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Abstract

Background: The effect of microwave ablation on small hepatocellular carcinoma is not significantly different from that of
surgical resection. Accurate assessment of the ablation effect is crucial for ensuring the safety and effectiveness of
hyperthermia.

Objectives: This study aimed to explore the feasibility and accuracy of supersonic shear wave elastography (SWE) in
quantitatively evaluating the microwave ablation margin of the liver.

Materials and Methods: Three surgeons were each randomly assigned 4 Wuzhishan miniature pigs (WZSPs) to perform 12
ablation procedures at an ablation power of 40 W. Based on the ablation time, the lesions were divided into 15, 30, and 60-
second groups. Immediately after ablation, SWE and modulus measurements were performed 5 times for each ablation lesion.
The SWE data were expressed as mean * standard deviation. Within-group and between-group comparisons were made using
repeated measures analysis of variance.

Results: A total of 144 effective ablations and 131 effective pathological results were obtained. Within the same ablation time,
the elastic modulus increased in the surrounding normal tissue, ablation margin, and ablation center regions in a stepwise
manner (P < 0.01). However, in the ablation center region, the elastic modulus decreased in a stepwise manner with the
shortening of ablation time [60 s (97.16 +14.58 kPa) > 30 s (77.84 + 9.64 kPa) > 15 s (38.92 £ 3.12 kPa)], with statistically significant
differences (F = 2,131.832, P < 0.01). The elastic modulus of the ablation margin region at different ablation times remained
between 22.68 - 23.56 kPa.

Conclusion: The elastic modulus range in the ablation margin region after microwave ablation is relatively fixed. Shear wave
elastography aids in the quantitative evaluation of the ablation margin region of the liver and has high practical value in
monitoring and evaluating ultrasound ablation.
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1. Background become the main focus of liver cancer treatment

development (3).
According to the 2020 Global Cancer Survey, liver

cancer is the sixth most common cancer and the third
leading cause of cancer-related mortality worldwide (1).
Current therapeutic methods for liver cancer include
chemoradiotherapy, targeted immunotherapy, and
surgical resection. However, challenges such as
postoperative recurrence, drug resistance, and poor
long-term  efficacy  persist  (2). Personalized
comprehensive treatment has shown more obvious
advantages over traditional surgical methods and has

Microwave ablation is widely used in the minimally
invasive treatment of liver cancer due to its high
penetrability and controllable ablation range, serving as
an alternative or supplementary approach to some liver
cancer surgeries (4). Additionally, it is commonly used
for the palliative and non-curative treatment of liver
tumors, characterized by less trauma, high applicability,
and ease of operation (5). Because of the technical
limitations of traditional microwave ablation, its range
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is primarily estimated using two-dimensional (2D)
grayscale images and the surgeon’s experience, which
results in high subjectivity and low accuracy (6).

In recent years, with the ongoing advancement of
supersonic shear wave technology in medical
ultrasound, supersonic shear wave elastography (SWE)
has become a viable option (7). Shear wave elastography,
also known as ultrasound elastography, can
quantitatively evaluate the hardness of various tissues,
thereby assisting radiologists in distinguishing tumor
boundaries and defining tumor properties. Studies have
revealed that SWE has significant advantages in the
diagnosis and evaluation of solid tumors (8, 9).
Microwave ablation is widely applied as a minimally
invasive treatment for liver cancer due to its relatively
effective  penetration and conformal ablation.
Accurately evaluating the completeness of ablation is
crucial for ensuring safety and improving efficacy (10).
Research has shown that elastography has practical
value and broad prospects in the monitoring and
evaluation of microwave ablation (11).

2. Objectives

Using Wuzhishan miniature pigs (WZSPs) as a large
animal model, the present study explores the feasibility
and accuracy of SWE in quantitatively evaluating the
microwave ablation margin of the liver. By measuring
the elastic modulus of the ablation margin, the critical
elastic modulus for the irreversible necrosis of margin
cells is predicted at the cellular level in combination
with the hematoxylin and eosin (H&E) and
nicotinamide adenine dinucleotide hydrate (NADH)
diaphorase staining results of the pathological
specimens.

