Study on the Effect of Lesion Volume
and Focal Temperature Caused by HIFU
Combined with Different Concentrations
and Volumes of Ethanol on Porcine Liver

Hu Dong (PhD)™*®, Jiwen Hu (PhD)?, Xiao Zou (PhD)3, Wei
Chen (PhD)*

ABSTRACT

Background: High-intensity Focused Ultrasound (HIFU) is a rapidly developing
non-invasive treatment method for tumors in recent years.

Objective: The present study aimed to investigate the lesion and temperature ef-
fects of HIFU combined with different concentrations and volumes of ethanol on por-
cine liver.

Material and Methods: In this experimental study, different concentrations
and volumes of ethanol were injected into the focal area of porcine liver using B-mode
ultrasound, and the focal temperature was monitored using a k-type needle thermo-
couple. The peak negative pressure and sound intensity at the focal point of porcine
liver were calculated by Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation. Further,
the presence of cavitation effects within porcine liver was further determined by ul-
trasound hyperechoic. The differences in lesion volume and temperature, caused by
different concentrations and volumes of ethanol on porcine liver, were measured.

Results: HIFU irradiation combined with ethanol injection caused greater lesion
volume and higher focal temperature in porcine liver. At the same HIFU irradiation
power, an increase in the volume of ethanol resulted in an increase in lesion volume
and focal temperature. At a fixed volume of ethanol injected and HIFU irradiation
power, higher ethanol concentrations resulted in higher lesion volumes and focal tem-
perature.

Conclusion: The combination of HIFU and ethanol synergistically affects the le-
sion of porcine liver, manifested as the larger the ethanol concentration and volume,
the larger the lesion volume and the higher the focal temperature.
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Introduction
igh-intensity Focused Ultrasound (HIFU) mainly uses the
transmissibility and energy deposition of ultrasound to gather
the lower-energy ultrasound occurring in vitro to deep tumor
foci in vivo. Through the transient high-temperature (more than 60 °C),
cavitation, and mechanical effects produced by high-energy ultrasound
in the focusing area, proteins are denaturized, as well as irreversible
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damage of the cells, and coagulative necrosis,
which can further kill the tumor cells [1-4].
The tissue passed by the ultrasound beam and
the tissue outside the target area will not be
damaged, which has the advantages of safety
and reliability, accurate positioning, non-trau-
matic, fast recovery after treatment, and no
drug side effects.

During the propagation process of ultrasound,
energy attenuation occurs due to the absorp-
tion, reflection, and scattering of biological
tissue, and the degree of attenuation becomes
more and more severe with the increase of
propagation distance [5-6]. At the same time,
due to the small volume of the basic ablation
point of HIFU, the point superposition mode
is usually used during treatment, which leads
to the problems of long irradiation time and
low treatment efficiency in HIFU treatment.
Therefore, how to improve the treatment effi-
ciency of HIFU and shorten the treatment time
has become a hot research topic. Related stud-
ies have shown that in the process of HIFU
treatment, the efficiency of HIFU treatment
for tumors can be improved by adding certain
substances to alter the acoustic properties or
environment of the tissue, increase the depo-
sition of HIFU ultrasound energy, and reduce
the threshold of cavitation effect.

Some studies have experimentally con-
firmed that ethanol can lower the threshold
of inertial cavitation in tissue [7-10]. Ethanol
is usually used as a deformer because its sur-
face tension at 20 °C is 22.27 mN/m, which is
much lower than that of 71.97 mN/m in wa-
ter, and its air solubility is 10-20 times higher
than that of water. Therefore, the cavitation
threshold in ethanol should be lower than that
in water because of the lower surface tension
and higher air solubility in ethanol [11]. Per-
cutaneous Ethanol Injection (PEI) is a major
chemical ablation method. In the 1980 s, it
was frequently used for non-surgical treatment
of cancer. PEI is based on the fact that the in-
teraction of ethanol with living tissue leads to
cellular dehydration, protein denaturation, and

