Simulation Study on the Effect of HIFU
Irradiation Frequency and Duty Cycle
Combination Parameter Optimization on
Thermal Lesion of Biological Tissue

Hu Dong (PhD)™*®, Gang Liu (PhD)?, Gaofeng Peng (MD)'

ABSTRACT

Background: High-Intensity Focused Ultrasound (HIFU) represents a non-
invasive treatment approach that utilizes non-ionizing radiation. This technique has
found clinical utility in managing both benign and malignant solid tumors.

Objective: This study aimed to investigate the variations in HIFU frequency
and duty cycle influence thermal lesion formation in tissue to identify the optimal
parameter combination for HIFU therapy in multi-layered tissues.

Material and Methods: In this theoretical framework, a model of HIFU
application to multi-layer biological tissues was created. Four unique HIFU param-
eter sets, defined by combining high or low frequency with high or low duty cycle,
were comprehensively examined. The study analyzed how these settings influenced
temperature distributions and lesion area in the layered tissue to ascertain the ideal
combination of frequency and duty cycle parameters.

Results: Simulation results revealed that the former parameter set (high
frequency, low duty cycle) was optimal for treating smaller, superficial tumours,
whereas the latter combination (low frequency, high duty cycle) proved effective
for deeper-seated lesions. Regarding thermal dose metrics, the high-energy set-
ting (high frequency, high duty cycle) generated the most extensive lesion area
and highest peak temperature, in contrast to the low-energy configuration (low
frequency, low duty cycle), which produced the smallest coagulation zone and low-
est focal temperature.

Conclusion: The study demonstrates that optimal HIFU therapeutic outcomes
require frequency-duty cycle combinations tailored to tumour characteristics, with
high-frequency/low-duty cycle for shallow small tumours and low-frequency/
high-duty cycle for deep lesions, providing a framework for precision parameter
selection in clinical applications.

Keyword
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Introduction
edical ultrasound represents one of the most dynamic areas
within modern ultrasound technology. Clinically, therapeu-
tic applications primarily harness the phenomena of acoustic
cavitation and thermal energy deposition induced by ultrasound waves,
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and the main applications are ultrasonic litho-
tripsy and High-Intensity Focused Ultrasound
(HIFU) [1]. HIFU can cause the tissue at the
lesion site to vibrate greatly, thereby achiev-
ing the effect of crushing stones [2]. The ther-
mal effect of HIFU can make the focused area
reach a high temperature rise in a short period
of time; accordingly, the tumor tissue is ther-
mally coagulated and necrotized to kill can-
cerous cells. At the same time, due to the good
focusing effect, the acoustic energy does not
cause thermal damage to tissues surrounding
the focal zone, thereby achieving non-invasive
treatment [3].

Some researcher has been conducted on the
performance of HIFU irradiation frequency
and duty cycle in vitro and in living tissue.
Kung et al. employed pulsed HIFU (1 MHz,
5% duty cycle) combined with drugs to tar-
get the lesion area in F98 glioma-bearing
rats. Compared with the control group using
drug treatment alone, the tumor lesion area
was doubled, proving the feasibility of HIFU
combined with drugs to treat glioma [4]. Snip-
stad et al. used ultrasound with a frequency
of 1 MHz without significant heating to ir-
radiate the lesion area of glioma rats at inter-
vals of 5 seconds for 60 minutes. The results
showed that tumor blood flow was reduced
by 36% compared with the control group
(P-value<0.05), with a concurrent 75% inhibi-
tion of tumor volume growth (P-value<0.01),
thereby demonstrating HIFU’s efficacy in sup-
pressing glioma progression [5]. Tian et al.
used pulsed HIFU with a frequency of 1 MHz,
a duty cycle of 5%, and a repetition rate of 1
Hz to induce the opening of the blood-brain
barrier in rats with glioblastoma multiforme.
Ultrasound irradiation resulted in a doubling
of drug concentration within tumors com-
pared to the non-treated control group. Con-
sequently, tumor growth was significantly in-
hibited (65% reduction) and rat survival was
prolonged by 18 days. These results demon-
strated the feasibility of using HIFU to induce
blood-brain barrier opening, a strategy that

