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Abstract: Photothermal therapy has emerged as a potential modality to generate hyperthermia
as cancer treatment due to its low invasiveness and its capacity to complement other cancer
therapies. Undesired side effects can occur such as damage to surrounding healthy tissue and
temperature increase to values that cause tissue carbonization and evaporation. For this reason,
this research aims to develop a multivariable fuzzy logic controller that maximizes tumor thermal
damage while keeping temperature within the recommended ranges and minimizing neighboring
healthy tissue damage. Three inputs were contemplated for the control system: tumor thermal
damage, future maximum temperature error and future healthy tissue temperature error;
thirteen logic rules were used to determine the controller output, which was established to be
the change in laser power. Results showed that the control algorithm successfully accomplished
the proposed goals.
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1. INTRODUCTION

Cancer is one of the most important causes of death
worldwide, leaving around 18.1 millions new patients and
9.6 millions deaths in 2018 (International Agency for
Research on Cancer, 2003).

Despite the advances in cancer treatment during recent
decades, effort is still needed to improve therapy efficiency
and reduce side effects (Rehman, 2018; National Cancer
Institute, 2015). Some of the most common therapies
include surgery, chemotherapy, and radiotherapy. Novel
types of therapies have also emerged as a complement to
the already existing ones.

Hyperthermia has been widely studied as an alternative or
complement to conventional treatments. This type of ther-
apy is based in a local increase in tissue temperature that
causes thermal damage and apoptosis (death) of cancer
cells (Instituto Nacional del Cáncer, 2011; Manzoor and
Dewhirst, 2011; Shaikh et al., 2013). These temperatures
are usually close to 45 °C; however, it is also possible to use
temperatures above 46 °C, which is known as hyperthermic
ablation. Moreover, it has been found that exposing mam-
malian cells to temperatures above 60 °C originates rapid
protein denaturation and also melts the plasma membrane,
causing irreversible cell damage (Chris Brace, 2008).

Photothermal therapy (PTT) is a type of hyperthermia
that uses a laser to generate heat (Chen et al., 1995). Due
to its minimal invasiveness and potential to complement
other cancer treatments, PTT is an attractive option to
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implement clinically (Ge et al., 2019). Nevertheless, PPT
is not exempt of side effects such as damage of neighboring
tissue. Additionally, temperatures in excess of 105 °C can
cause tissue carbonization and evaporation (Dombrovsky
et al., 2011; Long et al., 2019). Therefore, the temperature
must be high enough to generate irreversible damage to the
tumor, but without damaging surrounding healthy tissue
or exceeding the recommended range.

In this investigation, we propose the integration of a fuzzy
logic controller (FLC) coupled with a photothermal ther-
apy system. The main objective is to reduce surround-
ing healthy tissue damage, to avoid tissue carbonization
and evaporation, and to maximize tumor damage (thus,
therapy efficiency). To address this purpose, a fuzzy logic
controller and a photothermal therapy simulation were de-
veloped in MATLAB®. Both systems were subsequently
integrated to test the controller performance.

The simulation assumes that real-time 3D temperature
measurements are available. In a clinical setting, this
could be achieved non-invasively via either ultrasound or
photoacoustic imaging, which have been shown capable
of real-time temperature guidance during hyperthermia
(Shah et al., 2008a,b).

2. METHODS

2.1 Mathematical modelling for photothermal therapy

Temperature distribution in tissue The behavior of heat
diffusion in the tissue is governed by the Pennes bioheat
equation (Ren et al., 2017; Douplik, 2014; Pennes, 1948):



ρcp
∂T

∂t
= k∇2T +Q (1)

where ρ is the mass density, cp is the specific heat, k
is the thermal conductivity. These last three properties
change according to tissue type. T is temperature and Q
represents the heat source, which is given by (Ren et al.,
2017; Douplik, 2014):

Q = QM +QS +QL (2)

where QM and QS represent the metabolic heat generation
rate and the heat transfer from the blood, respectively.
QL stands for the heat rate generated by the external
light source, i.e., the laser. QS term can be calculated
by Equation 3, where W is the mass flow rate of blood
per unit of volume of tissue (which varies according to
tissue type) and, cs and Ts are the blood specific heat and
temperature, respectively (Kengne et al., 2012).

