OCTOBER 14 2025

Measurement-based simulation of temperature rise from
focused and linear ultrasound fields and its validation with
experiments

Srinath Rajagopal ©© ; Raphaela de Melo Baesso @ ; Piero Miloro © ; Peter Harris; Ben Cox ©

\ '.) Check for updates ‘

J. Acoust. Soc. Am. 158, 2869-2882 (2025)
https://doi.org/10.1121/10.0039535

& B

View Export
Online Citation

Articles You May Be Interested In

Optical phase contrast imaging for absolute, quantitative measurements of ultrasonic fields with
frequencies up to 20 MHz

J. Acoust. Soc. Am. (June 2021)

Robust spot-poled membrane hydrophones for measurement of large amplitude pressure waveforms
generated by high intensity therapeutic ultrasonic transducers

J. Acoust. Soc. Am. (March 2016)

Radiation force calculations for ultrasonic fields from rectangular weakly focusing transducers

J. Acoust. Soc. Am. (October 2008)

©
9
=
/2]
=
®
O
<
o)
X a
e
-
(@
©
-
p -
-
O
ﬂ
o)
i e
o

Society of America

LEARN MORE

Advance your science and career as a member of the

ACOUSTICAL SOCIETY
OF AMERICA



https://pubs.aip.org/asa/jasa/article/158/4/2869/3367707/Measurement-based-simulation-of-temperature-rise
https://pubs.aip.org/asa/jasa/article/158/4/2869/3367707/Measurement-based-simulation-of-temperature-rise?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-9627-4353
javascript:;
https://orcid.org/0000-0002-4238-4626
javascript:;
https://orcid.org/0000-0001-6809-2296
javascript:;
javascript:;
https://orcid.org/0000-0001-7296-4093
https://crossmark.crossref.org/dialog/?doi=10.1121/10.0039535&domain=pdf&date_stamp=2025-10-14
https://doi.org/10.1121/10.0039535
https://pubs.aip.org/asa/jasa/article/149/6/4620/1059386/Optical-phase-contrast-imaging-for-absolute
https://pubs.aip.org/asa/jasa/article/139/3/1319/910718/Robust-spot-poled-membrane-hydrophones-for
https://pubs.aip.org/asa/jasa/article/124/4/1941/980875/Radiation-force-calculations-for-ultrasonic-fields
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318326&setID=1044502&channelID=0&CID=1578727&banID=524059810&PID=0&textadID=0&tc=1&rnd=3097383261&scheduleID=3474304&placementScheduleId=3474304&adItemScheduleId=0&adSize=1640x440&ip=139.143.184.187&metadata=%5B%5D&mt=1789119386370010&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Fasa%2Fjasa%2Farticle-pdf%2F158%2F4%2F2869%2F20751529%2F2869_1_10.0039535.pdf&request_uuid=4578bd7a-362a-45d9-8d57-b32e8f8ae949&hc=544ea7de37408e5039aeff9868ac42eaae667116&location=

@ CrossMark

Measurement-based simulation of temperature rise
from focused and linear ultrasound fields and its validation
with experiments
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ABSTRACT:

Accurate quantification of acoustic fields produced by biomedical ultrasound devices is essential for assessing
thermal and mechanical bioeffects on the patient. Device characterization involves time-consuming measurements,
which need to be performed under many operating conditions for complete risk evaluation. Also, there are difficulties
in measuring high-intensity therapeutic fields, which can damage the measuring devices. In this study, measurement-
based simulations of temperature rise induced by ultrasound absorption in a tissue mimicking material (TMM) under
linear propagation conditions were undertaken. The objective was to demonstrate a methodology for quantifying the
accuracy of measurement-based simulations (a case study) along with an assessment of the uncertainties associated
with both experimental and simulation setups. The acoustic and thermal modelling was performed using a pseudo-
spectral time-domain solver, k-Wave. (Note that the methodology is not specific to this solver.) Ultrasound heating
was conducted in the TMM with source acoustic power levels ranging from 1.1 to 4.3 W for durations of 2 to 4 min.
The peak temperature rises recorded at the acoustic focus from the embedded fine wire thermocouples ranged from
4.4 (0.6) to 16.4 (1.3) °C. The difference in simulated temperature rises across all heating conditions with respect to
measurements ranged from —1.9% to 6.7%.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0039535
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[Editor: Charles C. Church]

I. INTRODUCTION

The ability to accurately quantify the acoustic field
from biomedical ultrasound devices can facilitate improved
prediction of thermal and mechanical bioeffects of ultra-
sound, such as local temperature rise or cavitation.'™ A
complete characterization of transducer fields is time con-
suming to measure, in particular for multi-dimensional
transducer arrays with complex geometry/transmit patterns.
Furthermore, there are difficulties in measuring therapeutic
ultrasound fields,*> which can readily damage the measur-
ing devices due to the effects of cavitation, mechanical
stresses, and heat.™® It is therefore necessary to use models
for numerically predicting the acoustic fields.

In diagnostic ultrasound, the acoustic output quantities
(acoustic pressure and intensity) are regulated through the
use of safety parameters known as mechanical index (MI)
and thermal index (TI).” These parameters provide the oper-
ator with a warning about the possible occurrence of cavita-
tion effects and temperature rise, respectively, for a given
scanner setting. Since in situ measurements are invasive and
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impractical, the acoustic field is quantified in water and then
adjusted to allow for acoustic losses in equivalent path of
tissue (acoustic derating),'®'" which gives an estimate of in
situ MI and TIL In therapy, safety is equally important in
both ablative applications [e.g., high intensity therapeutic
ultrasound (HITU) or histotripsy] and non-ablative applica-
tions (e.g., neuromodulation, opening of blood brain barrier
and angiogenesis) where unsafe levels of ultrasound can
permanently damage the underlying physiological function-
ing of the subjected anatomy.*

The measurement infrastructure for ultrasound field
characterization includes hydrophones'® to characterize the
spatiotemporal field for pressures and intensities, radiation
force balances (RFBs)'*'® to determine the total acoustic
output power from ultrasound transducers, and thermocou-
ples (thin film and thin wire) to measure the surface temper-
ature of externally applied transducer assemblies to assess
hazards due to excessive heating of a patient.”'”'® The
sensing devices are calibrated to ensure that the quantified
parameters are traceable to the international system of
units.'”?% A recent review paper on pressure measurements
in diagnostic and therapeutic ultrasound fields using hydro-
phones considered various issues such as their performance

©Author(s) 2025. 2869
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characteristics, calibration uncertainties, signal processing
methods, and guidance on how to choose a hydrophone type
for a given application.”! Total ultrasound power is rela-
tively straightforward to measure, and therapeutic ultra-
sound power levels, though challenging, can be measured
with modified target configurations.***

It is possible to overcome the challenges of characteriz-
ing complex and high-intensity therapeutic fields by com-
bining measurements with numerical simulation tools.***’
The method relies on using source conditions of the trans-
ducer, such as acoustic power measured using an RFB or
source velocity distribution derived from measured near
field two-dimensional (2D) hydrophone scans. The mea-
sured field parameters are then used together with transducer
driving conditions and propagating medium properties in a
chosen numerical wave solver to predict the acoustic field.

