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Accepted: 23 August 2019 Purpose: Passive Acoustic Thermometer (PAT) is a safe method for internal temperature estimation that works
based on acoustic radiation of materials with a specific temperature. Several experimental studies have been
carried out so far in the field of PAT. While, to the best of our knowledge, there is no simulation-based research
reported yet.

Materials and Methods: In this article (for the first time) we proposed a simulation framework for evaluating
the PAT methodologies. This framework supports the generation of acoustic radiation, signal processing,
Keywords: parameter estimation, and temperature reconstruction processes. At the moment, the proposed framework
Internal Temperature; estimates the temperature in the frequency domain and uses the frequency spectrum of the acquired ultrasound

. . signals captured by a single transducer.
Passive Acoustic

Thermometer: Results: Using the proposed framework, we tried to implement previously practical experiments and the results
of the simulation are consistent with those of the practical experiment. The mean error of temperature estimation
was below 0.45 °C. The results show that it is possible to use this framework to evaluate the PAT in different
scenarios.

Hyperthermia Therapy.

Conclusion: Therefore, this method enhances the possibility of examination of different conditions and
algorithms. It also reduces the cost of practical experiment.

1. Introduction of internal temperatures of the human body with an error

Passive Acoustic Thermometer (PAT) is a method for Of about 0.4 °C [1]. However, that method requires

measuring the thermal acoustic radiation of an object at €XPensive equipment, skilled personnel, and specially
the determination of its internal temperature. Internal Préepared premises. Besides, there are groups of people

temperature is a very important factor for medical for whom the application of magnetic resonance methods
applications such as diagnosis of various tumors or IS unacceptable for different reasons.

control temperature during hyperthermia therapy. There
are several thermometric methods, including Infra Red
(IR), Magnetic Resonance Imaging (MRI), and active
ultrasonic thermometry, which are used for clinical
applications more than MRI. Infrared thermometry is
only able to measure the body surface temperature, so it
cannot detect diseases such as cancerous tumors. The
magnetic resonance thermometry enables measurement

The active thermometry method needs more equipment
than its passive version, which leads to an increase in
cost. In addition, in order to monitor the temperature in
the long run using an active thermometry scenario the
ultrasound exposure causes a change in the temperature
of the tissue which results in having an error on estimated
temperature.
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On the other hand, the passive thermometry methods
are very interesting because the measuring device does
not emit any ultrasound wave to the target tissue and only
records the inherent radiation produced by thermal
chaotic movement of tissue atoms. In many types of
researches [1-13], such passive measurement methods
are proposed. These methods are called as PAT, i.e. by
measuring the thermal acoustic radiation from tissue, in
a non-invasive scenario also with low-cost hardware and
easily applicable in clinical diagnosis and completely
safe method because of its passive procedure. According
to these studies, the PAT method is capable of
reconstructing the temperature with an error of about 0.5-
1 [IC that is applicable for medical applications.

All of the studies that have been done so far in the field
of passive acoustic thermometry have examined this
method in practice, but in this paper we have tried to set
up a simulation framework based on the k-wave
ultrasound Matlab toolbox [14] for implementation and
verifying state of the art and new algorithms on
ultrasound thermometry.

Using the developed framework, it is possible to study
the different algorithms and conditions for developing
temperature estimation algorithms by the method of
passive acoustic thermometry before developing related
hardware. The details of the proposed framework and
performed simulations are described in the next Section.
Section 3 deals with the simulated results of the
performed thermometry process and finally, Section 4
concludes the paper.

2. Materials and Methods

In this section, the required tools and formulations for
PAT are described. Also, the simulated PAT process
steps are provided as a protocol followed by signal
processing approaches for temperature estimation.

