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Abstract—Objective: This work aims to determine
whether photoacoustic (PA) thermometry from a commer-
cially available PA imaging system can be used to con-
trol the temperature in nanoparticle-mediated thermal ther-
apies. Methods: The PA imaging system was interfaced
to obtain PA images while scanning ex-vivo tissue. These
images were then used to obtain temperature maps in real-
time during heating. Validation and calibration of the PA
thermometry were done using a fluoroptic thermometer.
This thermometer was also used to develop and tune a
software-based proportional integral derivative (PID) con-
troller. Finally, a PA-based PID closed-loop controller was
used to control gold nanorod (GNR) mediated laser therapy.
Results: The use of GNRs substantially enhanced laser
heating; the temperature rise increased 7-fold by injecting
a GNR solution with a concentration of 0.029 mg/mL. The
control experiments showed that the desired temperature
could be achieved and maintained at a targeted location
in the ex-vivo tissue. The steady-state mean absolute de-
viations (MAD) from the targeted temperature during con-
trol were between 0.16 ◦C and 0.5 ◦C, depending on the
experiment. Conclusion: It was possible to control hyper-
thermia treatments using a software-based PID controller
and a commercial PA imaging system. Significance: The
monitoring and control of the temperature in thermal-based
therapies are important for assuring a prescribed tempera-
ture to the target tissue while minimizing the temperature
of the surrounding healthy tissue. This easily implemented
non-invasive control system will facilitate the realization of
a broad range of hyperthermia treatments.

Index Terms—Thermal therapy control, Photoacoustic
thermometry, Non-invasive monitoring, Gold nanoparticles.
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I. INTRODUCTION

THERMAL therapy is currently used either as a stand-alone
cancer treatment or in combination with other treatment

modalities, such as radiation therapy, chemotherapy, and heat-
activated drug release using thermosensitive liposomes [1]–[4].
Despite the successful clinical application of some of these
modalities, a major limitation remains the lack of simple real-
time non-invasive thermal imaging for adaptive localization
and control of the temperature. The monitoring and control of
temperature rise in a malignant lesion are imperative for assuring
that the prescribed temperature is delivered to the tumour for a
desired time while protecting the vital tissue and organs sur-
rounding it. The current standard for temperature measurement
and control during thermal therapy is either point temperature
sensors or devices that produce temperature maps like magnetic
resonance thermal imaging (MRTI) [5] and thermal infrared
cameras. Point thermometry is invasive and only provides spa-
tially sparse thermometry. MRTI is both expensive and requires
MRI compatible equipment [6]. Infrared photography only pro-
vides temperature maps on surfaces. Hence, there is a need for
inexpensive, non-invasive, and subsurface tissue temperature
monitoring. Some of the emerging non-invasive thermometry
methods that meet these needs are ultrasound (US) [6]–[8] and
photoacoustic (PA) [9]–[12] thermometry.

Photoacoustic (PA) imaging is an emerging hybrid modality
that has the contrast of optical imaging and the high resolution
of ultrasound imaging [13]–[16]. Nanosecond pulses of light
illuminate the area of interest resulting in small rapid temper-
ature increases due to light absorption, causing a subsequent
thermoelastic expansion in the medium that produces acoustic
waves that are measured at the surface of the imaged tissue
using a US transducer. PA imaging, therefore, produces an image
of optical absorbers distribution, making it complementary to
US imaging, which produces an image of acoustic scatterers.
The ability of photoacoustic imaging to provide structural and
functional imaging has led to attempts to use it in diverse
application areas, including temperature monitoring in tissues
[9], [12], [17], [18]. For hyperthermia where heating does not
induce significant changes in the tissue’s optical properties and
the optical fluence distribution in the tissue, the heating-induced
change of the PA emission depends mainly on the change in
the Grüneisen parameter [19]. Photoacoustic thermometry has
resulted in encouraging outcomes using tissue phantoms [9],
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[17], [20], and recently, in some in-vivo studies [11], [12], [18],
[21]. Nevertheless, improvements are still needed, especially in
producing sufficient quality temperature images for reliable real-
time non-invasive monitoring and control of temperature. Gold
nanoparticles may be able to address some of these shortcomings
by improving the signal-to-noise ratio (SNR) without affecting
the PA-temperature relationship [20]. PA thermometry-based
controllers for hyperthermia treatments were proposed [22] and
recently reported [23]. Nevertheless, this study, like most of
the PA thermometry studies, used in-house built photoacoustic
systems that are not easily reproduced and operated like com-
mercially available photoacoustic systems.