QS = csW (Ts − T ) (3)

The metabolic heat rate QM cannot be described by
one particular equation; therefore, its value should be
approximated according to literature reported data (Ren
et al., 2017). Lastly, the term that requires the most
complex calculations is QL because of its dependence on
tissue light absorption. Generally, it is given by (Jacques
and Health, 1995):

QL = µaφ (4)

where µa is the absorption coefficient of the medium
and φ is the local light fluence. The only heat rate
responsible of hyperthermia is QL, while QM and QS
represent physiological mechanisms that regulate body
temperature.

The mathematical model of tissue temperature was imple-
mented using finite element analysis, as part of MATLAB’s
Partial Differential Equation (PDE) Toolbox.

Light propagation in tissue Monte Carlo method was
used to estimate the light fluence (φ) distribution in tissue.
This technique is based on dividing the geometry of the
tissue of interest into finite elements and simulating the
light propagation as the movement of photon packets
within the structure, until these packets abandon the
considered spatial limits or are completely absorbed. The
model accounts for optical phenomena including reflection,
refraction, scattering and absorption (Prahl, 1988; Jacques
and Health, 1995).

The open source code ValoMC was utilized in MATLAB®
to simulate light propagation. This program implements
the Monte Carlo method for light passage in biological
tissue, both in 2D and 3D (Leino et al., 2019).

Tissue thermal damage Thermal damage was quanti-
tatively approximated through Arrhenius equation (Ren
et al., 2017; Pearce, 2011, 2018):

ζ(x, y, z, t) =

τ∫
0

A exp

(
− ∆Ea
R · T (x, y, z, t)

)
dt

∀ t : 0 < t < τ

(5)

where ζ is the damage coefficient, A is the frequency
factor, ∆Ea is the activation energy, R is the gas constant
(8.314 J ·mol−1K−1), T stands for temperature and τ is

the exposure time. Assuming that thermal damage equals
zero at time zero, the percentage of thermal damage can
be calculated as follows (Paruch, 2020; Soni et al., 2015):

P (x, y, z, t) = 100[1− exp (−ζ(x, y, z, t))] (6)

2.2 Controller design

Other studies have proposed the use of different control al-
gorithms for hyperthermia treatments, such as PID, POF,
adaptive control or MPC (Sun et al., 2005; Jeraldin Aux-
illia, 2015; VanBaren et al., 1995; Deenen et al., 2018).
For photothermal therapy, specifically, PID and fuzzy logic
schemes have been implemented; however, these studies
only took into consideration the temperature of tissue and
related measurements, such as temperature increase rate
vs. time (Chen et al., 2019; Nguyen et al., 2016; Choy
et al., 2002). In this research, the aim is to design a
closed-loop controller not only for the specific tissue model,
but also for diverse tissues with variations such as tumor
depth, size or location (only restricted by light penetration
and distribution limitations). For this reason and in order
to manage the nonlinear behavior of the process and its
mathematical model, a closed-loop fuzzy logic controller
(FLC) was designed and coupled with the PTT system.

Another difference of the controller presented in this paper
is that it would allow the physician to decide tempera-
ture setpoints, both inside the tumor and in surrounding
healthy tissue. Therefore, this control scheme is more
capable to be adjusted in agreement with the physician
judgment about the specific patient characteristics. Addi-
tionally, thermal damage estimation is considered in the
rules of the control system, which was not found in any of
the related previous studies for PTT.

