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Abstract: After surgery for ovarian cancer or colorectal cancer, residual tumors are left around. A
practical way to treat residual tumors is to destroy them with heat by injecting high-temperature
drugs into the abdominal cavity. The injected medicinal substances are induced to flow out of the
abdominal cavity; then, the spilled drug flows back into the abdominal cavity through feedback.
During this process, the heat starts to decrease; thus, the treatment performance reduces. To overcome
this problem, this study compares and assesses the temperature needed to maintain the heat for
treatment and transmits a command signal to the heat exchanger through a look-up table (LUT).
When the temperature decreases during the circulation of medications leaking out of the abdominal
cavity, the LUT transmits a control signal (T}) to the heat exchanger, which increases or vice versa.
However, if the temperature (T,) is within the treatment range, the LUT sends a T; signal to the
heat exchanger. This principle generates a pulse signal for the temperature difference (T ;) in TC
by comparing and determining the temperature (T,) of the substance flowing out of the abdominal
cavity with the reference temperature (T},s) through the temperature comparator (TC). At this time, if
the signal is 41 °C or less, the LUT generates (heats) a T, signal so that the temperature of the heat
exchanger can be maintained in the range of 41 °C to 43 °C. If the Ty is 44 °C or higher, the LUT
generates (cools) the T, signal and maintains the temperature of the heat exchanger at 41-43 °C. If
the Ty is maintained at 41-43 °C, the LUT generates a Ty signal to stop the system performance. At
this time, the TC operation performance and T ;s generation process for comparing and determining
the signal of T, and T, for drugs leaking out of the abdominal cavity is very important. It was
observed that the faster the response signal, the lower the comparison and judgment error was;
therefore, the response signal was confirmed to be 0.209 ps. The proposed method can guarantee
rapid/accurate/safe treatment and automatically induce temperature adjustment; thus, it could be
applied to the field of surgery.
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1. Introduction

As of 2017, there have been 232,255 cases of domestic cancer incidence, with an
estimated cancer incidence rate of approximately 1,867,405 [1]. Therefore, approximately
3.6% of patients were diagnosed with cancer, which was the leading cause of death among
men and women in 2018 [2]. After cancer surgery, a high probability of recurrence (within
5 years) at more than 50% exists due to the residual tumor tissue.

Chemotherapy is administered concurrently to reduce the chance of recurrence. How-
ever, due to its side effects, patients experience difficulties during treatment. Thus, new
treatment methods for eliminating the probability of recurrence within 5 years have been
studied and are currently being used in many medical institutions [1-6]. Most of the
thermal death methods for tumors include HIFU (High-Intensity Frequency Ultrasonic)
treatment, laser treatment, and radiofrequency treatment [3-6]. Among them, the high-
frequency treatment causes hyperthermia by an antenna that heats through radio and
microwave radiation and damages cancer cells with heat.

In particular, HIFU can be applied to targeted therapy and can necrotize tumors using
high heat [7]. This method can destroy cancer cells by generating immediate heat. However,
it has the side effect of damaging the skin and its surrounding tissues [7]. Laser treatment
causes a chemical reaction between light and oxygen to generate instant heat [8]. This
method damages the micro-vessels around cancer cells to minimize patient pain and block
the supply of nutrients to cancer tissue. These treatments cause side effects such as skin
hypersensitivity, edema, pain, and pigmentation [9]. Laser treatment can also damage the
skin [8,9].

Radiofrequency treatment is a method for irradiating cancer tissue with electromag-
netic waves to generate heat, increase the metabolic rate in the body, and suppress the
proliferation of cancer cells to destroy them [10]. Therefore, the radiofrequency treatment
has no side effects such as nausea, vomiting, anorexia, weight loss, digestive disorders, and
hair loss. Nevertheless, red spots may occur on the skin tissue where the electrodes are
attached, and side effects such as slight burns, scars, inflammation, and lumps may occur
in the fat layer [10,11].

In addition, HIFU therapy, laser therapy, radiofrequency therapy, and radiation ther-
apy methods are used for the targeted treatment of tumors and are often used in combi-
nation with chemotherapy to increase the effectiveness of treatment. Chemotherapy is
administered intravenously; however, various treatment systems that allow for the direct
exposure of anticancer drugs are currently under investigation and development.

Among them, hyperthermic intraventricular chemotherapy (HIPEC) surgery is a
system that uses high-temperature anticancer drugs and injects them into the abdominal
cavity, and it is a treatment method that directly exposes anticancer drugs to residual tumors
after surgical operation. Hyperthermia using high-temperature anticancer drugs has been
shown to be highly effective against cancer cells when administered at temperatures ranging
from 41 °C to 43 °C Celsius, whereas normal tissues can be damaged by temperatures above
46 °C Celsius [12-14]. This hyperthermia increases the sensitivity of cancer to chemotherapy
by increasing the penetration of chemotherapy on the peritoneal surface and impairing
DNA repair. In addition, hyperthermia has direct cytotoxic effects by inducing apoptosis,
activating heat shock proteins that act as receptors for natural necrotic cells, inhibiting
angiogenesis, and promoting protein denaturation [15]. The problem with these cancers is
that the 5-year survival rate is difficult to expect, and the risk of recurrence is high; therefore,
the purpose of HIPEC surgery is to completely remove the remaining cancer cells. The
5-year survival rate of gastric cancer patients undergoing HIPEC surgery increased by more
than 61% compared to patients undergoing laparoscopic surgery [16-19]. Similarly, the
5-year survival rate of peritoneal cancer patients increased by over 48.5% compared to those
undergoing laparoscopic surgery. Following colon cancer surgery, patients who received
chemotherapy had a 41% recurrence rate at the 5-year survival mark due to peritoneal
metastasis [20]. However, HIPEC surgery resulted in a 53% reduction in its recurrence rate
at the 5-year survival rate.
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However, if a 41 °C to 43 °C medication is injected into the abdominal cavity while
using a hyperthermia system in the operating room, the intraperitoneal temperature is
lowered to below 41 °C, and the therapeutic effect of hyperthermia cannot be enhanced [12].