3. Materials and Methods

3.1. Animals Used in the Experiment and Primary Materials

According to the resource equation (12), the sample
size required for this study was at least 11. Therefore, 12
healthy male WZSPs were included. The WZSPs had a
body weight of 15 + 0.5 kg and were approximately 5
months old; they were purchased from the Institute of
Animal Science and Veterinary Medicine, Hainan
Academy of Agricultural Sciences, China. The WZSP is a
native breed of China, known for its naturally small size,
genetic stability, tolerance to coarse fodder, and strong
resistance to reversion. In this study, the WZSPs were

kept under experimental conditions in metal-fenced
enclosures with concrete floors. Each enclosure
measured 30 m? in size and 1.6 m in height. The
temperature range of the pig house was maintained at
18°C - 25°C, with relative humidity between 40% and 60%.
The WZSPs were fed twice a day, supplemented with a
small amount of green vegetables or high-quality grass.
The daily feed quantity was calculated according to the
pig's weight and was generally 2% - 3% of its body weight.

The pigs used in the experiment were castrated after
they were 14 days old. The WZSPs were placed with their
hind legs on a smooth fence, and the surgical site was
disinfected with alcohol or 2% iodine (Shandong Keyue
Medical Technology Co. Ltd, China). Lidocaine
anesthetic (Shanghai Pujin Linzhou Pharmaceutical Co.
Ltd., China) was injected subcutaneously through the
groin into each testicle (0.5 mL per site) and each
spermatic cord (0.5 mL per site). A 1-cm incision was
made in the scrotum of each testicle, and the testicle
was extracted from the scrotum. An antibacterial
ointment or spray was applied to the wound surface
after suturing. The castrated pigs were then placed in a
birthing bed under a thermal lamp to recover slowly.
Treatment of the animals adhered to the GB/T 35892-2018
Guidelines for the Ethical Review of Laboratory Animal
Welfare.

The reagents, nitroblue tetrazolium (NBT), oxidized
coenzyme I B-NADH, and phenazine methosulfate (PMS),
were all purchased from Sigma (USA). Additionally, an
ECO - 100C ultrasound-guided microwave tissue
coagulation device for solid tumors, an Aixplorer
ultrasound diagnostic instrument (SuperSonic Imagine,
France), a SCI5-4 linear-array probe (frequency of 4 - 15
MHz; SuperSonic Imagine, France), and a 2700-Frigocut
cryomacrotome (Reichert-Jung, China) were used in this
study.

3.2. Experiment Methods

3.2.1. Preoperative Preparation

Before the experiment, the WZSPs were fasted for 2
days and prohibited from drinking water for 1 day. They
were then sent to the cleaning room to be cleaned and
dried. Subsequently, they were intraperitoneally
injected with 3% pentobarbital sodium (Beijing Jiehui
Biology, China) at a dose of 1 mlL/kg. After being
anesthetized, they were fixed to the operating table,
with an indwelling needle inserted into the ear vein for
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an intravenous drip of 3% pentobarbital sodium (Beijing
Jiehui Biology, China) at 0.2 mL/min for anesthesia
maintenance. The vital signs of the pigs were monitored
intraoperatively and, when necessary, a subcutaneous
injection of 0.15 mg/mL xylazine hydrochloride (Jilin
Huamu Animal Health Products Co. LTD, China) was
administered to deepen anesthesia (13). Appropriate
humane care was provided in accordance with the
Guidelines for the Ethical Review of Laboratory Animal
Welfare, and every effort was made to minimize their
pain and suffering.

3.2.2. Microwave Ablation Under Direct Vision

Three surgeons conducted the experiment, with each
surgeon randomly assigned 4 WZSPs to perform 12
ablation procedures. The abdominal skin was shaved
and disinfected, and an L-shaped incision was made in
the mid-abdomen to expose the liver. The liver of the
WZSP was divided into 5 lobes: The left outer lobe, left
inner lobe, right inner lobe, right outer lobe, and the
middle lobe posteromedial to the right inner lobe. The
middle lobe was further divided at the hepatic hilum
into the dorsal caudate lobe and ventral quadrate lobe.
Microwave ablation mainly targeted the 4 relatively
thick lobes, as well as the middle lobe.

