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Highlights

* The outcomes derived from simulation and ex vivo experiments exhibit precise control over the range of radio-
frequency ablation when employing boundary temperature control.

¢ [t was observed in this study that a single ablation procedure can achieve an ablation diameter of up to 30 mm.

* The regular index and elliptic index of the radiofrequency ablation area tend to be a spherical shape, which holds
potential benefits for the radiofrequency ablation surgeries.

Abstract

Radiofrequency ablation (RFA) represents a convenient, minimally invasive, and cost-effective approach for the
treatment of small liver cancers measuring less than 3 cm in diameter. Nonetheless, the existing RFA techniques
encounter challenges in precisely controlling the extent of ablation and the risk of overheating, which can lead to
damage on the surrounding tissues. The ability to control the ablation area also plays a crucial role in the success
of RFA procedures. To address these issues, we introduce a novel method that utilizes tumor boundary tempera-
ture monitoring to achieve precise control over the RFA process. Through the utilization of COMSOL Multiphysics
simulation software, the proposed method was verified by comprehensive simulation and modeling and its effica-
¢y in achieving regional control was testified. Subsequently, ex vivo experiments were conducted employing a cus-
tom-designed cooling RFA instrument. The experimental results demonstrated that the RFA controlled by boundary
temperature yielded an ablation area with a diameter approaching 30 mm. In comparison to the standard spher-
ical solidification zone (characterized by both the ellipticity and regularity indices of 1), the cooling RFA discolor-
ation zone, under boundary temperature control, exhibited a maximum deviation of 7% in the ellipticity index and
17% in the regularity index. The average ellipticity index was determined to be 0.96, while the average regularity
index was 0.86. Collectively, these findings underscore the capability of the proposed temperature-controlled cool-
ing RFA method to attain precise control over the ablation area, contributing to comprehensive ablation of tumor
tissue within the target region.
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Introduction

Cancer is one of the leading causes of death
globally [1]. To effectively improve patient
well-being, cancer treatment technologies have
constantly been advancing. Radiofrequency
ablation (RFA) has emerged as a safe and ef-
fective treatment method that plays a vital role
in combating cancer [2]. RFA utilizes radiofre-
quency energy to generate thermal effects in
tumor tissues, resulting in coagulation necrosis
and the successful treatment of diseased tis-
sues [3]. It is suggested that when the tumor
cells are exposed to temperatures exceeding

42 °C, their biochemical reactions and meta-
bolic processes become disrupted. Cell apop-
tosis is observed within 8 minutes at 46 °C,
and in just 2 minutes at 51 °C. Temperature
surpassing 60 °C can prompt rapid protein de-
naturation and necrosis within the cells, while
temperature exceeding 100 °C can result in
cell water boiling, leading to tissue gasification
or carbonization [4, 5]. To achieve complete
coagulation and necrosis of tumor tissues, the
traditional multi-polar RFA technique employed
in the treatment of small- and medium-sized
liver cancers often leads to tissue carboniza-
tion, reducing tissue conductivity and hindering
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the transfer of radiofrequency energy to distant
lesions. The use of unipolar RFA requires mul-
tiple ablations, which faces technical challeng-
es, such as the determination of the optimal
number of ablations and the precise placement
of the electrodes [6]. While expanding the ab-
lation range is important, precise control of the
ablation range remains a significant challenge
in current radiofrequency therapy.

In response to these challenges, cooling RFA
(CRFA) has emerged as a promising technology.
The safety of CRFA is comparable to that of tra-
ditional RFA [7]. Nevertheless, in comparison to
conventional approaches, CRFA confers a mul-
titude of advantages [8]. By effectively reducing
the contact temperature between electrodes
and tissues, CRFA mitigates the risk of tissue
carbonization or gasification, expands the abla-
tion range, and improves the therapeutic effect
on liver cancer [9]. CRFA introduces cooling
functionality to the existing RFA technology by
incorporating a cooling device into the elec-
trode needle. Some attempts have been made
to expand the ablation range by regulating
CRFA output through impedance control. How-
ever, these methods often result in irregular
ablation areas and pose risks to healthy tissues
[10].