In this study, when administering high-temperature medications in the abdominal
cavity, the thermal compensation based on the temperature measurement could maintain
the temperature of the drug at 4143 °C by monitoring the temperature state of the drug
and actively increasing the heat when the temperature decreased. Moreover, we developed
the control method design.

A control signal was generated to compensate for the temperature difference in the
look-up table (LUT) module by comparing the temperature of the drug flowing out and
the reference heat ranging from 41 °C to 43 °C. Hence, this study presents a method that
compensates for heat according to the control signal.

2. Materials and Methods
2.1. Background of HIPEC Surgery

HIPEC treatments are categorized into open and closed techniques, as shown in
Figure 1. The closed technique involves inserting and securing the inflow and outflow
catheters into the abdominal cavity before injecting chemotherapy, then closing the ab-
dominal wall and injecting the hot chemotherapy solution to allow for perfusion into the
abdominal cavity. The main disadvantage of the closed technique is the uneven distribution
of chemotherapeutic agents in the abdominal cavity, which results in fluid retention and
the accumulation of toxic concentrations of drugs and heat [21].

In comparison, the HIPEC open method or “coliseum” technique involves injecting
the hyperthermic chemotherapy solution into the abdominal cavity while the abdomen
is open. The advantages of the open approach include the surgeon’s direct access to the
abdominal cavity with an inflow catheter during the administration of the hyperthermic
agent, which allows for the rapid and uniform control of the temperature and distribution
of the drug in the abdominal cavity by manipulating fluids and the bowel. Care also needs
to be taken to ensure that all peritoneal surfaces are uniformly exposed during treatment
and to avoid dangerous temperatures or excessive exposure to normal tissue. The potential
disadvantages of this procedure include the rapid loss of heat, which requires more effort
to maintain ideal temperatures, and the potential exposure of the surgeon and operating
staff to chemotherapeutic agents by direct contact and aerosolized particles [22].

For the use of these techniques, a HIPEC system consists of a fluid box, a heat ex-
changer, and a filter, as shown in Figure 2. It is further composed of inlet and outlet
catheters that are connected to the system [15,21-23].

The heat exchanger operates to heat the drug to a high temperature. The medicinal
substances flow into the heat exchanger and are heated up to 48 °C. The heated drug is
introduced into the abdomen through an inflow catheter, and the abdominal temperature
remains between 41 °C and 43 °C for 120 min, damaging cancer cells remaining in the
abdomen [15,21,24].

The anti-cancer drug that flows into the abdomen continues to flow into the fluid
bow through the filter and outflow catheter. Additionally, the medicinal substances that
flow in are repeatedly circulated through the inflow and outflow of the abdomen through
the heat exchanger and inflow catheter. At this point, the filter operates to filter out the
mixed residues from the abdomen in the drug leaked from the outflow catheter. When
performing thermal treatment using the HIPEC system, the temperature of the abdomen
should be maintained between 41 °C and 43 °C [15,21-24]. However, if the medication
passes through the line in the process of repeating the inflow and outflow of the medicinal
substances or if thermal treatment is performed through open surgery, the temperature of
the drug in the abdominal cavity can drop to 36 °C. If the drug temperature drops to below
41 °C, the tumor does not undergo necrosis and rather results in poor treatment. Therefore,
for efficient thermal treatment, a functional device for maintaining the temperature of the
interior of the abdominal cavity at 41 °C to 43 °C is required. In the operating room, as
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shown in Figure 3, if the temperature in the abdominal cavity actually decreases below
41 °C, heat is manually controlled [21-24].
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Figure 1. Concept of HIPEC surgery [24].
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Figure 3. HIPEC surgery (operating room) [21].
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If the temperature increases by more than 43 °C, the treatment process can be stopped
until the temperature decreases [15,21-24]. The abovementioned actions are cumbersome
and lead to time and human force consumption. Thus, there is a need to examine an
automatic control method to adjust the proper temperature by real-time temperature
sensing and compensation, which is capable of maintaining the treatment temperature.

2.2. Design of HIPEC System for Temperature Comparison and Control

As shown in Figure 4, the reference heat generator (HG) that is intended to maintain
the intraperitoneal medicinal substances temperature generates heat (TR) within a range of
41-43 °C. This heat (TR) is converted into an analog signal through a temperature-to-voltage
converter (TVC).

HG
®
} TC
Ol'd Tref
P LUT ADC
Ta’ Ts’ Tx, Tp T(lif
T,

@ — 1VC —{ADC

thermal
sensor

Figure 4. Block diagram of proposed system.