enhances drug delivery in the context of brain
tumor treatment [6]. Zhu et al. constructed an
embolic stroke model in the brains of New
Zealand white rabbits, using pulses with a
transducer frequency of 1.5 MHz and a duty
cycle of 0.1% for thrombolysis. Data revealed
that the first animal cohort (n=3) employed an
acoustic power of 275 W. None of the white
rabbits were successfully thrombolyzed. Two
of the four white rabbits in the second group
using 415 W acoustic power were successful-
ly thrombolyzed, and five of the seven white
rabbits in the third group using 550 W acous-
tic power were successfully thrombolyzed,
proving the cooperation of HIFU and demon-
strating the feasibility of MRI imaging in the
direction of thrombolysis [7]. Duclos et al.
used HIFU with frequencies of 1.5 MHz and
2.5 MHz to irradiate six rats with brain tumors.
MRI images and anatomy results showed
that 2.5 MHz ultrasound did not cause burns
on the skull. The focal temperature reached
68.3+£2.1 °C at 2.5 MHz, significantly higher
than the 54.7+3.5 °C observed at 1.5 MHz [8].
Quadri et al. developed a cerebral thrombosis
model. Using a hemispherical transducer for
transcranial MRgFUS set to 230 kHz center
frequency and 10% duty cycle, they irradi-
ated thrombi for 30 seconds, achieving 95%
ablation [9].

It can be seen that as one of the important
parameters of HIFU irradiation, duty cycle has
been widely used in HIFU theory and practice
research. Therefore, when selecting HIFU ir-
radiation parameters, it is worth paying atten-
tion to the selection of reasonable duty cycle
parameters. At the same time, HIFU irradia-
tion frequency has an important influence on
tissue thermal lesions. How to select a suitable
irradiation frequency to cope with tumor tissue
of different sizes, and depths is another issue
worthy of in-depth consideration. In summary,
how to choose a safe and effective combina-
tion of HIFU irradiation frequency and duty
cycle needs further exploration to achieve the
optimal HIFU irradiation lesion effect.
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Material and Methods

Khokhlov-Zabolotskaya-Kuznetsov
(KZK) equation

The sound field is theoretically analyzed
using the KZK equation, and it takes into ac-
count the combined effects of diffraction, ab-
sorption, and nonlinearity in directional ultra-
sound. The nonlinear KZK equation has been
widely studied. For thermoviscous media, the
KZK equation can be expressed as follows
[10]:
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op _ of V2 pdi’ + : 2, L _,% )
Oz 2¢; ot poco

where p represents the sound pressure in
Cartesian coordinates, z is the coordinate
along the direction of beam propagation, x and
y are transverse coordinates, ¢ =t—z/c, is
the delay’s time variable,  is the time, ¢ is the
sound speed, V2 =0%/0x*+0%/0y’ is the
transverse Laplace operator, p, is the density,
and ¢ is the thermoviscous medium’s acoustic
diffusion coefficient. B/4 is the medium’s
nonlinear characteristic, and the nonlinear
coefficient is f=1+B/24.

Through the implementation of suitable
coordinate and variable transformations,

equation (1) can be simplified as follows [11]:
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where 6=z/z is the dimensionless character-
istic length of the axis with respect to
z=wab/2c;, w, represents the angular fre-
quency, a and b are the characteristic source
sizes in the x and y directions. X and Y are the
transverse coordinate transformations,
P=(1+0)(p/p,) is the modified sound source
pressure amplitude, 7 is the conversion delay
time, A=az, is the absorption parameter, o, is
the attenuation coefficient, and N=z,/z is