The general steps for recovering temperature for the
target material are shown in Figure. 1. As it can be seen,
in the first step, the acoustic signal generated by the target
material is produced by the k-wave ultrasound Matlab
toolbox according to Equation (1) and in the next step,
the signal is received by a transducer and pre-processed.
Then, in the process described in the following sections,
the necessary parameters of the PAT equations are
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specified in a process called calibration. In the final stage,
the calculated parameters are utilized to estimate the
temperature of any simulated material with specific
temperature in the simulation framework. Since we deal
with a simulation scenario, and the temperature of the
material is known, the evaluation of estimation process is
easily straight forward by comparing the estimated
temperature with the actual one.
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Figure 1. Global block diagram of
reconstruction with PAT process

temperature

2.1. Setup

In this paper, we used MATLAB software. The
simulation environment size is chosen as an N*N pixels
frame with 100pum resolution in both coordinates. The
whole simulated material is defined as a homogeneous
frame with predefined density (p). Also, the propagation
speed of sound in this material is assumed as V (m/s),
which is consistent with the material properties. Due to
the environment temperature, we defined 32 acoustic
radiation sources with 25°C (according to equation 1),
that these sources are randomly located and generated in
simulation framework. For data analysis, the specific
time sequence was selected, that the signal in this
sequence is stationary and also all the grid points have
nonzero energy.

According to the Rayleigh-Jeans law, the mean of the

pressure square, [(<p>)] "2, emitted by an acoustic

black body (target material) with specific temperature, T,
frequency interval Af in megahertz is formulated as

_ AnKTPf2Af

<p?> -

D

Where K is the Boltzmann's constant, v is the sound
velocity, p is the medium density and f is the radiation
frequency.
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In this article we ignored the simulation of molecular
motions, and just relied on the results of the previous
studies such as [1, 14] for the relationship between
temperature and amplitude of the acoustic pressure noise
spectrum in Equation 1. In addition, according to another
research [15], every material produces a specific wide
band acoustic noise (below 10 MHz). Therefore, here, we
used a white noise as the source.

In this study, in order to measure the acoustic signals,
one receiver transducer with a center frequency of 2.2
megahertz was placed in the perpendicular to material
orientation. The experimental setup is represented in the
Figure 2.

X-pasttion [mm]
Q

y-position [mm]

Figure 2. (A). Simulated frame, (B) Target Object with
acoustic radiation, (C) receiver transducer

2.2. Protocol

In order to achieve the unknown parameters in the
temperature reconstruction process, a calibration process
must be considered. In this regard, hypothetical bodies
are placed at a specific temperature of 28°C and 29°C in
the simulation environment, and then hypothetical bodies
are used with an unknown temperature to generate the
acoustic signals and reconstruct the temperature from the
generated signals.

2.3. Temperature Estimation Process

According to the preprocessing step shown in Figure. 3,
the acoustic signal received by the transducer is passed
through a band-pass filter with a bandwidth of 0.5-4.5
MHz (these parameters are chosen similar to those of
performed practical experiment).
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Detailed block diagram of temperature

In order to reconstruct the temperature, the power
spectral density (PSD) of the filtered signal is calculated.
The frequency ranges are defined as fi (-
A)Af(wheref i=1,12,3,4 MHz and Af=0.5MHz) which
is measured at various frequency ranges of the area of the
surface below the PSD curve. These bands are chosen
according to the central frequency and frequency
response of the measuring probe to cover its pass-band
uniformly similar to the reported bands in the previously
performed researches [2, 13].

The passive acoustic temperature was calculated for
four frequency ranges, which was mentioned before,
using the following Equation 2 [13].

AS;
S

1° 28°
A C+28°C

Texp (fz,) = (2)

bb;
Where i is the number of sub-band, and [AS] _i

(i=1,...,4) are the difference between the measured
signals from the object and the black body temperature at

a temperature of 28°C. Also, the term [(AS) _bbi

(i=1,...,4) denotes the difference between the measured
signal from the black body at 29°C and the measured
signal from the black body at 28°C.

At the next step, in calibration box of Figure. 3, the
calibration process is performed. This process is carried
out for the target object at two different known
temperatures (28°C and 29°C). The aim of this process is

to calculate the [(AS) bbi (i=1,...,4) in equation (2), so

with computing the area under PSD curves of different
sub-bands for two predefined temperatures, we can use
the Equation (2) for temperature estimation.