The analog signal provided by the TVC is converted into a pulse train (T,,) by an
analog-to-digital converter (ADC). The heat (T,) leaking from the abdominal cavity is
detected by the temperature sensor. The detected temperature T, is converted into an
analog signal through the TVC [24]. This analog signal is converted into a pulse signal
via ADC for feedback. The T signal is converted into a pulse signal, which is input into
the TC and generates a T signal, as shown in Equation (2) through the comparison and
judgment with T}, as shown in Equation (1), where h and ) represent Joule’s heat and
thermal conductivities with respect to heat T,, respectively.

haif ()
. . ! [+ ton (2457 Ty
To(t) = Tdif sin [T,ef(t) + h(t)] = XTdif(t) Sln)(Trgfh(t) + 7/111“(”) |:l}’l (1 - 471[1 8 mn(XTrefh(f) )] — ZIVZW (1)
2 2

1+tun<

17tan(h££ﬂ)

oo t t
Tyig (£) = XTregh(t) — XTo(8) = XToeph(t) — 27X T, /7  Todt = /O Ty (h(t) — 1)dt = 27xT,osh /0 T,dt )

In Equation (1), changes occur over time in a limited temperature range by the function
of Ty,/(t). However, T,,s changes within a temperature range of 41-43 °C. In this case, the
temperature range must have excellent thermal conductivity (x) in order to accurately
maintain 41-43 °C. That is, h is defined as a Joule heat function for fixing a temperature
range of 41-43 °C. T, with excellent thermal conductivity (x) increases its temperature
by tan over time, and the temperature change in T, increases by tan(t) and is maintained
within a certain range through saturation. This allows changes to be made, allowing the
temperature to rise, fall, and be maintained over time. Therefore, the sum of T,,r and Ty
(Trer + Tgi) can observe the T, temporal state of change. Ty arises from the difference
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between T,,s and T,. At this time, if the temperature (T) that changes over time and the
temperature (T,) that changes over time in the /(t) function range with excellent thermal
conductivity (x), they generate a temperature difference in TC, Ty(t) that changes from 0
to t, as shown in Equation (2).

The signal (T ) from the TC is input to a lookup table (LUT). As shown in Table 1 and
Figure 5, the LUT generates a control command signal (ord) through internal operations.
This command signal (ord) is delivered to a heat exchanger, which heats up (T}), reduces
heat (T,), stops operating (T), or maintains its current state (T5). If T, is below 41 °C, Td,-f for
this temperature (41 °C) passes to the LUT, which generates signal T}, to command the heat
exchanger. The heat exchanger compensates the heat to reach the therapeutic temperature
range (4143 °C). If T, is within this range, the LUT generates signal Ts (hold state), and the
operation of the heat exchanger does not change. If T, is above 44 °C, the LUT generates
signal T,, and the heat exchanger reduces the temperature. If T, exceeds 46 °C, the LUT
generates signal T, and the heat exchanger stops operating (i.e., stop heating and wait).

Table 1. Design of the look-up table (LUT).

Signal to LUT Status of Temperature
Temperature Range
T,.ef T, Tdif ord TC
40°C 1 0 - up Tp
41-43°C 0 0 1 hold Ts
44 °C 0 1 0 down Ta
>46 °C 1 1 X stop operation Tx
0 1 0 1 0 1 0 1 0
CK
T,
! —> keep state
| lower the temperature
To T raise the temperature
X  prohibited to use
- l 1 X - | t X —
Tdif

Figure 5. Logic signals for temperature comparison and decision by the proposed system.

As shown in Figure 5, T\,r and T repeat 0 and 1, respectively, and the signal is input
to the TC. Ty is divided into state maintenance, temperature reduction (0), temperature
increase (1), and operation interruption (x).

Figure 6 shows the circuit for the comparator and LUT, which includes a non-exclusive
OR gate.

When the medication flows out of the abdominal cavity, the temperature (T,) flowing
out is compared with the temperature of the T, through the TC to the output Ty At
this time, TC is in charge of the performance that generates T ;s through the comparison
and judgment of T,,s and T,. Tjjs is then input to LUT to generate the command signals
(ord) of Ts, Ty, Ts, and Tx. The signals (T, Ts, Ts, and Tyx) command the heat exchanger for
temperature control. The proposed system is a chemical surgical treatment that removes
cancer by injecting high-temperature medicinal substances into the abdominal cavity. The
drug maintains the drug’s temperature in the range of 41-43 °C through intraperitoneal
injection and drainage. The drug circulates through a heat exchanger. These performances
are automatically and repeatedly controlled until the treatment is complete.
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Figure 6. Equivalent circuit of proposed system for temperature comparison, control and the imple-
mented circuit.

3. Experimental Results

For the performance test of the substance temperature maintenance, we conducted an
experiment that comprised the proposed module, beaker, thermal imaging camera, and
temperature measuring device, as shown in Figure 7. This study was not a clinical trial
but an experiment to test the performance of the module and evaluate whether the heat
temperature could be accurately controlled. Therefore, we aimed to obtain results on the
accuracy, reproducibility, and performance reliability of temperature control. Addition-
ally, the performance test evaluation to minimize the response error (delay) for control
was reviewed.

thermometer
(thermal coupler)

thermometer
(air detection)

“measurement of pulse signal
for temperature-control

temperature comparison/decision
LUT, heat exchanger

Figure 7. Experimental environment and configuration system.
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The peritoneal cavity could be substituted with a beaker (100 mL) when filled with
normal saline (40 cc). The temperature range of normal saline is 4143 °C; if this was below
41 °C or above 43 °C, the TC and LUT were operated and controlled to match this range.
Thus, it was simulated similarly to the HIPEC surgical procedure.

The designed temperature control module and the beaker were connected with a
catheter, as shown in Figure 7, and the catheter functioned as the inflow and outflow of the
beaker. An external monitoring system measured the temperature conditions and thermal
compensation adjustments.