The study undertaken in this article demonstrates a
methodology for quantifying the accuracy of measurement-
based simulations (a case study) along with an assessment
of the uncertainties associated with both experimental and
simulation setups. The acoustic and thermal modelling was
performed using a pseudospectral time-domain solver, k-
Wave.?*! It is important to point out that the methodology
is not constrained to any particular solver. The reference
data for validation was obtained through an independent
experiment. Fine wire thermocouples (TCs) were embedded
in a TMM to record temperature rises caused by acoustic
absorption from a focused ultrasound transducer. The elec-
trical excitation conditions of the transducer ensured that the
generated acoustic field in the TMM heating experiments
was quasi-linear. The simulations were conducted under
equivalent experimental conditions with the acoustic source
in the simulation realized by reconstructing the source pres-
sure distribution obtained from near field planar scanning of
the focused transducer using a hydrophone. Therefore, the
accuracy of the measurement-based simulation output is
dependent on the experimental uncertainties of the simula-
tion input parameters and the inherent uncertainties in the
choice of the simulation tool—approximations in discretiza-
tion of the governing equations, numerical scheme, and sta-
bility and convergence of the simulation grid.*? It should be
noted that there have been studies on qualitative™ > and
quantitative experimental comparisons of k-Wave, such as
wave propagation in skull phantoms®® and nonlinear wave
propagation in absorbing layered fluid media.’” k-Wave has
also been part of the intercomparison of fluid wave models
against benchmarks set by the International Transcranial
Ultrasonic Stimulation Safety and Standards (ITRUSST)
consortium for transcranial ultrasound  stimulation.*?
However, there have been fewer quantitative comparison
studies of the heat diffusion model in the k-Wave tool-
kit.*®**" Therefore, the quantitative comparison within this
study was focused on evaluating uncertainty contributions
in thermal measurements of experimental and numerical
simulation setups.

The structure of the manuscript is as follows: The
design of experiments is explained in Sec. II, and the
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development of the numerical model is presented in Sec. III.
The uncertainty analysis is explained in Sec. IV, the results
are presented in Sec. V and the discussion and summary are
presented in Sec. VI. It is believed that the developed
numerical model or the presented procedure could be used
for predicting the thermal effects of ultrasound in various
applications.

Il. DESIGN OF EXPERIMENTS

In this section, the details of temperature rise experi-
ments conducted in a cylindrical thermal test phantom made
of agar based TMM are described. A focused ultrasound
transducer (nominal diameter 64 mm and radius of curvature
63.2 mm) operating at a frequency of 1.06 MHz in continu-
ous wave (CW) mode was used to induce temperature rise
in the TMM and the temperatures were recorded using
embedded thermocouples. Prior to temperature rise mea-
surements, the transducer was calibrated using an RFB to
produce four acoustic power levels in the range from 1.1 to
4.3 W. The driving voltages at the transducer input terminal
were recorded to reproduce the acoustic powers for tempera-
ture rise measurements in the TMM immersed in a tank of
water. Additional experimental details are provided in the
supplementary material.

A. Thermal test phantom

The thermal test phantom (TTP) was designed to repli-
cate the acoustic and thermal properties of soft tissues. It
incorporated fine wire TCs with a diameter of 75 um (model
SSRTC-TT-KI-40-1M, Omega Engineering, Manchester,
UK), which is the smallest commercially available model
with a mini-connector for data logger integration. Four TCs
were distributed across the TTP body secured in a three-
dimensional (3D) printed cylindrical holder with open ends.
The height and the internal diameter of the cylinder were 58
and 70 mm, respectively. Grooves were cut into the cylindri-
cal body to position the TCs at a depth of 20 mm from one
end. The TCs external sheaths were removed, and the TCs
were stretched such that the two wires were aligned in a
plane perpendicular to the axis of the cylinder.*' The junc-
tion of the thermocouple, TCO was at the center of the cylin-
der and three other TCs (TC1, TC2 and TC3) were radially
positioned at 2.5, 5, and 7.5 mm from the position of TCO.
Agar based TMM was manufactured following the guide-
lines outlined in Annex DD.2 of the International
Electrotechnical Commission (IEC) standard 60601-2-37.°
The hot (56 °C) fluid form TMM was poured into the cylin-
der with one of its ends sealed using a polyethylene tere-
phthalate (PET) film. The TMM solidified once it cooled
down to room temperature, then the PET film was removed
and that completed the TTP construction. A schematic of
the TTP in the focus acoustic field of a focused transducer
(model H101, Sonic Concepts, Bothell, WA USA) is shown
in Fig. 1. The acoustic properties of the agar based TMM
were assessed at the NPL (London, UK) material characteri-
zation facility,***® while its thermal properties were
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FIG. 1. A simple schematic of the thermal test phantom in the focused
acoustic field of the focused transducer. Thermocouples TCO, TC1, TC2,
and TC3 are embedded in an agar based TMM at a depth of 20 mm from
the side facing the transducer. TCO is at the center of the cylinder and three
other thermocouples (TC1, TC2 and TC3) are radially positioned at a dis-
tance of 2.5, 5, and 7.5 mm from the position of TCO.

measured using a Tempos thermal property analyzer (SH-3
probe, Meter Environment, Pullman, WA). An independent
assessment of the systematic uncertainty of the Tempos
thermal property analyzer was not performed.

The physical properties of the TMM and water are
listed in Table 1. The values of water sound-speed and den-
sity at 19.1°C were obtained using built-in k-Wave func-
tions. The temperature and frequency dependent acoustic
attenuation of water was calculated by fitting a 6th order
polynomial fit to the measurement data given by
Pinkerton.** Only a nominal uncertainty has been assumed
for properties of water, whereas the uncertainties for TMM
comes from a previous assessment.**** The frequency
dependent acoustic attenuation values of TMM measured at
NPL (1-19 MHz) were fitted using MaTLAB® with a power-
law fit function of the form o X f”, where o is acoustic

TABLE I. Physical properties of the TMM and water.

Physical property Units Value Uncertainty
Density of TMM kg -m3 1050 1% (k=2)
Density of water kg -m™3 998.4 0.1% (k=2)
Sound-speed of TMM m-s”! 1538 @ 1.06 MHz 0.33% (k=2)
Sound-speed of water m-s~! 1479.7 0.1% (k=2)
Attenuation of TMM dB-cm™! 0.5519 x f1.02 10% (k=2)
Attenuation of water dB-cm™! 0.00217 x f? 1% (k=2)
Thermal diffusivity mm? - s~} 0.16 10%

of TMM

Volumetric heat MJ -m3.K! 3.97 10%
capacity of TMM

Thermal conductivity W -m™'-K™! 0.62 10%

of TMM

J. Acoust. Soc. Am. 158 (4), October 2025

attenuation coefficient [dB - cm™!], f is frequency in MHz
and y is the power-law exponent. The sound-speed disper-
sion of TMM can be obtained over the measured attenuation
frequency range using the Kramers—Kronig relationship.45
The stated accuracy for thermal properties is 10% based on
Tempos manufacturer specifications. No further information
was available regarding the statistical nature of the Tempos
accuracy.

