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Photothermal therapy (PTT) is a type of cancer treatment capable of damaging

tumors using laser irradiation. This procedure can be a promising approach to

complement current cancer therapies, due in part to its minimal invasiveness.

One of the challenges of photothermal therapy is the potential collateral

damage to the surrounding healthy tissue, as well as excessive temperature

increase in the target tumor region that can cause tissue carbonization and

evaporation. With the aim of increasing the performance of photothermal

therapy in damaging targeted tumor while keeping healthy nearby tissue

unaffected, this research proposes the use of a feedback control system that

considers the cumulative thermal damage to both types of tissue. Two separate

control algorithms (fuzzy logic and PI) were designed and tested in silico using

simulations made in MATLAB® and Python. Results showed that both

controllers successfully accomplished the proposed goals. Therefore, the

feasibility of using these automated systems to improve the efficacy and

safety of PTT was demonstrated.
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1 Introduction

Cancer kills almost 10 million patients per year globally. In 2020, over 19 million new

cases were diagnosed (Ferlay et al., 2021). According to the National Institute of Cancer,

radiation emitting equipment, surgery, and chemotherapy, are common treatments

against cancer (National Institute of Cancer, 2022). While radiation therapy

frequently shows remarkable results, it carries a risk of causing DNA and tissue

damage. The use of ionizing radiation may cause several problems in particular

populations, such as children, for whom exposure increases the risk of leukemia, as

well as breast and thyroid cancer (Kutanzi et al., 2016).

In order to increase the efficacy of cancer treatments, alternatives such as

photothermal therapy (PPT) can be used as a complement to the existing ones.

Photothermal therapy is a laser-mediated hyperthermia method with benefits such as

improved selectivity, minimal invasiveness, and reduced side effects (Zhi et al., 2020). The
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selectivity can be achieved with the use of contrast agents that

enhance the optical absorption, and thus thermal dose in the

target region. However, PTT has limitations such as penetration

depth, as well as temperature limitations, because an excessive

temperature increase can cause tissue carbonization and damage

to the surrounding healthy tissue (Yarmolenko et al., 2011).

Thus, the ideal temperatures for PTT are close to 46°C, which are

likely to induce apoptosis (Chen et al., 1995; Haghniaz et al.,

2015).

While the tissue temperature is critical to induce the desired

damage, the exposure time is also a variable that determines the

overall damage in a region (Henriques, 1947; Aliannezhadi et al.,

2018). A significant problemwith PTT is the lack of control of the

laser light distribution in tissue, which might cause unwanted

damage to healthy tissue around tumors (Deng et al., 2021; Zhao,

2021).

Thus, real-time temperature monitoring is critical in this type

of treatment. Moreover, a system that can use the temperature

information and track the thermal damage would allow to

control the laser power in order to optimize the damage

induced in the target regions while keeping damage to healthy

tissues at a minimum.

In this work, we present an in silico PTT system with

temperature monitoring integrated with a damage-tracking

control system to automate the delivered thermal dose and

optimize the therapeutic outcome. The main goal of the

control system is to eliminate the entire tumor area, with

minimum collateral damage to healthy surrounding tissue.

The PTT system was implemented by simulating a

contrast agent-loaded tumor irradiated by a continuous

wave laser. The control system operates the laser power,

while the input to the control system is the real-time

temperature data that is assumed to be available from an

image-guided thermometry technique such as ultrasound

and/or photoacoustic imaging (Shah et al., 2008a; Shah

et al., 2008b). Two types of controllers were developed to

demonstrate the feasibility of controlling the laser power in

real time to maximize the thermal damage in the target

tissue, while minimizing damage to healthy surrounding

tissue.

The design and tuning of both controllers, as well as their

integration with the PTT system for therapy simulation were

made using MATLAB® and Python.