The system determined the pulse signals according to the current drug temperature
to reduce, increase, or maintain the temperature. In temperature tests, the pulse signal
range of T;,s was stably maintained in the range of 41-43 °C, as shown in Figure 8. If the
temperature of the signal T, was reduced to 41 °C or less, the pulse signal of the different
output from the TC was set to transmit to the LUT. Thus, the LUT generated a command
signal (ord) for the T}, signal and took measures to heat it in the heat exchanger.

To (38°C-46 °C)

~ Tair (T, T, T, T

0 ps 1.0 ps 2.0 ps 3.0 ps 4.0 ps 5.0 ps 6.0 ps 7.0 ps 8.0 ps 9.0 ps
time [ps]

Figure 8. Output of pulse logic signal for the comparison and control of temperature based on TC.

The proposed module configured T, and T, signals before their input to TC. The
TC-T 4 output worked to output a pulse signal for the drug temperature state. As shown
in Figures 8 and 9, when the pulse signal (Ty;r = Tyr = T)) corresponding to the range of
T4ir from 41 °C to 43 °C was output, the output pulse signal was 1. At this time, as shown
in Figure 8, the signal of 1 was in the form of a pulse corresponding to 4 to 5 ps. If the
Tair (Tair = To/ Thep) signal output from the TC was below 41 °C, the pulse signal of Ty
corresponded to 1, and this pulse signal corresponded to a period of 2—4 us. If the signal
output from the TC Ty¢ (Tyir = T,/ Tpp) corresponded to 44 °C or higher, the pulse was
0. The period of this signal is 1-2 ps. The signal output by Tgir (Tair = To/ Thep) in TC was
a pulse signal of 1 corresponding to 46 °C or higher, and the period of this pulse signal
corresponded to 7-8 ps. Therefore, the pulse signal of 1 (4-5 ps) generated from Tj;r was
delivered to the LUT, and the LUT generated a T; signal (41-43 °C); therefore, the substance
was injected into the abdominal cavity without being transmitted to the heat exchanger.

The pulse signal corresponding to 1 (2-4 us) and generated from T4 was delivered to
the LUT. The LUT generated a T), signal (<41 °C). The T}, signal provided the heat exchanger
with a command signal for heating to maintain a temperature range of 41 °C to 43 °C. The
pulse signal of 0 (1-2 ps) generated from T was delivered to the LUT. The LUT generates
a T, signal (>44 °C). The T, signal delivers a command signal for cooling to maintain a
temperature from 41 °C to 43 °C in the heat exchanger.

The pulse signal of 1 (7-8 us) generated from T ;s was delivered to the LUT, and the
LUT generated a T signal (>46 °C), which transmitted the Ty signal to the heat exchanger.
Therefore, the system operation was stopped until the intraperitoneal injection temperature
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range changed from 41 °C to 43 °C. Therefore, the command signal data transmitted from
the LUT to the heat exchanger were T, Ts, Ts, and T.

46

44

40

Temperature [s]

38

36

34

0.0 0.2 0.4 0.6 0.8 1.0 1.2
period time [s]

Figure 9. Output temperature obtained from the comparison and control based on TC.

More specifically, if the logical function of the D-flip flop was considered in the
experiment, the control process of TC and data learning of LUT was added to the heat
exchanger using a binary signal and based on a pulse waveform. Therefore, the temperature
of the drug in the heat exchanger could be controlled, as shown in Figures 9 and 10. If
T, always maintains a constant value in the range of 41—43 °C (T = 0), the range of
the temperature of the medicinal substance (Taif) flowing out of the beaker (peritoneal
cavity) is 41—43 °C (T, = 0), as shown in Figure 10. At this point, the temperature
difference (T s = To = T}f) generated in the comparator could provide a value of 1. Thus,
the temperature of the substance in the heat exchanger remained unchanged, and the
temperature range of Ty was between 41 °C and 43 °C. In the experimental process of
the temperature difference generation for the TC output, T;,s and T, were assumed to be
38 °C (T, = 0) and 41 °C (T = 1), respectively, and then these two pulse signals were set to
be input to TC. The output (T) of the TC generated a pulse signal (T = random signal)
in which a temperature difference of 3 °C occurred. When these signals were input to the
LUT, the LUT recognized a temperature difference of 3 °C. The LUT, which recognized a
temperature difference of 3 °C, generated a command signal (ord) of T, in the output. This
command signal (ord) could be input to the heat exchanger, which heat unless at least 3 °C
to reach 41 °C.

1.0
(I.S%
0.0

1.0
0.5
0.0
1.0
0.5
(I X1]
1.0

0.5
Tiitmmm 0.0

3
j U L L L L L
1

S 1 X O o Y

0.0 5.0 10.0 15.0 20.0
time (us)

Figure 10. Measurement results for the pulse signal corresponding to temperature.
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It can be noted that T, T, Ts, and Ty were accurately output when the pulse waveform
signals corresponding to 41 and 43 °C were periodically generated in T;,r. When T,rand T,
were compared in the D-flip flop, the signal generated from Ty could minimize the delay
signal (T1 and T7), as shown in Figure 11. Therefore, the signal (T(;)) generated from T
could generate an accurate signal without an error, as shown in Equation (3) [25].

T(t) = @ - (1 - e-df) G)

1
01

0.0
1
Ui

0.
"(0)1.0

0.5 nﬁ‘—ll—]ﬁﬁfr—'—uﬁﬁ
0._wL_4___'L_'I_._JL‘_Ju_

1.