B. Measurement of acoustic power

The time-averaged acoustic power from the transducer
was measured using an RFB technique.'® The RFB tech-
nique is an established methodology used for measuring out-
put power from planar, focused, and diagnostic ultrasound
transducer probes.'*!>?3%¢ The RFB setup at NPL is shown
in Fig. 2. A total of four acoustic power levels (1.1, 2.2, 3.3,
and 4.3 W) were measured by driving the transducer in CW
mode, and their corresponding drive voltages were estab-
lished. The linearity condition of the acoustic field at these
power levels in the temperature rise measurements is dis-
cussed in the measurement uncertainty section (Sec.
IVA4).

C. Ultrasound heating setup
1. Multi-functional scanning system

The temperature rise measurements within the TTP
were carried out using a multi-functional scanning tank
(MFST) based on an ultrasound field scanning system
(model UMS3, Precision Acoustics Ltd, Dorchester, UK). A
representative schematic of MFST is shown in Fig. 3.

2. Alignment of the acoustic field within the thermal
test phantom

The acoustic focus of the transducer was aligned along
the propagation axis (z-axis) of the MFST via an iterative
process.47 The transducer was excited with 7.95 V.,
30-cycle tone burst and at a repetition rate of 200 Hz. A
0.2mm active element diameter capsule type hydrophone
(type HGL-0200, Onda Corporation, Sunnyvale, CA) was

Matching Arbitrary
network T waveform
2 generator

o
Acrylic BNC
Focused transducer tank El “cables™

y
T-piece Power
p amplifier
Scope —
Digital storage
O -
Power RS-232
FIG. 2. RFB system in weigh-all configuration at NPL used to measure
acoustic power. The dimensions of the water tank are 120 mm by 120 mm

by 70mm (length by width by height), which is filled with de-ionized and
degassed water.
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FIG. 3. A representative schematic of the multi-functional scanning tank
(MFST) setup at NPL. A represents the computer controlled ultrasound field
scanning system, and B represents a manual mounting fixture to hold trans-
ducers with five DOF with limited movement range in rotational and linear
translation stages.

used to record the ultrasound signals. Once the acoustic axis
was aligned, the hydrophone was replaced with the TTP,
accounting for an additional 20mm layer of agar based
TMM in front of TCs. A TC data logger (model Pico USB
TC 08, PicoTechnology, Cambridgeshire, UK) installed on
Windows 10 computer was used to read the temperature of
the four TCs. The transducer was driven at 1.06 MHz in CW
mode at 11.1 Vs equivalent to 2.2 W total acoustic power.
A series of axial scans were performed independently across
each axis (x, y, and z) with step sizes of 50 um and settle
time of 3 s between each step. The temperature rise of TCO
was monitored until the highest peak was identified. The
system was considered aligned, indicating that the focal
point was directly at the TCO.

3. Ultrasound heating measurements

The radiated acoustic powers measured on the RFB
were reproduced in the heating measurement setup by driv-
ing the transducer at the previously established voltages.
The TTP was exposed to heating durations of 2, 3, and 4
min from 1.1 W to 3.3 W and 2 min at 4.3 W. The tempera-
ture rise was monitored and logged at 1 Hz using the Pico
USB TC 08 data logger. Each exposure was repeated three
times, with a 20-min cooling period allowed between repeti-
tions. For each repeat, a 60s acquisition period was main-
tained before switching the transducer on to establish an
appropriate baseline and to account for the exact time the
system was activated. After the heating of TTP, the acquisi-
tion was continued for another 60 s.

lll. NUMERICAL SIMULATIONS

The simulation tool used in this article was k-Wave,
which is a third party MatLAB® (Matlab, Natick, MA) tool-
box for time-domain numerical simulation of acoustic wave
propagation and heat diffusion and perfusion based on the
pseudospectral time domain method.?®~!

The numerical simulations of the experimental setup
are described in detail in the following subsection. First, an
equivalent planar source of the focused bowl transducer was
modelled from the near field raster scan using a hydrophone.
Second, a 3D acoustic simulation was completed in
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water-TMM layered media with an equivalent source posi-
tioned in water. Third, the pressure field within the TMM
layer was used to compute the heat source to simulate heat-
ing of the TMM. The temperature rise corresponding to the
locations of four thermocouples in the thermal test phantom
was recorded for comparison with measurements.

A. Equivalent source reconstruction of a focused
transducer

A grid-based numerical approach was used for the
acoustic model. For an accurate representation of the curved
transducer in such a model,48 the output of the transducer
was measured over a plane perpendicular to the beam axis,
and a planar equivalent source term was calculated.*’

The specific measurement details related to the source
reconstruction for the numerical model are briefly explained
here. The hydrophone was a capsule type with an 85 um
active element diameter (HGL-0085, Onda Corporation,
Sunnydale, CA) in combination with a 20dB voltage gain
preamplifier (AG-2020). The transducer was driven with a
30-cycle tone burst signal. The rms voltage of the drive sig-
nal at the input of the matching network of the transducer
was 7.9 Vi, which was equivalent to 1.1 W (Sec. V A).
The acoustic focus of the transducer was aligned along the
propagation axis (z-axis). A 2D planar scan was performed
in the pre-focal region at a source-hydrophone separation of
30 us time-of-flight (ToF) or 44.4 mm. The effective diame-
ter of HGL-0085 at 1.06 MHz was determined by extrapola-
tion using the effective diameters obtained from directional
response measurements from 2 to 20 MHz.”® A double expo-
nential fit was applied to the measured data using MATLAB®
and the resulting extrapolated value at 1.06 MHz was
532 um. Also, the maximum effective hydrophone diameter
calculated as per standard IEC 62127-1°" for a given source
geometry, frequency and measurement distance was
600 pum. Therefore, any errors due to spatial averaging were
assumed to be negiligible.’' =

The hydrophone scan covered an area of 60 mm
x 60mm (201 x 201 grid points) at 0.3 mm step-size, which
is ~4.7 scan points-per-wavelength (PPW) that satisfied the
4.5 PPW criteria required for source reconstruction.*” The
hydrophone signal was sampled at 125 MHz on the oscillo-
scope, 12500 sample points were recorded, and 256 wave-
form averages were performed at each scan position. The
temperature of the water during the measurements in the
scanning tank was 19.1 £0.5°C.

Following the measurements, the hydrophone voltage
waveforms at all scan positions were analyzed to calculate
the pressure field. A stable voltage region after the first 20
cycles in the tone burst was identified, and an integer num-
ber of cycles (three periods) was extracted, and Fourier
transformed to obtain the amplitudes and phases at the fun-
damental frequency of 1.06 MHz. The amplitude compo-
nents were scaled using the voltage sensitivity of the
hydrophone at 1.06 MHz to obtain the pressure amplitudes,
and together with phases formed the complex 2D pressure
field. This measured pressure field was used to compute the
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equivalent planar source,” in a parallel plane immediately
behind the curved surface. Since the reconstructed source
would be larger than the scan area of the pre-focal region,
the measured pressure field was expanded by zero-padding
to a size of 512 x 512 grid points.