In our study, the FLC has three main purposes: maxi-
mize tumor thermal damage, thus, effectiveness of PTT;
minimize surrounding healthy tissue thermal damage; and
to keep temperature between recommended ranges, i.e.,
high enough to cause ablation without exceeding 105 °C
(which causes tissue evaporation and carbonization). Ad-
ditionally, three error inputs were considered for the FLC,
which are:

→ Error in tumor thermal damage percentage
(eTD,tumor): Estimated from the lowest temperature
measurement inside the tumor (Ttumor,min), associ-
ated with the least damaged region. This is calculated
from Equations 5 and 6 as follows:

eTD,tumor = 100%− P (%) (7)

→ Future error in the tumor highest temperature
(eT,max): To obtain this information, the future high-
est temperature inside the tumor is calculated from
two temperature measurements as follows:

Tmax(t+ 1) = 2Tmax(t)− Tmax(t− 1) (8)

where Tmax(t + 1) is the future value of the tumor
highest temperature, Tmax(t) is the current value
of the tumor highest temperature measurement and
Tmax(t−1) is the previous value of the tumor highest
temperature. Then, the error is:

eT,max = Ttumor,ref − Tmax(t+ 1) (9)

where Ttumor,ref is the target highest tumor temper-
ature.



→ Future error in the surrounding healthy tissue tem-
perature (eT,healthy): In this case, Equation 8 is ap-
plied using the highest temperature in the healthy
tissue region. Thus, the error is given by the following
expression:

eT,healthy = Thealthy,ref − Tmaxhealthy
(t+ 1) (10)

where Thealthy,ref is the target highest healthy tissue
temperature.
This temperature was assumed to be measured at no
more than 2 mm from the tumor boundary.

Each of these error inputs were associated with their
corresponding membership functions. The FLC output, or
controlled signal, was the change in laser power (∆P ), and
it was related to five membership functions. With these
inputs and output defined, a Sugeno fuzzy interference
system was implemented with a total of thirteen rules,
presented on Table 1.

Table 1. Fuzzy logic rules used for the con-
troller design.

eTD,tumor eT,max eT,healthy Operator ∆P

P VP P AND VP
P P P AND P
P 0 P AND 0
P N P AND N
P VP 0 AND 0
P P 0 AND 0
P 0 0 AND 0
P N 0 AND N
P VP N AND N
P P N AND N
P 0 N AND N
P N N AND N
0 VN VN OR VN

Notes: VP = Very Positive, P = Positive, N = Negative,
VN = Very Negative

This table could be summarized in three general rules that
are followed hierarchically by the FLC:

(1) If the tumor thermal damage reaches the 100%, i.e,
if eTD,tumor is zero, ∆P will be very negative (VN)
until the laser is shut down (power equal to 0 W).

(2) If the healthy tissue temperature limit is exceeded,
i.e., if eT,healthy is negative, the laser power will
decrease this temperature is below the limit.

(3) The maximum tumor temperature can be considered
as a desired ablation temperature for this work.
Therefore, if none of the above conditions are met, the
FLC will change the laser power to try to reach this
desired ablation temperature (eT,max = 0) without
breaking any of the previous rules. This maximum
temperature will be referenced as a setpoint from
now on; however, it’s important to remember that
the above rules are hierarchically higher.

A saturation value was given to the laser power, so that
the FLC did not request more than the maximum power
of the laser used nor less than zero Watts. In this work, the
maximum rate of temperature raise was not considered for
the controller design.

The controller was implemented as a Sugeno FLC through
MATLAB’s Fuzzy Logic Toolbox. The FLC operating

ranges were defined experimentally. This controller was
tested considering a 4 W laser, which was more than
enough to reach target temperatures; however, lasers with
higher maximum power could be used if 4 W was not
sufficient to reach the highest tumor thermal damage in
a particular therapeutic procedure.

2.3 Simulation parameters

Simulation tests were carried out in MALTAB® using
two Toolboxes and one open source code. First, ValoMC
was used to simulate light propagation in tissue in 3D.
Then, Fuzzy Logic Toolbox was utilized for the design and
implementation of the FLC. Finally, Partial Differential
Equation Toolbox was employed to simulate the thermal
behavior of the tissue exposed to hyperthermia.

