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Photothermal therapy is a promising tumor treatment approach that selectively eliminates cancer cells while
assuring the survival of normal cells. It transforms light energy into thermal energy, making it gentle, targeted,
and devoid of radiation. However, the efficacy of treatment is hampered by the absence of accurate and
noninvasive temperature measurement method in the therapy. Therefore, there is a pressing demand for a
noninvasive temperature measurement method that is real-time and accurate. This article presents one such
attempt based on thermal strain photoacoustic (PA) temperature measurement. The method was first modelled,
and a circular array-based photoacoustic photothermal system was developed. Experiments with Indian ink as
tumor simulants suggest that the temperature monitoring in this work achieves a precision of down to 0.3 °C.
Furthermore, it is possible to accomplish real-time temperature imaging, providing accurate two-dimensional
temperature mapping for photothermal therapy. Experiments were also conducted on human fingers and nude

mice, validating promising potentials of the proposed method for practical implementations.

1. Introduction

Photothermal therapy (PTT) is a therapeutic approach that uses
materials with high photothermal conversion efficiency to selectively
eliminate cancer cells without harming normal cells. The photothermal
materials extensively studied in photothermal therapy encompass
organic nano-photothermal conversion materials, precious metal
nanoparticles, metal chalcogenide nanomaterials, and carbon-based
photothermal conversion materials. These materials are injected into
human body and accumulate near tumor sites actively or passively
[1-4]. When exposed to optical illumination, these materials convert
light energy into heat via absorption, raising the in-situ temperature
above certain threshold, which could lead to cell disfunction or necrosis.
As these materials only concentrate at and around the tumor sites, PTT
can selectively kill cancer cells with minimal damage to surrounding
healthy cells [5-7]. As seen, accurate monitoring of the in-situ temper-
ature within tissue is crucial in PTT treatments, which, however, has not
yet been implemented in most practices in the field [8]. Moreover, due

to tissue diversity, there is need to adjust the strength and duration of
laser illumination in PTT, which usually relies on prior knowledge or
model-based estimation rather than real-time local temperature or
treatment outcome feedback, which poses further challenges to achieve
personalized treatment [9]. For example, in mild photothermal therapy
(MPTT), the target treatment temperature must be maintained between
42°C and 45°C to eliminate cancer cells rapidly [10-12]. Therefore, to
achieve precise PTT, high-precision and real-time temperature mea-
surement is indispensable [13,14].

Currently, there are a many of invasive and cost-effective tempera-
ture monitoring approaches that could result in precise temperature
measurement in PTT [15]. However, given the potential risk of tumor
metastasis associated with wound formation, the use of such techniques
is not ideal. The prevalent noninvasive temperature monitoring means
employed in clinical settings encompass infrared temperature mea-
surement, magnetic resonance (MR) temperature measurement, and
ultrasound temperature measurement technology [16-18]. The infrared
thermometer functions by detecting and quantifying the infrared
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radiation emitted by an object. The accuracy of infrared temperature
monitoring is susceptible to external conditions and its capability is
constrained by the penetration depth it supports due to strong scattering
and absorption of near infrared light in tissue. Typically, it is recom-
mended only for temperature measurements of the outer layer of the
examined object but not for deeper tissue regions [19]. MR thermometry
relies on the temperature-dependent shift of proton resonance fre-
quency. Effective use of magnetic resonance temperature measurement
necessitates the elimination of fat signals during imaging, and the
equipment is costly and inaccessible for widespread adoption [20]. The
core principle of ultrasonic temperature measurement involves evalu-
ating the relationship between the velocity of ultrasonic waves and the
temperature within a specific medium. For ultrasound-based tempera-
ture measurement means, although it offers relatively balanced perfor-
mance between accuracy, penetration depth, and spatial resolution
performance, attaining high-resolution temperature estimation in low
echo tumor tissue proves challenging due to the internal acoustic
properties of the tissue [21].