2 Methods

2.1 Mathematical modelling of light
propagation and thermal damage

Temperature distribution in tissue: The behavior of heat

diffusion in tissue follows the Pennes bioheat equation

(Pennes, 1948; Ferrás et al., 2015):

ρCp
zT

zt
� k∇2T + Q (1)

where ρ stands for mass density, Cp is the specific heat, and k is

the thermal conductivity. All these properties change according

to the tissue type. T is temperature andQ is the heat source, given

by the following equation (Ren et al., 2017):

Q � QM +QS + QL (2)

In Eq. 2, QM stands for metabolic heat generation rate, and

QL represents the heat generated by the external light source

(laser), which is detailed below. QS is the heat transfer from

blood, which is determined by:

QS � csW(Ts − T) (3)

In this case, W is the mass flow rate of blood per unit of

volume of tissue, cs represents the specific heat of blood and Ts

represents the blood temperature. Finally, QL is the term

responsible for the temperature increase during PTT; QL

depends on the tissue’s light absorption coefficient (μa), and

the delivered light fluence (ϕ), according to the following

equation (Prahl, 1988):

QL � μaϕ (4)

Light propagation in tissue: Monte Carlo technique was used

to calculate the laser light fluence (ϕ) distribution in tissue. For

light propagation simulations, ValoMC open-source code was

used in MATLAB to estimate light passage in biological tissue in

three dimensions (Leino et al., 2019).

Tissue thermal damage: Thermal damage was estimated

using Arrhenius equation (Henriques, 1947; Jasiński, 2015):

ζ(x, y, z, t) � ∫τ

0
A exp( − ΔEa

R · T(x, y, z, t))dt,∀t: 0< t< τ

(5)
where ζ is the damage coefficient, A is the frequency factor, R is

the universal gas constant, T represents temperature and τ is the

time exposure. Based on Eq. 5, the damage caused by the PTT can

be quantified using (Soni et al., 2015):

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

Thus, a thermal damage (ζ) equal to 1, at a particular region and

time, represents a 63% probability of cell damage.

2.2 Controller design

Previous studies have proposed several control techniques for

photothermal therapy, specifically PID and fuzzy logic schemes

have been designed (Chen et al., 1995; Nguyen et al., 2016).

However, these studies considered only temperature-related

metrics. In this research, it is intended to design a controller

that not only takes temperature into account, but also the real-

Frontiers in Thermal Engineering frontiersin.org02

Céspedes Tenorio et al. 10.3389/fther.2022.1005117

https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2022.1005117


time thermal damage in tissue. Themain aim of this research is to

demonstrate that it is possible to create a closed-loop system able

to predict the thermal response in different regions of the tissue

and take automated decisions based on these metrics and the

estimated thermal damage.

Here, a closed-loop system is proposed, as shown in Figure 1.

In this proposal, a thermometry technique such as photoacoustic

(PA) imaging and/or ultrasound is assumed to be available to

acquire real-time temperature distribution in the tissue.

Although non-invasive thermometry techniques have their

own challenges and limitations (Tenorio and Dumani, 2021),

those are out of the scope of this study. Based on the temperature

data, thermal damage for each pixel in the images can be

estimated using the Arrhenius equation. These metrics

(thermal damage and temperature) from specific chosen

points act as the input of the controller, which modulates the

power from the laser until the desired damage conditions are met.

These conditions can be defined by physicians according to the

clinical protocols. Based on this scheme, two controller

alternatives were designed: a Fuzzy Logic Controller (FLC)

and a PID controller. The design strategy and specific

parameters for each controller are described in the subsection

below.

2.2.1 Fuzzy logic controller design
The first controller approach that was considered was a fuzzy

logic controller (FLC). This control scheme provides the

advantage of being able to manipulate its output based on

multiple inputs and logic rules, which is a useful property for

this study as it is intended to not only take in consideration one

unique metric but several of them, such as metrics from tumor

and surrounding healthy tissue. Furthermore, this algorithm is

capable of managing non-linear systems, which is the case for the

thermal process during photothermal therapy. In addition, the

FLC offers the possibility of easily readjusting its parameters in

accordance with the tissue characteristics and the physician’s

criteria on the characteristics and goals of each therapy.

The proposed FLC has the goal of maximizing tumor

thermal damage, thus the effectiveness of the therapy.