thrombosis of small blood vessels [12], which
is a safe, inexpensive, and easy-to-implement
technique. There are more studies on inject-
ing ethanol into HIFU for tumor treatment.
Chen et al. treated bovine liver with 2 ml of
pure (99.5%) ethanol and irradiated it with
0.825 MHz HIFU to study its cavitation ac-
tivity and temperature rise. The results of
the study showed that the treatment of tissue
models and bovine liver samples with etha-
nol decreased the threshold power of its in-
ertial cavitation [7]. Hoang et al. investigated
the combined effect of ethanol and HIFU on
porcine liver tissue by injecting 0.2 mL of
ethanol at 95% concentration into porcine
liver tissue and irradiating them with HIFU.
The results showed that sequential application
of ethanol and HIFU significantly enhanced
the destruction of liver tumors [8]. Yang et
al. combined HIFU with anhydrous ethanol
for the treatment of uterine fibroids, and the
results of their study found that compared to
the treatment of uterine fibroids with HIFU
alone, HIFU combined with anhydrous
ethanol produced a larger volume of dam-
age, less treatment time and required a lower
therapeutic dose, and significantly reduced the
patient’s common pain and side effects [9].
Lang et al. used HIFU in combination with a
95% concentration of ethanol for the treatment
of benign thyroid nodules, and HIFU com-
bined with ethanol was more effective in the
treatment of benign thyroid nodules compared
with HIFU ablation alone [10].

However, it is unclear whether injecting
different volumes and concentrations of etha-
nol into biological tissue will produce simi-
lar therapeutic effects as mentioned above.
Therefore, this article analyzes the effects of
injecting different concentrations and volumes
of ethanol into isolated porcine liver tissue
and combining them with HIFU of different
powers for irradiation, on the volume of lesion
and focal temperature of porcine liver tissue.
The aim is to explore the effect and influence
of different concentrations and volumes of
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ethanol on HIFU ablation.
Material and Methods

Experiment equipment and materials

In this experimental study, porcine liver
tissue freshly obtained from the abattoir was
tested by immersing it in a 0.9% saline solu-
tion. In order to remove oxygen from the wa-
ter, polyvidone and pure ethanol were mixed
in a 1:3.5 ratio. They were then mixed with
water in a ratio of 1:22 and poured into a water
tank. Porcine liver tissue was placed in the wa-
ter tank directly below the HIFU source (PRO-
M2008, Shenzhen, CN), while the porcine
liver was fixed on the sample holder, and ul-
trasound transmission distance in water was 8
cm. In combination with an ultrasound probe,
different volumes of 20% low-concentration
ethanol and 95% high-concentration ethanol
were injected into the focal position of the por-
cine liver with a syringe before HIFU irradia-
tion of the porcine liver, respectively. A k-type
needle thermocouple (DT-3891G, Shenzhen,
CN) with a diameter of 0.5 mm was inserted
near the focal area, with the thermocouple tip
at a distance of about 2 mm from the focal
distance for more accurate monitoring of the
temperature at the focal point of the porcine
liver. The bottom of the tank was filled with
acoustic rubber to absorb ultrasound waves,
and a computer-controlled three-dimensional
moving platform was used to adjust the posi-
tion of the HIFU transducer. A self-focusing
ultrasound transducer was used as the HIFU
source in the experiments. Its concave spheri-
cal surface and circular aperture at the top
allowed the passage of a B-mode ultrasound
probe. The center frequency of the self-focus-
ing transducer was 1.2 MHz, the geometric fo-
cal length was 10 cm, the diameter of the outer
aperture of the transducer was 9.2 cm, and the
diameter of the inner aperture was 4.4 cm. The
duration of each HIFU irradiation was 5 s.
The experimental setup for cavitation detec-
tion and temperature measurement is shown in

Figure 1.

