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Abstract. There is still controversy about quantitatively
evaluating the therapeutic effect of radioactive low-activity
iodine-125 seeds ('*1 seeds). In the present study, a paired VX,
tumor model in a rabbit hind leg muscle was established, which
is virus-induced anaplastic squamous cell carcinoma charac-
terized by hypervascularity, rapid growth and easy propagation
in the skeletal muscle. ' seeds with 0.4 and 0.7 mCi activity
were implanted into the left and right legs, respectively, using
a radiation treatment planning system under positron emission
tomography (PET)/computed tomography (CT) guidance.
PET/CT scans and hematoxylin and eosin staining were
observed at 72 h and 2 and 4 weeks after implantation to assess
the therapeutic effect. The results showed that the average
tumor length and standard uptake value (SUV) decreased over
time, and both '*I seed groups achieved therapeutic effects
at 4 weeks post-implantation. Quantitative evaluation of
tumor inhibition rate, SUV variation and tumor marker ratio
(Bcl-2/Bax) suggested that 0.7 mCi '°T seeds were more suit-
able than 0.4 mCi seeds in a clinical setting.

Introduction

Radioactive particle implantation is widely used to treat
various types of tumor, such as lung cancer, thoracic
esophageal squamous cell carcinoma and hepatocellular
carcinoma (1-3), as the ultrastructure of tumor cells can be
ruptured and disintegrated by X-rays and y-rays of radioactive
particles within their effective killing radius (4). Low-energy
and -dose radioactive '*°T seed implantation is a precise
radiotherapy technique used for the treatment of malignant
tumors, such as hepatocellular carcinoma, lung cancer, head
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and neck squamous cell carcinoma and pancreatic cancer.
These seeds can be implanted within a close range of the
tumor target area with the aid of computer technology that is
used to scan and locate the tumor (5). The half-life of '*I is
59.6 days, which is beneficial for clinical applications due to
its relatively long half-life and shelf-life (6). However, there
is controversy surrounding the quantitative evaluation of '*I
seed efficacy, especially in terms of particle activity and the
time within which the particle effect is greatest (7,8). To the
best of our knowledge, there are few quantitative evaluations
that have investigated the therapeutic effect of '*°T in precise
clinical treatment.

Numerous studies examining the efficacy of '*°T
seed implantation have been conducted under positron
emission tomography (PET)/computed tomography (CT) guid-
ance (9-11); PET/CT images accurately distinguish between
surviving tumor cells (characterized by high metabolism
of fluorodeoxyglucose) and necrotic areas without metabo-
lism (12).

The standard uptake value (SUV), a mathematically
derived ratio of tissue radioactivity concentration and the
injected dose of radioactivity per kilogram of patient body
weight, is an important semi-quantitative parameter in PET/CT
to measure the response of cancer to treatment (13). The
tumor inhibition rate can be described as the change in tumor
length change before and after treatment (14). Additionally,
this pathological parameter can be evaluated using the ratio
of Bcl-2/Bax expression levels. Apoptosis and anti-apoptosis
imbalance are key processes in tumorigenesis; Bcl-2 serves a
role in inhibiting apoptosis and Bax antagonizes Bcl-2 (15,16).
The expression levels of Bcl-2 are positively correlated with
the degree of tumor malignancy. Therefore, overexpression
of Bcl-2 is an important marker for tumor cell development,
such as oral and maxillofacial squamous cell carcinoma and
colorectal cancer (17,18). The VX, tumor cell line, a squamous
cell carcinoma derived from rabbit papilloma induced by the
ShPoe virus (19), is similar to human tumors, such as lung
cancer, in terms of biochemical, biological and morpho-
logical characteristics; thus, it has been widely used in clinical
research, such as in imaging diagnostics and interventional
radiology (20,21).

In the present study, a paired VX, tumor model in a rabbit
hind leg muscle was established. '*I seeds with 0.4 mCi initial
activity were implanted into the left hind legs and seeds with
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0.7 mCi initial activity were implanted into the right hind
legs. PET/CT scans were taken before '*I implantation and
72 h and 2- and 4-weeks post-implantation. Changes in tumor
length, SUV and the ratio of Bcl-2 to Bax were evaluated.
The effectiveness of '*°I seeds with different levels of activity
were compared and the therapeutic effects were observed.
The present study aimed to provide a reference for optimal
particle activity and quantitative evaluation of the therapeutic
effects of specific, individualized, clinical treatment using the
radioactive particle '*1.