We have developed and tested an automated control system for
hyperthermia therapy that can accurately achieve a prescribed
temperature for both surface heating and deep-tissue heating. We
implemented non-invasive PA thermometry using a commercial
high-frequency PA imaging platform (the Vevo LAZR system
from FUJIFILM Visualsonics, Inc., Toronto, ON, Canada). The
Vevo LAZR system is one of the most widely used PA system
for pre-clinical small animal imaging and has found a niche in
biomedical research for various applications such as oxymetry,
nanoparticle-mediated imaging and therapies, vascular imaging,
and nanoparticle drug delivery systems. The ability to preform
PA thermometry in real time using the Vevo LAZR system in
order to control heating (using any modality) will enable a broad
range of new possibilities in the pre-clinical setting, such as
targeted thermal therapy, drug delivery using thermosensitive
liposomes, thermal radiosensitization and thermal enhancement
of chemotherapy. In this paper we describe the first use of the
Vevo LAZR system for this purpose.

II. METHODS

This section describes the methods that were used in obtaining
and analyzing the findings in this work. First described is the
control system used to control the temperature, followed by
a description of the instrumentation and the way they were
interfaced to the controlling computer. Then, photoacoustic
thermometry and the equations needed to obtain the temperature
from the PA image intensity are explained. Then, the synthesis
and characterization of the in-house prepared GNRs is briefly
described. Finally, the experimental setups, for the experiments
we performed, are described.

A. The Control System

A proportional-integral-derivative (PID) controller (Fig. 1)
was developed with the goal of getting the measured tempera-
ture, T (t), to track the prescribed reference temperature, Tr(t),
as closely as possible. The three-term functionality enables
treatment for both steady-state and transient response and makes
PID offers the simplest, but also the most efficient solution to
real-world control problems [24]. The tracking error, e(t) =
Tr(t)− T (t), along with the time integral and the time derivative
of this error were used to calculate the current, I(t), that drives
the lase. Kp, Ki, and Kd are the proportional, integral, and
derivative coefficients, respectively. These values were tuned to
optimize the tracking. This was done by first conducting a series

Fig. 1. Schematic of a PID controller for the laser thermal therapy
treatment. The error value, e(t), between the targeted reference tem-
perature, Tr(t), and the measured temperature, T (t), along with the
integral and the derivative of this error value are used to predict the
control variable I(t). In laser thermal therapy, the control variable could
be the current that drives the laser power or the laser power itself.

of experiments using the Ziegler–Nichols method to get initial
values for these coefficients [25]. We then performed on-site
manual PID tuning that is widely used [24] to further improve
the efficiency and accuracy of the controller.

B. Instrumentation and Interfacing

The Vevo LAZR system was used with a 21 MHz ultrasound
transducer and a nanosecond excitation laser that could operate
in the wavelength range of 680 nm – 930 nm. The system pro-
duces high-resolution PA and ultrasound images and is widely
used in small animal experiments. The data is usually saved on
the system during imaging and later exported for post-processing
and analysis using the VevoLAB software. In collaboration with
VisualSonics, we developed a way to export co-registered PA
and ultrasound frames in real-time to the computer running the
control system. The transfer rate was approximately one frame
per three seconds. MATLAB code was written to be run on the
controlling computer in order to read the PA images in real-time
for the feedback controller. The PA (and ultrasound) images
can be used by an operator to identify the region-of-interest
for which the temperature needs to be monitored prior to the
treatment.

A high-power continuous-wave (808 nm, up to 15 W) diode
laser system (BWT Beijing Ltd, Beijing, China) was used as
the heating laser. This laser system could be accessed either
through its front control panel or through a serial port connected
to a computer. MATLAB code was created that activated and
turned on and off the laser system, and controlled the driving
current or the output power of the laser in real-time through its
serial port interface.