Photoacoustic effect is a phenomenon of material oscillation induced
by the absorption of light energy. Imaging based on the photoacoustic
effect, i.e., photoacoustic imaging, synergizes the benefits of optics and
acoustics [22-27]. The contrast in ultrasound imaging is governed by
the mechanical and elastic properties of the tissue, whereas in photo-
acoustic imaging, it is mainly determined by the optical properties,
particularly optical absorption [28]. For instance, in breast cancer, the
tumor region typically exhibits hypoechoic or anechoic characteristics,
resulting in darkened areas on the ultrasound image. This suggests that
the echo signals within the region are either abnormally weak or
completely absent, thereby rendering this technology ineffective for
temperature monitoring of specific areas during ultrasound imaging.
Photoacoustic imaging is capable of visualizing light-absorbing sub-
stances, such as hemoglobin in cancerous tumors, which are excited to
generate strong photoacoustic signals. This capability enables precise
monitoring of the tumor’s temperature based on photoacoustic signals
throughout the entire heating process. Photoacoustic technology syn-
ergizes the deep tissue penetration capability of ultrasonic techniques
with the high contrast resolution of optical methods, thereby enabling
more precise tissue temperature measurements at specified depths and
within defined spatial ranges. Photoacoustic temperature measurement
leverages the inherent positive correlation between photoacoustic sig-
nals and localized thermal changes to estimate in-situ temperatures,
offering the potential for non-invasive, precise, and real-time tempera-
ture monitoring in PTT. Especially, thermal strain temperature mea-
surement is advantageous over regular amplitude-based photoacoustic
temperature measurement means, as it substantially reduces the
following factors that may affect the measurement results: inadequate
stability of light-absorbing materials used in imaging targets, significant
fluctuations in pulse laser energy, as well as the lack of a positive cor-
relation between temperature and the Grueneisen coefficients of certain
substances [29-32]. In this manuscript, we introduce a novel photo-
acoustic temperature measurement method based on thermal strain.
This method operates independently of the photoacoustic signal
amplitude, effectively eliminating the aforementioned interference
factors associated with amplitude-based photoacoustic techniques,
thereby providing a more precise and robust temperature monitoring
approach in PTT. To confirm the effectiveness of the proposed approach,
we carried out a sequence of validation trials, which include theoretical
modelling and temperature measurement experiments with Indian ink
tumor-mimicking phantoms, human fingers, and naked mice. All
experimental results unequivocally showcase the capacity of the pro-
posed method for robust temperature monitoring of a high level of
precision, which could potentially generate widespread applications in
PTT.
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2. Methods and materials

This section outlines the techniques employed to acquire and
examine the empirical findings of this study. At first, we provided a
description of the photoacoustic temperature measuring and tempera-
ture imaging technique that relies on thermal strain. It also includes the
necessary formulas for this technology. Next, we presented a detailed
description of a circular-array photoacoustic computed tomography
(PACT) system designed for temperature monitoring. The system’s
hardware components and operational logic were also explained.
Finally, the different imaging targets and corresponding experimental
settings used in this experiment were introduced: humanoid, nude mice,
and human fingers.

3. Theoretical model

Assuming the initial temperature 6, in the tissue is uniformly
distributed, and regardless of the time it takes for the pulsed laser to
irradiate the tissue and convert it into sound pressure, if the initial time
is To, the time delay for a photoacoustic signal from the axial depth a to
reach the probe can be expressed as [33]:

_ [t dE
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where 0(&) =0y +60(¢) is the temperature at the tissue depth, and
c(&,0(¢)) is the sound velocity in the tissue at depth ¢ and temperature
0(¢). Further considering the thermal expansion effect, when the tem-
perature of the tissue whose axial size is d¢ changes, its axial size
changes to (1 + a(£)80(¢))dé, where a(¢) is the thermal expansion co-
efficient of the tissue at the depth of &, and Eq. (1) can be rewritten as:
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Therefore, at the initial time T, = 0, the signal delay time is t, =
IS C(g%gwdf. Once the temperature in the medium changes encompass
both the surface and interior of the tissue, the time difference between
the signal time delay and the initial signal time delay can be expressed
as:
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The axial differentiation of Eq. (3) can be obtained as:
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In the photothermal therapy temperature range, the relationship
between the speed of sound in the tissue and the temperature can be
approximated as a linear relationship:

c(a,0(a)) = co(a)(1 + f(a)50(a)) (5)

where f(a) = 120

@ is the linear relationship coefficient between

0=0o

the tissue sound velocity and temperature, and co(a) = c(a, o). So, ac-
cording to Eq. (5), the time difference to depth differential can be
rewritten as:

0 1+ a(a)s6(a) 1

—(6t(a)) = ———F —~~
da( (@) co(a)(1 + p(a)sb(a)) co(a)

(a(a) — B(a))56(a)
co(a)(1 + p(a)d0(a))

The change of the speed of sound due to temperature change can be
approximately ignored as |f(a)éf(a)|<1, and hence the relationship
between temperature changes and time delay per unit length can be
expressed by Eq. (6):

(6)
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where k(a) =1/(a(a) —p(a)) is the material-related parameter, whose
value can be calculated from the experiment of homogeneous material.
Before temperature measurement, it is essential to calibrate k through
experiment. The isovolumetric expansion coefficient has only a 0.01 %
change under the unit temperature change, so the offset of the signal in
time will be given by the variation of sound speed with temperature. The
speed of sound is determined by the change of temperature, and the
lateral deformation caused by the volume expansion coefficient has a
negligible effect on the signal. Moreover,co(a)-(d5t(a)/da) in Eq. (11) can
be regarded as the comprehensive thermal strain variable of the sound
velocity change due to the temperature change in the unit length
[34-36].

Note that the signal offset of photoacoustic signals caused by tem-
perature changes is typically negligible in practice. Therefore, the
effective and accurate measurement of this signal offset plays a crucial
role in determining the practicality of photoacoustic temperature esti-
mation. A tenfold cubic spline interpolation to the original photo-
acoustic signal will be applied in this study and normalized cross-
correlation will be utilized to determine the temporal offset of photo-
acoustic signals at various time points.

The above model is derived for the one-dimensional case, but it can
also be extended to estimate temperature on a two-dimensional plane as
follows. First, a set of 2-D RF data r(a, x, To) are collected at the initial
time before tissue heating, then the tissue is heated, and the RF data
r(a,x,T;) is collected during the heating process. Select the photo-
acoustic signals at the same lateral position x; and the same axial posi-
tion ax to ax,u, a total of M+1 points whose spatial depth corresponds to
the photoacoustic signals at the M+1 points is defined as the window
size. Next, let the two signals be X; 7, and Yj 1, respectively, and then
we perform cross-correlation analysis with a fixed window size from the
starting point of the signal to obtain the time delay of the photoacoustic
signal at different depths. Finally, axial differentiation is performed to
convert the space of the generated thermal strain [37]. The flow chart of
the thermal strain estimation is illustrated in Fig. 1.

Temperature information at various depths along the axis of each
array element can be obtained using the model described above. Similar
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Fig. 1. Schematic diagram of thermal strain distribution estimation.
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to the process used for reconstructing photoacoustic images, the tem-
perature information derived from thermal strain is projected back to
the relevant pixel coordinates in the target region based on the axial
depth. The temperature map of the target area is then smoothed to
produce the final result. Fig. 2 illustrates the signal processing flow of
photoacoustic temperature estimation based on thermal strain.

4. Circular-array photoacoustic photothermal system

The circular-array PTT system proposed in this work (Fig. 3) is
constructed based on a programmable ultrasound imaging system
(Prodigy, S-Sharp, Taiwan, China). The system primarily comprises four
key modules: a photoacoustic signal excitation module, a continuous
laser heating module, a signal receiving and processing module, and a
temporal logic control module. The system can collect real-time pho-
toacoustic signals and obtain temperature information of imaging tar-
gets based on the photoacoustic signals.