The pressure amplitude of the reconstructed complex
source plane predicted using the numerical model with 30
iterations is shown in Fig. 4. The maximum absolute error,
L, and the root-mean-square (rms) error, L, in the modelled
data relative to the measured data at the position of the mea-
surement plane were 1.67% and 0.84%, respectively. These
errors essentially describe the accuracy of the optimization
process in reproducing the measured data from a 2D planar
equivalent source compared to its physical counterpart,
which has a curved surface. The accuracy of the recon-
structed source is demonstrated by simulating the acoustic
field in water and comparing it with axial and lateral beam
profiles measured in water using a hydrophone (Sec. V A).

B. The acoustic simulation model

The 3D simulation for acoustic propagation consisted of
water and TMM media in a side-by-side configuration that
closely mimicked the measurement setup (see Fig. 5). The
simulation grid was enclosed by a perfectly matched layer
(PML), which is an unphysical acoustic anisotropic absorbing
medium that completely absorbs the acoustic waves reaching
the edges of the computational domain. The PML size was set
to 20 grid points in x, y, and z dimensions. The source plane
was positioned in a water medium that was offset by five grid
points away from the PML boundary. The thickness of the
water region from the source plane to water-TMM interface
was 42.76 mm and the thickness of the TMM region was
20mm, which matched the measurement setup. As seen in
Fig. 4, there are large noncontributing regions outside of the
circular source area, which were excluded and reduced to a
size of 97.2 x 97.2mm? The 3D grid dimensions, including
the PML were 97.2 x 97.2 x 97.2mm".

Source Estimate - Amplitude
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FIG. 4. The pressure amplitude map of the reconstructed complex source
plane predicted using the numerical model with 30 iterations. The L., and
L, errors at the 30th iteration were 1.67% and 0.84%, respectively.

J. Acoust. Soc. Am. 158 (4), October 2025

Equivalent source
./ T T T T
L]
Water TMM

Lateral distance, x [mm]
S o

N
o

A i i i

0 20 40 60 80 T

Simulation Axial distance, z [mm)] Perfectly
domain matched layer

FIG. 5. Schematic of the 3D simulation grid represented in 2D. A PML
composed of 20 grid points encloses the simulation domain where the
acoustic equations are solved. The red squares represent the equivalent
source obtained in Sec. III A, which is offset by five grid points from the
PML. The thickness of the water layer is ~42.76 mm matching the experi-
mental setup, whereas the thickness of the TMM (~51 mm) is sufficient to
contain pre- and post-focus acoustic field.

The medium properties used in the simulation are listed
in Table I. The simulation was run with a single frequency
CW source for a duration of 120 us, which is slightly longer
than duration required for an acoustic wave to travel across
the diagonal axis. The amplitudes and phases of the source
were used to calculate the time varying sinusoidal source
signals. The steady state pressure field was estimated by cal-
culating the amplitudes of the acoustic waves from two inte-
ger cycles of each time series at the end of the simulation
across the entire simulation grid. The pressure field obtained
at 1.1 W was scaled to produce fields corresponding to 2.2,
3.3, and 4.3 W acoustic powers by using the respective drive
voltages relative to voltage at 1.1 W.

C. Convergence testing of the acoustic simulation
model

The stability and accuracy of the acoustic simulation is
governed by the Courant-Friedrichs-Lewy (CFL) number
CFL = coAt/Ax. Here, ¢y [m-s~!] is the medium sound-
speed, Ar [s] is the simulation time step, and Ax [m] is the
spacing between grid points. When the medium is heteroge-
nous, ¢o in CFL is replaced by the maximum value of the
sound-speed, ¢4y in the medium. A CFL value of 0.3 is usu-
ally sufficient for weakly heterogenous media, however, for
strongly heterogenous media, a much smaller CFL would be
necessary to ensure grid stability. In the present case, though
the sound-speeds and densities are comparable to within a
few percents, the acoustic attenuation of TMM is two orders
of magnitude higher than that of water. Consequently, suffi-
ciently small values of Ax and At are needed to ensure the
acoustic simulation is stable and accurate. The acoustic sim-
ulations were run by successively decreasing the values of
Ax and Ar until the output from the simulations did not
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change significantly. Note that the size of PML was kept at
20 grid points during convergence testing.

Three spatial grid steps of 300, 150, and 75 um were
considered. The input source planes for 150 and 75 um grid
steps were estimated by resampling the reconstructed com-
plex source plane at 300 um grid step using the Fourier
interpolation. For each of Ax, three simulations were run
using time steps of 60.8, 15.2, and 3.8 ns. The maximum
pressure amplitude from each of the simulation was com-
pared to examine convergence (see Table II). The time step,
At was controlled by successively halving the CFL value
from an initial value of 0.3. For each spatial grid step, the
corresponding number of grid points-per-wavelength, PPW,
is also included in Table II. It can be seen from Table II that
when Ax is 75 um or 18.8 PPW, the change in pressure
amplitude for the two values of At of 15.2 and 3.8 ns is neg-
ligible, indicating the convergence of the acoustic simula-
tion model. Overall, the pressure amplitudes in Table II are
not significantly different, and the maximum change in pres-
sure amplitude relative to the smallest pressure amplitude is
only 4.2%. However, since intensity is proportional to pres-
sure squared, the error in temperature rise predictions would
be 8.8%, i.e., twice the error in pressure convergent value.
Therefore, this would drastically impact the quantitative
comparison between measurement and model, which is the
main purpose of the present study. Therefore, the steady
state pressure field obtained from the convergence test for
Ax =75 um and At =3.8 ns was used in thermal simulations.
Uncertainty arising from the chosen grid is considered in
Sec. IVB 2.

D. Temperature rise in the TMM

In this final step, only the pressure distribution within
the TMM region is required for temperature rise predictions.
Therefore, the pressure inside the TMM region
(43.2 x 43.2 x 43.2mm?) was used in the subsequent steps.
The heat diffusion equation was solved using a pseudo-
spectral model (k-Wave) in which the heat source term is
the volume rate of heat deposition, Q [W-m3], due to
ultrasound absorption, defined as Q = a(f)p?/cop,, where
a(f) is the frequency dependent acoustic attenuation of
TMM in units of Neper - m~!, p [Pa] is the amplitude of the
steady state pressure field distribution inside the TMM, ¢,
[m - s~'] is the sound-speed and p, [kg - m~3] is the density
of TMM. The medium properties of the TMM are already
listed in Table I. The initial temperature distribution within

TABLE II. Maximum acoustic pressure amplitude recorded from the con-
vergence test for each value of spatial grid step, Ax and time step, Az. PPW
is the corresponding number of grid points-per-wavelength.