Point thermometry was used to verify and calibrate the PA-
based thermometry and to conduct primary PID controller test-
ing, validation, and tuning. A fluoroptic thermometry system
(3100 Series Fluoroptic Thermometer, Luxtron Corporation,
Santa Clara, CA) was used for this purpose in order to avoid
artifacts caused by the interaction of the laser with traditional
metal thermocouples. The fluoroptic thermometry system was
also interfaced to the controlling computer through a serial port
connection. MATLAB code was used to activate the system,
acquire temperature measurements in real-time, and deactivate
the system.
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C. Photoacoustic Thermometry

The ability of photoacoustic imaging to provide both struc-
tural and functional imaging at the same time has led to investi-
gations of its use in diverse application areas such temperature
monitoring of tissue. Understanding how this is done requires a
mathematical model of photoacoustic imaging.

The initial pressure generated at location x in tissue due to
the photoacoustic effect is given by

p0(x) = Γ(x)μa(x)φ(x), (1)

where μa(x) is the absorption coefficient, φ(x) is the light
fluence (note thatμaφ(x) is the absorbed optical power density),
and Γ(x) is the Grüneisen parameter. The Grüneisen parameter
relates the initial pressure increase to the absorbed power density
and is given by,

Γ(x) =
β(x) c(x)2

Cp(x)
, (2)

where β(x) is the thermal coefficient of expansion, c(x) is the
velocity of sound, and Cp(x) is the specific heat capacity at
constant pressure. Since the Grüneisen parameter has been found
to be temperature dependent [19] the initial PA signal is also
temperature dependent. The Grüneisen parameter’s dependence
on temperature can be described by an affine function:

Γ(x, T ) = a0(x) + a1(x)T (x). (3)

We assume that the PA image intensity at location x is pro-
portional to the initial pressure at that location: I(x) ∝ p0(x).
We also assume in the hyperthermic temperature range only the
Grüneisen parameter varies with temperature while the optical
absorption coefficient does not. The ratio of the PA image
intensity at some temperature, I(x, T ), to the image intensity
at the baseline temperature, Ib(x, Tb) is given by:

R(x, T ) =
I(x, T )

I(x, Tb)
=

p0(x, T )

p0(x, Tb)
=

Γ(x, T )

Γ(x, Tb)

=
a0(x) + a1(x)T

a0(x) + a1(x)Tb
.

(4)

Hence, the temperature value based on PA thermometry is given
by:

T (x) = [a(x) + Tb(x)]R(x, T )− a(x), (5)

where a(x) = a0(x)/a1(x) is the only parameter that needs to
be determined when calibrating the PA thermometry system for
a certain medium or tissue type.

D. Gold Nanorods Synthesis

Gold nanorods are prepared by a modified version of the
seeded growth method reported by Nikoobakhat et al. and
Scarabelli et al. [26], [27].

Seed preparation: The synthesis is performed in a water bath
at 30 ◦C. After adding 50 μL of 1% HAuCl4 solution to 4.7 mL
of 0.1 M of CTAB, the mixture is slowly stirred for 5 min until
no signs of turbidity. Then 300 L of freshly prepared 10 mM of
NaBH4 under rapid stirring. The solution is then stirred mildly
before use.

Fig. 2. Surface heating experimental setup. Pork loin tissue is placed
in a holder under irradiation from an 808 nm CW laser fibre. The red
light in the figure is a marking light. The temperature is recorded using
a fluoroptic thermometry fibre.

Growth: A solution of 200 μL, 1% HAuCl4 is added to 10
mL of 0.1 M stirred gently for 10 min to ensure complexation
between the gold salts and CTAB. Then, 75μL of 0.1 M ascorbic
acid is added to the mixture so that the solution turns colourless.
A solution of 80 μL of 5 mM AgNO3 is added to the growth
solution. Finally, 120μL of seeds solution is added to the mixture
and the solution is stirred vigorously and then left undisturbed
in the water bath.

The CTAB stabilized AuNRs filtered twice and were purified
by centrifugation (10,000xg for 50 min) and re-dispersed in
ultrapure water (MilliQ), followed by second centrifugation at
7,000xg for 30 min. The concentration of the GNR is esti-
mated to be 0.29 mg/ml measured using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). In addition,
the absorption spectrum was acquired using a UV-VIS-NIR
spectroscopy system (Shimadzu Corporation). The two plasmon
resonances, that correspond to the longitudinal the transverse
peaks in the absorption spectrum were found to be around
525 nm and 830 nm, respectively. The spectral position of these
peakes can be used to deduce the axial ratio of synthesized
particles; it gives an averaged value for the whole ensemble
of particles [28]. Based on published results [28], [29], the axis
ratio of our GNR is around 4.