An optical parameter oscillation (OPO) pulsed laser with a multi-
wavelength tunable function (SpitLight-600, Innolas, Munich, Ger-
many) and a CW laser (LWIRL808-7 W-F, Laser, Beijing, China) at
808 nm wavelength were employed for PA signal excitation and target
region heating, respectively. The circular-array probe comprises a semi-
circular array with center frequencies of 2.5 MHz and 5.5 MHz. It fea-
tures a scanning radius of 5.5 cm and consists of 256 array elements. The
commercial ultrasound imaging platform (Prodigy, S-sharp, Taiwan,
China) was used to receive and process the PA signals. To optimize the
temperature measurement results, it is essential to regulate the collec-
tion of photoacoustic signals by monitoring the heartbeat of the living
imaging target. The working sequence of the system based on the cir-
cular array is shown in Fig. 4. Note that the respiratory and cardiac
motion of the living subject can alter the morphology and size of the
imaging target. Consequently, it is crucial to maintain the target imaging
region in a relatively stable position throughout each imaging and
monitoring procedure to ensure accurate temperature measurements via
thermal strain. Hence, in this work, the cardiac activity of the imaging
subject was used as a stimulus signal to guarantee that the subject
remained stationary during each imaging session.

On the other hand, in order to attain the onset and continuous
monitoring of temperature change, the target area was routinely
exposed to the CW laser. The nanosecond pulsed laser generates pulses
of a width of 7 ns at a repetition rate of 20 Hz. The pulsed laser beam
was coupled into a customized multimode fiber (Ceram Optec, Bonn,
Germany), which was later divided into 8 paths to evenly distributed
around the water tank to achieve annular illumination of the imaging
target (Fig. 5). The water tank that held the phantom and tissue samples
was made of acrylic material with a light transmittance of 98 %. In
experiment, the CW laser heats the tumor phantom, and the temperature
information is obtained in real time by a thermocouple in addition to PA
measurement.

5. Sample preparation and arrangement

To assess the system’s ability to measure temperature, we fabricated
a tumor phantom with Indian ink. The tumor phantom was created by
dissolving 2 g of Agar and 1 g of Gelatine in 94.5 ml of water to form the
matrix of the phantom. Additionally, 1 g of corn starch were added to
mimic sound scattering, and 1.5 g of Indian ink were added to represent
the optical absorption of blood. The laser pulses at 532 nm were selected
to generate photoacoustic signals, and the CW laser was positioned at
the upper part of the phantom to provide uninterrupted irradiation and
heating. After that, a thermocouple was inserted into the phantom to
measure the in-situ temperature in real time.

To further verify the feasibility of the proposed system, experiments
were also performed based on nude mice. This time, the photoacoustic
signals were excited by 1064 nm laser pulses to allow for better pene-
tration depth into tissue. We measured the laser energy distribution
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Fig. 2. The signal processing flow of photoacoustic temperature estimation based on thermal strain.

density of the tissue specimen to be 30 mJ/cm?, which conforms to the
ANSI safety standard. The heating laser was the same as the one used in
the phantom study. By utilizing a gradual heating technique in mice, the
temperature of the specific region is prevented from rising rapidly,
taking approximately 10 minutes to reach its peak. During the experi-
ment, each mouse was first anesthetized by vaporized isoflurane (1 L/
min of air and 0.75 % isoflurane) with a small animal anesthesia system
(R500IP, RWD, China). Then the anaesthetized mouse was secured on a
home-built animal holder (Fig. 6b). Deionized water was utilized as the

medium for acoustic coupling, and a moderate water temperature was
maintained to prevent mouse death caused by hypothermia. Following
the completion of all experiments, the mice were terminated using the
cervical dislocation method. The experimental setup of naked mouse
photoacoustic temperature measurement is shown in the following
figure.

After that, we further conducted verifications based on human fin-
gers. Similar parameters were adopted as for the animal experiments,
also include that additional temperature measurement based on a digital
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Fig. 3. Schematic diagram of the ring-array photoacoustic temperature monitoring system.
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Fig. 4. Time base and synchronization of the laser heating and PA imaging modules.

thermometer (UT321, LINI-T, China) attached to the surface of mice and
figure skin was arranged (Fig. 6¢-d). During the experiment, the internal
tissue temperature was approximated by correlating the skin surface
temperature with the light attenuation and thermal conductivity prop-
erties of the biological tissue. The heating strength of the CW illumi-
nation was controlled to ensure that the temperature of the finger region
was below 43 °C. On the other hand, the heating period in experiment
was kept short to avoid potential overheating to the finger skin.