)dT + A

the nonlinear parameter ' is defined as
7 = /?003 / B, p, - The following is the defini-
tion of the dimensionless KZK equation [12]:
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where o=z/d is the dimensionless z axis

relative to the geometric focal length d. X and
Y are dimensionless transverse coordinates
about @ and b as previously defined, P is the
dimensionless pressure amplitude on the trans-
ducer surface with respect to the acoustic
source p,, G=z,/d is the dimensionless focus-
ing gain, A=z d is the absorption parameter,
N=d/z 1s the nonlinear parameter. The
transducer semi-aperture is defined as a, r is
the coordinate perpendicular to the axis, and
R =r/a,.

One efficient numerical technique for re-
solving the KZK equation is the operator sep-
aration algorithm [12]. It is possible to sup-
pose that nonlinear, diffraction, and absorption
effects are independent of one another in
sufficiently tiny steps. It is possible to re-
write the KZK equation using the operator

separation approach as follows [13]:

oP s
2= Lo(P)+ Ly (P + L, (P) 4)

where the following definitions apply to
the operators for diffraction, absorption, and
nonlinearity [14]:
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Here, the Finite Difference Time Domain
(FDTD) approach is used to solve the KZK
equation numerically [15]. The near-field dif-
fraction is solved using the Implicit Backward
Finite Difference (IBFD) technique, while the
far-field diffraction is solved using the Crank-
Nicolson Finite Difference (CNFD) approach.
To increase the time domain calculation’s ef-
ficiency, the five-point IBFD and CNFD algo-
rithms are used for calculation [16,17]. For the
diffraction equation (5), the deviation of the
Laplace five-point IBFD is, as follows [18].

2 2
QoL adly , 1 Lpet o Lpe
adX® boY (AX)* "a "7 b " )
2L 22
a b a

The superscript k£ of p is the axial propagation
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index of the sound beam, and the subscripts
i, j, and / respectively represent the transverse
direction indices.

Transverse direction indices X and Y are
represented by the subscripts 7, j, and /, respec-
tively, whereas the superscript & of p indicates
the sound beam’s axial propagation index. In
the above derivation, the simplified assump-
tion of AX=AY is used, and the trapezoidal rule
is used to find the integral.

For the diffraction equation (5), the
deviation of Laplace five-point CNFD is as
follows [18,19]:
LOP alP 1
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A new variable Q is declared as

k+1 k+1 k : .
Q=B +P,, in order to streamline the

computation and cut down on calculation
time; the truncation error of this approach is
around (Ao)?. Therefore, the calculation accu-
racy of the CNFD algorithm in the radial di-
rection is higher than that of the IBFD algo-
rithm. In order to obtain the same accuracy, a
larger step size can be considered in the CNFD

algorithm.
The following results are obtained by
applying the five-point CNFD to the

diffraction term associated with equation (5):
1< < (pu =Dy 1<1< (L, —1):
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In the above equation, R=Az(Ac), /G(AX) .
In equation (10), all Q items on the left are
unknown, whereas all Q and P items on the
right are known, and the direct sparse algo-
rithm can be used to solve the diffraction
equation.

Substitute the result of the diffraction
equation calculation into the absorption equa-
tion (6) is shown as the initial condition,
and use the IBFD algorithm to discretize the
partial derivative of equation (6):
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Substitute equations (11) to (12) into
equation (6):
n=1:(1+2U)P" ,~UF: =", (13)

i+l,j

2<n<n,, -2:-URL, +(1+2U)P,. ~UP = P, (14)
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where U=AAo/(At)’, and the absorp-

tion equation can be solved by the Thomas
algorithm [20].