In order to expand the ablation range, reduce
treatment frequency, and optimize patients’
treatment experience, this study introduces an
independently developed CRFA system. Mean-
while, in order to enhance the precision of
ablation range in clinical practice, mitigate the
risk of injury to healthy tissues, and maximize
the safety of patients, a novel tumor boundary
temperature-controlled ablation algorithm is
proposed. The power output of RFA is controlled
based on the tumor boundary temperature,
which is monitored in real-time to achieve more
regular and precise ablation range. This study
employed the multi-physics simulation software
COMSOL to model the physical phenomena of
RFA under boundary temperature control. Fur-
thermore, ex vivo experiments were conducted
using a self-developed CRFA device to analyze
and evaluate the RFA outcomes under bound-
ary temperature control, so as to verify the ef-
fectiveness of the algorithm.

Material and Methods
CRFA mathematical model
The main idea of supplying electric current in

the tumor area is to convert the electrical en-
ergy into thermal energy according to the law
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of conservation of energy. The primary mecha-
nism of energy propagation takes place through
electrical conduction, which can be mathemat-
ically characterized as a coupled phenomenon
involving quasi-static conduction and thermal
conduction. The mathematical representation
of the governing equation for the current inter-
face can be expressed as Equation 4.1.

~V(oVV -J%) =0, (4.1)

where O is the electrical conductivity (S/m),
J¢ is an externally generated current density
(A/m?), and Q, is the current source (A/m°). In
the CRFA model, there are no other applied cur-
rent sources other than the electrodes. J* and
Q, are zero, substituting these values to sim-
plify the electric field distribution in the CRFA
model, as shown in Equation 4.2 [11].

~V(oVV)=0 (4.2)

The bio-heat transfer equation employed is
the classical Pennes bio-heat transfer equa-
tion [12]. This heat transfer equation is often
used in biomedical engineering to simulate
hyperthermia for cancer treatment, which is de-
scribed as follow:

or
pe - =V -(VT) = pe,0,(T~1,)+0, + 0, (4.3)

where £ and pb are the density of tissue and
blood, respectively (kg/ m?), ¢ and C, are the
specific heat capacity of tissue and blood,
respectively (J/kg- °c), T and T, are the tem-
peratures of tissue and blood (°C), @, is the
volume blood perfusion rate (s™), Q,, is the met-
abolic heat generation rate of tissue metabolic
processes (W/m?), and Qs is the heat generat-
ed by the electrodes of the RFA device (W/m?®).

CRFA incorporates a cooling water circulation
system to cool the electrode needle, thereby
engaging both solid and fluid heat transfer
phenomena. The fluid heat transfer compo-
nent encompasses the convection and heat
conduction processes within the cooling water,
while the solid heat transfer pertains to the
heat transfer mechanism occurring within the
electrode needle tube. The heat exchange
between the fluid cooling water and the solid
electrode needle is mathematically modeled
using a fluid-solid coupling equation:

pc%—];Jr pc uVT +Vg=0 (4.4)

q=—kVT (4.5)
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threshold of 100 °C. However,
once the temperature exceeds
100 °C, the effect of dehydra-
tion on the conductivity can
be expressed by employing
a sudden decrease of two or
four orders of magnitude, while
maintaining a constant value
for thermal conductivity [14].
Consequently, in the context of
modeling CRFA, a linear rate of
change of -2%/°C for imped-
ance was adopted, as outlined
in Conway’s investigation, to
establish the mathematical
function of impedance, denoted
as R (T) [15].

Figure 1. 2D geometry of the CRFA. CRFA, cooling radiofrequency ablation.

oT
where P€75 is the transient term, pc uvT

is the convection term, p is the electrode
needle density (g/cm3), c, is the specific heat
capacity of the substance (J/kg- °¢), T is the
temperature field (°C), u is theflow rate field of
cooling water (m/s), Vg is the diffusion term,
Q is the heat source term (W), k is the thermal
conductivity, and \/ 7" is the temperature differ-
ence (°C).

At each time step, the cumulative damage inte-
gral is computed using the well-established Ar-
rhenius equation:

Qt) = 2Oy j " GAEIRTO) gy (4.6)
c(t) °°

where c(t) is the concentration of living cells, R
is the universal gas constant, A is a “frequen-
cy” factor for the kinetic expression (s™), and
AE is the activation energy for the irreversible
damage reaction (J/mol). During the finite ele-
ment simulation of tissue damage, the critical
threshold of the damage integral, denoted as
Q=1, corresponds to a 63% probability of cel-
lular demise at a specific spatial location. Con-
sequently, when the level of damage surpasses
the 63% threshold, cell damage within the
tissue reaches a critical threshold, resulting in
the coagulation of the tissue and cessation of
tissue perfusion [13].