6. Results

6.1. Photoacoustic temperature measurement based on tissue-mimicking
phantoms

Experiments were first conducted based on tissue mimicking phan-
toms to establish correlation between the delay in flight time of pho-
toacoustic signals with the measured in-situ temperature. Fig. 7a shows
a photo of the phantom that contained an Indian ink-based absorbing
target at the center. The local temperature of at the absorber was
measured via an embedded thermocouple. As Indian ink exhibits a

significant capacity to absorb light and results in robust photoacoustic
signals at the boundaries of the absorber, regular amplitude-based
photoacoustic image, as shown in Fig. 7b, provides a comprehensive
representation of the overall shape and structure of the absorbing target.

The initial temperature is 20 °C. Then the CW laser radiation was
turned on to gradually raise the target temperature up to 50 °C to
effectively cover the PTT temperature window, as monitored by the
thermocouple. To achieve precise reconstruction of the temperature
information based on photoacoustic signals, it is necessary to analyze
the photoacoustic signals obtained from each individual element from
the transducer array. As an illustrative example, we analyze the pho-
toacoustic signal collected by the central element of the half-ring array
on the corresponding side of the heated area to determine whether a
linear correlation exists between the photoacoustic signal delay and
temperature. To ensure the reliability of correlation, the measurements
were repeated 10 times, as shown in Fig. 8, where the error bars
represent the standard deviation of measurements. As seen, the time
delay of photoacoustic signals increases overall linearly with the local
temperature except when the temperature approaches or even goes
beyond 50 °C, which could be attributed to the partial melting of the
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Fig. 5. Illustration of the laser heating and PA signal excitation arrangements: (a) overall hardware of the experiment; (b) front view; (c) side view.

matrix and target materials under intensive heating. Nonetheless, a
linear fit could be applied for regimes well below the melting temper-
ature. With this linear correlation, it is possible to predict the in-situ
temperature within tissues from photoacoustic signals that are remote
and noninvasive even without an embedded thermocouple.

Built upon this basis, we utilized thermal strain to derive the tem-
perature distribution of the designated region based on the signal time
delay. Specifically, the axial distribution of thermal strain of the PA
signals collected by all 256 elements of the ring array transducer is
obtained using the model proposed in this article, and then the image
reconstruction algorithm is adopted to back project the temperature
information to the region of interest. Fig. 9 shows an example of pho-
toacoustic temperature image reconstructed based on photoacoustic
signals when the target was heated up to 50 °C (as measured by ther-
mocouples). As shown in the figure, the photoacoustic temperature
image based on thermal strain accurately estimates the target temper-
ature measured by thermocouples. Such a capability was further
confirmed when the phantom sample was gradually heated by the CW
laser from 25 to 50 °C and then cooled down back to the base temper-
ature when the laser radiation was turned off (Fig. 10).

6.2. Photoacoustic temperature measurement based on tissue samples in
vivo

After validation on tissue-mimicking phantoms, the study proceeded
to in-vivo tissue samples. First, we performed regular photoacoustic
imaging and temperature imaging on the mice’s trunk, revealing details
such as skin, blood arteries, vertebrae, and internal organs. Temperature
image can offer insights on the spatial distribution of temperature in the
heated region of mice. The mouse abdomen had an initial surface tem-
perature of 30.9 °C. Following prolonged exposure to laser radiation, the

temperature ultimately increased to 42.4 °C, which can also be predicted
based on the photoacoustic temperature image as shown in Fig. 11b. To
visually represent the temperature distribution with respect to tissue
structures, we could overlay the two images into a fused one (Fig. 11c).
To showcase our method’s capability under different conditions, similar
to phantom experiments, the temperature of the region of interest was
gradually raised from 33.8 °C to 38.2 °C and then to 41.6 °C, as
measured by the thermocouple. The corresponding photoacoustic tem-
perature images are shown in Fig. 11d-f, respectively. The 1D profiles
across the dashed lines are shown in Fig. 11g, revealing peak tempera-
tures of approximately 34.1 °C, 38.4 °C, and 41.9 °C, respectively, being
very close to the actual local temperatures.