From now on, the estimated parameters, [(AS) _bbi,
at the calibration process will be used to measure the
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temperature of the target material with unknown
temperature. Then with subtracting T_exp (f_i ) from
actual temperature, we can calculate the error of PAT.

In order to evaluate the performance of the whole PAT
process, we insert separate target materials with known
temperatures as 45, 25 and 60°C in the framework.

3. Results

In this section, the results of running simulated frame
according to the pervious section of water that have
p=1000(kg/m®), V=1483 and N=128 are shown. The
reason for choosing water as the frame substance in the
environment is its negligible acoustic attenuation.

3.1. Calibration

To obtain the temperature with Equation 2, we must
obtain our unknown parameters. Therefore, in a process
called calibration, the acoustic radiation of two
hypothetical bodies is measured at 28 and 29 degrees, so
the calculated parameter in the region in the form of the
underwear, the signal obtained from the radiation of two
objects with a temperature of 28, and the difference
between curve 28 and the spectrum of the black body
with a temperature of 29°C (red line) with 200 times
magnification are shown in Figure. 4.

PAT sig in frquency domain

—PSD estimation of PAT sig at 28 deg blue f
—difference PSD curve between 23and28deg with 500"magnficaion red-

spectrum

ﬁéquency{Hi)

Figure 4. PSD of two black body radiation signal with a
temperature of 28(blue line) and the difference between curve
28 and the spectrum of the black body with a temperature of 29
(red line) °C with 500 times magnification are shown

The same signal obtained by ANOSOV [3] in a
practical experiment similar to the one mentioned in this
paper that is shown in Figure 5. In that experiment, the
thermal radiation of two plasticine objects (two acoustic
black bodies) was measured. The two objects were
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immersed in the thermostatic bath at 28 °C and 29 °C,
respectively. The measured spectrum of the black body
with a temperature of 28 °C is shown in Figure. 5, curve
1. The difference between curve 1 and the spectrum of
the black body with a temperature of 29 °C is 0.13%, but
at the scale used in Figure. 5, this difference is practically
invisible.
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Figure 5. Spectrum of a black body with a temperature of
28 °C (curve 1) and the difference of black body spectra for
temperatures of 29 °C and 28 °C (curve 2). The scales for
curves 1 and 2 differ by a factor of 500 [3]

3.2. Velocity and Pressure

In the Fig. 6, the changes in speed and pressure
recorded by the receiver sensor are displayed over time
for a source with 28 °C.
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Figure 4. Velocity of acoustic signal that was captured with
the transducer at x and y direction and pressure are shown

In Table 1, the reconstructed temperatures are shown
for different sub-bands for objects with different
temperatures.
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Table 1. Result of temperature estimation at each frequency
band are shown

Actual Temp.E Temp.E Temp.E Temp.E

Temp at at at at

(deg) f1(deg)  fa(deg) f3(deg) fa(deg)
60 59.01 61.79 60.7. 61.68
45 44.73 45.49 45.19 45.46
5 4.44 5.99 5.39 5.93

4. Conclusion

Based on the results obtained in Figure 3, which is
related to the acoustic signal received in the experimental
experiment, which was recorded by Anosov [3] and
compares it to Figure 2, which results from the PAT
simulation by k-wave Toolbox, we find that there is a
significant similarity between the practical results and the
simulation. The similarity demonstrates the ability to use
the k-wave Toolbox to simulate passive acoustic
thermometers.

As can be seen from Table 1, using simulated
framework, we can measure the temperature of the target
object with reasonable error, which is why the ideal zero
error is the consideration of all conditions such as the
homogeneity of the object and the assumption of the
environmental conditions that this mode is not feasible in
the practical test. So, we can use the k-wave toolbox to
simulate a passive acoustic thermometer that allows for
the examination of different conditions and algorithms
and reduces the costs of the practical test of a hypothesis
and improves the speed of the passive acoustic
thermometry.

4.1. Velocity and Pressure

In this paper, the target objects are considered
homogeneous and integrated, while in reality, we face a
non-homogeneous object that should be considered for
future work and we will examine this method in a
practical experiment.
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