Bioheat Transfer Equation (BHTE)

To investigate how the acoustic field affects
the temperature field, the BHTE was used to
simulate the temperature field [21,22]:

pC =KV T-W,C,(T-T)+0,  (16)

p, and C, are the medium’s density and spe-
cific heat, respectively, in formula (16). The
blood perfusion cooling term is the second
term on the right, with W7,, C,, and T, stand-
ing for the blood perfusion coefficient, spe-
cific heat, and temperature, respectively. The
first term on the right is the heat conduction
term, with K representing the heat conduction
coefficient. The cumulative amount of heat that
the medium absorbs when ultrasound travels
through it is the third word on the right. The
following is an expression for the total heat
generated by the acoustic field [23,24]:

0 =2a,l (17)

I is the transducer’s sound intensity, and a,
is the medium’s attenuation coefficient. The
FDTD method is used to solve the BHTE [15].

Equivalent heat dose

The comparable heating time at 43 °C is
the same as the thermal dosage used to de-
scribe the thermal lesion outcomes. R=0.5
when T>43 °C; R=0.25 when T<43 °C. 240
minutes at 43 °C is usually used as the thresh-
old for visible thermal lesion to biological
media [25,26]:

J Biomed Phys Eng 2025; 15(4)
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TDy. = R*dz (18).
Model for simulation

Figure 1 illustrates the creation of a two-
dimensional axisymmetric simulation model
of biological tissue exposed to HIFU radia-
tion. An in vitro tissue model, water, and an
ultrasonic transducer make up the simulation
region. To prevent reflection and diffraction
from affecting the target area sound field, a
precisely matched layer is added to the model
border. The direction of the transducer radius
is the r-axis, and the direction of ultrasonic
propagation is the z-axis. This study disre-
gards the impact of cavitation on the focal
temperature and biological tissue lesion in
order to streamline the problem analysis. A
concave spherical ultrasonic transducer serves
as the HIFU source. Two situations of the
irradiation frequency are separated: geometric
focal length d=13.0 cm, transducer inner
radius ¢ =1.0 c¢m, outer radius p'=2.2 cm,

(@

Bt B

Tissue vomule

transducer

high-frequency f,=3.0 MHz, and low-frequen-
cy £,=0.8 MHz. The output power of the trans-
ducer is 200 W, with 50% and 10% duty cycles
at high and low, respectively. Ten seconds are
spent irradiating with HIFU, and fifteen
seconds are spent cooling. Ultrasound travels
7 cm in water, and the thicknesses of the skin,
fat, muscle, and liver are 0.2, 1.0, 2.0, and 3.8
cm, respectively. To simulate the temperature
field and acoustic field, the dynamic acoustic-
thermal coupling model is employed [27].

Simulation parameters

The temperature field and acoustic field
time steps are 0.003 s and 3.27x10° s, re-
spectively, and the nonlinear harmonic
order is 128. The test was conducted on
a ThinkStation with an Intel 19 and 16.0
GB RAM, and the operating system was
Windows 11. Table 1 lists the key acoustic and
thermodynamic parameters of each medium
(water, skin, fat, muscle, and liver) involved in
the simulation, including density (p ), sound

AX (b)

Tissue_ !
B

HIFU

Figure 1: (a) Schematic diagram of the geometry of multi-layer biological tissue irradiated by
High-Intensity Focused Ultrasound (HIFU) for simulation. (b) Schematic diagram of the ZX plane

around y=0 (symmetric along the z axis)

Table 1: The medium’s thermal and acoustic characteristics

Material p,(kg/m?) c,(m/s) a,(dB/m) BIA C (J/kg/K) K(W/m/K)
Water 1000 1482 0.217 5.0 4180 0.60
Skin 1109 1400 7.0 3530 0.40
Fat 960 1476 10.3 2973 0.24
Muscle 1090 1550 200 45 3600 0.42
Liver 1036 1590 6.6 3604 0.53