Then, the study was extended to human subjects to further verify the
efficacy of the method in more clinical scenes. The experimental settings
were similar to those for live animal experiments, except that an adult
human finger as depicted in Fig. 6 was used as the experiment subject in
vivo. The initial temperature at the finger surface was 30 °C as measured
by the thermocouple, which gradually increased up to 41.6 °C under the
CW laser radiation to mimic the PTT application scenario. We obtained
regular photoacoustic images, the corresponding photoacoustic tem-
perature images, and an overlaying version of them, as exampled in
Fig. 12a-c. As seen, the photoacoustic image depicts the spatial
arrangement of blood vessels in the epidermis and subcutaneous layers
of the human finger, whereas the temperature image shows the distri-
bution of temperature in the heated region. Moreover, similar to the
animal study, three photoacoustic temperature images were exampled
when the finger surface temperature as measured by the thermocouple
was 33.2 °C, 36.1 °C, and 41.6 °C, respectively (Fig. 12d-f). Analysis of
the profiles along the dashed lines (Fig. 12g) demonstrated that photo-
acoustic temperature measurements closely matched the thermocouple
measurements, which are considered the ground truth in this study.
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Fig. 6. Nude mouse and finger photothermal experiment: (a) live nude mouse after anesthesia; (b) positioning of the nude mouse with respect to the animal holder
and the CW heating laser beam; (c) human finger; (d) experimental process settings.

0
X (mm)

Fig. 7. Photograph of the tissue-mimicking phantom (94.5 % water; 2 % Agar; 1.5 % Indian ink; 1 % Gelatine; 1 % corn starch) (a) and its regular photoacoustic

image (b).
7. Discussion
PTT is an innovative and noninvasive approach for treating malig-

nant tumors that has gained prominence in recent times. It holds po-
tential to supplant conventional methods like radiotherapy and

chemotherapy in the treatment of cancer growth. During the procedure,
a near-infrared laser beam illuminates the region of interest and raises
the tissue temperature locally due to absorption, which triggers the
programmed death of cancer cells, known as apoptosis. Precise tem-
perature monitoring and visualization of the process are crucial to assure
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Fig. 9. An example photoacoustic temperature image (a) and the temperature distribution along the white dotted line (b).

the therapeutic effect while minimize damage to the surrounding
normal tissues. Quite a few approaches have been proposed for tem-
perature monitoring during PTT, yet all have their drawbacks [14]. For
example, the precision of photoacoustic temperature measurement
based on the Grueneisen effect is usually influenced by factors such as
the variation of laser pulse energy, the stability of photothermal prop-
erties in the region of interest, as well as the dependence of the tissue’s
Grueneisen coefficient on temperature.

In this work, we start with the fact that in PTT, the variation of local
temperature induces changes to the velocity of ultrasonic transmission,
which would lead to a temporal shift of the generated photoacoustic
signals under pulsed laser illumination. Built upon this phenomenon, the
concept of measuring thermal strain temperature based on photo-
acoustic signals is proposed and modelled in this study. As this method
relies on thermal strain and effectively circumvents the impact of factors
discussed in the last paragraph, accurate temperature measurement
based on the delay of photoacoustic signals becomes feasible, as vali-
dated through tissue-mimicking phantoms and live tissue experiments in
this study. Throughout the research process, we constructed multiple
phantom models to validate the algorithm, with the temperature mea-
surements consistently demonstrating the algorithm’s efficacy. The
temperature measurement experiments conducted on two nude mice
yielded accurate results, and further experimental validation was per-
formed with the participation of a human volunteer. The dark regions

observed in in-vivo photoacoustic images represent areas where the
photoacoustic signal is either absent or only weakly excited. To achieve
precise temperature monitoring in these regions, it is essential to
enhance the excitation intensity of the photoacoustic signals within
these areas. By increasing laser energy, or by modulating/shaping the
diffused laser illumination [38-40], it is possible to penetrate deeper
tissues to excite sufficient photoacoustic signals, thereby enabling reli-
able temperature monitoring in these regions. Additionally, photo-
acoustic dyes can be utilized to target specific regions, enhancing light
absorption, which in turn enhances the photoacoustic signals and fa-
cilitates effective temperature monitoring within these regions.