— s e e
T T

0.0 5.0 10.0 15.0
time (us)

0
5
0
0
.5
]
5
0
0
5

Tdir - 0.0

10.0
time (us)

(b)

Figure 11. Measurement results of the pulse signal with response delay in parallel with the tempera-

ture comparison and decision (Tg;if). (a) Response delay; (b) Sampling of response delay.

Here, T(;) represents the period of the delay signal for the difference between T7 and
Ty, and T represents the theoretical minimum delay time. As shown in Figure 11, T7 and
T, generated 209 ns each, and T, generated 4.18 ps. Moreover, the error for the delay time
of the module was within 1.8%. Therefore, the accuracy, reliability, and reproducibility of
the module’s operation had a high level of 98.2%, respectively.

The control performance (inflow, outflow, and feedback) was tested by connecting
the designed module to a beaker. Figure 12a presents an image that was obtained using
a thermal imaging camera for the thermal temperature state of normal saline inside the
beaker. We also evaluated the correctness of signals T, Ty, Ts, and T obtained from the
LUT through thermal imaging, confirming that the temperature of the drug was maintained
in the therapeutic range by the system. Additionally, the thermal temperature distribution



Sensors 2023, 23, 6722

11 of 16

signal for the thermal temperature control performance according to the pulse waveform is
shown in Figure 12b,c. The results show that, over time, the heat temperature control of the
heat exchanger was well-adjusted so that it could be properly maintained.

1.0
0.5

0.0
1.0

05
0.0
v(o) 10
0.5
0.0
1.0

Tor ood o I i e e e Ve e i e

10.0
time (us)

1.0

Tas _ ?—.ﬂ S e e e e e e e e

1.0
EI.S%
X1}

1.0: 44°C -

0.0 5.0 10.0

0s:a2°c Y )
0.0:39°C time (us)

42°C 41°C 42°C :
42°C 43°C 44°C 43°C

' s . |

(©)

Figure 12. Comparison for measured output pulse signal, thermal condition graph, and thermal
imaging camera. (a) Shooting of thermal imaging (high temperature of normal saline); (b) Pulse
signal and thermal condition graph; (c) Pulse signal and thermal imaging camera.

When the T signal was generated from the TC, the LUT provided Ty, Ty, Ts, and Tx
signals to control the temperature of the heat exchanger (shown in Figure 13) and supply
constant heat from the heat exchanger during time changes. By performing the interlocking
function of TC and LUT, the heat distribution graph showed that the control system
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organ (human body’
phantom

maintained its temperature within the desired range. Therefore, this result confirmed that
the operation was suitable for HIPEC’s surgical treatment.

43

temperature [degree]

Figure 13. Three-dimensional (3D) graph based on experimental results verifying that the temperature
was maintained.

Finally, Figure 14 shows the connected circuits that were configured to verify the
proposed design method for the three-dimensional (3D) printer, the PCB (printed circuit
board) board, and the motor, and evaluates whether the temperature was controlled using
a temperature sensor, monitor device, and thermal imaging camera. For the operation of
the evaluation, the supplementary version of this discussion can be referred to, and when
the temperature fell below 41 °C (T}) in the equipment, the control system automatically
raised the heat to reach the range of 4143 °C (T). If the heat reached between 44 °C and
46 °C (T,), the control system automatically stopped the operation (Ty) and then adjusted
to stay at 41 °C to 43 °C (Ts). Therefore, the measurement results were consistent with the
experimental (see Figure 13) and simulation results (see Figures 7—13). When operating
for 120 min in the control system so that the temperature could reach a stable temperature
(Ts) at a range between 41 °C and 43 °C [15,21-24] and a heat temperature of 42 °C after
5 min in the temperature meter. This was measured, and after 50 min, a 43 °C measurement
result was obtained from the thermal imaging camera. When considering the operation
time of 120 min [15,21-24], the measurement results were analyzed to be controllable in a
sufficiently stable state.

organ (human body) phantom

temperature controlsystem temperature measurement temperature photo imaging

Figure 14. Proposed system fabrication and temperature test.

4. Discussion

In current surgical procedures, the HIPEC treatment method manually controls the
temperature with an assistant. If the heat rises, it starts to lower the heat; if the heat
decreases, the assistant manually adjusts to increase the heat. In addition, if the fever is
constant, the system is on standby; if the fever starts to decrease or increase, the treatment
has to stop until the proper temperature is maintained. Therefore, the treatment process is
cumbersome and time-consuming. However, this study has the advantage of automatically
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adjusting the heat through temperature monitoring to solve the complicated process. When
comparing and judging temperatures and transmitting the provided data to the LUT to
generate a command signal, the reaction speed was the crucial parameter. As the reaction
speed increased, the operational error decreased. Moreover, the reaction speed is an
essential factor because it is related to the accuracy and reliability of the system. In this
regard, the proposed system has a high response speed and high reliability. The designed
system can also be evaluated by experimenting with animals. However, our experiment of
the designed system focused on maintaining the heat in the heat exchanger (41-43 °C) and
evaluating the accuracy and reliability of the compensation function through comparison,
judgment, LUT data learning, and the generation of a light signal by sensing heat. Note
that evaluating the accuracy and reliability of the compensation function is paramount.
More specifically, when the temperature is too low or too high, the pulse signal conversion
timing for the comparison and discrimination to reach the treatment temperature range
(41-43 °C) through the TC control is considered to be very important. The reason for this is
that the comparison and judgment speed for the control can be related to the performance
of TC’s control speed. Therefore, the fast operation of the heat exchanger by sending
a command signal (ord) to the LUT through a quick comparison and judgment of the
TC is related to the operation time. The operation time was 90-120 min in total, and
during that time, it was very important to reduce the delay time of the signal response
characteristics to increase the patient’s treatment performance through rapid control and
circulation. Thus, the experiments and functional tests used a beaker and a thermal imaging
camera, which were considered appropriate methods to evaluate the proposed system.
Nevertheless, animal experiments are necessary for commercialization in the future. As
shown in Table 2, the proposed method is estimated to be 51 times faster than previously
studied methods, considering the system response speed. The data for the comparison and
judgment obtained in this study included binary signals detecting heat. The cases studied
in Table 2 are modules designed for error correction through comparison, judgment, and
feedback on binary signals rather than a system for thermal treatment. Consequently, the
important part of these modules was the response speed of the signal. Hence, improving
the response speed is significant for comparison and judgment. In Table 2, the response
speed of the proposed system outperforms that of the response speed in the existing
literature. As shown in Figure 11, T; and T, generated 209 ns each, and T, generated
4.18 ps. The reason for this is that T; and T, should be theoretically reached within 1 s
(T =1 ps), but according to cases announced in 2021, their delay time was within 225 ns to
73 us. Thus, the smaller the delay time, the better the module’s performance, allowing it
to become superior [26-31]. In particular, the error for the delay time of the module was
1.8% compared to the delay time in [26], which could reach the 98.2% level for the accuracy,
reliability, and reproducibility of the module [32,33].