Additionally, it was designed to minimize damage to

surrounding healthy tissue and to keep the temperature

high enough to induce cellular damage, but low enough to

avoid tissue evaporation and carbonization. The controller

error inputs consisted of:

1 Error in target tumor thermal damage (eTD,tumor), calculated

using the lowest temperature measurement inside the tumor

region (Ttumor,min), corresponding to the point with the lowest

thermal damage. The target tumor damage percentage is

100%, considering Eq. 6, thus the error is given by:

eTD,tumor � 100% − P(%) (7)

2 Future error in the highest temperature point of the tumor

(eT,max), calculated using the future value of the tumor highest

temperature:

eT,max � Ttumor,ref − Tmax(t + 1) (8)

where Ttumor,ref is the specified limit for the highest tumor

temperature allowed. The future highest temperature is

calculated using the rate of change of the maximum

temperature measurements:

T max(t + 1) � 2Tmax(t) − Tmax(t − 1) (9)

where Tmax(t + 1) is the future value of the tumor highest

temperature, Tmax(t) is the current measurement of the

FIGURE 1
Work scheme for tissue damage-tracking control system
with image-guided thermometry.

TABLE 1 Fuzzy logic rules used for the controller design.

eTD,tumor eT,max eT,healthy Operator ΔP

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

VP = Very positive, P = positive, N = negative, VN = Very negative.
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tumor highest temperature and Tmax(t − 1) is the previous

measurement of the tumor highest temperature.

3 Future error in the healthy tissue maximum temperature

(eT,healthy), calculated applying (9) to the highest temperature

in the healthy tissue region:

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

where Thealthy,ref is the specified limit to the highest temperature

allowed in the healthy tissue region, which is assumed to be

measured within 2 mm from the tumor boundary.

Each error input is associated with a membership

function. The FLC controller output determines the change

in laser power (ΔP), and it is related to five membership

functions. Using these inputs and outputs, the FLC was

designed using a Sugeno fuzzy interference system, with the

rules shown in Table 1.

Functionally, the logic rules from Table 1 can be condensed

into three general rules that are followed hierarchically by

the FLC:

1) If the tumor reaches 100% of thermal damage, i.e, if eTD,tumor

is equal to 0, then ΔPwill be very negative (VN) until the laser

power is turned off (power equal to 0 W).

2) If the limit on maximum healthy tissue temperature is

exceeded, i.e., if eT,healthy is negative, then the laser power

will decrease until this temperature is below the maximum

specified limit.

3) If none of the above conditions are met, the FLC will

change the laser power to try to reach the maximum

allowed tumor temperature (eT,max � 0) without

breaking any of the previous rules. This allows to

optimize the therapy duration, by achieving the desired

damage faster. Thus, this maximum temperature will be

hereinafter referred to as a “setpoint”; however, the

temperature setpoint will only be reached if none of

conditions one and two above are met.

Lastly, a saturation limit was set for the laser power output

signal. This limit is based on the type of laser chosen and its

maximum power. This allows the controller output to stay within

the laser power delivery capacity. Because negative power is not

possible, an additional limit exists such that the minimum power

output set by the controller is 0 W.

The controller was implemented as a Sugeno fuzzy logic

controller using MATLAB’s Fuzzy Logic Toolbox. The operating

ranges of the FLC were defined empirically. The controller was

tested considering a 4 W laser, which is consistent with the power

range of continuous wave lasers used for photothermal therapy;

however, the controller can be modified by the end-user to

control lasers with higher maximum power if needed in a

particular clinical setting.

2.2.2 PI controller design
A second controller was implemented separately, to

evaluate another alternative of controlling photothermal

therapy as proposed in this study. A PID controller was

designed by defining tissue temperature as the process

variable and the laser power as the manipulated variable.

Unlike the FLC, the PID has a single input-single output

(SISO) nature, which only provides one path to control to

target variable. Thus, the PID was designed to solely control

the temperature within the tumor, i.e. Tmax. The input to the

controller was the highest temperature value in the tumor.

Additionally, a “stop signal” was implemented such that, when

a 100% of thermal damage was achieved within the tumor, the

controller turned the laser off, thus ending the therapy.

Another difference from the FLC is that the PID requires a

linear model to be controlled. Given that the thermal process of

photothermal therapy is nonlinear, linearization was required to

tune the PID. A 4 W maximum power was again considered for

the laser. Given the power limits of the laser (0 W–4 W), the

process was linearized considering four operation ranges as

shown in Table 2. On each region, a “half-step” response was

evaluated to determine similarities in the process response at

different operating points.

Based on the step responses from each region, the linear

approximations for the models were obtained using MATLAB’s

System Identification Toolbox. All four linear equations

generated by the toolbox share one similarity: all of them

were approximated using two poles and two zeros on the

respective Transfer Function (TF). Furthermore, during the

evaluation of each model, it was observed that the differences

between the TF’s for the regions 2-3 and four were negligible.

