
Supplemental Document

Individual transducer impulse response
characterization method to improve image
quality of array-based handheld optoacoustic
tomography: supplement

KAUSHIK BASAK CHOWDHURY,1,2 MAXIMILIAN BADER,1,2

CHRISTOPH DEHNER,1,2 DOMINIK JÜSTEL,1,2 AND VASILIS
NTZIACHRISTOS1,2,∗

1Technical University of Munich, School of Medicine, Chair of Biological Imaging, Munich, Germany
2Helmholtz Zentrum München (GmbH), Institute of Biological and Medical Imaging, Oberschleißheim,
Neuherberg, Germany
∗Corresponding author: bioimaging.translatum@tum.de

This supplement published with The Optical Society on 18 December 2020 by The Authors
under the terms of the Creative Commons Attribution 4.0 License in the format provided by the
authors and unedited. Further distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

Supplement DOI: https://doi.org/10.6084/m9.figshare.13215116

Parent Article DOI: https://doi.org/10.1364/OL.412661



An Individual Transducer Impulse
Response Characterization Method to
Improve Image Quality of Array-based
Handheld Optoacoustic Tomography:
supplemental document

Fig. S1. Dispersion of ultrasound in tissue and coupling medium. (a) Velocity dispersion of
ultrasound propagation in tissue and coupling medium (solid lines) compared to the constant
velocities at center frequency ( f0=4MHz, dashed lines). (b) Dispersion in angle of refraction
across the frequency bandwidth of the transducer (solid lines) with the angle of no refraction as
reference (dashed line).



1. VELOCITY DISPERSION ANALYSIS

The time of flight nR from the source to the detector is assumed to be constant, even though it
might depend on the frequency of the travelling ultrasound wave. The reason for this simplifica-
tion is the fundamental assumption in the model that the shape of a travelling ultrasound wave
remains intact post refraction, as dispersion in acoustic velocity is neglected [1]. Herein we briefly
investigate the validity of this assumption in the context of the considered system.

Velocity dispersion of acoustic waves arises from the frequency dependent attenuation in a
non-ideal medium. Absorption, the most significant attenuation effect, obeys a frequency-power
law and may be linked to velocity dispersion by a Kramers-Kronig relation [2, 3]. Therefore,
velocity dispersion of acoustic waves in the current context of heavy water (coupling medium)
and soft tissue (sample) has been studied. Fig S1a displays the phase velocity distribution across
the range of frequencies in consideration. In heavy water [4] it is observed that no velocity
dispersion occurs for ultrasonic waves. However, there is a very small amount of acoustic
dispersion in tissue [5] with a standard deviation sct being 0.85269 m/s over the range of 2MHz
to 6MHz, the bandwidth of the transducer used in this work. Dispersion effects on the refracted
angle at the medium interface according to Snell’s refraction law is an additional aspect which
needs to be considered, because it is linked to the virtual point location rv

cc ,ct
(re, r′) and time

of flight nR. Fig S1b displays refracted over incident angle for lower cutoff ( fl=2MHz), center
frequency ( f0=4MHz) and higher cutoff ( fh=6 MHz) of the transducer. The design of the handheld
transducer dictates a maximum angle of incidence of approximately 32 degrees. It is apparent
from Fig S1b that within a maximum of 32 degrees the deviation in the refracted angle between
the lower and higher cutoff of the transducer is minor, as shown by the standard deviation
sθt being 0.01312 degrees over the range of 2 MHz to 6 MHz. In summary, we conclude that
dispersion effects on ultrasonic waves are negligible for practical purposes.

Fig. S2. Representative L-curve to find the optimal regularization parameter for obtaining
the EIR of 225th element of the transducer array.

2. L-CURVE ANALYSIS

The L-curve analysis is commonly used for chosing the optimal regularization parameter using
the trade-off between the residual norm and the solution norm. As an example, the L-curve corre-
sponding to the determination of the EIR of 225th element of the transducer array is displayed in
the Fig S2.
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3. CONVERGENCE OF THE OPTIMIZATION PROBLEM TO RECONSTRUCT IMAGE

The optimization problem shown in equation (8) in the main manuscript text was used to
reconstruct the images. The plot of residual error against number of iterations corresponding to
one of the clinical reconstructions is displayed in Fig. S3. It was observed that the optimization
problem converges after approximately 50 iterations.

Fig. S3. Plot of the residual error vs iterations showing the convergence of the optimization
problem to determine the solution i.e. the reconstructed image.

4. IMAGE IMPROVEMENT IN FULL FOV USING PHANTOM GRID

For the sake of completeness, here we present the reconstructed images of the microsphere
phantom in a grid covering the full FOV. Fig. S4a-b show reconstructed images in the full FOV
with 6 x 7 grid locations using sTIR and isTIR models, respectively. Fig. S4c-d displays the
zoomed images at the corresponding locations 1-4 marked in panels a and b with sTIR and isTIR
models, respectively. Comparing panels c and d, we observed that inclusion of individual element
response reduces distortion of the microsphere, and panel h closely represents the microspheres
as point absorbers.
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Fig. S4. Improvement in images of microspheres located in a 6 x 7 grid in the FOV. (a-b) Im-
ages reconstructed using sTIR and isTIR, respectively; scale bar, 5mm. (c-d) Zoomed images of
the microspheres at corresponding locations 1-4 marked in panels a and b reconstructed using
sTIR and isTIR, respectively
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