics Inc., WA, USA), which was
synchronized with a Phocus Mobile laser (Opotek, Inc., Carlsbad, CA, USA) emitting at the wavelength of 750
nm through an optical fiber with a 600 um core diameter. The average laser energy measured at the optical fiber
tip was 1.72 mJ.

Similar to the simulation setup, experimental data were acquired in two setup cases, as illustrated in Fig. 1.
First, the flexible array was placed on top of the flat surface of the hemispherical phantom. The tip of the optical
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