Materials and methods

Animal model. New Zealand White rabbits (n=30; age,
3-4 months; weight, 2-3 kg; 15 male and 15 female rabbits) were
allowed free access to food and water and housed individually
under conditions of 18-26°C, 30-70% relative humidity and
a 12/12 h dark/light cycle. All procedures were provided by
the Animal Experimental Center of Shanxi Cancer Hospital
(Taiyuan, China). The VX, tumor block was provided by
BeNa Culture Collection; Beijing Beina Chunglian Institute
of Biotechnology. The health states of rabbits were recorded
every 2 days following implantation. No adverse effects were
observed in the animals. The VX, solid tumor tissues were cut
into ~2 mm? tumor blocks, resuspended in physiological saline
and injected into the bilateral thigh muscles of white rabbits.
After 2 weeks, solid nodules were found at the inoculation
site (~20 mm in size), indicating successful preparation of
the rabbit tumor model. Rabbits were anesthetized with 3%
(40 mg/kg) sodium pentobarbital for 20 min. Rabbits were
euthanized by anesthesia followed by pentobarbital overdose.
The experimental process was approved by the Medical Ethics
Committee of the Jincheng Anthracitic Coal Mining Group
General Hospital (Jincheng, China).

BF_fluorodeoxyglucose (FDG) PET/CT imaging. PET/CT
(Biography mCTs; Siemens AG) is a 52-ring, large aperture
scanner. PET was performed using a three-dimensional (3D)
collection mode with a layer thickness of 3.75 mm, a matrix
of 128x128 and a collection rate of 3 min/bed. The CT
acquisition conditions were as follows: Voltage, 120 kV;
current, 200 mA; spiral time, 0.8 seconds/circles; bed speed,
22.5 mm/sec and matrix, 512x512.Image merging and manage-
ment was performed using an Xeleris workstation (version 4.1;
GE Healthcare). ®F-FDG with a radiochemical purity >95%
was provided by the PET/CT office at the Center of Jincheng
Anthracitic Coal Mining Group General Hospital. VX, tumor
model rabbits were fasted for 4-6 h and subsequently anes-
thetized with 3% (40 mg/kg) sodium pentobarbital before
imaging. ®F-FDG at 0.5 mCi/Kg was injected into the ear vein
of the rabbits; PET/CT scanning was performed after 60 min.
The tumor position was determined by PET/CT imaging and
15T seeds (0.4 mCi or 0.7 mCi) were implanted at the tumor
sites. PET/CT scans were performed again at 72 h and 2 and
4 weeks to obtain the tumor index, which included SUV and
tumor length.

Particle implantation. The rabbits were implanted with
0.4 mCi "I seeds into the left hind leg, while 0.7 mCi seeds
were implanted into the right hind leg. The implanting doses

were calculated using the Radiation Therapy Planning System
(cat. no. KL-SIRPS-3D-800; Beijing ASTRO Technology
Development Co., Ltd.).

Tumor inhibition rate assessment. The standard uptake values
were measured using the Ellipsoid Isocontour 3D measurement
method featured in the PET/CT software (PET Viewer 2.0;
Informer Technologies, Inc.), and the tumor lengths were
measured on PET images. SUV=2.5 in the target area of the
PET/CT image was set as the background deduction parameter
to outline the region of interest (ROI). The ROI peak (I cm?)
was measured. SUV variation was calculated as follows:
ASUV=(SUV, a1 “SUV{;0a0)/SUV, it X100%. Tumor inhibi-
tion rate was calculated as follows: (Tumor length;,;;,,-tumor
lengthg,,))/tumor length,,;;,, x100%.