J Biomed Phys Eng 2025; 15(4)
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speed (c,), attenuation coefficient (& ), non-
linear characteristic (B/A), specific heat (C),
and heat conduction coefficient (K). These
parameters directly affect the propagation
characteristics and energy deposition efficien-
cy of ultrasound. For example, the high attenu-
ation coefficients of skin and muscle (115 dB/m
and 200 dB/m, respectively) indicate that they
absorb ultrasound energy more strongly, which
may lead to a more significant local tempera-
ture rise, while the low thermal conductivity
of fat (0.24 W/m/K) may limit the diffusion of
heat to surrounding tissues and aggravate local
thermal lesions [28-32]. The KZK equation
and the Biological Heat Conduction Equation
(BHTE) can be numerically simulated using
the parameters that were chosen based on ex-
perimental observations and literature verifi-
cation, ensuring that the model can accurate-
ly predict the acoustic field distribution and
thermal lesion effects of different tissues under
HIFU irradiation.

Results

According to the tumor target area and size
of HIFU treatment, the irradiation frequency
and pulse parameters are adjusted to optimize
the irradiation frequency and pulse combina-
tion parameters to achieve the best thermal
lesion effect on the tumor.

Sound field simulation comparison
The sound intensity (Figure 2), positive

pressure, and negative pressure (Figure 3)

are generated in biological tissue by four

25
2
2
15
: 20
g R 1
10
: 5
25 0

2 4 6 8 10 12 14 16
z(cm)

combinations of HIFU irradiation frequencies
and duty cycles: low-frequency ultrasound
and high duty cycle, low-frequency ultrasound
and low duty cycle, high-frequency ultrasound
and high duty cycle, and high-frequency ultra-
sound and low duty cycle (goal: precise thera-
py of superficial tissue or minor lesions).

By comparing the sound intensity gener-
ated by high-frequency ultrasound and low-
frequency ultrasound inside biological tis-
sue, it can be seen from Figure 2 that in the
axial direction, the sound intensity generated
by high-frequency ultrasound at the focal
position of biological tissue is 2119 W/cm?,
while the sound intensity generated by low-
frequency ultrasound at the focal position is
611.2 W/ecm?.

Comparing Figure 3 (a) and (c), the peak
positive pressures generated by high-frequen-
cy and low-frequency focused ultrasound at
the focal position of biological tissue are 23.8
MPa and 10.3 MPa, while from Figure 3 (b)
and (d), it can be seen that the peak positive
pressures generated by high-frequency and
low-frequency focused ultrasound at the focal
position of biological tissue are -3.7 MPa and
-3.2 MPa. Obviously, high-frequency focused
ultrasound is more likely to generate strong
peak positive and negative pressures.
Temperature field simulation
comparison

Based on the established acoustic-thermal
coupling model, the simulated temperature
distributions revealed distinct spatial patterns

Figure 2: Comparison of sound intensity in biological tissue: (a) sound intensity generated by
high-frequency ultrasound; (b) sound intensity generated by low-frequency ultrasound

J Biomed Phys Eng 2025; 15(4)
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Figure 3: Comparison of positive and negative pressures in biological tissue: (a) positive pres-
sure generated by high-frequency; (b) negative pressure generated by high-frequency; (c) posi-
tive pressure generated by low-frequency; (d) negative pressure generated by low-frequency

across the four parameter sets, with high-fre-
quency exposures concentrating thermal en-
ergy near the focal zone, while low-frequency
regimens promoted broader heat diffusion into
deeper tissue layers.

Focus temperature comparison

The variations in biological tissue’s focal
temperature under four frequency and duty
cycle combinations—high frequency and high
duty cycle, high frequency and low duty cycle,
low frequency and low duty cycle, and low
frequency and high duty cycle—are depicted
in Figure 4(a)-(d).

When the irradiation time is =10 s, as
illustrated in Figure 4, the focus temperature
corresponding to the four distinct frequency
and duty cycle combinations ((a) high-fre-
quency and high duty cycle; (b) high-fre-
quency and low duty cycle; (¢) low-frequency
and low duty cycle; and (d) low-frequency
and high duty cycle) is the lowest at 62 °C,
while the focus temperature corresponding to
the high-frequency and high duty cycle com-
bination is the highest at 569 °C. The focal

temperatures that correspond to the combina-
tions of low frequency and high duty cycle
and high frequency and low duty cycle are
93 °C and 298 °C, respectively.