Principle and method

It is well known that the Khokhlov-Zabo-
lotskaya-Kuznetsov (KZK) equation is only
applicable to focused ultrasound transduc-
ers with a semi-aperture angle of less than
16 degrees, but the KZK equation was used
to model transducers with low f-numbers and
achieved good agreement with actual mea-
surements [13]. Therefore, the KZK equa-
tion was utilized to simulate the acoustic field
at the focal point of the porcine liver. KZK
equation is given below [14-16]:

o[ ¢c,0p 0 c 5 0 o’p’
5(_70@7])'+a_f'j=?ovi i aﬁ +2£c3 afz ()

where, p is the acoustic pressure, 7=t-z/c, is
the delay time, ¢, is the speed of sound, 6 is the

]
‘ HEFU transducer
coustic rubber

Figure 1: The experimental setup for
cavitation detection and temperature
measurement
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acoustic diffusivity of the biological tissue, [
is the nonlinear coefficient of the tissue, p, is
the density of the medium, Vv, is the Laplace
operator, which is denoted as
V, =8*/x*+0*/0y? in the right-angled
coordinate system and as

2
Vl:li P2 +i26—2 in the cylindrical
ror\ or) r- 00

coordinate system. When the frequency of the
acoustic wave is when f, the acoustic
absorption coefficient of the medium is
a, =w 2S5/ (2c§). The sound absorption
coefficient a is related to the frequency f as
follows [17]:
alf )=a,(f 11} @

In the Frequency domain, the sound
pressure is represented as a Fourier series
expansion [18]:

p= iCnexp(jnr) (3)

n=-oo

C  is the complex coefficient of the nth-order
harmonic.
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In sound field calculations, the sound
intensity at the HIFU focal point can be rep-
resented by the amplitude values of each
harmonic wave of sound pressure [19]:

() % p
I =—==2)|C |/ 5
" lel . pe (5)

In the numerical simulation, the Finite
Difference Time Domain (FDTD) method
was used to solve the acoustic field model
emitted by a unitary self-focusing ultrasonic
transducer [20-21].

A two-layer nonlinear acoustic propagation
model was constructed with the KZK equa-
tion for simulation calculation. The acoustic
parameters used for the simulation calculation
are shown in Table 1.

Table 1: Acoustic parameters of water and
liver [22-24]

P, c, a
(kg/m®) (m/s) (dB/m)
Water 1000 1482 0.217 5.0

Liver 1036 1590 58 6.6

Material B/A

Results

Five different HIFU power (p’), 105 W, 115
W, 125 W, 135 W, and 145 W, were used to
irradiate porcine liver tissue (ignoring cavita-
tion effects). The spatial grid parameters used
for sound field simulation were dz=0.063 mm
and dr=0.047 mm. Using MATLAB R2018b
(MathWorks, Natick, Massachusetts, United
States) software to simulate and calculate the
sound field in porcine liver tissue, the nonlin-
ear harmonic order was 64, and the time step
of the sound field was 3.7x10” seconds.

The sound field waveforms obtained from
the simulation using the KZK equation are
shown in Figure 2. Where, p, and p, were
sound pressure, and I was the acoustic inten-
sity. V. was the root mean square voltage
measured after the HIFU amplifier, and P
was the peak negative pressure in the focus of
porcine liver.

The higher the HIFU irradiation power
causes the greater the sound pressure, peak
negative pressure, and axial focus position
sound intensity at the focal point (Figure 2).

The simulated sound field parameters for
five different HIFU power-irradiated porcine
liver tissues are shown in Table 2.

From the simulation results in Table 2, it can
be seen that the higher the HIFU power, the
greater the corresponding focal position sound
intensity, ¥, and peak negative pressure.

Although some previous studies have
found thermal effects related to cavitation,
the thermal effects caused by bubble activity
deserve close attention. Cavitation bubbles
often increase the local attenuation coeffi-
cient of ultrasound, and the stronger acoustic

J Biomed Phys Eng 2025; 15(1)



HIFU Combined with Ethanol on Liver Lesion

(a) —105W 301 ©

P, (MPa)

7000
—105W (c)
i 6000
e 25W 5000
| e

—145W 54000
2 3000
2000

1000

—105W
- - 1150
125
e 135W
—145W

0 0.2 0.4 0.6 08
t(us)

0 5 10 15

z(cm) z(em)

Figure 2: (a) Pressure waveform at the focus; (b) Peak positive and negative pressure;