E. Experimental Setup

Two types of experiments were performed. One involved
heating the surface of tissue using an end-cut fibre radiating onto
the tissue surface and the other involved heating deep in tissue
using an interstitial heating fibre. These two types of experiments
were conducted to study the performance of the control system
until varying conditions.

1) Surface Heating: The surface laser heating experimental
setup is shown in Fig. 2. The tissue was exposed to air and was
equilibrated to room temperature before heating. This setup was
used to investigate the ability to achieve the desired temperature
rise, as well as the ability to measure and control the temperature
using the Luxtron fluoroptic thermometry system for surface
heating. As shown in Fig. 2, the heating laser fibre was placed 3
to 5 mm above a pork loin tissue. The tip of the Luxtron fluoroptic
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Fig. 3. Schematic diagram of the ex-vivo experimental setup of PA
thermometry and laser thermal therapy based on it.

fibre was inserted just below the tissue surface in the middle of
the irradiating field from the heating laser. In the same location,
GNRs were injected just below the tissue surface. This caused
the GNRs to settle both on top of the tissue surface and just below
the surface. This setup was also used to investigate the laser
heating enhancement achieved by using different concentrations
of GNRs (0.29 mg/ml, 0.14 mg/ml, and 0.029 mg/ml).

2) Deep-Tissue Heating: The experimental setup used for
PA thermometry calibration and thermal therapy control is
shown in Fig. 3. Pork loin was placed in a holder and kept in a 37
◦C hot water-bath after injecting 50 μL of GNR solution (0.29
mg/ml) 5 mm below the surface. A fluoroptic thermometry fibre
was inserted into the location where GNRs were deposited in the
tissue, while a heating laser fibre was inserted between 2.5 mm
and 5 mm away from the thermometry fibre. These insertions
were done with using guiding holes in the holder. Photoacoustic
images of the tissue were streamed into a controlling computer,
which acquired simultaneous temperature measurements using
the fluoroptic thermometer (Luxtron). The change in the PA
signal due to heating was fitted against the actual temperature
measurements to produce an initial PA thermometry calibration
parameter (from equation (5)). Consequently, the fluoroptic
thermometry fibre (gray colour in Fig. 3) was removed, and
non-invasive PA thermometry was used as the lone feedback to
control the laser power in order to keep the tissue at a prescribed
targeted temperature. This was achieved by the PID controller
that ran on the controlling computer.

III. RESULTS

Results for the effect of GNRs on laser heating is presented
first followed by control of laser heating with GNRs using the
Luxtron point-thermometry system. This is followed by results
from the PA thermometry that was developed and finally by
results of the control of GNR based laser thermal therapy using
PA thermometry.

A. Laser-Heating Enhancement Using GNRs

We investigated the enhancement in tissue laser heating by
GNRs at various concentrations. Using the surface laser heating
setup (Fig. 2) we first heated the sample for 200 seconds with no

Fig. 4. The effect of GNRs at various concentrations on laser-induced
heating at a tissue surface. The surface heating experimental setup
shown in Fig. 2 was used. The purple line shows the temperature rise
due to the irradiation of 500 mW laser without any GNR being injected.
The other three lines show the temperature rise when GNRs, with three
different concentrations are injected into the surface.

GNRs. Subsequently, we injected the same tissue, with 50 μL
of in-house synthesized GNRs (0.29 mg/ml), just below the
tissue surface. While the same laser power was used, the GNR
substantially enhanced the heating as shown by the blue line
in Fig. 4. We then repeated the heating with different GNR
concentrations, injected just below the tissue surface. The results
are shown in Fig. 4 shows that even with 10% of the original
GNR concentration a significant heating enhancement can be
achieved.

B. Laser Control Using Point Thermometry

The control of heating at the surface and below the surface of
pork loin tissue was investigated.

1) Surface Laser-Heating Control: The results were ob-
tained using the setup shown in Fig. 2, with the heating laser fibre
placed 5 mm above the pork loin tissue. Fig. 5 shows that we were
able to achieve the prescribed temperature rise for hyperthermia
applications, of around 7 ◦C, by surface irradiation; we were
also able to measure and control the heating temperature using a
PID controller. We used the PID parameters from the deep-tissue
heating experiment described in the next section. Hence, even
more accurate control should be achievable by further tuning the
PID parameters for this surface irradiation case.