At
Ax PPW 60.8 ns 152ns 3.8ns
300 um 4.7 849.6 kPa 841.5kPa 840.1 kPa
150 um 9.4 867.5kPa 863.1kPa 862.6 kPa
75 pm 18.8 878.1kPa 876.8 kPa 876.7 kPa
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the TMM was assumed same as the water bath in the experi-
ments. The heat source duration was set to be the same as
the heating times in the experiments (i.e., 2, 3, or 4 min).
The thermal simulation was continued for 1 min after the
heat source (ultrasound) was turned off. The time step was
set to 1s, as in the experiments. The temperature time-series
were recorded at the position of maximum acoustic pressure
across all grid points on the horizontal axis to the direction
of acoustic wave propagation. The temperature data on the
grid points corresponding to the measurement locations
were used for quantitative comparison.

IV. MEASUREMENT AND SIMULATION
UNCERTAINTIES

In this section, the uncertainty components of the mea-
surement setup (Sec. IV A) and numerical simulation (Sec.
IV B) are identified, and the approaches to quantify those
components are described. The summarized uncertainty
components combined to give an expanded uncertainty for a
specified coverage probability of 95% are presented (Sec.
IV C). The uncertainty assessment presented in this study is
consistent with the “Guide to the expression of uncertainty
in measurement (GUM)” document series published by the
Joint Committee for Guides in Metrology.>*

A. Uncertainty contributions arising from the
measurements

1. Viscous heating effect of the thermocouple

The size of the TC is critical to minimizing ultrasound-
induced temperature rise, i.e., viscous heating artefacts,5 5,56
which can lead to a significant overestimation depending on
the size and type of TC.”’® Additionally, sources of error
arise from the thermal conductivity and differences in heat
capacity and density between the TC wire and the surround-
ing tissue during ultrasound heating. In the present study,
the diameter of the TC was 1/19 of the ultrasound wave-
length and the resulting errors arising from the chosen TC
size were quantified.’® Reference 59 reported a comprehen-
sive comparison of five correction methods”>%%¢! to account
for viscous heating artifacts on measurements made using a
75 um diameter TC embedded in a TMM for acoustic pow-
ers ranging from 20to 50 W. There was a large variation
between the methods, for example, at 20 W the standard
deviation was 23% and the mean difference with respect to
measurement was —28%. A standardized method for correct-
ing viscous heating artefacts is difficult since a number of
experimental conditions influence the results, such as the
type of ultrasound excitation (CW or pulsed),58 increased
risk of cavitation,®” type, and even aging of thermocouple.’”

For the present study ‘“wait then measure” correction
method was applied.” In this method, the rapid rate of
change of temperature due to viscous heating, which occurs
at the moment of transducer switch-on, is compensated by
delaying the measurement by a fixed amount of time. In
practice, the correction is applied by subtracting the temper-
ature read by the TC at 0.5 s after the switch-on transition
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across the temperature-time recording.” Since the tempera-
ture readings were acquired at 1s interval, the data were
interpolated using the nearest neighbor method to obtain the
correction value at 0.5s. Given the wide variation reported
in Ref. 59, an additional uncertainty expressed as the semi-
width of a rectangular distribution was included, which was
calculated as a fraction of the correction value to the uncor-
rected peak temperature.

2. Accuracy of the thermocouple

It was important to assess the accuracy of the TCs used
in this study since the temperatures measured in the TTP
served as a reference for comparison with simulated values.
As per manufacturer’s specifications, the resolution of the
data logger with K-type TC is 0.025°C, over a range of
—250°C to 1370 °C, which is small and hence no uncertainty
contribution was included. Ideally, an in sifu calibration of
the TCs is needed for which no method currently exists.
Therefore, the calibration data of two TCs identical to those
used in the TTP, each calibrated along with a PicoLog 6
data logger, were examined. The calibration was performed
from 20°C to 50°C in steps of 5°C in terms of the
International Temperature Scale of 1990. The expanded
uncertainty (k=2) of calibration was 0.02°C. For both
probes, a negative correction was specified, which depended
approximately linearly on temperature from —0.38°C to
—0.22°C and —0.15°C to —0.4°C. No corrections were
applied to the temperature-time recordings since the slopes
of the TC correction were of opposite sign. Considering the
non-availability of performance data for TCs embedded in
materials such as TTP, a worst-case uncertainty of 10%
expressed as the semi-width of a rectangular distribution
was included for the lowest peak temperature and propor-
tionally lower uncertainties were included for higher peak
temperatures.

3. Acoustic power

The RFB setup described in Sec. II B is the NPL’s sec-
ondary standard traceable to a primary standard RFB, which
has been subjected to international intercomparison with
similar institutions following an agreed protocol of measure-
ments.'® The overall measurement uncertainty encompasses
a number of systematic components such as balance resolu-
tion and its linearity, extrapolation to the moment of switch-
ing the transducer on/off to determine the change in mass,
absorbing target imperfections, the diameter of the trans-
ducer relative to target diameter, temperature of water, plane
wave assumptions, acoustic absorption in the water path
between the transducer and target, accuracy in the measure-
ment of transducer drive voltage and random variation from
a set of repeat measurements.'* The combined expanded
uncertainty (k=2) in the measurement of all four powers
was 4%. The peak temperatures for ultrasound heating dura-
tions of 2, 3, and 4 min were found to be a linear a function
of acoustic power with coefficients of determination, R? bet-
ter than 0.99.
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4. Acoustic nonlinear propagation

The acoustic nonlinearity parameter, B/A, for water and
TMM are similar.”"%> The acoustic attenuation at 20 °C for
water and TMM at 1.06 MHz are 0.0025 and 0.6dB -cm ™!,
respectively, which is more than two orders of magnitude
higher for TMM relative to water. Therefore, any acoustic
nonlinearity in the focal region of TMM should be negligi-
ble. A test was performed in water by placing an HGL-0085
calibrated hydrophone at the focus, and a tone burst wave-
form was acquired by driving the transducer at a previously
determined acoustic power of 4.3 W. The first harmonic
pressure amplitude was 1.9 MPa, and the second harmonic
level was lower by 26.3 dB. Furthermore, the unitless local
distortion parameter,(’3 o, was estimated, but with two devi-
ations. Since the lateral acoustic pressure profiles were
approximately symmetric (see Fig. 6), the beam area was
calculated from the average radius of pulse-pressure squared
integral profiles in the x and y axes at 4.3 W driving condi-
tion. The source aperture area was calculated using the geo-
metrical diameter of the transducer. The estimated o, was
0.02, which is much lower than the threshold value of 0.5,
indicating a little distortion has occurred.®® Therefore, only
a small uncertainty contribution of 1% expressed as the
semi-width of a rectangular distribution was included.

5. Repeatability of the ultrasound heating setup

The TTP measurements were repeated independently
three times using the ultrasound heating setup described in
Sec. IIC. For each repeat measurement, the TTP was
removed from the MFST, remounted, and realigned in the
focused acoustic field before recording the temperature pro-
files at nominal acoustic power levels of 1.1, 2.2, 3.3, and
4.3 W. The standard errors estimated from the standard devi-
ations of three repeat measurements for each heating condi-
tion were included in the uncertainty budget. Across all
measurements for thermocouple TCO, the standard error was
found to be less than 1%, which suggested that the ultra-
sound heating setup was stable, and the measurement proto-
col described in Sec. II C was acceptable and repeatable.