(c) Acoustic intensity

Table 2: Simulation parameters of the sound

field under different HIFU power

p'(W) I(Wicm?) VvV _ (V) P_(MPa)
105 4373 51.2 8.2
15 4878 53.6 8.5
125 5374 55.9 8.8
135 5883 58.1 9.0
145 6408 60.2 9.3

attenuation that occurs in the presence
of cavitation bubbles can enhance heat-
ing related to ultrasound absorption [25].
The negative pressure caused by HIFU
sound waves is large enough to cause cavi-
tation, and higher pressure increases the
probability of cavitation occurring [26].
Bull et al. found that when the pressure
threshold exceeded 1.86 MPa, 100% cavita-
tion occurred in ex vivo bovine liver [27].
McLaughlan et al. reported that at 1.69 MHz,
the cavitation threshold of ex vivo bovine liver
was about 2.0 MPa, which mainly depended on
the relative content (or concentration) of water
and lipids in the tissue [28]. Li et al. found that
cavitation occurs when the negative pressure
at the focal region of the detached bovine liver
exceeds 5 MPa [29]. The peak negative pres-
sure generated under different HIFU power ir-
radiation reaches at least 8.2 MPa, which far
exceeds the reported pressure threshold for
cavitation in the liver, showing cavitation may

occur in the focal area of porcine liver tissue
when HIFU is irradiated.

In addition, Rabkin et al. demonstrated that
when the sound intensity was 850 W/cm?, the
temperature rapidly increased after cavitation
occurred, and cavitation occurred within the
rabbit thigh muscles at 0.32 seconds [30]. In
this experiment, when the irradiation power
of the HIFU transducer is 105 W, the cor-
responding sound intensity is 4373 W/cm?,
which is much greater than the sound inten-
sity of 850W/cm?. Therefore, it is inferred that
cavitation effect may occur in porcine liver tis-
sue after 6 seconds of HIFU irradiation at 105
W power. Therefore, we could not neglect the
effect of cavitation.

The presence of cavitation is thought to be
responsible for the appearance of hyperecho-
ic areas in ultrasound images [31]. Since the
1990s, there has been increasing evidence
that HIFU-induced acoustic cavitation can
be monitored in real time by the formation
of “bright spots” in the hyperechoic region
of the ultrasound image during HIFU treat-
ment [32-35]. Hynynen et al. pointed out that
in the experiment of HIFU in vivo ablation
of dog leg muscles, after the first ultrasound
pulse is emitted, the Passive Cavitation De-
tector (PCD) inertial cavitation signal can be
detected simultaneously with the appearance
of the B-ultrasound bright area [32]. Vaezy et
al. claimed that during real-time ultrasound
imaging observations, bright spots were found
escaping from the HIFU focal point into the

J Biomed Phys Eng 2025; 15(1)



Hu Dong, et al

vascular system of liver tissue in the body
[33]. In addition, researchers also found a high
degree of correlation between the appearance
of bright areas and the generation of cavitation
bubbles [34-35]. Therefore, the present study
demonstrates the occurrence of cavitation in
porcine liver irradiated with HIFU through the
bright area of ultrasound, and further explores
the effects of cavitation caused by injection of
different concentrations and lesion volumes of
ethanol on the volume and focal temperature
of porcine liver.

Under the guidance of B-mode ultrasound,
different concentrations and volumes of eth-
anol were injected into the focal points of
porcine liver tissue and irradiated with HIFU.
A hyperechoic “bright spot” was obtained as
shown in Figure 3.

Figure 3 shows the “bright spots” of hyper-
echoic areas produced in porcine liver tissue

by 105 W HIFU irradiation. As the volume
of the injected ethanol gradually increased,
the produced hypoechoic zone also gradually
expanded, as shown in Figure 3(a) to (c), or
Figure 3(d) to (f). For the same volume of
ethanol injected, the hyperechoic zone pro-
duced by 95% ethanol was significantly larger
than the hyperechoic zone produced by 20%
ethanol, as shown in Figure 3 (a) and (d).
Figure 4 shows the cross-sectional images of
thermal lesions caused by injecting different
volumes of 20% and 95% ethanol into por-
cine liver tissue under 105 W HIFU irradia-
tion. Among them, Figure 4(a) and (e) show
the thermal lesion cross-sectional area gener-
ated by irradiating porcine liver tissue using
only 105 W HIFU. Figure 4 (b)~(d) show the
thermal lesion cross-sectional area generated
by injecting different volumes of 20% con-
centration ethanol into porcine liver tissue