Table 2. Comparison of response time difference for proposed and existing systems.

Reference Response Speed [us] Ig:g:;fcz?ﬁ:? Difl;gfe(:fel?g;ies]
[26] 0.225 0.016 1.08
[27] 73.1 72.891 349
[28] 12.8 12.591 60.8
[29] 5.00 4.791 23.0
[30] 30.0 29.791 143
[31] 8.00 7.791 37.3

this work 0.209 — —
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5. Conclusions

In this paper, a control system was proposed to maintain and compensate the treatment
temperature in HIPEC surgery using high-temperature drugs for ovarian cancer surgery.

The small tumor tissue remaining after ovarian cancer surgery is difficult to treat
surgically. Therefore, the method proposed in this study can increase the therapeutic effect
of hyperthermia chemotherapy by injecting and circulating the drug in the abdominal
cavity and keeping the treatment temperature constant. In addition, by preventing the
temperature from rising above a certain point, it can reduce the side effects caused by
damage to normal tissues.

During the treatment, the temperature of the medicinal substances should always
be constant; however, the fever may be lowered because the drug circulates through and
outside the body. Conversely, heat may increase. Therefore, if the heat is manually con-
trolled by monitoring the temperature from the outside, this process has the disadvantage
of interfering with the treatment. However, the advantage of our study is that the heat
can be automatically reduced through external monitoring. Alternatively, the heat can
be automatically increased. Additionally, the proposed system can retain heat and has
an automatic control function. The method for maintaining/compensating for the tem-
perature through heat comparison/determination, data collection/learning of the LUT,
and the control signal output is considered a crucial and groundbreaking technology. Fur-
ther, the response time for the proper control and comparison, and judgment of heat was
substantially short in the feedback process because the time required for comparison and
judgment was minimal. Moreover, the system had a low margin of error (within 1.8%) and
high accuracy (98.2%). The application of this technology can eliminate errors in manual
methods controlled by humans and guarantee accurate, safe treatment and rapid surgery.
In conclusion, the proposed system has good application prospects and could be applied to
the field of surgery, obstetrics, and gynecology.

Author Contributions: K.Y., S.L. and T.-H.L. collaborated on thesis writing, ideation, design, mea-
surement, and analysis; and guidance and supervisor: K.G.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the “Korea Technology and Information Promotion Agency
for SMEs (S3275392) and by the Gachon University (GCU-202205980001). In addition, the work was
supported by the Technology Innovation Program (K_G012001187801, “Development of Diagnostic
Medical Devices with Artificial intelligence Based Image Analysis Technology”) funded By the
Ministry of Trade, Industry & Energy(MOTIE, Korea)”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available because of privacy and ethical restrictions.

Acknowledgments: Kicheol Yoon, Sangyun Lee, and Tae-Hyeon Lee equally contributed to this
work. Kicheol Yoon, Sangyun Lee, and Tae-Hyeon Lee are the co-first (lead) authors.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Hong, S.; Won, YJ.; Park, Y.R,; Jung, KW.; Kong, H.].; Lee, E.S. Cancer statistics in Korea: Incidence, mortality, survival, and
prevalence in 2017. Cancer Res. Treat. 2020, 52, 335-350. [CrossRef]

2. Shin, H.Y;; Kim, J.; Lee, S.; Park, M.S,; Park, S.; Bak, S.M.; Seo, H.; Statistics Korea Vital Statistics Division. Cause-of-death statistics
in 2018 in the Republic of Korea. J. Korean Med. Assoc. 2020, 63, 286-297.