The mathematical representation of the tem-
perature dependency of electrical and thermal
conductivity frequently employed in computa-
tional modeling of RFA can be approximated by
a growth rate of +2% below the temperature

Progress in Medical Devices

R[I—(T=T,))x2%] T <100C

.. (4.6)
1700 7>100C

R(T) ={

Establishment of the CRFA geometric model

In this study, the application of CRFA in the
treatment of liver tumors involved the insertion
of an active electrode into the tumor tissue for
current delivery. Numerical simulations based
on the theoretical model of the RFA process
were developed to depict the corresponding
geometry. As depicted in Figure 1, the model
consisted of a circular region representing the
liver tumor tissue, where the tumor size could
be adjusted by controlling its diameter. The
simulated RFA targeted tumors with diameters
of 30 mm or less. The square area symbolized
healthy liver tissue and possessed dimensions
of 60 mmx60 mm. The electrode needle tube
had a diameter of 2 mm and a length of 70
mm. The central part of the electrode, connect-
ed to the tumor center, functioned as the active
electrode, while the remaining portion was
electrically insulated. The active electrode itself
had a diameter of 2 mm and a length of 10
mm. To monitor the temperature of the tumor
boundary and the extent of necrotic tissue, a
boundary probe was incorporated.

Considering the typical round or oval shape
of tumor tissues, the ground pad in clinical
practice is usually positioned at a considerable
distance from the active electrode to ensure
a uniform current distribution from the active
electrode outward. As the ex vivo experiments
exhibited axial symmetry in terms of geometry,
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Table 1. Values of physical constants

Tissue Density p=1060 (kg/m®)
Thermal conductivity 0.5020 (W/K-m)
Tissue heat capacity c=3600 (J/kg-K)

Tissue electrical conductivity 0=0.148(S/m)

0,= 1000(kg/m°)
¢,=4180 (J/kg.K)
wb=6.4e'3(s’1)

Blood density
Blood heat capacity
Perfusion coefficient

the CRFA simulation was simplified as a 2D
model to significantly reduce the computational
burden. The overall model closely resembled
the insertion of a hollow electrode needle into
the central region of liver tissue, with only the
active electrode being electrically active as the
current conductor while cooling water flowed
through the interior of the electrode needle
conduit. The top of the electrode needle served
as the cooling water inlet, while the bottom
functioned as the outlet.

Regarding the initial conditions of the model,
the electrically insulating boundary conditions
were applied to the nonconducting section of
the electrode needle, and the four sides of the
liver tissue were set to the ground state. The
initial voltage of the entire simulation model
was set to 0 V, while the cooling water tempera-
ture was maintained constant at 20 °C. Since
the room temperature during the ex vivo ex-
periments was approximately 23 °C, the initial
tissue temperature was set to 23 °C.

The values of the individual physical constants
are listed in Table 1 [16].

The simulation was performed using COMSOL
Multiphysics software. The radiofrequency out-
put was controlled by monitoring the tempera-
ture at the tumor boundary using a probe. The
observed ablation results were analyzed and
evaluated. A bovine liver was used as the ex-
perimental subject, and a negative plate were
affixed to the lateral side of the bovine liver,
while a positioning plate was positioned directly
above the bovine liver. The electrode needle
was carefully inserted into the bovine liver via
the central aperture of the positioning plate.
Four temperature-measuring needles were
introduced through the small aperture on the
positioning plate, maintaining a distance of 15
mm from the central aperture. The thermocou-
ple-based temperature measuring points were
situated at the same depth as the exposed
segment of the electrode needle. The radiof-
requency energy generator operated in a con-
stant power mode, and the experimental setup
employed a cooling needle electrode measur-
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ing 2 mm in diameter and 250 mm in length,
with a 15 mm bare leakage and uninsulated
segment. The output duration was set to 900 s,
and a total of five experimental iterations were
conducted to document the size of the ablation
area and the temperature within the ablation
zone. The experimental protocol entailed acti-
vating the cooling apparatus. Once the cooling
fluid reached the target temperature, the ex
vivo CRFA procedure was initiated. Throughout
the experiment, adaptive power output was re-
alized by the control algorithm.