Pathological observation. Each rabbit was sacrificed by
pentobarbital overdose (injection of 100 mg/kg sodium pento-
barbital) and two tumors in total, one from the left and one
from the right leg, were harvested. The tumor tissue samples
were selected from 5-10 mm around the '*I seed region and
obtained by tumor puncture. The removed tissue samples were
fixed overnight in 10% neutral buffered formalin, embedded
in paraffin, cut into 5-ym-thick sections, and placed on
Superfrost Plus slides (Thermo Fisher Scientific, Inc.).
Sections were subjected to hematoxylin staining for 5 min and
eosin staining for 2 min at 20°C. For immunohistochemistry,
deparaffinized and rehydrated slides using xylene and ethanol
gradient, respectively, were subjected to antigen retrieval via
autoclaving in a 10 mM citric acid buffer (pH 6.0). Upon
cooling to room temperature for 30 min slides were blocked
with 0.3% H,0, for 20 min, washed in PBS, and then blocked
with 1% BSA in PBS at 25°C. Slides were incubated with
diluted primary antibodies Bax (1:200; cat. no. EL600961-100;
EterLife) and Bcl-2 (1:150; cat. no. EL600995-100; EterLife)
overnight at 4°C, and were subsequently incubated with
diluted HRP-conjugated secondary goat anti-rabbit IgG anti-
body for 2 h at 37°C (1:500; cat. no. EL990003; EterLife).
The expression levels of apoptosis-associated proteins Bcl-2
and Bax were detected based on the histology slide. The
positive expression of Bcl-2 and Bax was identified as the
precipitation of brown-yellow particles by IHC staining in the
cytoplasm. A total of six high-power fields (magnification,
x400) were randomly selected from each section and 200
cells were manually counted using a cell counter in each field
to evaluate the percentage of tumor-positive cells. The expres-
sion intensities of Bcl-2 and Bax were measured according to
the tumor-positive cells in the field of view and the ratio of
Bcl-2 and Bax (Bcl-2/Bax) was evaluated.

Statistical analysis. The statistical analysis was conducted
using SPSS 13.0 software (SPSS, Inc.). Data are presented
as the mean + SD of three experimental repeats. Unpaired
student's t-test was performed to compare tumor indexes,
including tumor length, SUV and Bcl-2 and Bax expression
in the left and right legs, before '*T implantation. Spearman's
correlation coefficients were calculated to evaluate the asso-
ciation between the average tumor length, Bcl-2, Bax and
SUV. P<0.05 was considered to indicate a statistically signifi-
cant difference. Following '**I implantation, the association
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Figure 1. PET/CT and SUV images. (A) PET/CT and (B) SUV and (C) SUV images of two legs. PET/CT, positron emission tomography/computed tomography;

SUV, standard uptake value.

between ASUYV, tumor inhibition rate and Bcl-2/Bax in the
0.4 and 0.7 mCi "I groups was analyzed by THC staining.

Results

Pathological observation. Following '*I seed implantation,
tumor cell proliferation, according to growth speed records
(time taken by the cells to cover the entire culture dish, exam-
ined via semi-quantitative analysis; data not shown), decreased,
necrotic areas appeared, peripheral fibrous connective tissue
was destroyed and tumor angiogenesis decreased. PET/CT
scans (Fig. 1A) showed that the metabolic rate and volume of
tumor tissue decreased over time. Following '*°T seed implan-
tation, liquefactive necrotic areas gradually appeared in the
center of the tumor tissue (showing no metabolic signals) and
the necrotic area was notably large (Fig. 1B and C).

The results of HE staining (Fig. 2) showed that, following
1T seed implantation, the tumor tissue demonstrated notable
liquefaction of the necrotic areas. Furthermore, the number
of tumor cells notably decreased and the surrounding fibrous
connective tissue was extensively destroyed. Compared with
the 0.4 mCi group, the proliferation signal of tumor cells in
the 0.7 mCi group decreased more notably, which indicated
that there were fewer tumor cells following implantation of
0.7 mCi 1.

Tumor index results. Bcl-2 and Bax expression levels were
observed via immunohistochemistry (Fig. 3). The expression
intensity of Bcl-2 decreased over time, while the expression
intensity of Bax increased, which indicated that apoptosis
increased during treatment.