That said, it should be noted that the accuracy of temperature
measurement based on the proposed method might be significantly
influenced due to the deformation of target region resulting from
physiological motions like breathing and heartbeat of the live subjects.
To avoid that effect, the subject’s respiration and cardiac activity are
employed as a stimulus indicator to maintain the target region’s stability
throughout each imaging session. Further attempts to reduce the influ-
ence of motion anomalies on temperature measurement will be imple-
mented in the next phase of study such as utilizing laser pulses with
higher repetition rates and developing an intelligent temperature con-
trol algorithm to establish a closed-loop control state. In this study, it is
postulated that the temperature monitoring region comprises homoge-
neous and uniform tissue. A collimated continuous laser beam is
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Fig. 10. Temperature images based on thermal strain at different temperatures: (a) 25 °C temperature image during heating process; (b) 35 °C temperature image

during heating process; (c) 50 °C temperature image during heating process; (d) 35 °C temperature image during cooling process; (€) 25 °C temperature image during
cooling process; (f) CW laser.
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employed to irradiate and heat the target region. Taking into account
the scattering and thermal conductivity properties of the tissue under
laser irradiation, we multiply the skin surface temperature, as measured
by the thermocouple, by the attenuation coefficient to derive the in-
ternal tissue temperature, subsequently determining the linear correla-
tion coefficient between internal tissue thermal strain and temperature.
In future work, the thermocouple-based temperature measurement
method will be supplanted during the calibration process by more
advanced temperature measurement technologies capable of precisely
determining the internal temperature of the tissue. Concurrently, we are
developing a comprehensive database, grounded in extensive experi-
mental studies, to derive the linear correlation between thermal strain
and temperature across various tissue types, and hence optimizing
temperature monitoring. The algorithm proposed in this study demon-
strates high accuracy in temperature monitoring. However, the spatial
resolution of temperature imaging sees constrains. Currently, there is no
established metric to quantify the resolution of temperature images
generated in this study. When utilizing photoacoustic signals to assess
the axial distribution of thermal strain, the resolution of temperature
images diminishes as the window size increases in the sliding window
technique. Furthermore, applying smoothing processes in temperature
imaging can result in reduced spatial resolution of the imaging out-
comes. To mitigate computational complexity, we have temporarily
implemented a sliding window design featuring a fixed 200 sampling
points and a 60 % overlapping rate. Future research will pay attention to
determining the optimal sliding window configuration and other pa-
rameters to enhance the spatial resolution of temperature imaging. The
correlation between thermal strain-induced temporal photoacoustic
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shifts and local temperature forms the foundation of accurate temper-
ature measurement in this study.

8. Conclusion

This article introduces a photoacoustic temperature measurement
and temperature imaging method that utilizes thermal strain. This
method allows for accurate temperature monitoring during photo-
thermal therapy and real-time visualization of the temperature distri-
bution. It also helps guide the target temperature to stay within the
optimal treatment temperature range. Thermal strain-based tempera-
ture measurement methods enhance temperature accuracy and mini-
mize the impact of various interferences, in contrast to temperature
measurement methods that depend on Grueneisen coefficients. Experi-
mental study and theoretical analysis have revealed that the tempera-
ture measuring algorithm suggested in this article is vulnerable to the
impact of respiratory and other movement displacements during in vivo
studies. Throughout the experiment, we executed appropriate proced-
ures to mitigate the influence of respiratory and cardiac motions on the
temperature assessment of the subjects involved in the study. By con-
ducting simulation and in vivo experimental study, it has been demon-
strated that the temperature measurement method and system suggested
in this paper may attain a temperature measurement accuracy of 0.3 °C.
Furthermore, they exhibit significant promise for utilization in human
photothermal therapy.
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