Furthermore, for the geometry, it was considered that
laser source was external, in order to promote one of
the main advantages of PTT, its minimal invasiveness. In
consequence, four types of tissue were taken into account
Hong et al. (2009a,b):

• Skin: More external layer with dimensions of
30 mm× 30 mm× 2 mm (HeightxLenghtxWidth).

• Subcutaneous fat: Layer between skin and muscle.
Dimensions of 30 mm× 30 mm× 2 mm.

• Muscle: Deeper layer considered with dimensions of
30 mm× 30 mm× 26 mm.

• Tumor: The tumor was modeled as a superficial half-
sphere of 10 mm in diameter, i.e., the equator of the
hemisphere was located in the outermost part of the
skin.

Table 2. Optical properties of simulated tis-
sues. Recovered from Prahl1 (1999); Prahl
(2017); Jacques (2013); Bashkatov et al.

(2011); Ren et al. (2017).

Tissue µa [cm−1] µs [cm−1] g n

Skin 0.208 51.005 0.715 1.377
Subcutaneous fat 0.0835 37.083 0.715 1.44
Muscle 0.214 82.729 0.934 1.37
Tumor 0.214 167.756 0.934 1.37
Tumor with NRs 0.895 167.833 0.934 1.37

Table 3. Thermal properties of simulated
tissues. Recovered from Wilson and Spence

(1988); Lang et al. (1999).

Tissue k [W/mK] Cp [J/kgK] ρ [kg/m3]

Skin 0.53 3800 1200
Subcutaneous fat 0.16 850 2300
Muscle 0.53 3800 1270
Tumor 0.642 3500 1000

Optical and thermal properties of tissue considered for
simulations are shown in Tables 2 and 3 respectively. Since
gold nanorods (NRs) were considered to enhance optical
absorption of the tumor tissue, in Table 2 coefficients are
presented both for the tumor without and with NRs. The
optical properties of NRs were determined assuming NRs
with an effective radius of 11.43 nm and aspect ratio of
6.83. Also a volume fraction of 10−7 was employed. Tumor
with NRs properties were calculated according to (Ren



et al., 2017). The optical properties were determined ac-
cording to a laser wavelength of 1064 nm. The parameters
A and ∆Ea from Equation 6 were set as shown in Table
4.

Table 4. The parameters A and ∆Ea for sim-
ulated tissues. Recovered from Paruch (2020).

Tissue A [s−1] ∆Ea [J/mol]

Healthy tissue 1.18x1044 3.02x105

Tumor 1.98x10106 6.67x105

As already commented, maximum laser power was set to
4 W. The used conditions are:

(1) External boundary (in contact with ambient): natural
convection with ambient temperature of 25 °C and
heat transfer coefficient of 5 W/(m2K) (Ren et al.,
2017).

(2) Internal boundaries: isothermal with temperature of
37 °C (normal human body temperature).

(3) Initial condition: temperature of 37 °C for the whole
tissue sample, corresponding to normal human body
temperature.

3. SIMULATION RESULTS

Three tests were conducted to observe the FLC perfor-
mance. The only difference between them was the value
of the maximum temperature setpoint (desired ablation
temperature) of the tumor (Ttumor,ref ). The three values
used were 60 °C, 70 °C and 80 °C. Maximum temperature
limit of healthy tissue was set to 46 °C, which is already
considered hyperthermia; however, near these temperature
values, large amounts of time are required to generate
considerable thermal damage. Because high hypethermia
was expected to occur inside the tumor, the tumor ablation
procedure had a short duration. The main objective was
to reach complete tumor ablation, i.e., 100% of tumor
thermal damage.

Fig. 1. Tumor thermal damage percentage. Obtained from
simulations.