Fig. 4 shows the statistical tumor index results, including
the mean + SD tumor length, SUV and Bcl-2 and Bax inten-
sity before and after '*°T implantation. Before treatment, t-test
showed no significant difference in the distribution of the
tumor length and SUV in the left and right legs. Following

treatment, the mean tumor length and SUV in both groups
decreased. At2 and 4 weeks, SUV was significantly decreased.
For both groups, a significant decrease in the average SUV
was observed at 2 weeks after treatment, while it was more
pronounced in the 0.7 mCi group (Fig. 4B). Following
implantation, Bcl-2 expression decreased and Bax expres-
sion increased (Fig. 4C and D). In addition, the decrease of
Bcl-2 in the 0.7 mCi group was larger than that in the 0.4 mCi
group. Bcl-2 expression continuously decreased over 4 weeks.
By contrast, the increase of Bax in the 0.7 mCi group was
higher than that of the 0.4 mCi group. These quantitative data
demonstrated that the treatment was effective and that 0.7 mCi
1T seeds were more effective as a tumor therapy compared
with 0.4 mCi seeds.

Fig. 5 presents the association between variations in tumor
indexes, including ASUV, tumor inhibition rate and Bcl-2/Bax
at different time points following '**I implantation. At 72 h,
ASUV, tumor inhibition rate and Bcl-2/Bax data were relatively
dispersed. The data became concentrated as the time elapsed
from 2 to 4 weeks. These results indicated that the effect of
each implantation varied greatly at the beginning but after
4 weeks, all 30 rabbits demonstrated similar treatment effects.
Meanwhile, in the 0.7 mCi group, each tumor index indicator
showed a better distribution (smaller intragroup differences)
in data analysis, which also indicated that 0.7 mCi '*T seeds
held greater therapeutic potential in terms of treatment effect.

Discussion

Since the 1960s, research on permanent intertissue implanta-
tion of radioactive particles for the treatment of malignant
tumors has demonstrated notable advancements (22,23).
However, there is currently no uniform dose standard for '*T
seeds, which is the most widely used therapeutic radioactive
particle for permanent intertissue implantation in clinical
practice, particularly for solid tumor therapy. Its half-life is
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Figure 3. Immunohistochemistry of Bel-2 and Bax. Bcl-2 expression following implantation of (A) 0.4 and (B) 0.7 mCi '*I seeds. Bax expression following

implantation of (C) 0.4 and (D) 0.7 mCi '*I seeds.

59.49 days and it decays by electron capture to an excited state
of '»Te. This state is not the metastable '>™Te, but rather a
lower energy state that decays immediately by gamma decay
with a maximum energy of 35 keV. The state of low energy
makes it possible for tumor treatment for its appropriate effects,

such as fewer side effects and more treatment effects (22,23).
To determine the optimal standard dose of '*’I seeds for
solid tumor therapy and provide a theoretical basis for the
optimal clinical application of radioactive particles such as
125] seeds, the present study used New Zealand White rabbits
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Figure 4. Tumor indexes before and after '*°I implantation. (A) Tumor length. (B) SUV. (C) Bcl-2 expression intensity. (D) Bax expression intensity. SUV
and Bcl-2 expression were significantly lower and Bax expression was significantly higher in the 0.7 mCi group after 4 weeks. SUV, standard uptake value.

"P<0.05 vs. 0.4 mCi.

to construct a VX, solid tumor xenograft model in the hind
leg. Theoretically, '*°T seeds do not affect the SUV of PET/CT,
because they have distinct mechanisms. PET provides detailed
information about the function and metabolism of the tumor
lesion. PET/CT image-guided surgery utilizes "®F-FDG to
monitor the biochemical activity of the tumor (24,25). '*1
seeds at 0.4 mCi were implanted into the left hind leg and
15T seeds at 0.7 mCi into the right hind leg of each rabbit.
Changes in tumor length, SUV and the ratio of Bcl-2/Bax
were compared before and after '*°T seed implantation by
PET/CT scans to assess the therapeutic effect of '*I seeds on
solid tumors. Using comparative analysis, it was shown that,
compared with T seeds at 0.4 mCi activities, treating solid
tumors with T seeds with 0.7 mCi activity exhibited a more
obvious therapeutic effect, as demonstrated by decreased
tumor length, SUV and Bcl-2 expression and increased Bax
following treatment. '*1 seeds at 0.7 mCi activity resulted in
a more consistent treatment effect, which indicated that '°I
seeds at 0.7 mCi may be more beneficial in clinical applica-
tions.