Development of the CRFA system

The design of the CRFA device necessitates ad-
herence to the control algorithm’s parameters,
which involve temperature detection of biologi-
cal tissue and adjustment of the output power
based on impedance information. Therefore,
the device must incorporate the corresponding
circuitry to accurately detect temperature and
impedance information, so as to ensure mini-
mal errors and compliance with industry stan-
dards. Additionally, stable closed-loop control
is essential, with impedance and temperature
information serving as feedback variables to
regulate the magnitude of radiofrequency ener-
gy and ensure controllable output power.

Following the design requirements, the hard-
ware circuitry of the CRFA device primarily
consists of the human-computer interaction
interface, the main control module, the pow-
er supply module, the radiofrequency power
amplifier module, and the interface module.
External components include the electrode
needle, temperature measuring needle, and
negative electrode plate, as illustrated in Figure
2A. The human-machine interface comprises a
programmable touch capacitive screen capable
of displaying the operational status, by which
users can select the output mode and control
the device’s switch. The power supply module
furnishes power to the entire hardware system
by initially converting 220 V alternating current
to 48 V direct current (DC), which is then ad-
justable from 0-70 V DC to provide energy for
the radiofrequency power amplifier. The main
control module employs the STM32F103RCT6
MCU to oversee intelligent algorithm opera-
tions, power module control, output parameter
control, temperature and impedance informa-
tion detection, and other functions. Simultane-
ously, the 48 V DC output of power module can
be further converted to 12V, 3.3V, and 8 V DC
to accommodate the equipment control and de-
tection sections. The radiofrequency power am-
plifier module incorporates a symmetric class
E power amplifier that transforms the adjust-
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of the cooling equipment,
delineating the constituent
elements such as the wa-
ter pump, the refrigeration
device, the radiator water
discharge, and the control
module. These components
collaboratively facilitate the

Interface module

and electrode needle

operation of the cooling sys-
tem, enabling the circulation

(Temperature

Invitro tissue

measuting module) | |

Rf energy generator
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and the back plate

and cooling of the coolant.
The primary objective of

this cooling equipment is
to effectively mitigate the
elevated temperature of the
electrode needle by dissipat-
ing heat through the coolant
circulation process. Figure
3B shows the actual appear-
ance of the water-cooling
device.

Algorithm design and mech-
anism

The cooling apparatus facili-
tates the infusion of coolant

Figure 2. CRFA device. (A) Structure block diagram; (B) Appearance of the jntg the electrode needle,

CRFA device. RF, radiofrequency; CRFA, cooling radiofrequency ablation.

able DC output from the power supply module
into alternating current radiofrequency energy
through a resonant circuit. The voltage and cur-
rent detection circuit captures the voltage and
current outputs of the radiofrequency power
amplifier and converts them into low-voltage
signals, proportionally feeding them back to the
main control module. The interface module in-
cludes a temperature measuring circuit, a neg-
ative plate detection circuit, and an isolation
transformer. The temperature measuring circuit
amplifies the analog signals acquired by the
temperature measuring needle and feeds them
back to the main control module, while the neg-
ative plate detection circuit verifies the proper
alignment of the negative plate with the human
body. The isolation transformer ensures electri-
cal isolation between the application and inter-
mediate parts and is connected to the radiofre-
quency power amplifier, with its secondary side
linked to the electrode needle and negative
plate. During operation, radiofrequency current
flows between the negative plate and the elec-
trode needle, and real-time tissue temperature
is collected using a K-type thermocouple. The
overall appearance diagram and internal struc-
ture of the device are presented in Figure 2B.

Figure 3A presents the structural diagram
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thereby establishing a circu-
lating mechanism for cooling
the radiofrequency electrode. This mechanism
effectively delays the onset of overheating and
tissue carbonization. To further augment the
cooling efficacy while ensuring uniform abla-
tion, an enhanced output mode of radiofre-
quency energy was implemented, incorporating
a duty cycle lasting 15 minutes. Within each
cycle, the delivery of radiofrequency energy
was sustained for 50% of the time, with the
remaining 50% of the time allocated for output
cessation. Additionally, the utilization of back-
flowing tissue fluid allows for the propagation
of radiofrequency energy to more distal regions
from the electrode [17].

The regional control algorithm plays a crucial
role in governing the activation and power
output of the system, responding to variations
in tissue impedance and temperature. This
dynamic regulation helps to prevent eschar
formation near the electrode needle while
ensuring compliance with the ablation area
standard. The dimensions of the ablation zone
are primarily dictated by the spatial separation
between the temperature-measuring needle
and the electrode needle.