Complete tumor ablation was successful in the three cases
simulated, as shown in Figure 1. As expected, when the

desired ablation temperature is increased, thermal damage
rate also boosts. Times required to achieve 100% damage
were 540 s, 180 s and 120 s for maximum temperature set-
points of 60 °C, 70 °C and 80 °C, respectively. This time
value changed abruptly when increasing the setpoint from
60 °C to 70 °C. This is because, for this particular tissue
simulation, a parameter called critical temperature lies be-
tween 60 °C and 70 °C. The critical temperature is unique
for each tissue and is defined as the temperature at which
the thermal damage rate is 1 (Pearce, 2018). For the tumor
simulated in this work, the critical temperature had a value
around 54.61 °C; therefore, the proximity of the ablation
temperature of 60 °C to the critical temperature makes
the thermal damage rate for this case much slower than
with setpoints of 70 °C and 80 °C. Knowing this parame-
ter can help define the best temperature restrictions and
PTT parameters, such as the desired ablation temperature
(Ttumor,ref ), according to the critical temperatures of both
tumor and surrounding healthy tissue.

Fig. 2. Tumor highest temperature. Obtained from simu-
lations.

Ablation temperature responses in the three cases sim-
ulated are shown in Figure 2. The settling times to 2%
tolerance band were approximately 80 s when using both
60 °C and 70 °C as setpoints, and about 90 s for 80 °C.
The maximum percentage overshoot (P.O.) did not exceed
1.3% in any of the instances, and the biggest value was
obtained for the case of 80 °C. It’s also important to notice
that when considering a setpoint of 80 °C, the temperature
is not maintained at 80 °C since the tumor thermal damage
reaches the 100% first (see Figure 1).

Because thermal distribution is a slow process, the FLC
sample time (i.e., time intervals at which FLC receives
feedback from the system and defines the change in laser
power) was set to 10 s; however, this parameter may need
to be changed if thermal properties of tissue irradiated
make thermal propagation faster or if the highest temper-
ature limit is set above 80 °C.

In Figure 3, healthy tissue highest temperature responses
are shown. It can be seen that only when using a setpoint
of 80 °C for Tmax, healthy tissue temperature exceeded
its setpoint of 46 °C; however, it did not increase beyond



48 °C. This situation, together with the high critical tem-
perature of all of the healthy tissue, caused that thermal
damage in surrounding tissue was kept below 1%. Besides
the reasons already discussed, the presented results show
the importance of having information about of the criti-
cal temperature in order to determine the parameters as
well as feasibility of using PTT according to thermal and
optical properties of both tumor and neighboring healthy
tissue.

Fig. 3. Surrounding healthy tissue temperature. Obtained
from simulations.

The results presented in this document do not aim to
represent all possible clinical situations. The mathematical
model of tissue implemented was used as a way to evaluate
the FLC performance. Therefore, it might be necessary to
readjust the controller parameters, such as the maximum
allowable temperature in both healthy and tumor tissue,
depending on the particular clinical case for which the
system is used. Fuzzy logic controllers have the advantage
of operating by rules that are more understandable to non-
engineering professionals. One way to further improve the
clinical feasibility of this controller is the development of
a graphical user interface where clinicians can adjust the
controller parameters according to their knowledge and
real-time observations.

The controller was designed assuming there is a reliable
real-time temperature measurement system, such as ultra-
sound or photoacoustic imaging, available as an input. The
optimization of the temperature monitoring techniques is
out of the scope of this work, and each technique may
add additional limitations. Because of the possible errors
that the controller and/or measurement system could have
during the ablation procedure, the FLC presented here
could also serve not as the direct controller of the laser
power, but as a tool to help the physicians decide the most
optimal laser power and to alert about possible undesired
situations, such as irreversible thermal damage to healthy
tissue, in real time.

4. CONCLUSION

The presented FLC successfully controlled laser power
to achieve complete tumor ablation while avoiding the

maximum the damage of surrounding healthy tissue. There
are limitations in photothermal therapy, mainly related to
light propagation in tissue. Therefore, future work should
be focused in studying the application of the system in
tissues with different characteristics in order to define
relevant limitations, such as maximum tumor depth at
which therapy is still successful. Future work will include
the development of a graphical user interface (GUI) that
would make the system usage easier for health care per-
sonnel. Additionally, other control algorithms could be
implemented and tested along with the FLC presented
here, using tissue-mimicking phantoms to assess the per-
formance of the different controllers in a physical setting.
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