B. Uncertainty arising from the numerical model
1. Equivalent source reconstruction

The process of equivalent source reconstruction incurs
errors from three contributions: (i) The source reconstruc-
tion is an optimization algorithm and therefore, even with
numerically generated measurement data (noise free), the
L2 error was previously shown to converge within 0.2%.%°
Therefore, the L, error of 0.84% from the present study,
which is expressed as the semi-width of a rectangular distri-
bution, was included in the uncertainty budget. (ii)
Accuracy of mapping the 2D pressure field. This contribu-
tion is influenced by consistent operation of the MFST in
stepping the hydrophone during raster scan without loss of
position increment or accumulation of stepping errors, how
well the hydrophone was aligned to the acoustic propagation
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axis, extent of the 2D pressure field captured, stability of the
transducer drive system, signal-to-noise ratio of the hydro-
phone and the temperature stability of the water in the tank.
The quality of the measured data increases the likelihood of
convergence to a lower error value, or else the optimization
may not converge at all. It was difficult to independently
evaluate the effect of each component of the field mapping
process on the source reconstruction. However, judging by
the repeatability observed in the ultrasound heating mea-
surements, a conservative estimate of 2% was expressed as
the semi-width of a rectangular distribution was included.
(iii) The hydrophone may be considered independent of the
reconstruction algorithm since the optimization process is
not dependent on the hydrophone calibration accuracy. The
algorithm is concerned with reproducing the measured data
produced by a curved source to its planar equivalent.
However, hydrophone calibration accuracy is important to
ensure that the acoustic powers realized via acoustic simula-
tions (Sec. III B) are approximately the same powers mea-
sured on the RFB for identical transducer excitation
conditions. Therefore, uncertainty in the magnitude calibra-
tion of the hydrophone used to map the 2D pressure field
(6% at k=2) is considered within the equivalent source
reconstruction.

2. Acoustic model convergence

The results of the acoustic model convergence test are
presented in Table II. The time step Ar was controlled by the
CFL number, so halving CFL decreased the value of At by a
factor of 4. Consequently, the acoustic model converged
faster with decreasing Ar than grid step, Ax, which was
decreased by a factor of 2. For a Ax of 75 um, the variation
in pressure values with Az can be considered negligible,
whereas for a Az of 3.8 ns, the change in pressure with Ax
from 300 um to 150 um and 150 um to 75 um was 2.7% and
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1.6%, respectively. If the computing resources were avail-
able to test a lower grid-spacing, Ax of 37.5 um, then the
acoustic model would be within 1% of the convergent value.
An uncertainty of 1% expressed as the semi-width of a rect-
angular distribution was included in the uncertainty budget.

3. Simulation input parameters

The acoustic and thermal simulations include several
measured input parameters, which are subject to a degree of
uncertainty as discussed in Sec. IV A. Therefore, a Monte
Carlo (MC)64 method was used to assess the contribution
from these parameters by perturbing the simulation input
parameter values and repeating the simulations. It should be
noted that acoustic simulations were not subject to MC
method since it was computationally burdensome. For
example, the largest acoustic simulation (Ax = 300 yum and
At = 3.8 ns) took 70.2h to obtain the acoustic pressure dis-
tribution in the water-TMM media. Each heating condition
of the thermal simulations took less than 30 min for comple-
tion. Therefore, for practical reasons only thermal simula-
tions were feasible for MC method.

For the thermal simulations, acoustics and thermal
properties of TMM are required, which are listed in Table I
along with their estimated uncertainty and coverage interval
(k) where available. The TMM input parameters were drawn
randomly from either a normal or uniform distribution with
standard deviations equal to their standard uncertainties. For
example, sound-speed of TMM was perturbed using the
MatLAB® function “normrnd (1538, 5/2),” where divi-
sor 2 is the k value. The accuracy of 10% in the measured
thermal properties of TMM was assigned a rectangular dis-
tribution in the absence of further statistical information
from the Tempos manufacturer. Therefore, their standard
uncertainties were derived after dividing the accuracy by
V3. The relevant MatLAB® function was “unifrnd.” A
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total of 1000 simulations were performed, and for each sim-
ulation, all input parameters were perturbed together. The
histogram plots of peak temperatures for all heating condi-
tions showed that the temperatures from 1000 simulations
were normally distributed. Consequently, a standard uncer-
tainty equal to the standard deviation calculated from 1000
simulations for each heating condition was included in the
uncertainty assessment.

C. Uncertainty tables

The uncertainty components of the experimental setup
and numerical simulations are determined in Secs. IV A and
IV B are listed in Tables III and IV. The uncertainties in
Table III are tabulated for three driving conditions of the
transducer: 1.1 W for 2 min, 2.2 W for 3 min, and 4.3 W for
2 min. The resulting peak temperature rises measured at
TCO were 4.4°C, 9.6°C, and 16.4°C. Since the relative
placement errors for thermocouples TC1, TC2, and TC3
could not be ascertained with confidence in the physical
TTP no uncertainty contribution was included. Therefore,
Table III is primarily concerned with the accuracy of tem-
perature rise measurements from TCO. Since the acoustic
focus was aligned to the response of TCO (Sec. IIC2) and
three independent repeat measurements were undertaken,
standard error evaluated from standard deviations of repeat
measurements were deemed sufficient.

In Table IV, uncertainties in the simulations are tabulated
for three driving conditions of the transducer: 1.1 W for 2 min,
2.2'W for 3 min, and 4.3 W for 2 min. The resulting peak tem-
perature rises obtained from the simulations at the acoustic
focus were 4.6°C, 9.7°C, and 17.5 °C, which corresponded to
the location of TCO in experiments. Note that the uncertainty
components have been doubled except for the thermal model
input parameters since intensity is proportional to the square of
the pressure amplitude, which was used in the calculation of
the heating source in thermal simulations.

V. RESULTS

A. Equivalent source simulations in water and its
comparison with hydrophone measurements

The results of the acoustic simulation in water-only
medium using the equivalent source and its comparison with

the hydrophone measurements are shown in Fig. 6. The grid
structure was similar to water-TMM setup (Fig. 5) except
that TMM was replaced by water and Ax and At were
300 um and 58.9ns (CFL =0.3), respectively. The hydro-
phone was axially aligned, and an axial profile was mea-
sured at 1.1 W. At the focal maximum pressure, lateral beam
profiles were measured for all four power levels. The hydro-
phone scan step size in axial and lateral directions was kept
constant at 300 um. The maximum relative mean square
error across all the simulated lateral beam profiles against
hydrophone measurements was 0.8%, which is similar the
L2 error in Sec. IIT A.

B. Measured transducer acoustic output powers and
focal intensities

The radiated acoustic output powers from the transducer,
measured using the RFB along with the corresponding drive
voltages and focal intensities, are listed in Table V. The mea-
sured lateral beam profiles (Fig. 5) were fit with a Gaussian
curve to obtain the —6dB beam width, which was 1.8 mm
and the consequent —6dB beam area was 2.54mm’
(0.025 cm?). The beam area measured in water was assumed
to be similar in TTP. The measured radiated output was atten-
uated using the relation P, = Poexp(—2az), where Py is the
radiated power, P. is the attenuated power along the beam
axis at a distance z, and « is the amplitude attenuation coeffi-
cient of plane acoustic waves in a given medium. The P, was
attenuated using two values of o for water and TMM over a
distance of 42.76 mm and 20 mm, respectively.