Figure 3: Hyperechoic samples of B-mode images of porcine liver caused by HIFU under
different ethanol concentrations and volumes ((a) 105 W+0.2 ml 20% ethanol, (b) 105 W+0.6 ml
20% ethanol, (c) 105 W+1.0 ml 20% ethanol, (d) 105 W+ 0.2 ml 95% ethanol, (e) 105 W+0.6 ml

95% ethanol, (f) 105 W+1.0 ml 95% ethanol)

J Biomed Phys Eng 2025; 15(1)
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Figure 4: Comparison of thermal lesion area
caused by HIFU under different ethanol
concentrations and volumes ((a) 105 W HIFU
only, (b) 105 W+0.2 ml 20% ethanol, (c)
105 W+0.6 ml 20% ethanol, (d) 105 W+
1.0 ml 20% ethanol, (e) 105 W HIFU only,
(f) 105 W+0.2 ml 95% ethanol, (g) 105 W+
0.4 ml 95% ethanol, (h) 105 W+0.6 ml 95%
ethanol).
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under 105 W HIFU irradiation. Figure 4 (f)~
(h) show the cross-sectional area of thermal
lesion generated by injecting different volumes
of 95% ethanol into porcine liver tissue un-
der 105 W HIFU irradiation. Under the same
HIFU irradiation power, as the volume of eth-
anol injected into porcine liver tissue gradual-
ly increased, the resulting lesion area showed
a trend of increasing from small to large. At
the same HIFU power and ethanol volume, the
lesion area caused by a 95% concentration of
ethanol was greater than that caused by a 20%
concentration of ethanol.

After the HIFU irradiation experiment was
completed, the liver tissue was dissected in the
midsagittal plane perpendicular to the HIFU
beam direction to measure the height H and
length L of the thermal lesion volume gener-
ated in the porcine liver. The liver tissue is
horizontally cut to measure the width W of
the lesion. The lesion volume was calculated
using the ellipsoidal volume formula [36].

V= ﬂL;VH ()

When the HIFU sound intensity gradually
increased, the volume of lesion generated
gradually increased in porcine liver tissue
(Figure 5 (a)), and the focal temperature also

100

T
—#—HIFU only (b).
95 - - HIFU+0.2ml 20% ethanol concentration g
4 HIFU+0.2ml 95% ethanol concentration
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Figure 5: Different HIFU irradiation intensities, ethanol concentrations, and volumes to (a)
Comparison of the volume of thermal lesions in porcine liver; (b) Comparison of peak focal

temperature in porcine liver
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gradually increased (Figure 5 (b)). Under the
same sound intensity and injection volume
of ethanol, the lesion volume and focal tem-
perature produced by a 95% concentration of
ethanol should be greater than those produced
by a 20% concentration of ethanol. In addition,
under the same sound intensity conditions, the
use of only HIFU irradiation on porcine liver
tissue resulted in a larger volume of lesions
compared to HIFU irradiation and injecting
ethanol into its focal region.

Similarly, using HIFU irradiation alone on
porcine liver tissue resulted in a lower focal
temperature compared to the combination of
HIFU and ethanol injection at the focal re-
gion. Furthermore, under constant sound in-
tensity and ethanol concentration, increasing
the injected ethanol volume led to a gradual
increase in both the focal temperature and the
lesion volume caused by HIFU irradiation.

Discussion

The combination of HIFU and ultrasound-
guided injection of ethanol into porcine liver
tissue not only combined the advantages of
HIFU and ethanol, but also compensated for
their respective shortcomings. On the one
hand, HIFU concentrated ultrasound energy
in a specific focal area, where the temperature
can rapidly rise to 65 °C or even higher due
to the thermal and cavitation effects of HIFU
[37]. On the other hand, ethanol can reduce
the threshold power of initial inertial cavita-
tion, which in turn can cause a rapid increase
in the temperature of the ethanol- treated sam-
ple at lower HIFU power. Therefore, injecting
an appropriate amount of ethanol into porcine
liver tissue can enhance the therapeutic effect
of HIFU.