Under the guidance of 2D ultrasound, a microwave
ablation needle was inserted into the hepatic lobe,
aiming for a location far from the hepatic surface, with
relatively uniform hepatic tissue and a sparse
intrahepatic duct system. The cooling circulation
pathway was then activated, and the microwave
ablation electrode was triggered, using an ablation
power of 40 W. The 4 hepatic lobes were ablated for 15,
30, and 60 seconds.

3.2.3. Shear Wave Elastography

Two radiologists, who were blinded to the ablation
process, performed 2D ultrasound and SWE on the
ablation lesions. Immediately after ablation, a 2D
ultrasound was conducted to scan the ablation lesion in
multiple sections. When the section with the largest
ablation lesion was identified, the size of the lesion was
measured. Subsequently, under the guidance of a
stabilized ultrasound probe, the SWE program was run
in dual-amplitude mode to maintain section
consistency, with a color-coding range of 0 - 180 kPa.

The SWE sampling frame (a 4 x 3 cm rectangle)
covered the entire lesion and the surrounding hepatic
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parenchyma. With 5 - 6 frames of stable elastography,
the SWE was converted to a color spectrum based on
different tissue hardness. Simultaneously, the SWE
measurement program (Q-BOXTM) was used to measure
the elastic modulus of the region of interest within the
entire lesion, recording and storing the maximum,
minimum, and mean elasticity, as well as the
discrepancy, using kPa units. The examination was
considered successful when the color remained stable
and occupied at least 2[3 of the sampling frame, with no
color misjudgment caused by excessive manipulation in
front of the section, no noise interference behind the
section, and relatively consistent changes in elastic
images. Shear wave elastography was performed 5 times
for each ablation lesion, and elastic modulus
measurements were taken after each SWE.

3.2.4. Enzyme Histochemical Staining

A pathologist prepared pathology sections of the
ablation foci for observation. After all measurements
were taken, a total liver resection was performed.
Postoperatively, the experimental animals were
euthanized using an anesthesia overdose. The liver
tissues with ablation lesions were collected as
specimens, with 5 mm of surrounding normal tissue
retained. Consistency between the anatomical and SWE
sections was ensured under 2D ultrasound monitoring.
Each ablation lesion was evenly cut open along the
maximum section perpendicular to the microwave
needle track. Each tissue with an ablation lesion was
divided into 2 parts: One part was fixed with
formaldehyde and stained with H&E, while the other
part was quickly frozen in liquid nitrogen and
embedded in an optimal cutting temperature (OCT)
compound as a frozen section, which was then
subjected to NADH diaphorase histochemical staining.
Two flat and non-folded paraffin sections and frozen
sections were selected from each specimen.

The procedure was conducted as follows: (1)
preparation of the incubation buffer: 100 mg of NBT, 50
mg of NAD, 80 mL of phosphate buffer, 10 mg of PMS,
and 20 mL of a 4% sodium lactate solution were added
successively and stirred multiple times until fully
dissolved. After filtering through coarse filter paper, the
incubation buffer was obtained and stored in a
refrigerator at 4 °C in the dark; (2) preparation of the
frozen section: The slicer temperature was preset
(temperature: -19°C; temperature in the cold chamber:
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-6 °C ). The liquid nitrogen-preserved specimen was
removed, edge-trimmed on a frozen slicer with 5 mm of
surrounding normal tissue retained, embedded in OCT,
and sliced into sections with a thickness of 4 ym. The
flat and non-folded frozen section was gently attached
to a glass slide and kept at room temperature after
rinsing with double-distilled water; (3) section staining:
The sections were neatly placed into the incubation box,
into which the incubation buffer was slowly poured to
immerse the glass slides. After immersion for 30
minutes, the glass slides were removed one by one using
tweezers, gently rinsed with double-distilled water for
10 minutes, dried in a constant-temperature box, and
sealed with the prepared glycerine jelly. Phosphate-
buffered saline was used instead of sodium lactate as a
negative control. The distance between the ablation
margin and the ablation center (needle track) was
observed and measured under a microscope.