The uncertainties listed alongside the values for the
drive voltage and power are expanded uncertainties stated at
a coverage probability of 95% (k=2). The expanded uncer-
tainties in intensities were estimated by combining the
uncertainties in power, beam width, and acoustic amplitude
attenuation coefficient of TMM.

C. Example of temperature distribution in TMM from
simulations

An example temperature distribution within the TMM
from thermal simulations is shown in Fig. 7 for the case of
4 W applied power and 2-min heating duration. The left
panel in Fig. 7 was the temperature distribution at the end of

TABLE III. A representative uncertainty budget for the experimental setup used to measure temperature rise in TTP. The combined expanded uncertainty is
stated at a coverage probability of approximately 95% (k =2). UC, uncertainty; Std. UC, standard uncertainty.

1 W; 2 mins 2 W; 3mins 4 W; 2 mins
Source of uncertainty Probability distribution Divisor UC [%] Std. UC [%] UC [%] Std. UC [%] UC [%] Std. UC [%]
Viscous heating effect Rectangular V3 4.80 2.77 3.10 1.79 3.10 1.79
Thermocouple accuracy Rectangular V3 10.0 5.77 8.40 4.85 5.00 2.89
Acoustic power Normal 2 4.00 2.00 4.00 2.00 4.00 2.00
Acoustic nonlinearity Rectangular V3 1.00 0.58 1.00 0.58 1.00 0.58
Standard error (n = 3) Normal 1 0.23 0.23 0.29 0.29 0.02 0.02
Combined Std. UC /% Normal — — 6.7 — 5.6 — 4.0
Expanded UC /% Normal (k=2) — — 13.5 — 11.2 — 8.0
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TABLE IV. A representative uncertainty budget for the numerical simulations implemented using k-Wave to simulate the temperature rise in TMM. The
combined expanded uncertainty is stated at a coverage probability of approximately 95% (k =2). UC, uncertainty; Std. UC, standard uncertainty; Std. Dev,

standard deviation.

1 W; 2 mins 2 W; 3 mins 4 W; 2 mins

Source of uncertainty Probability distribution ~ Divisor ~ UC [%] Std. UC [%] UC [%] Std. UC [%] UC [%] Std. UC [%]
Hydrophone calibration Normal 2 12.0 6.00 12.0 6.00 12.0 6.00
Hydrophone scanning system Rectangular V3 4.00 2.31 4.00 2.31 4.00 2.31
Equivalent source, L2 error Rectangular \/§ 1.68 0.97 1.68 0.97 1.68 0.97
Acoustic model convergence Rectangular V3 2.00 1.15 2.00 1.15 2.00 1.15
Std. Dev in MC simulations Normal 1 8.70 8.70 9.10 9.10 8.90 8.90

of thermal model

Combined Std. UC Normal — 10.9 — 11.2 — 11.1
Expanded UC Normal (k=2) — 21.9 — 22.5 — 22.2

the heating duration, and on the right panel, it was the tem-
perature distribution 60 s after the transducer was switched
off. The white dots represent virtual TC positions spaced
2.5mm apart on the computational grid. The temperature-
time data at these grid positions were recorded for compari-
son with TCs embedded in TTP (see Fig. 8).

D. Examples of temperature-time data from measure-
ment and simulation

Temperature-time plots obtained from the measure-
ments (dashed lines), which were not corrected for viscous
heating effects, and simulations (solid lines) are presented in
Fig. 6. It should be noted that the background temperature
(19.1 °C) in the measurements and simulations was removed
to aid better comparison. The plots represent the data from
four heating conditions: 1.1 W for 2 min, 2.2 W for 3 min,
3.3 W for 3 min, and 4.3 W for 2 min. The measured and
predicted temperatures are very similar for all TCs, except
TC1. The measured temperatures of TC1 are higher than the
predicted results for all four cases. In a simulation study, the
viscous heating effect was also seen in the sidelobes of
focused field; however, its effect was lower compared to the
TC placed at focus.”’ Therefore, it is unlikely that the cause
of higher TC1 recordings was due to increased heating from
side lobes. The closest simulation grid point that gave a
close agreement with measurement at TCl was 1.8 mm
from TCO, a difference of 0.7 mm. Therefore, it is likely that
that TC1 may have been placed closer to TCO during TTP
fabrication.

TABLE V. Transducer drive voltages measured at its input terminal and
the corresponding radiated acoustic output powers realized on the RFB.
Focal intensities are approximated as described in Sec. V A. The parentheti-
cal values are expanded uncertainties stated at a coverage probability of
approximately 95% (k=2).

Voltage Radiated power Focal intensity
[Vrwms] [W] [W-cm™?]
7.90 2%) 1.1 (4%) 33 (18%)
11.1 2%) 2.2 (4%) 65 (18%)
13.6 2%) 3.3 (4%) 98 (18%)
15.5 2%) 4.3 (4%) 128 (18%)
2878  J. Acoust. Soc. Am. 158 (4), October 2025

E. Viscous heating corrections

The viscous heating corrections (VHCs) obtained using
the “wait then measure” method are listed in Table VI. Each
correction value represents an average from three repeat

Transducer on for 2 mins at4 W
Temperature at the end of heating
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FIG. 7. Temperature distribution within the TMM from thermal simulations
for the case of 4.3 W applied power and 2-min heating duration. Top panel,
temperature map at the end of heating. Bottom panel, temperature map after
the transducer was switched off for 1 min. The white dots represent the TC
positions spaced 2.5 mm apart from the position of maximum temperature
grid point.
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heating measurements. For the uncertainty, the standard
deviation in the uncorrected and corrected peak tempera-
tures for the three repeat measurements was calculated and
added together in quadrature. There appears to be some
dependence of VHC on intensity. In a previous study,*
which used a 50 um diameter fine wire TC embedded in a
hydrogel-based TMM, the VHC corrections were obtained
by fitting a best fit (cubic) curve to the TC data. A data win-
dow from 2 to 12 s after the peak temperature was used for
curve fitting and using the best fit coefficients, the tempera-
ture to the time at peak temperature was extrapolated. Their
VHCs at 24W-cm™2 and 102W -cm™2 were approxi-
mately 0.05°C and 0.6 °C, respectively (inferred from the
data plot), for a heating duration of 20s. In this study, the
VHCs at 33 W -cm~2 and 128 W -cm™2 were 0.22°C and
0.53 °C for a heating duration of 2 min. The larger variation
at lower intensity may be attributed to the influence of noise
in the measurement when choosing the temperature at 0.5 s
after the switch-on transition in the “wait then measure”
method.

TABLE VI. The average VHCs obtained from three repeat heating mea-
surements for all transducer drive conditions obtained in this study. The
standard deviations in the uncorrected and corrected peak temperatures
were calculated and added together in quadrature to estimate the UC. VHC
[%] is the fractional correction related to the uncorrected peak temperature.