3. Thakur, N.; Yoon, H.; Chong, Y. Current trends of artificial intelligence for colorectal cancer pathology image analysis: A
sys-tematic review. Cancers 2022, 12, 1884. [CrossRef] [PubMed]

4. Yoon, K.; Chung, J.-W.; Kim, K.G. A Metal Detector for Clip Location Tracking of Stomach and Colon Cancer during Laparoscopic
Surgery. Appl. Sci. 2022, 12, 7330. [CrossRef]


https://doi.org/10.4143/crt.2020.206
https://doi.org/10.3390/cancers12071884
https://www.ncbi.nlm.nih.gov/pubmed/32668721
https://doi.org/10.3390/app12147330

Sensors 2023, 23, 6722 15 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Quesada, S.; Fabbro, M.; Solassol, ]. Toward More Comprehensive Homologous Recombination Deficiency Assays in Ovarian
Cancer Part 2: Medical Perspectives. Cancers 2022, 14, 1098. [CrossRef] [PubMed]

Liberto, ].M.; Chen, S.Y.; Shin, L.M.; Wang, T.H.; Wang, T.L.; Pisanic, T.R., II. Current and emerging methods for ovarian cancer
screening and diagnostics: A comprehensive review. Cancers 2022, 14, 2885. [CrossRef]

Jang, H.J.; Lee, J.-Y,; Lee, D.-H.; Kim, W.-H.; Hwang, J.H. Current and Future Clinical Applications of High-Intensity Focused
Ultrasound (HIFU) for Pancreatic Cancer. Gut Liver 2010, 4, S57-S61. [CrossRef]

Soleymani, T.; Abrouk, M.; Kelly, K. An Analysis of Laser Therapy for the Treatment of Nonmelanoma Skin Cancer. Dermatol.
Surg. 2017, 43, 615-624. [CrossRef]

Trivedi, M.K,; Yang, EC.; Cho, B.K. A review of laser and light therapy in melasma. Int. ]. Womens Dermatol. 2017, 3, 11-20. [CrossRef]
Chung, ].Y,; Lee, ].H. Adverse events after noninvasive radiofrequency treatment for cosmetic uses. Med. Lasers 2015, 4, 16-19. [CrossRef]
Di Lalla, V.; Chaput, G.; Williams, T.; Sultanem, K. Radiotherapy Side Effects: Integrating a Survivorship Clinical Lens to Better
Serve Patients. Curr. Oncol. 2020, 27, 107-112. [CrossRef] [PubMed]

Helderman, REC.P.A; Loke, D.R.; Kok, H.P; Oei, A.L.; Tanis, PJ.; Franken, N.A.PK.; Crezee, . Variation in Clinical Application
of Hyperthermic Intraperitoneal Chemotherapy: A Review. Cancers 2019, 11, 78. [CrossRef] [PubMed]

Mishra, M.; Singh, N.; Ghatage, P. Past, Present, and Future of Hyperthermic Intraperitoneal Chemotherapy (HIPEC) in Ovarian
Cancer. Cureus 2021, 13, e15563. [CrossRef] [PubMed]

Bhatt, A.; Prabhu, R.; Sethna, K.; Tharayil, S.; Kumar, M. The “homemade” HIPEC machine—A cost-effective alternative in
low-resource countries. Pleura Peritoneum 2017, 2, 163-170. [CrossRef] [PubMed]

Van Driel, W.J.; Koole, S.N.; Sikorska, K.; Schagen van Leeuwen, ]J.H.; Schreuder, HW.R.; Hermans, R.H.M.; De Hingh, L.H.;
Van Der Velden, J.; Arts, H.].; Massuger, L.E; et al. Hyperthermic Intraperitoneal Chemotherapy in Ovarian Cancer. N. Engl. |.
Med. 2018, 378, 230-240. [CrossRef]

Khan, H.; Johnston, EM. Current role for cytoreduction and HIPEC for gastric cancer with peritoneal disease. J. Surg. Oncol. 2022,
125,1176-1182. [CrossRef]

Roh, SJ.; Park, S.C.; Choi, J.; Lee, ].S.; Lee, D.W.; Hong, C.W.; Han, K.S.; Park, H.C.; Sohn, D.K,; Oh, ].H. Cytoreductive Surgery
and Hyperthermic Intraperitoneal Chemotherapy With Mitomycin C Used for Colorectal Peritoneal Carcinomatosis. Ann.
Coloproctol. 2020, 36, 22-29. [CrossRef]

Sugarbaker, PH.; Ryan, D.P. Cytoreductive surgery plus hyperthermic perioperative chemotherapy to treat peritoneal metas-tases
from colorectal cancer: Standard of care or an experimental approach. Lancet Oncol. 2012, 13, e362—-e369. [CrossRef]

Verwaal, V.J.; Van Ruth, S.; Witkamp, A.; Boot, H.; Van Slooten, G.; Zoetmulder, F.A. Long-term survival of peritoneal carci-
nometastatic colorectal origin. Ann. Surg. Oncol. 2005, 12, 65-71. [CrossRef]

Goere, D.; Glehen, O.; Quenet, F.; Guilloit, ].M.; Bereder, ].M.; Lorimier, G.; Thibaudeau, E.; Ghouti, L.; Pinto, A.; Tuech, ].].; et al.
BIG-RENAPE group. Second-look surgery plus hyperthermic intraperi-toneal chemotherapy versus surveillance in patients at
high risk of developing colorectal peritoneal metastases (PROPHY-LOCHIP-PRODIGE 15): A randomised, phase 3 study. Lancet
Oncol. 2020, 21, 1147-1154. [CrossRef]

Elias, D.; Antoun, S.; Goharin, A.; Otmany, A.E.; Puizillout, ] M.; Lasser, P. Research on the best chemohyperthermia technique of
treatment of peritoneal carcino-matosis after complete resection. Int. J. Surg. Investig. 2000, 1, 431-439. [PubMed]

Glehen, O.; Cotte, E.; Kusamura, S.; Deraco, M.; Baratti, D.; Passot, G.; Beaujard, A.-C.; Noel, G.F. Hyperthermic intraperitoneal
chemotherapy: Nomenclature and modalities of perfusion. J. Surg. Oncol. 2008, 98, 242-246. [CrossRef] [PubMed]