This allowed to reuse a TF and merge the operating regions 2, 3,

TABLE 2 Range and steps values in Watts used to generate the linear
model in each section.

Region Range [W] Step [W]

1 0–1 0.5

2 1–2 1.5

3 2–3 2.5

4 3–4 3.5

TABLE 3 Transfer functions and gains for the PI controller according
to region of interest.

Region Transfer function Kp value Ki value

1 0.1999s2+0.6097s+0.007033
s2+0.04242s+0.0002579 0.0457 0.00156

2,3,4 0.1074s2+0.6397s+0.01038
s2+0.0521s+0.0003642 0.046 0.00192
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and four into a single region. Therefore, only two regions were

considered for the PID controller design, the first region from

0W to 1 W, and the second region from 1W to 4 W.

Next, the proportional, integral and derivative constants (P, I,

D) were obtained. The values were tuned using MATLAB’s

function pidtune, which receives a linear plant model and

returns the parameters of a PID controller, based on stability,

performance, robustness and reference tracking to perform a

better output from the model (MathWorks, 2022).

The transfer function, and proportional (Kp) and integral

(Ki) gains obtained for each model are shown in Table 3.

Although a PID was considered for the design, the derivative

constants (Kd) obtained from the pidtune function were equal to

zero. Thus, the PID controller will henceforth be referred to as a

PI controller.

Because the thermal process is a relatively slow system, the

predictive technique used in the FLC (Eq. 8) was implemented

for the PI to speed up the system response. Thus, Tmax(t + 1)
was set as the controller’s input, which is a future value

approximation of the highest temperature in the tumor.

2.3 Photothermal therapy simulation
parameters

To simulate the photothermal therapy process, an open-

source code was used along with two MALTAB®. First, ValoMC

was used to approximate the 3D light propagation in tissue.

Then, the Fuzzy Logic Toolbox was utilized to design and

implement the FLC. Last, the Partial Differential Equation

Toolbox was used to simulate the thermal response and heat

diffusion within the tissue during the therapy.

An external 1064-nm continuous wave (CW) laser source

was considered to take advantage of the minimal invasiveness of

PTT. The laser spot radius at the skin surface was equal to 5 mm.

Four types of tissue were simulated: (Hong, et al., 2009; Mechelli

et al., 2020).

• Skin: Outermost layer with dimensions of 30 × 30 × 2 mm

(height × length × width).

• Subcutaneous fat: Layer between skin and muscle.

Dimensions of 30 × 30 × 2 mm.

• Muscle: Deeper layer considered with dimensions

of 30 × 30 × 2 mm.

• Tumor: The tumor consisted of a superficial half-sphere of

10 mm in diameter, i.e., the diameter was coincident with

the outermost part of the skin.

The optical and thermal properties of each tissue layer are

shown in Tables 4 and 5, respectively.

The blood perfusion parameters from Eq. 3 were set

following Drizdal et al. (2010) and Lang et al. (1999):

• Blood specific heat cb � 3500 J/kg°C
• Blood temperature Tb � 37 °C
• Blood mass flow rate, in kgm−3s−1, was set as a function of

temperature, to describe the temperature dependance of

blood perfusion on each tissue type:

Wskin(T) � { 0.45 · (1 + 9.2 · e−(T−44)2/10), T≤ 44 °C
10.2, T> 44 °C

Wsubcutaneous fat(T) � { 0.36 + 0.36 · e−(T−45)2/12, T≤ 45 °C
0.72, T> 45 °C

Wmuscle(T) � { 0.45 + 3.55 · e−(T−45)2/12, T≤ 45 °C
4.0, T> 45 °C

Wtumor(T) �
⎧⎪⎨⎪⎩

0.8333, T< 37 °C
0.8333 · (T − 37)4.8/5438 ,
37 °C≤T≤ 42 °C 0.416, T> 42 °C

The metabolic heat generation was set to QM � 1091W/m3,

according to Ren et al. (2017).

TABLE 4 Optical properties of simulated tissues at 1064 nm.
Recovered from (Prahl, 1999, 2017; Bashkatov et al., 2011;
Jacques, 2013; Ren et al., 2017).