On-time Power Intensity VHC ucC VHC%
(mins) W) (W-cm™?) 0 (%) (%)
2 1.1 33 0.22 1.5 4.8
2 22 65 0.42 1.5 4.7
2 33 98 0.47 23 3.6
2 4.3 128 0.53 1.0 3.1
3 1.1 33 0.14 1.1 2.8
3 2.2 65 0.31 1.4 3.1
3 33 98 0.80 3.0 5.5
4 1.1 33 0.14 0.9 2.6
4 22 65 0.40 1.6 3.9
4 33 98 0.73 2.2 4.7
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F. Comparison of the measured and predicted peak
temperature rises

The peak temperature rises (actual temperatures—back-
ground temperature) of TCO obtained from the measure-
ments and simulations are listed in Table VII along with
expanded uncertainties (k=2). VHCs were applied to the
measured temperature-time recordings and then the peak
temperature rises were estimated. The measurement and sim-
ulation results show an agreement, i.e., their respective uncer-
tainty intervals defined by the expanded uncertainties overlap.
The worst-case difference in simulated temperatures across
all heating conditions with respect to measurements was 6.7%
at 98 W - cm~2 for 3 min heating. The measured peak temper-
ature rises show higher differences in the simulations except
at 1.1 W for heating durations of 2 and 3 min, the possible
reasons for which are stated in Sec. VI.

VI. SUMMARY AND DISCUSSION

In this study, measurement-based simulation of temper-
ature rises from focused ultrasound fields in the linear
acoustic regime using k-Wave was investigated for its accu-
racy against experiments. The experiments involved a TTP
made of agar-based TMM and included four fine wire TCs.
A focused ultrasound transducer (1.06 MHz) aligned at the
central thermocouple, TCO to produce different acoustic
powers (from 1.1 to 4.3 W) under CW excitation was used.
The temperature rise experiments were conducted for differ-
ent durations (from 2 to 4 min).

The acoustic wave propagation and heat diffusion were
modelled using the k-Wave simulation toolkit and experi-
mentally derived transducer source conditions. For an accu-
rate representation of the curved transducer in the acoustic
model, the output of the transducer was measured using a
hydrophone over a plane perpendicular to the beam axis,
and a planar equivalent source term was calculated. A 3D
acoustic simulation was completed in water and tissue mim-
icking material layered media with an equivalent source
positioned in water. The pressure field within the tissue
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TABLE VII. The measured and predicted peak temperature rises at TC0O. The parenthetical values are expanded uncertainties stated at a coverage probabil-

ity of approximately 95% (k =2).

On-time Power Intensity Measurement Simulation Difference w.r.t. Measurement
(mins) W) (W -cm™2) O (O (%)
2 1.1 33 4.4 (0.6) 4.6 (1) 4.5
2 22 65 8.5 (1) 8.9(2) 4.7
2 33 98 12.7 (1.2) 13.2(3) 3.9
2 4.3 128 16.4 (1.3) 17.5 (4) 6.7
3 1.1 33 5.0 (0.6) 5.0(1.1) 0.0*
3 22 65 9.6 (1.1) 9.7 (2.2) 1.0
3 33 98 13.6 (1.5) 14.4 (3.2) 59
4 1.1 33 5.4(0.7) 53(1.2) -1.9
4 22 65 9.9 (1.1) 10.3 (2.4) 4.0
4 33 98 14.7 (1.5) 15.2(3.5) 34

“A difference of 0.0% arises due to rounding the results to one decimal place.

mimicking region was used to compute the heat source to
simulate heating of the material. Temperature rises corre-
sponding to the locations of four thermocouples in the ther-
mal test phantom were recorded for comparison with the
measurements.

Uncertainty analysis was performed for both the experi-
mental setup and simulation model. For the experiments, vari-
ous factors such as thermocouple accuracy, viscous heating
effects, and uncertainty in acoustic power measurements were
considered. Viscous heating corrections for the thermocouple
were applied to the experimental data using the “wait then
measure” method. For the simulation model, various factors
such as the errors in equivalent source reconstruction, acoustic
simulation grid convergence, and uncertainty in measured
input parameters of the thermal model were considered.

A few aspects that were not considered in this study in
explaining the differences between measurements and simula-
tions are discussed here. First, the placement or positions of
TCs within the TTP were not known exactly, but it relied upon
the geometrical accuracy of the 3D-printed cylindrical holder.
However, it is entirely feasible that the TCs would be slightly
displaced during the pouring of the molten TMM during fabri-
cation. Nevertheless, TCO was always aligned to the acoustic
focus, and its position uncertainty was mainly in the axial
direction, whereas other TCs have position uncertainties both
in axial and lateral directions. Therefore, there is greater confi-
dence in the quantitative comparison of temperature-time data
of TCO from measurements and simulations, but the compari-
son is more of a qualitative nature for other TCs. Second, the
simulations were performed at a constant temperature and did
not consider the temperature dependence of TMM properties,
i.e., the acoustic and thermal simulations were not coupled.
The sound-speed® of IEC TMM has been found to increase
with temperature at a rate of 1.5m -s~!-°C~! from 19.8 to
45.3°C, whereas the acoustic attenuation has been found to
decrease with temperature in two studies’®®’ at a rate of
0.005dB - cm~' - MHz~! -°C~! from 22 to 37°C. Between
the two coefficients, the proportional effect of attenuation is
higher compared to the sound-speed change with temperature.
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However, the decreasing attenuation with temperature, which
is not considered in the acoustic and thermal model, may have
partly contributed to the differences between the simulations
and measurements. Third, the transducer was characterised for
its reference power levels on RFB using CW excitation, and
the planar scanning of the transducer field for source recon-
struction was performed using a 30-cycle tone burst. In a previ-
ous study,” acoustic powers measured in pulsed mode at
different pulse repetition rates were not similar to CW when
scaled by their duty factors that used RFB on two focused
transducers from two distinct manufacturers.

Finally, it is worth mentioning that the IEC Technical
Specification (TS) 62556:2014% provides guidelines on mea-
surement and uncertainty evaluation of HITU fields to dem-
onstrate compliance against IEC International Standard (IS)
60601-2-62:2013,'"® which applies to the basic safety and
essential performance of high-intensity therapeutic ultrasound
equipment. Moreover, the TS is restricted to linear propaga-
tion models, neglecting absorption. The IEC TS 63587 titled
“Ultrasonics —Field characterization—Measurement-based
simulation in water and other media” is currently at the draft
stage, which includes areas such as model-based source
reconstruction, requirements for hydrophone scanning, cali-
bration of source levels such as acoustic power, and estima-
tion of simulation uncertainties. Also, the scope of draft IEC
TS 63587 does not stipulate accuracy metrics for simulated
quantities or any particular field quantities as simulation out-
puts, and no such attempt was made within this article. The
simulation output quantities were resolved to agree with mea-
surements, having considered a detailed assessment of uncer-
tainties, and that the uncertainties of measurement and
simulation overlapped. The difference in simulated tempera-
ture rises across all heating conditions with respect to mea-
surements ranged from —1.9% to 6.7%.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on
experiments, results, and computational resources used for
simulations.
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