Comparison of thermal lesion

The thermal Ilesion patterns exhibited
pronounced variations across parameter com-
binations, where high-frequency/high-duty
cycle configurations achieved maximal ab-
lation extent while low-frequency/low-duty
cycle minimized tissue damage, aligning with
their respective targeting efficacy for deep and
superficial tumors as visualized in Figure 5.

The thermal lesion area caused by HIFU ir-
radiation of biological tissue was calculated
using Photoshop software [33]. Figure 5 illus-
trates this for four distinct frequency and duty
cycle combinations with the irradiation period
=10 s: (a) high frequency and high duty cycle;
(b) high frequency and low duty cycle; (c) low
frequency and low duty cycle; and (d) low fre-
quency and high duty cycle. The thermal le-
sion area corresponding to the high-frequency
and high duty cycle combination is the largest,

J Biomed Phys Eng 2025; 15(4)
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Figure 4: Focus temperature comparison: (a) high-frequency and high duty cycle; (b) high-
frequency and low duty cycle; (c) low-frequency and low duty cycle; (d) low-frequency and high
duty cycle
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Figure 5: Comparison of thermal lesion: (a) high-frequency and high duty cycle; (b) high-
frequency and low duty cycle; (c) low-frequency and low duty cycle; (d) low-frequency and high
duty cycle
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which is 6.49 cm?. However, at 0.60 cm?, the
thermal lesion area associated with the combi-
nation of low frequency and low duty cycle is
the smallest. The lesion areas that correspond
to the combinations of low frequency and
high duty cycle and high frequency and low
duty cycle are 2.20 cm? and 4.52 cm?, respec-
tively. Since high-frequency ultrasound has a
shorter wavelength, the high-frequency and
low duty cycle HIFU irradiation method is
more suitable for the treatment of shallow tu-
mors. Since low-frequency ultrasound has a
longer wavelength and a deeper penetration
depth, the low-frequency and high duty cycle
HIFU irradiation method is more suitable for
deep tumors.

Discussion

For the combination of high-frequency ul-
trasound and low duty cycle, high-frequency
ultrasound usually has a higher frequency, a
shorter wavelength, higher energy, and is easy
to focus, but the penetration depth is relatively
shallow [34,35]. Low duty cycle means that
the ultrasound is “on” for a shorter time in the
cycle and “oft” for a longer time, resulting in
lower energy output. Due to the high-frequen-
cy, when high-frequency ultrasound propa-
gates in biological tissue, the energy is swiftly
taken up and transformed into thermal energy,
and the temperature at the focus will rise rap-
idly. However, due to the low duty cycle, the
total energy output is reduced, so the tempera-
ture rise may be limited. The frequency of low-
frequency ultrasound is lower, the wavelength
is longer, the energy is lower, and the penetra-
tion depth is deeper when low-frequency ul-
trasound and high duty cycle are combined. A
high duty cycle means that the ultrasound is
“on” for a longer time in the cycle and “oft”
for a shorter time, resulting in higher energy
output. Due to the long wavelength of low-
frequency ultrasound, the rate at which energy
is absorbed by biological tissue and converted
into heat energy is slower [36], and the tem-
perature rise at the focus is slower. However, a