Tissue μa [cm−1] μs [cm
−1] g n

Tumor 0.214 167.756 0.934 1.37

Tumor with AuNRs 0.895 167.833 0.934 1.37

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

TABLE 5 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]

Tumor 0.642 3500 1000

Subcutaneous fat 0.16 850 2300

Muscle 0.53 3800 1270

Skin 0.53 3800 1200

TABLE 6 Thermal properties of simulated tissues. Recovered from
(Paruch, 2020).

Tissue A [s−1] ΔEa [J/mol]

Healthy tissue 1.18×1044 3.02×105

Tumor 1.98×10106 6.67×105
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Gold nanorods (AuNRs) were simulated to be injected in

the tumor to enhance optical absorption. To calculate the

optical properties of the AuNRs, they were considered to have

a radius of 11.43 nm and an aspect ratio of 6.83. A volume

fraction of 10−7 was assumed for the AuNR concentration. The

optical properties of the tumor with AuNRs were calculated

according to Ren et al. (2017), and the thermal properties were

assumed to be unaffected by the injection of AuNRs.

The parameters A and ΔEa from Eq. 5 were set as shown

in Table 6.

Finally, the boundary conditions for the finite element

geometry included:

- External boundary: natural convection with room

temperature of 25°C and heat transfer coefficient of

5 W/(m2K) (Ren et al., 2017).

- Internal boundaries: isothermal with temperature of 37°C

(normal body temperature).

- Initial condition: temperature of 37°C for the entire tissue

sample (normal body temperature).

All the optical, thermal, and controller parameters were

imported into MATLAB to perform the simulations. The

light propagation model (Monte Carlo) for the tissue was

obtained once and normalized to 1 W. Thus, the same light

distribution was used to find the optical power in the tissue

by multiplying the normalized matrix by the laser power on

each time step.

Each controller was evaluated individually in separate

simulations. The controller parameters were used to

manipulate the laser power, i.e., Eq. 4, and solve the

partial differential equations of the thermal process

during the therapy. The tissue temperature values from

each simulation step were used as an input to the

controller and the damage-tracking calculation. This

process was repeated until the end of the

therapy, i.e., when 100% damage was obtained in the

tumor region.

FIGURE 2
Tumor thermal damage percentage, using 60°C as desired
hyperthermia temperature. Obtained from simulations.

FIGURE 3
Tumor highest temperature, using 60°C as desired
hyperthermia temperature. Obtained from simulations.

FIGURE 4
Surrounding healthy tissue temperature, using 60°C as
desired hyperthermia temperature. Obtained from simulations.
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3 Results

Simulations were made to evaluate the ability of the

controllers to maximize tumor damage, while trying to

minimize surrounding healthy tissue damage. Two

different tests were conducted to assess the performance

of the designed controller. In the first stage, the maximum

temperature setpoint (the desired hyperthermia temperature

Ttumor,ref) was set to 60°C for both controllers. In the case of

the Fuzzy Logic Controller (FLC), the limit for maximum

temperature in healthy tissue was set to 46°C, which could

potentially induce damage; however, due to the

characteristics of the simulated healthy tissue and its lack

of contrast agent, a large amount of time would be

required to induce non-negligible damage at such

temperature.

Figure 2 shows that complete thermal damage was

achieved for this first test with both controllers. The times

required to reach 100% tumor damage were 520 s and 540 s

for the PI and FL controllers, respectively. Therefore, the

main goal of the controllers was accomplished, with a

considerably small difference between the proposed

solutions.

Hyperthermia temperature responses for both controllers

can be observed in Figure 3. In the case of the FLC, the settling

time, i.e. time to remain within 2% of the 60°C setpoint, was

80 s with a temperature of 59.68°C. On the other hand, the PI

had a settling time of 120 s with a temperature of 59.25°C.

Furthermore, the maximum overshoot for the FL and PI

controllers were approximately 0.65°C and 0.53°C,

respectively.

Figure 4 shows the highest temperature responses in the

healthy tissue. None of the controllers caused this temperature to

reach the maximum setpoint of 46°C. The maximum

temperature obtained was virtually the same for both

controllers: 43.77°C for the FLC and 43.75°C for the PI

controller. Thus, the control system allowed to keep the

thermal damage to the surrounding tissue below 1%.