The research results indicated that ethanol
can reduce the inertial cavitation threshold
in liver tissue, and the combination of HIFU
and ethanol had a synergistic effect on liver
tissue lesions. Under the same irradiation con-
ditions, the lesion volume produced by HIFU
combined with ethanol in porcine liver tissue

was significantly greater than that produced
by HIFU alone, indicating that HIFU com-
bined with ethanol had a higher therapeutic
efficiency. The lesion volume and focal tem-
perature produced by HIFU combined with
a 95% high-concentration ethanol in porcine
liver tissue were significantly greater than
those produced by a 20% low-concentration
ethanol, and this phenomenon became more
pronounced as the volume of injected ethanol
gradually increased. This also proved that in-
jecting a large volume of high-concentration
ethanol into porcine liver tissue before HIFU
irradiation can effectively enhance the vol-
ume of lesions caused by HIFU irradiation on
porcine liver tissue.

There were two reasons why ethanol en-
hanced inertial cavitation in porcine liver tis-
sue. Firstly, ethanol solutions may contain
small bubbles (cavitation nuclei) that were
activated when exposed to HIFU [38]. The
increase in the number of cavitation nuclei re-
duced the threshold for inertial cavitation [39].
Secondly, ethanol was a volatile substance
with a vapor pressure much higher than water.
It was well known that an increase in vapor
pressure would lower the threshold for iner-
tial cavitation [40]. In addition, ethanol can be
mixed with water, and if its volume fraction
reaches 90% or more, it cannot be separated
from water (this solution was called an azeo-
tropic mixture). The azeotropic mixture had a
higher vapor pressure than any pure compo-
nent, and it should be noted that liver tissue
had a high water content.

Ethanol can not only improve the heating of
porcine liver tissue by low-power HIFU, but
also prevent excessive heating of tissue by
high-power HIFU. According to the research
results of Mertl et al. the boiling point of etha-
nol-water mixture can increase by up to 4 °C,
with the volume fraction of water changing
from 5% to 83%. The boiling point of pure
ethanol was about 78.5 °C, and the cavita-
tion threshold was relatively low. We expect
that the temperature generated by boiling a

J Biomed Phys Eng 2025; 15(1)
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20% and a 95% ethanol in porcine liver tissue
under HIFU irradiation will be higher than
78.5 °C but still lower than the boiling point
of water by 100 °C. Therefore, using etha-
nol with an evaporative cooling effect can
potentially reduce the risk of side effects
caused by high-power HIFU irradiation in-
duced water boiling in tissue. The boiling
point of 95% concentration ethanol was about
78.3 °C, while the boiling point of 20% con-
centration ethanol was about 87.1 °C. Under
the same HIFU irradiation-power conditions,
the same volume of a 95% concentration of
ethanol and a 20% concentration of ethanol
were injected into porcine liver tissue, respec-
tively. A 95% concentration of ethanol was
more prone to the cavitation effect in por-
cine liver tissue, and its cavitation threshold
was lower because it caused lesion volume
greater than that caused by a 20% concentra-
tion of ethanol. For the same concentration of
ethanol, as the volume of injected etha-
nol gradually increased, the probability of
cavitation occurring in porcine liver tissue was
higher and the cavitation threshold was also
lower.

Conclusion

This study investigated the combined
effects of HIFU with ethanol of varying con-
centrations and volumes on porcine liver
lesion volume and focal temperature. The re-
sults demonstrated that this combination ther-
apy decreased the inertial cavitation threshold,
leading to an increased volume of porcine
liver tissue lesions. Furthermore, lesion vol-
ume exhibited a positive correlation with both
ethanol concentration and injection volume.
These findings suggest that combining HIFU
with different ethanol concentrations and
volumes can improve the efficacy of tumor
ablation therapy. Future studies are warrant-
ed to determine whether injecting different
ethanol concentrations and volumes into
living tissue will yield consistent bio-damage
effects.
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