2) Deep-Tissue Laser-Heating Control: The ability to
control laser heating deep in tissue using interstitial fibre
light delivery and changing the desired temperature, Tr(t),
in various stages is demonstrated in Fig. 6. The prescribed
treatment was Tr(0 < t < 150 s) = 41 ◦C; Tr(150 s ≤ t <
270 s) = 44 ◦C; and Tr(270 s ≤ t < 420 s) = 41◦C. The PID
controller that we developed was used to control the laser thermal
therapy based on the temperature measured using fluoroptic
thermometry. By tuning the PID coefficients, we obtained the
following values: Kp = 1.2AK−1, Ki = 0.15AK−1s−1, and
Kd = 0.01AK−1s.
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Fig. 5. Controlled surface laser heating experiment. The tissue is
initially at room temperature (around 23 ◦C), with a targeted tempera-
ture of 30 ◦C (7 ◦C increase) for three minutes. The black dashed line
represents the prescribed targeted temperature, the blue line represents
the actual measured temperature. The steady-state mean absolute de-
viation (MAD) from the targeted temperature is 0.36 ◦C.

Fig. 6. Controlled laser heating treatment with three prescribed
stages; two and half minutes at 41 ◦C, then two minutes 44 ◦C, and back
to 41 ◦C for two and a half minutes. The black dashed line represents
the prescribed targeted temperature, the blue squares represent the
actual measured temperature, and the red line represents the value of
the current that controls the laser power based on the PID controller.
The steady-state mean absolute deviation (MAD) from the targeted
temperature is 0.16 ◦C.

C. PA Thermometry

PA imaging and PA thermometry of deep heating was tested
using the experimental setup shown in Fig. 3. The heating laser
was turned on and off three times during a 5 minutes time
period. Fig. 7(A) shows a PA image frame that was initially
acquired to select the region of interest (ROI) before starting the
heating process. The spatially averaged PA image intensity in
a region of interest (ROI) was determined for each PA frame.
A fitting was performed between the temperature measured
using the Luxtron point thermometry system and the temperature

Fig. 7. Part (A) shows a PA image of the ex-vivo tissue containing
GNRs injected approximately 6 mm below the tissue surface. This image
was used to locate the region of GNR accumulation in order to define
an ROI using MATLAB’s roipoly function. Part (B) shows the aver-
aged averaged temperature calculated from the PA images using equa-
tion (5) after calibration and the temperature measured using the Luxtron
point-thermometry system within the ROI. This was done using three
heat-cool cycles. The calibration was done by adjusting the calibration
parameter in equation (5) in order to minimize the difference between the
PA-derived temperatures and the temperatures from point-thermometry.

calculated from the PA imaging using equation (5). This resulted
in a calibration parameter value of a = 115 ◦C. The result of the
fitting/calibration is shown in Fig. 7(B).

Fig. 8 shows the PA temperature maps derived after this
calibration, in the region bounded by the dashed yellow rectangle
in Fig. 7(A). The points were chosen to reflect different levels of
temperature during the heating-cooling process (high, mid, and
low).

D. PA Thermometry Based PID Controller

The same setup (Fig. 3) that used for the results presented
in Section III-C was used to control the spatially averaged
temperature in the ROI similar to the one shown in Fig. 7(A).
The control was based solely on real-time PA thermometry,
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Fig. 8. PA-based temperature maps from the same experiment shown
in Fig 7. The region of the maps are bounded by the dashed yellow
rectangle in Fig. 7(A). The three time-points and the temperatures
measured using fluoroptic point-thermometry are provided above each
temperature map. The blue circles on the maps coincide with the ROI in
Fig. 7(A).

Fig. 9. Experimental results of controlling laser thermal therapy based
on PA thermometry. The laser power (the red line and right axis) was
controlled by a PID controller based on the PA thermometry (the blue
line) to maintain a prescribed targeted temperature (The black dashed
line) for a six-minute treatment. The steady-state mean absolute devia-
tion (MAD) from the targeted temperature is 0.5 ◦C.

without any invasive point thermometry. The heating laser fibre
was about 3 mm away from a region of interest (ROI) where
GNRs are located. The laser power was controlled using a
PID controller with the tuning parameters, Kp = 25 mWK−1,
Ki = 5 mWK−1s−1, and Kd = 0.5 mWK−1s. The performance
of the controller is shown in Fig. 9. The controller was able to
maintain the temperature in the ROI at 44 ◦C ± 1.5 ◦C within
approximately 1 min. after turning on the heating laser. There
was a noticeable overshoot of approximately 2.5 ◦C before
before control was reached.