The laser power output when using each of the

controllers was measured and plotted as shown in

Figure 5. The FLC generated a smoother response in the

laser power, and the maximum power peak around 1.4 W

was well below the maximum set limit of 4 W. On the other

hand, the PI controller had a lower overshoot but higher

oscillation in the laser power, with a peak power close

to 1 W.

To validate obtained results, a second experiment was

conducted where the desired hyperthermia temperature was

set to 70°C. Tumor thermal damage responses for both

controllers are shown in Figure 6. For this scenario, the times

to achieve 100% tumor thermal damage for the FL and PI

controllers were 180 s and 190 s, respectively.

The hyperthermia temperature response was plotted

(Figure 7) to verify the tracking ability of the controller with

respect to the setpoint of 70°C. The settling time to within 2%

band was approximately 90 s for the FLC and 140 s for the PI

controller. In this case, the times required to reach 100% tumor

damage were 190 s and 180 s for the PI and FL controllers,

respectively. Furthermore, the maximum overshoot was 0.79°C

for the FLC and 0.91°C for the PI controller.

Figure 8 shows the highest temperature responses in

healthy tissue. The curves for both controllers are

comparable, and the highest temperature value reached was

46.12°C for the FLC and 46.27°C for the PI controller. With

these data, thermal damage of healthy tissue was calculated

FIGURE 5
Instant laser power, using 60°C as desired hyperthermia
temperature. Obtained from simulations.

FIGURE 6
Tumor thermal damage percentage, using 70°C as desired
hyperthermia temperature. Obtained from simulations.
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using Eqs. 5, 6. The maximum thermal damage in the healthy

tissue was 0.0580% and 0.0581% for the FL and PI controllers,

respectively.

The laser power response using 70°C as the temperature

setpoint is shown in Figure 9. Again, both controllers required a

laser power well below the maximum limit of 4W, with the FLC

having a higher overshoot around 1.95W, and the PI having higher

power oscillations around an operating point of approximately

1.5W. Both controllers required approximately 0.5W more than

the power required for the 60°C setpoint case (Figure 5).

4 Discussion

The results in Figure 2, Figure 6 show that both controllers were

successful in maximizing thermal damage in the target tumor,

which reached 100% in all four experiments (two controllers

with two different temperature setpoints). Both types of

controllers were comparable in terms of performance. While the

PI was faster than the FLC to achieve complete thermal damage

when using a 60°C setpoint (Figure 2), the FLC was faster when

using a 70°C setpoint. For both controllers, the time required to

complete tumor damage was considerably lower when defining a

setpoint of 70°C, as expected. This can be explained by the concept

of critical temperature, defined as the temperature at which the

thermal damage rate is equal to 1, and it is unique for each tissue.

For operating temperatures above the critical temperature value, the

thermal damage slope increases exponentially. The tumor modeled

in this study had a critical temperature value of approximately

54.61°C (Pearce, 2018); thus, any increase in the maximum

temperature limit beyond the critical temperature will highly

increase the therapy speed. In terms of hyperthermia

temperature reference tracking, the FLC controller was faster to

achieve the maximum target temperature. As shown in Figure 7, in

the second experiment the PI controller was not able to get the

tumor maximum temperature to a stationary value before complete

thermal damage was achieved and the laser was turned off. Despite

this fact, both controllers successfully reached the 100% tumor

damage with a negligible time difference.

In addition to achieving maximum thermal damage, both

controllers had the goal of keeping thermal damage of healthy

surrounding tissue to a minimum. Both the FLC and the PI were

able to keep the healthy tissue damage below 1% for all the

FIGURE 7
Tumor highest temperature, using 70°C as desired
hyperthermia temperature. Obtained from simulations.

FIGURE 8
Surrounding healthy tissue temperature, using 70°C as
desired hyperthermia temperature. Obtained from simulations.

FIGURE 9
Instant laser power, using 70°C as desired hyperthermia
temperature. Obtained from simulations.
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studied scenarios. This result can also be explained by looking at

the critical temperature. Even if the healthy tissue reaches

temperatures around or slightly above 46°C, the time exposure

required to induce damage at this temperature range is much

higher than the total duration of the therapy. Having an

estimation of the critical temperature of the surrounding

healthy tissue, can help define the safety limits such as

Thealthy,ref in the case of the FLC controller.