high duty cycle increases energy output, there-
by increasing the temperature at the focus. For
the combination of low-frequency ultrasound
and low duty cycle, low-frequency ultrasound
has a deeper penetration depth but lower en-
ergy. A low duty cycle further reduces energy
output. Due to low-frequency and low duty
cycle, this combination produces relatively
small temperature changes at the focus of bio-
logical tissue. High-frequency ultrasound is
easier to focus due to its shorter wavelength
and increased energy when combined with a
high duty cycle. Energy output rises with a
high duty cycle. The greatest temperature rise
at the biological tissue’s focus is caused by the
combination of high duty cycle and high fre-
quency ultrasound. Fast-frequency ultrasonic
energy is rapidly absorbed and transformed
into thermal energy, and the fast duty cycle
raises the overall energy output, which causes
the temperature at the focus to rise quickly.
High-frequency ultrasound creates a power-
ful shock wave in tissue by propagating non-
linearly when combined with low duty cycle
HIFU irradiation. The intensity of this shock
wave is related to the peak negative pres-
sure. The higher the peak negative pressure,
the more obvious the nonlinear effect and the
stronger the shock wave. A large number of
microbubble clouds will be generated in the
focal area during each pulse. The repeated ex-
pansion and collapse of these microbubbles
will eventually cause the tissue to be crushed
and form a clearly defined liquefied injury.
Therefore, high-frequency ultrasound com-
bined with a low duty cycle may produce a
larger thermal lesion area, but due to the low
duty cycle, the pulse duration is short and the
energy deposition is less, which may limit
the depth and range of the thermal lesion.
For the low-frequency ultrasound and high
duty cycle HIFU irradiation combination, a
larger thermal lesion area will be generated
because the high duty cycle means that the
sound wave lasts longer, so that more energy
is deposited in the tissue [37-39], resulting in

J Biomed Phys Eng 2025; 15(4)
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a greater thermal lesion. Studies have shown
that as the duty cycle increases, the tempera-
ture rises faster inside the target area, and the
necrotic volume increases with the increase in
duty cycle. The combination of low-frequen-
cy ultrasound and low duty cycle HIFU irra-
diation will produce a smaller thermal lesion
area, because the low duty cycle means that
the duration of the sound wave is shorter and
the energy deposition is less. This may lead to
a smaller depth and range of thermal lesion,
resulting in a smaller thermal lesion area. The
biggest thermal lesion area will result from
the combination of high duty cycle HIFU irra-
diation and high frequency ultrasound. High-
frequency ultrasound itself produces strong
shock waves due to nonlinear propagation,
and a high duty cycle means more energy de-
position. The combination of the two may lead
to the largest thermal lesion area. In addition,
high-frequency ultrasound under a high duty
cycle can produce shock wave fronts in the
focal area. After the tissue absorbs the shock
wave, the temperature rises (>100 °C), and
boiling bubbles are generated in the micron
range, which expands into millimeter-sized
bubbles [40,41]. After further interaction with
the incoming shock wave, a very high nega-
tive pressure is generated, forming microbub-
ble clusters, resulting in tissue fragmentation.
In conclusion, the largest thermal lesion area
and highest corresponding focal temperature
are produced by combining high-frequency
ultrasound with high duty cycle HIFU irra-
diation, while the smallest thermal lesion area
and lowest corresponding focal temperature
are produced by combining low-frequency
ultrasound with low duty cycle.

Conclusion

This study explored the effects of HIFU ir-
radiation frequency and pulse combination
parameters on thermal lesions to biological
tissue by establishing a theoretical simula-
tion model. The study discovered that the
size and form of the thermal lesion region

were significantly impacted by various fre-
quency and duty cycle combinations. While
the low-frequency and high duty cycle com-
bination works well for deeper or larger le-
sions, the high-frequency and low duty cycle
combination works well for precisely treating
minor lesions. The findings of the simulation
indicate that the smallest thermal lesion area
and lowest focal temperature are produced
by the combination of low frequency and low
duty cycle, whereas the largest thermal lesion
area and highest focal temperature are pro-
duced by the combination of high frequency
and high duty cycle. These findings provide
a theoretical basis for parameter selection in
clinical HIFU treatment, which helps optimize
treatment plans and improve treatment effi-
ciency. Future research will use MRI-guided
HIFU therapy devices and in vitro tissue tests
to further examine the impact of HIFU on
thermal damage to living tissue.
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