Figure 4 provides a visual representation in the

form of a flowchart, illustrating the process of
power adjustment during radiofrequency en-
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Figure 3. Schematic diagram of cooling equipment. (A) Structure; (B) Appearance of the cooling equipment.

ergy output based on impedance information.
The initial cellular composition comprises the
cell membrane and intracellular fluid, while ex-
tracellular fluid and intercellular stroma encom-
pass the cellular structure. Upon introduction of
an excitation current into the biological tissue,
the current follows various pathways, bypassing
the cells. Predominantly, the current flows with-
in the extracellular fluid, with a fraction pene-
trating the cell membrane and permeating the
intracellular fluid [18]. Ablation is conducted at
higher power levels, resulting in cell destruction
as the temperature rises, accompanied by fluid
outflow from the tissue. Consequently, the tis-
sue impedance progressively diminishes from a
relatively high value to a minimum value, stabi-
lizing for a certain duration. During this stable
period, the administration of high-power energy
does not induce tissue overheating. Excessive
ablation boundary temperatures can inflict
unwarranted thermal damage to neighboring
tissues or blood vessels. Hence, the algorithm
continuously monitors the real-time ablation
boundary temperature recorded by the tem-
perature-measuring needle. If the temperature
exceeds 60 °C, the device halts the output
and awaits tissue to cooldown. Simultaneously,
when the device output is stopped, the reflux
of tissue fluid reduces impedance near the
electrode needle, facilitating the formation of a
larger ablation area during subsequent heating
and ensuring control over the ablation area
size. Radiofrequency energy output continues
when the boundary temperature is below 51
°C.

Methods for evaluating the effect of CRFA ex
vivo

RFA involves the utilization of high-frequency
alternating current, typically within the frequen-
cy range of 375-500 kHz. The radiofrequency
applicators, referred to as electrodes, can be
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categorized as monopolar electrodes with a
single active electrode applicator, where cur-
rent dissipation occurs at one or more negative
plates [19]. By delivering this energy through
the electrodes into the patient’s tissues, heat-
ing and subsequent destruction of the targeted
tissue are achieved through variations in tissue
conductivity. Radiofrequency electrodes gener-
ate an alternating electric field, leading to the
oscillation of ions within the targeted tissue
and the generation of heat. Consequently, cel-
lular protein denaturation occurs, resulting in
the loss of cellular viability [20, 21].

When monopolar RFA is utilized for tumor abla-
tion in organs such as the liver, kidney, heart,
and prostate, the evaluation of the CRFA takes
place after the diseased tissue being coagulat-
ed. Complete and uniform destruction of cellu-
lar structures is observed within the pale region
of the ablated lesion tissue, while the surround-
ing normal tissue exhibits a dark red appear-
ance [22]. Several studies have summarized
evaluation indices for assessing the efficacy of
RFA ex vivo, including the ellipticity index (EI)
and the regularity index (RI).

2AD
El = ——— (4.8)
TDmax +TDmin
R .
RI =i 49
R (4.9)

These parameters are measured within the ab-
lated tissue, where an El and Rl value of 1 rep-
resents the standard sphere. The axial plane is
defined as the plane aligned with the electrode
axis (Figure 5B), while the transverse plane is
perpendicular to the electrode and possesses
the largest transverse diameter (Figure 5C).
Maximum transverse diameter corresponds to
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RFA begins with
constant power.
Start recording
temperature.

Is the temperature
Greater than 60 ‘C?

Stop output until the
boundary
temperature is less
than 51 °C.

Whether is the total
time more
than 15 minutes?

Figure 4. Flow chart of the control algorithm. RFA, radiofre-

quency ablation.

the maximum distance between two opposing
edges, whereas minimum transverse diameter
signifies the minimum distance between the
edges along a relative unit in millimeters. Half
of the maximum transverse diameter line is
used as an intersection for measurement. AD
denotes the distance between the proximal
and distal edges of the coagulation zone within
the axial plane along the electrode axis. Maxi-
mum radius represents the maximum distance
between the edge of the solidified zone and
the electrode axis within the horizontal plane.
Conversely, minimum radius corresponds to
the minimum distance between the edge of the
solidified zone and the electrode axis within the
horizontal plane (Figure 5D) [23].