3.3. Statistical Analysis

The experimental data were analyzed using SPSS 22.0
software (IBM Corp. Released 2013. IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp.). The SWE
data conforming to a normal distribution were
described as mean + standard deviation. Within-group
and between-group comparisons were performed using
repeated measures analysis of variance (ANOVA). Trend
analysis was wused to test the linear change
(decrease/increase) in the index post-ablation. A P-value
of < 0.05 was considered statistically significant.

4. Results

4.1. Microwave Ablation Data

In this experiment, a total of 144 effective ablations
and 720 effective SWE measurements were performed,
and 131 effective pathological results were obtained. The
specific procedures for microwave ablation for 15, 30,
and 60 seconds at an ablation power of 40 W are
summarized in Table 1.

4.2. Analysis of Pathological Results

4.2.1. Naked-Eye Observation

The ablation lesion was divided into four regions:
Needle tract, needle tract periphery, ablation margin,
and surrounding normal tissue. The needle tract region

and needle tract periphery together constituted the
ablation center region. Under H&E staining, with
relatively blurred region boundaries, the ablation lesion
was divided into three regions: The ablation center
(orange arrow), ablation margin (blue arrow), and
surrounding normal tissue (green arrow). The needle
tract region could be observed within the ablation
center region. Under NADH diaphorase histochemical
staining, three regions were clearly identified in the 30-
and 60-second ablation lesions.

4.2.2. Microscope Observation

The ablation center (necrotic) region was mainly
characterized by coagulation necrosis, with cells losing
their original activity and appearing as a red stripe. In
the ablation margin region, due to the coexistence of
necrosis and hemi necrosis, both red stripe-shaped
tissue and a small amount of purple granule-like tissue
were observed. The surrounding normal tissue region
primarily manifested as purple granule-like tissue.

4.3. Shear Wave Elastography Measurement Results

4.3.1. Post-ablation Shear Wave Elastography Images

The post-ablation elastography images clearly
showed that the ablation lesion was divided into three
regions. The ablation center region appeared red or
yellow, the ablation margin region appeared cyan, and
the surrounding normal tissue region appeared dark
blue.

4.3.2. Comparison of Post-ablation Shear Wave Elastography
Measurement Parameters

The results of repeated measures ANOVA showed that
both the main effect of time and the main effect of
group were statistically significant (F=716.000, P < 0.01;
F = 15,302.863, P < 0.01). There was also a significant
interaction between time and group (F =1,432.000, P <
0.01) (Table 2).

A comparison of the elastic modulus of the ablation
margin region (22.44 £ 7.17 vs. 23.75 £ 5.84 vs. 22.94 £ 4.91,
P = 0.058) and the surrounding normal tissue region
(7.49 £ 1.83 vs. 7.85 + 2.16 vs. 7.81 £ 2.04, P = 0.105) after
ablation for 15, 30, and 60 seconds at an ablation power
of 40 W revealed no statistically significant differences.
However, in the ablation center region, the elastic
modulus decreased gradually as the ablation time was
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Table 1. Data on Microwave Ablation of Porcine Liver Under Different Ablation Time

Ablation time (s) Effective ablation lesion (n)

Effective SWE measurement (times)

Effective pathological result (n)

15 48 240 45
30 48 240 42
60 48 240 44
Total 144 720 131
Abbreviation: SWE, shear wave elastography.
Table 2. The Repeated Measures Analysis of Variance Results
Factor F P-value
Region 15302.863 <0.01
Time 716.000 <0.01
Region x time 1432.000 <0.01

shortened, with statistically significant differences
(38.92+3.14 vs. 77.84 £ 9.58 vs. 116.37 £ 18.41, P < 0.01).

By analyzing the three ablation time groups
separately, it was revealed that the pattern of elastic
modulus variation was as follows: Ablation center
region > ablation margin region > normal tissue region,
with statistically significant differences (P < 0.01; Table 3
and Figure 1). Notably, in the SWE measurement after
ablation for 15 seconds at an ablation power of 40 W,
although a statistically significant difference was
observed in the elastic modulus between the ablation
center and ablation margin regions, the specific values
overlapped, and the difference was not as pronounced
as in the measurements after ablation for 30 and 60
seconds. According to the results of our experiment, the
average elastic modulus of the ablation margin in the
samples remained at 23.05 £ 6.06 kPa.