IV. DISCUSSION

This work investigates real-time control of GNR mediated
laser thermal therapy using PA imaging. Specifically, we per-
formed ex-vivo experiments to establish the feasibility of using
the VisualSonics Vevo LAZR system for the monitoring and
control of temperature rise in hyperthermia treatments. While
the work focuses on GNR mediated laser thermal therapy, it

introduces a simple, practical framework to build a non-invasive
controller for a wide range of thermal therapy modalities using
the Vevo LAZR system. This system is widely used for small an-
imal pre-clinical research. The system produces high-resolution
photoacoustic and ultrasound images which, when combined,
produce a variety of anatomical, functional and molecular in-
formation. These capabilities, along with other features like
compensation for respiratory motion, make the Vevo LAZR
system a versatile tool for the monitoring and control of many
types of treatments that are based on heating. Specifically,
the Vevo LAZR built-in ECG and respiration gating features
[30], that compensate for respiratory and cardiac motion, are
of importance for the translation of the reported method to
the clinical setting for human use. In addition, other tissue
motion compensation algorithms will be needed to reduce the
susceptibility to motion artifacts. Another apparent issue in the
clinical adoption of the methods is the limited penetration depth
of laser and hence the PA imaging. Fortunately, the clinical
application of these methods is possible for any tumour that
can be reached with lasers through trans-cutaneous, interstitial,
intracavitary means. Some common tissues that can be reached
by these means are skin, mucosa, retina, cervix, and prostate.

The use of GNRs both enhances the laser heating process and
improve the SNR of the PA signal. Both of these enhancements
are only possible if the photoacoustic pulsed laser and the heating
continuous-wave (CW) laser operating near the absorption peak
of the GNRs (808 nm in this work). This two-fold benefit
motivates the inclusion of GNRs in targeted drug delivery using
thermosensitive liposomes [1], [3]. The embedding of GNRs into
the liposomes will facilitate both the imaging of the liposomes
accumulation using PA imaging and the release of the drug using
a CW laser directed at the target region.

It should be noted that PA thermometry is an active area
of research [10], [11], [20], [31], and different methods and
formulations are proposed based on sets of assumptions and sim-
plifications. The evaluation or the comparison of these models
is beyond the scope of this work. Rather, this work demonstrates
the use of PA thermometry, obtained from a commercially
available imaging system, in controlling thermal therapy. The
results obtained also confirm that the magnitude of the PA signal
increases when the temperature rises and that a single calibration
parameter could be used to obtain an absolute temperature from
the relative changed in the PA intensity.

Despite recent advances in control theory, most real-time
controllers are based on PID control [24]. Other approaches
do not match the clear functionality, simplicity, and universal
applicability of a PID controller [24], [32]. We first developed
and tested a PID controller for laser thermal therapy using based
on invasive point temperature measurement, and showed that this
approach could achieve the prescribed temperature profile for
both surface heating and deep-tissue heating. Subsequently, we
used these results to perform non-invasive temperature control
experiments, where the heating power was controlled by a
PID controller using PA thermometry. The performance of the
PA-based PID controller (in Fig. 9) can be improved by further
tuning its parameters. Further improvement to the controller
could be achieved by embedding the control system into the
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Vevo LAZR system. This would avoid exporting the images
to the hard-disk of the computer running the control system,
resulting in a substantially higher rate at which PA frames are
obtained (which is around 3.5 s for the current setup).

V. CONCLUSION

This work demonstrates the use of PA thermometry obtained
from a photoacoustic imaging system for feed-back in PID con-
trol of GNR mediated laser thermal therapy. It introduces the first
completely non-invasive real-time controller for hyperthermia
based on PA thermometry. This was done using a commercially
available imaging system, the VisualSonics Vevo LAZR. This
system produces high-resolution PA and ultrasound images and
is widely used in small animals and pre-clinical experiments.
The system is easy to use and comes with a wide range of
modalities and real-time features. Introducing thermal therapy
monitoring and control based on such a system can lead to the
widespread use of the non-invasive PA thermometry in effec-
tively controlling thermal therapies. The proposed monitoring
and control methods can also be used in other thermal therapy
related treatments and applications.
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