Statistical analysis

For statistical analysis, we utilized deviation
analysis simulation to compare the tissue dam-
age diameter differences across various mod-
els. Deviation, mean value, and variance were
applied to analyze the El and RI values of the
ablation range under temperature control. Devi-
ation assessed the discrepancies between the
El and Rl values and the standard values, while
mean value gauged the central tendency of the
Rl and El variance quantified the dispersion of
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El and Rl index around the mean.
Results

The simulation results of CRFA and tem-
perature-controlled CRFA were compared

To preliminarily verify the feasibility of the
temperature-controlled mode, a series of
simulations were conducted to evaluate the
experimental effects of CRFA in different ab-
lation modes. Two modes of CRFA, namely
cooling constant power RFA and boundary
temperature-controlled CRFA, were simu-
lated to assess their ablation effects. In the
constant power mode, an active electrode
length of 10 mm was employed with a con-
tinuous power output of 900 s, while the tu-
mor diameter was set at 30 mm. To explore
the feasibility of temperature-controlled
CRFA, temperature control was incorporated
into the CRFA simulation. The geometry of
the temperature-controlled CRFA simulation
model mirrored that of the CRFA, and the
heat source electrodes played a consistent
role.

During the simulation process, the algo-
rithm monitored the temperature at the
boundary of the tumor. When the boundary
temperature exceeded 60 °C, the energy
output from the electrode was paused until
the temperature dropped below 51 °C, after
which the energy output was resumed.

1 T<51C
ONOFF = .

0 T>60C (1.1)
V =V(T)x ONOFF (1.2)

During the simulation procedure, the discrete
state ON/OFF of the voltage was determined by
monitoring the temperature at the boundary of
the tumor. The voltage output of the active elec-
trode, denoted as V(T), represented the heat
source for the actual ablation process. In the
CRFA simulation, the formula ¥(T) =/(PxR(T)) was
employed when the power was set to a specific
value. The active electrode was configured as
a temperature-dependent voltage source. The
ablation outcomes are presented in Figure 6.

Experimental results of temperature-controlled
CRFA

Figure 7 depicts the ex vivo bovine liver exper-
iment incorporating the temperature control
algorithm. Following ablation, the bovine liver
specimens were dissected along the electrode
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Figure 5. Schematic diagram of the ablation range. (A) Overall tissue;
(B) Axial plane; (C) Transverse plane; (D) Parameters of the ex vivo exper-
iment. TD,,.,, maximum transverse diameter; TD,,,, minimum transverse
diameter; AD, axial diameter.
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Figure 6. Simulation results of CRFA and boundary temperature-con-
trolled CRFA. (A) Proportion of necrotic tissue in CRFA; (B) Tumor bound-
ary temperature in CRFA; (C) Proportion of necrotic tissue in boundary
temperature-controlled CRFA; (D) Tumor boundary temperature in bound-
ary temperature-controlled CRFA. CRFA, cooling radiofrequency ablation.

needle axis, and the discolored region resulting
from the ablation was quantified using a vernier
caliper.

This study comparatively an-
alyzed the simulation results
between CRFA and tempera-
ture-controlled CRFA. During the
simulation, a consistent output
power of 35W was employed
across all cases. Figure 6 pres-
ents the simulation results,
revealing that both CRFA and
temperature-controlled CRFA
achieved similar uniformity and
regularity in the ablation range,
surpassing the tumor boundary.
The simulation results demon-
strated that CRFA with the cu-
mulative damage integral of 1
yielded ablation diameters of 43
mm, while under temperature
control, the diameter reduced to
33 mm. Therefore, the extent of
tissue damage was significantly
reduced in temperature-con-
trolled CRFA compared to CRFA.
Under the temperature control
algorithm, the temperature at the
tumor tissue boundary fluctuated
within the range of 50 °C to 60
°C, thereby preventing over abla-
tion caused by excessive heating.
This indicates that the theoretical
control of the CRFA range under
boundary temperature control
is able to achieve favorable out-
comes, which provides valuable
guidance for ex vivo experiments.