There is controversy surrounding the effect of 'I seed
implantation at different activity levels and durations for solid
tumor treatment, for which there is no unified standard for
comparative analysis. To the best of our knowledge, there are

few literature reports on the safety of '*°I seeds at different
activity levels in the treatment of solid tumors. Therefore,
upper and lower prescription doses have not been established
for solid tumor treatment using radioactive '*°I seeds in terms
of interstitial implantation.

Several studies have reported that different doses of '*I
seeds implanted into tissue have different effects on tumor
eradication (26-28). In the present study, '°T seeds with
0.7 mCi activity caused tumors to shrink in a short period of
time, while '*°T seeds with 0.4 mCi activity did not completely
inhibit tumor growth.

With respect to the comprehensive and periodic treat-
ment of solid tumors, the selection of '*°I seeds with 0.7 mCi
activity is more consistent with results previously reported by
Wang et al (29), who found that low-activity particles had a
lower dose inhibition rate for tumor tissues compared with
high-activity particles, and that the radiation released by the
particles decayed rapidly with increasing distance. Thus,
low-activity radioactive particles do not completely inhibit
the proliferation of tumor tissue, unless very high doses are
selected in clinical practice. However, increasing the dosage of
low-activity particles in the treatment of solid tumors results
in greater potential for tumor radiotherapy side effects, such
as the damage of normal tissues (30). Pan et al found that
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Figure 5. Bcl-2/Bax and tumor inhibition rate. Association between (A) tumor inhibition rate and ASUV (r=0.9570; P=0.0430), (B) Bcl-2/Bax and ASUV
(r=0.9717; P=0.0283) and (C) Bcl-2/Bax and tumor inhibition rate (r=-0.9943; P=0.0057). SUV, standard uptake value; w, weeks.

32P-CP-PLLA particles significantly inhibit the glucose metab-
olism of VX, tumors, thereby promoting tumor cell apoptosis.
They also confirmed the association between tumor SUV
metabolism and radioactive particle dose (31). The present
results showed that most tumor cells were necrotic after using
12T seeds to treat VX, tumors; there was no metabolic signal
in the treatment area and the number of active tumor cells
decreased. Following treatment of VX, solid tumor xenografts
with '°T seeds for 72 h, PET/CT (which can detect morpho-
logical changes of VX, solid tumors) was used to evaluate
the therapeutic effect of '*°I seeds on solid tumors. Through
comparative analysis of changes in tumor length, SUV and the
expression of molecules associated with tumor metabolism,
such as Bcl-2 and Bax, the present study demonstrated that the
therapeutic effect of 0.7 mCi '*I seeds was better than that of
0.4 mCi 'T seeds.

Through immunohistochemical staining and pathological
observation, the present study showed that ' radioactive
seeds participate in the apoptosis of tumor cells by regulating
expression of tumor metabolism-associated molecules, such
as Bcl-2 and Bax, to inhibit solid tumor growth. The ratio of
Bcl-2/Bax expression was notably downregulated following
treatment. More importantly, there was a correlation between

decreased Bcl-2/Bax expression content ratio and activity of
radioactive '*I seeds, indicating that, compared with 0.4 mCi
15T seeds, 0.7 mCi '*°I seeds exhibited a better therapeutic
effect on solid tumors. The present study observed the
short-term therapeutic effects of 0.4 mCi and 0.7 mCi '*1
radioactive seeds VX, solid tumors. Additionally, there were
no adverse effects in either treatment group. This is consistent
with studies that 0.7 mCi seed activity is commonly used and
dosage as high as 0.8-2.5 mCi is safe (32-37).

The present study had certain limitations. First, this was
a paired comparison and further studies should compare
differences between groups using more samples. Experiments
should be performed using the left leg as a control with 0 mCi
seeds and implanting the right leg with 0.7 or 0.4 mCi '*1
seeds to demonstrate the therapeutic effect of each activity
level. The 4-week therapeutic effects of '*°T seeds on solid
tumors are still unknown. In addition, the small number of
experimental groups, as well as the small sample size, may
lead to biased conclusions. In future, the 4-week therapeutic
effects of '*°T seeds of different activity levels in the treatment
process of solid tumors should be studied. Future investiga-
tions should increase the number of experimental groups and
sample size to generate high-quality research data.
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In conclusion, low-activity '*T implantation was effective
for VX, tumor treatment and 0.7 mCi '*I seeds may be more
suitable in the clinic than 0.4 mCi seeds.
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