It was also observed that thermal damage of healthy tissue

was smaller when using a higher hyperthermia setpoint in the

tumor of 70°C (as opposed to 60°C). This can be explained by

the decrease in laser exposure time to the overall tissue. By

allowing to achieve a 100% thermal damage faster at the

tumor, the healthy tissue experiences lower laser exposure

and collateral damage. The total therapy time was

approximately three times shorter in the second simulation

(70°C setpoint) according to the data collected. Therefore,

results confirm that damage to healthy tissue close to the target

tumor not only depends on temperature, but also on the

exposure time, which is proportional to the therapy

duration. This finding can be taken into account by

physicians when choosing the target hyperthermia

temperature for a particular condition.

Lastly, the behavior of the controller output was also collected

and analyzed (Figures 5, 9) to verify whether any saturation was

present, based on the established hard limit of 4W. No saturation or

sharp response was seen for any of the controllers in the conducted

experiments for any of the temperature setpoints.

Depending on the temperature setpoint and type of

controller used, the laser power behavior over time will be

different. In this study, only a maximum laser power value

limit was imposed. However, in an experimental setting, the

characteristics of the specific laser model, such as the laser

power resolution and slew rate, must be considered as a

limitation to the capabilities of each controller. For

example, certain CW lasers may only be turned on or off,

with the controller output being restricted to either 0% or

100% laser power. Nevertheless, such kind of lasers can still

benefit from the closed loop damage-tracking control system

presented in this work, with minimal modifications, for

example using a pulse-width modulated output stage. Other

lasers may allow to vary the power continuously but require a

minimum power (higher than 0%) or have restrictions as to

how fast these changes can occur. A slow laser may not be able

to follow the tuning signal coming from a fast-varying

controller, thus acting as a low pass filter in terms of the

desired laser power time response. These limitations can also

be overcome by limiting the amplitude and slew rate of

the controller output, based on the specifications of the

laser model.

In summary, both controllers successfully provided

damage-tracking control of the photothermal therapy

procedure. The slight differences in performance were

negligible; thus, the choice of controller can be based on

other factors such as versatility, ease of design, and ease of

operation. While PIDs are traditionally used controllers in

thermal processes, the complexity of photothermal therapy

can benefit from the versatility that the FLC provides. The

FLC shown in this work would allow clinicians to set

restrictions such as maximum damage permitted in the

healthy tissue regions, minimum and maximum temperature

limits, among others. On the other hand, although the PID is a

SISO system, a MIMO (multiple input, multiple output) could

be designed by pairing different PIDs together, thus providing

more versatility.

The results presented are valid for the implemented tissue

model and the following assumptions are required for the

proposed system: a superficial tumor where laser light can

reach with sufficient power density; the presence of tumor-

specific contrast agents that enhance the thermal dose at the

tumor, but also allow to identify the tumor vs healthy regions;

last, the availability of a reliable real-time temperature

measurement system is critical so that the thermal damage

can be calculated adequately.

Depending on the tissue model, the simulations used to

validate the implemented control system could be designed

using various thermal models, such as dual-phase-lag models

(Kumar et al., 2016), porous media-based models (Tucci et al.,

2021), or the Pennes model used in this study. However, the

slight variations among different models would not change the

conclusions of this study, which shows the possibility of

controlling photothermal therapy procedures via damage-

tracking control systems.

Furthermore, the proposed controllers might need additional

optimizations prior to use in real-life clinical scenarios. Because

of the inherent risks of any medical procedure, this tool is

expected to be used as an aid to physicians during

photothermal therapy, rather than entirely substituting the

need for supervision by medical personnel.

5 Conclusion

A closed-loop damage-tracking system for photothermal

therapy was demonstrated in silico. The system consisted of

an external temperature-tracking system, a real-time

thermal damage calculation, a fuzzy logic or a PI

controller, and a continuous wave laser. The entire system

was able to control the photothermal therapy procedure by

attaining 100% thermal damage in the tumor while keeping

Frontiers in Thermal Engineering frontiersin.org09

Céspedes Tenorio et al. 10.3389/fther.2022.1005117

https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2022.1005117


damage to healthy tissue below 1%. Future work will focus on

testing this approach with different tissue models, both

created with simulations and using tissue-mimicking

phantoms.
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