Table 2 presents the data of var-
ious parameters related to the
discolored area from tempera-
ture-controlled CRFA. Through
verification via ex vivo experi-
ments, it was observed that the
diameter size of the ablation
region was approximately 30 mm.
In comparison to the standard

spherical coagulation zone (with El and Rl both
equal to 1), the maximum deviation of the El for
the traditional constant power CRFA discolored

area was 7%, while the maximum deviation of

A vernier caliper was used to measure the re-
sults temperature-controlled CRFA, including
the maximum transverse diameter, the mini-
mum transverse diameter, the axial diameter,
the maximum radius, and the minimum radius.
Table 2 shows the measured parameters in
the discolored area in temperature-controlled
CRFA.

the RI was 17%. The average El was measured
as 0.96, and the average Rl was 0.86. The RI
of the ablation results in this study is close to
that of other CRFA ex vivo experiments, and the
El of the ablation range in this study is closer
to the standard value than that of other CRFA,
which indicates the superior performance of
temperature controlled CRFA in El [24-26]. This

disparity can be attributed to the fact that the

Discussion

electrode surface temperature was consistently

maintained below 20 °C, effectively reducing
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I‘
3
1l

Figure 7. Experimental plots of five groups of boundary temperature-controlled ex vivo bovine livers. (A) The ax-
ial plane of the first ablation region; (B) The transverse plane of the first ablation area; (C) The axial plane of the
second ablation area; (D) The transverse plane of the second ablation area; (E) The axial plane of the third abla-
tion region; (F) The transverse plane of the third ablation area; (G) The axial plane of the fourth ablation area; (H)
The transverse plane of the fourth ablation area; (I) The axial plane of the fifth ablation region; (J) The transverse
plane of the fifth ablation area.

the temperature of the surrounding tissue and
mitigating the risk of excessive heating. The
active cooling of the ablation electrode facili-
tates the delivery of higher energy to the target
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tissue, resulting in more effective ablation
[27, 28]. The boundary temperature control
regulates the output of radiofrequency energy,
ensuring that the temperature at the boundary
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Table 2. Parameters of the discoloration area during boundary temperature-controlled CRFA

Group TD,,,/mm TD,,,,/mm AD/mm R,/ mm R,.,/mm El RI

1 34.98 30.14 31.10 16.00 13.98 0.96 0.87
2 32.02 30.12 30.62 17.10 14.90 0.99 0.87
3 31.45 30.28 30.12 16.85 14.52 0.98 0.86
4 30.71 31.97 29.20 16.50 14.00 0.93 0.85
5 31.08 32.82 30.96 18.00 15.01 0.97 0.83

Notes: CRFA, cooling radiofrequency ablation; Td,,,, maximum transverse diameter; Td,,,, minimum transverse
diameter; AD, axial diameter; R, maximum radius; R.,,, minimum radius; El, ellipticity index; RI, regularity index.

does not harm the healthy tissues surrounding
it.

To conclude, in this boundary temperature-con-
trolled CRFA, the maximum deviation between
the El and Rl was minimal, with the mean val-
ue approaching a unity. Additionally, the vari-
ance values of the El and RI were also small.
These findings indicate that the self-designed
CRFA instrument, coupled with the developed
algorithm, enables stable control of CRFA,
yielding spherical ablation patterns with a
high degree of regularity. This allows doctors
to better predict and plan the ablation range
in clinical applications, and at the same time,
the boundary temperature of the ablation area
meets the condition of cell necrosis, which can
ensure cell necrosis in the ablation area. The
limitations of this study mainly lie in the inabil-
ity to entirely replicate real-life conditions and
dynamic changes, as well as the inability to ob-
tain real-time biofeedback information, which
may limit its accuracy and reliability in clinical
application. Therefore, the results of ex vivo tri-
als and clinical practice need to be considered
comprehensively when evaluating RFA tech-
niques. Despite the absence of clinical data
validation analysis in this study, the ex vivo
experiments exhibited promising outcomes.
These findings offer a prospective avenue for
further exploration and advancement of RFA in
future research endeavors.

Conclusion

In this study, we initially established a simula-
tion model using an ex vivo bovine liver model
to preliminarily validate the efficacy of the
boundary temperature control algorithm, which
was designed to ensure the therapeutic effect
while minimize unnecessary thermal damage.
Subsequently, we successfully constructed the
hardware platform for cooling the CRFA device
following the design requirements. Finally, we
conducted an ex vivo experiment to validate the
results under the designed temperature control
algorithm. Following the verification of the ex
vivo experiment, the ablation region exhibited
a diameter of approximately 30 mm, and the

Progress in Medical Devices

resulting spherical damage was stable and
well-controlled. The high consistency observed
between the ex vivo experiment and the simu-
lation model results indicates the foreseeable
capability of the simulation model. Further-
more, boundary temperature-controlled CRFA
demonstrates improved potential for precise
ablation, which establishes a foundation for
further research and clinical applications, thus
offering significant prospects in the field of tu-
mor treatment.
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