5. Discussion

Shear wave elastography is an ultrasound imaging
technology developed in recent years that directly
measures the hardness of biological tissue using
ultrasound. Both domestic and international research
have demonstrated that elastography has high practical
value and broad application prospects in monitoring
and evaluating ultrasound ablation (14). Accurately
evaluating the ablation effect is crucial for ensuring the
safety and improving the efficacy of ablation. A study by
Zhu and Zhu (10) indicated that ultrasound
elastography can preliminarily reflect the degree of
coagulative necrosis in liver lesions. Luo et al. (15)
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demonstrated that elastography clearly displays the
margins of radiofrequency ablation lesions and is
expected to become an effective method for evaluating
radiofrequency ablation lesions. The preliminary
research in this experiment also indicates the feasibility
of elastography in evaluating the range of ablation
lesions.

In the present study, using WZSPs as experimental
animals, microwave ablation lesions were created in the
four hepatic lobes by ablating for 15, 30, and 60 seconds
at an ablation power of 40 W. Immediately after surgery,
the elasticity images of the ablation lesions were
collected, and the elasticities were calculated.
Additionally, the feasibility and accuracy of SWE in the
quantitative evaluation of microwave ablation margins
of the liver were explored. Protein denaturation occurs
in liver tissue through an effective thermal field, which
leads to a significant increase in hardness. During
ablation, the elastic modulus in this region increases
significantly and is positively correlated with ablation
time, and carbonization may even occur.

The peripheral bleeding zone, also known as the
ablation margin region, is a narrow band-like area of
bleeding with some inflammatory cell infiltration.
Because this study used immediate pathological
sections after ablation, inflammatory cell infiltration
was not significant. The pathology results revealed that
necrotic and heminecrotic tissue coexisted in this
(heminecrotic) region. The position of the ablation
margin region is not fixed. Generally, as the ablation
time increases, the margin region moves away from the
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Table 3. Elastic Modulus of Porcine Liver at Different Ablation Times and Regions (kPa) (a-h)
Ablation time (s) Effective SWE measurement (times) Normal tissue region Ablation margin region Ablation center region F P-value
15 240 7.49 £1.83 22.44+717°¢ 389243149 2752470  <0.01
30 240 7.8512.16 23.75+5.84°¢ 77.84 +9.58 7415.498 <0.01
60 240 7.81+£2.04 22.94+4.918 116,37 +18.41 P 6780.600  <0.01
F-value 2260 2.853 2451.015
P-value 0.105 0.058 <0.01

Abbreviation: SWE, shear wave elastography.

2 Compared with the 15-s ablation group, difference is statistically significant (t = 61.235, P < 0.05).

b Compared with the 15-s ablation group and the 30-s ablation group, difference is statistically significant (t = 62.467,17.127, P < 0.05).

€ Compared with the normal tissue region in the 15-s ablation group, difference is statistically significant (t =15.110, P < 0.05).

d Compared with the normal tissue region and ablation margin region in the 15-s ablation group, difference is statistically significant (t = 31.411,16.300, P < 0.05).

€ Compared with the normal tissue region in the 30-s ablation group, difference is statistically significant (t =15.984, P < 0.05).

fCompared with the normal tissue region and ablation margin region in the 30-s ablation group, difference is statistically significant (t = 69.983, 53.999, P < 0.05).

& Compared with the normal tissue region in the 60-s ablation group, difference is staf

tistically significant (t =15.138, P < 0.05).

h Compared with the normal tissue region and ablation margin region in the 60-s ablation group, difference is statistically significant (t = 89.361, 74.224, P < 0.05).
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Figure 1. Elastic modulus of porcine liver at different ablation times and regions (kPa)

ablation center (16), but its elastic modulus is relatively
constant. The SWE image immediately post-ablation
displayed the near-field boundary and the vertical and
anteroposterior boundaries of the ablated area through

color differences, which supports the notion that
elastography is less affected by gas (17).