Sugarbaker, P.H.; Speeten, K.V. Surgical technology and pharmacology of hyperthermic perioperative chemotherapy. J. Gastrointest.
Oncol. 2016, 7, 29-44. [PubMed]

Randle, RW.; Votanopoulos, K.I.; Levine, E.A.; Shen, P.; Stewart, 1.V.; John, H. Cytoreductive Surgery and Hyperthermic
Intraperitoneal Chemotherapy for Peritoneal Surface Dissemination of Colorectal Cancer. Basicmedical Key (Fastest Basicmedical
Insight Engine). Available online: https://basicmedicalkey.com/cytoreductive-surgery-and-hyperthermic-intraperitoneal-
chemotherapy-for-peritoneal-surface-dissemination-of-colorectal-cancer (accessed on 13 October 2022).

Yoon, K.C.; Lee, S.; Kim, K.G. Thermal compensation control of ovarian cancer surgical treatment. In Proceedings of the
IEEE Engineering in Medicine and Biology Society Micro and Nanotechnology in Medicine Conference, Kapolei, HI, USA,
5-9 December 2022.

Hsieh, G.C.; Hung, J.C. Phase-locked loop techniques—A survey. IEEE Trans. Ind. Electron. 1996, 43, 609-615. [CrossRef]
Abramovitch, D.Y. Efficient and flexible simulation of phase locked loops, part I: Simulator design. In Proceedings of the 2008
American Control Conference, Seattle, WA, USA, 11-13 June 2008; pp. 4672-4677. [CrossRef]

Deng, X.; Li, H.; Zhu, M. A Novel Fast-Locking ADPLL Based on Bisection Method. Electronics 2021, 10, 1382. [CrossRef]

Guo, R;; Lu, Z,; Hu, S.; Yu, Q.; Rong, L.; Liu, Y. Design and Verification of a Charge Pump in Local Oscillator for 5G Applications.
Electronics 2021, 10, 1009. [CrossRef]

Sohn, J.; Shin, H. Initial Frequency Preset Technique for Fast Locking Fractional-N PLL Synthesizers. J. Semicond. Technol. Sci.
2017, 17, 534-542. [CrossRef]

Kajiwara, A.; Nakagawa, M. A new PLL frequency synthesizer with high switching speed. IEEE Trans. Veh. Technol. 1992, 41,
407-413. [CrossRef]


https://doi.org/10.3390/cancers14041098
https://www.ncbi.nlm.nih.gov/pubmed/35205846
https://doi.org/10.3390/cancers14122885
https://doi.org/10.5009/gnl.2010.4.S1.S57
https://doi.org/10.1097/DSS.0000000000001048
https://doi.org/10.1016/j.ijwd.2017.01.004
https://doi.org/10.25289/ML.2015.4.1.16
https://doi.org/10.3747/co.27.6233
https://www.ncbi.nlm.nih.gov/pubmed/32489253
https://doi.org/10.3390/cancers11010078
https://www.ncbi.nlm.nih.gov/pubmed/30641919
https://doi.org/10.7759/cureus.15563
https://www.ncbi.nlm.nih.gov/pubmed/34277186
https://doi.org/10.1515/pp-2017-0022
https://www.ncbi.nlm.nih.gov/pubmed/30911647
https://doi.org/10.1056/NEJMoa1708618
https://doi.org/10.1002/jso.26894
https://doi.org/10.3393/ac.2019.04.30
https://doi.org/10.1016/S1470-2045(12)70210-3
https://doi.org/10.1007/s10434-004-1167-z
https://doi.org/10.1016/S1470-2045(20)30322-3
https://www.ncbi.nlm.nih.gov/pubmed/11341599
https://doi.org/10.1002/jso.21061
https://www.ncbi.nlm.nih.gov/pubmed/18726885
https://www.ncbi.nlm.nih.gov/pubmed/26941982
https://basicmedicalkey.com/cytoreductive-surgery-and-hyperthermic-intraperitoneal-chemotherapy-for-peritoneal-surface-dissemination-of-colorectal-cancer
https://basicmedicalkey.com/cytoreductive-surgery-and-hyperthermic-intraperitoneal-chemotherapy-for-peritoneal-surface-dissemination-of-colorectal-cancer
https://doi.org/10.1109/41.544547
https://doi.org/10.1109/acc.2008.4587232
https://doi.org/10.3390/electronics10121382
https://doi.org/10.3390/electronics10091009
https://doi.org/10.5573/JSTS.2017.17.4.534
https://doi.org/10.1109/25.182591

Sensors 2023, 23, 6722 16 of 16

32. Kommey, B.; Osei Boateng, K.; Yankey, J.; Ofosu Addo, E.; Selasi Agbemenu, A.; Tutu Tchao, E.; Yeboah Akowuah, B. Design of a fully
integrated VHF CP-PLL frequency synthesizer with an all-digital defect-oriented built-in self-test. J. Eng. 2022, 2023, €12211. [CrossRef]

33. Park, JJW,; Nguyen, HX,; Tran, T.N.-C.; Jeon, ].W. A Linear Compensation Method for Improving the Accuracy of an Absolute
Multipolar Magnetic Encoder. IEEE Access 2021, 9, 19127-19138. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1049/tje2.12211
https://doi.org/10.1109/ACCESS.2021.3054362

	Introduction 
	Materials and Methods 
	Background of HIPEC Surgery 
	Design of HIPEC System for Temperature Comparison and Control 

	Experimental Results 
	Discussion 
	Conclusions 
	References