Elastography is color-coded based on the differences
in tissue hardness after ablation, forming three regions
centered on the electrode. The ablation center region

[] Radiol. 2024; 21(2): e143996
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appeared red or yellow, the ablation margin region
appeared cyan, and the surrounding normal tissue
region appeared dark blue. Additionally, the
distribution of Young’s modulus in these three regions
was observed and measured, revealing no statistically
significant difference in the elastic modulus between
the surrounding normal tissue region and the ablation
margin region. This result indicates that for a large or
deeply ablated area, SWE measurements may
underestimate the vertical diameter. However, in the
ablation center region, the elastic modulus decreased
progressively with shorter ablation times, showing
statistically significant differences.

By analyzing the three ablation time groups
separately, it was found that the elastic modulus
variation pattern exhibited a regularly decreasing trend
centered on the electrode. This indicates that SWE can
preliminarily reflect the distribution of tissue hardness
immediately after ablation, which is consistent with the
conclusions of multiple studies (18-20). Luo et al.
identified some remaining overestimates in SWE values
immediately post-ablation, with most of the SWE values
stabilizing at 5 minutes (21). Therefore, SWE
measurements should not be performed too early after
ablation. Crocetti et al. determined that SWE was not
able to reliably capture changes in stiffness within, at
the border of, and outside the necrotic zone in an ex
vivo liver model (20).

Zhou et al. (22) reported on 18 patients with uterine
myoma who underwent microwave ablation and
compared the SWE measurement results with those of
contrast-enhanced ultrasound and enhanced magnetic
resonance imaging (MRI). The outcomes revealed no
statistically significant difference between the results of
elastography and those of contrast-enhanced
ultrasound or MR, suggesting that SWE is not inferior to
imaging methods such as MRI in evaluating the
microwave ablation range in uterine myoma. Tian et al.
(23) reported the elastic modulus of 57 patients with
liver tumors after radiofrequency ablation at 30
minutes, 1 day, and 1 month, identifying no statistically
significant differences and demonstrating that SWE can
quantitatively analyze the elastic modulus changes in
liver tumors before and after radiofrequency ablation.
Kang et al. (24) used acoustic radiation force impulse to
demonstrate the correlation between shear wave echo
velocity and the degree of ablation-induced injury,
providing a theoretical basis for the use of elastography
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in evaluating ablation-induced injury. Moreover,
according to the research results of Huang et al. (25) and
Zhang et al. (26), the elastic modulus is positively
correlated with the degree of tissue damage during
microwave ablation.

5.1. Limitations

The effect of microwave ablation on living tissue
differs from that on isolated tissue. Due to the influence
of blood flow in living tissue, the ablation volume in
living tissue is smaller than that in isolated tissue under
the same microwave dose. Moreover, the volume of
living liver masses is relatively large, and the internal
echo is uneven, which causes interference with SWE
imaging. Therefore, this paper only discusses the
general pattern of strain elasticity in evaluating the
value of ablation lesions through in vitro tissue. To
further apply our findings to clinical practice, more
comprehensive live animal experiments and clinical
case studies are needed.

Challenging factors in applying our results to the
evaluation of human ablation lesions remain, including
the presence of ribs, abdominal wall thickness,
breathing, and heartbeat. Thus, the use of strain elastic
imaging to determine the scope of ablation in vivo
requires further study. Additionally, in this study, the
different areas around the microwave electrode were
mainly defined based on pathological findings, such as
the percentage of cell necrosis. However, the consistency
of these pathological areas with the SWE map was not
determined in this study and should be further
explored in future research. Finally, the study’s sample
size is limited, with only a small number of ablation foci
observed and measured, and the display and evaluation
capabilities of 2D ultrasound and SWE imaging under
the condition of further enlargement of ablation foci
were not assessed. Further research is required to
increase the ablation power and time.

In conclusion, the range of the elastic modulus in the
ablation margin region is relatively fixed, and the elastic
modulus in ablation lesions presents a stepped
concentric distribution, providing a basis for the use of
SWE in the quantitative evaluation of the ablation
margin region. By tracking and delineating the ablation
margin, SWE can assist operators in further clarifying
the effective killing range of microwave ablation. This
allows for more precise control of the distribution of
completely necrotic and heminecrotic regions and
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better protection of key peripheral organs and tissues
while ensuring the maximum effective destruction of
tumor tissue.
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