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Abstract

Purpose: Application of energy-spectrum computed tomography (CT) to assess specific efficacy of and response to carbon ion
radiotherapy (CIRT) of Cé gliomas in rats.

Methods: After establishing Cé glioma rat models, 3 tumor-bearing rats were randomly selected as controls. The remaining
were divided into 0 Gy, | Gy, and 2 Gy groups for CIRT. Energy-spectrum CT scans were performed, and brain tissues were
collected for histopathology and western blot Test. Survival rates in each group were compared.

Results: The results demonstrated that tumors in the | Gy and 2 Gy groups decreased at different rates up to 14 days post-
CIRT (P < 0.05). Furthermore, compared to pre-CIRT measurements, the energy-spectrum parameters gradually increased in
the 0 Gy group, while they decreased in the 2 Gy group. Post-CIRT, the Ki-67 proliferation index and the expression levels of
vascu-larassociated proteins in tumor tissues were significantly reduced in the | and 2 Gy groups. Additionally, the survival times
of tumor-bearing rats were prolonged after CIRT.

Conclusions: CIRT effectively restricts tumor cell growth and proliferation, leading to improved survival rates in rats with
C6 gliomas. The use of energy-spectrum CT with immunohistochemistry for quantitative detection can actively support the
effectiveness of carbon ion radiotherapy in inhibiting tumor proliferation.
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Introduction

Glioblastomas (GBMs) account for approximately 48.6% of
all malignant cranial tumors. Over the past decade, there has
been a gradual increase in the average annual incidence of
GBMs in adolescents and children.'* Currently, the primary
treatment for GBM involves surgery combined with radio-
therapy or chemotherapy. However, since GBMs grow in-
vasively with unclear boundaries, the extent of surgical
resection and any remaining tumor tissue directly impact the
patient’s prognosis.””* Moreover, although radiotherapy can
partially control local tumor growth and improve overall
survival (OS) in patients with GBM, their prognoses are still
poor.”® Unfortunately, GBM is resistant to radiation, requiring
a higher dose, which can cause necrosis in the normal tissues
surrounding the target. Additionally, the highly infiltrative
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growth pattern of GBM makes precise targeting challenging,
and early tumor recurrence oc-curs in the majority of patients
(90%).” Therefore, it is crucial to explore safe and effective
radiotherapy methods.

Carbon ion beams have an inverted depth dose distribution,
known as the Bragg peak, enabling the precise treatment of
tumors by controlling and adjusting the peak area of the radiation
dose, detecting the irradiation range in real time, and reducing the
radiation dose to organs at risk. This diminishes the probability of
post-radiotherapy complications.*® Specifically, carbon ion
beams are rays with high linear energy transfer (LET) that cause
complex, difficult-to-repair DNA damage and stimulate apo-
ptosis in tumor cells.”'° In vitro studies in different glioma cell
lines have shown that carbon ion irradiation (CIR) has a higher
cell-killing effect, is less dependent on the oxygen enhancement
ratio than X-rays, and can overcome the radiation resistance of
tumor cells.'"'* Furthermore, recent clinical trial data suggest
that carbon ion radiotherapy (CIRT) combined with chemo-
therapy is beneficial for GBM treatment.'>'* However, the use of
CIRT to treat gliomas is still in the clinical research phase, with
minimal clinical data available or in development. Moreover, it is
difficult to acquire pathology specimens for clinical assessment.
To address these issues, one of the best options is to establish a
stable and effective animal model to study the specific efficacy of
CIRT in the treatment of GBM.

C6 gliomas in rats show similar behaviour and pathology to
human cerebral glioblastoma.'®> Magnetic resonance imaging
(MRYI) is mostly used for the clinical detection of brain tumors
and the assessment of their efficacy.'®'” With the develop-
ment of imaging technology, energy-spectrum CT has grad-
ually become a popular option in re-search. The benefits of CT
imaging include enabling base material separation and
quantitative analysis, obtaining the effective atomic number,
iodine concentration (IC), and water concentration of each
pixel point, and identifying the material composition and
functional state. These provide great clinical value in the
differential diagnoses of diseases, prognoses, and tumor
grading and typing.'®"’

In this study, we established a rat C6 glioma model, ad-
ministered different doses of CIR, and used energy-spectrum
CT scanning for post-CIR dynamic detection. We also
included histopathological staining and molecular biotech-
nology to explore the inhibitory effect of different doses of
CIR on the growth and proliferation of rat C6 gliomas and to
provide a theoretical basis for its application in clinical
treatment.

Methods and Materials

Ethics

The research duration is from March 2022 to March 2023. The
project received approval from the Ethics Committee of
Lanzhou University Second Hospital and was conducted
according to the ARRIVE guidelines (D2019-041). We

obtained experimental rats from the Lanzhou Institute of
Veterinary Medicine, Chinese Academy of Agricultural Sci-
ences, with ananimal license number SCXK (Gan 2020-
0002). We selected 85 healthy, male Sprague—Dawley rats
with a clean grade, weighing 220 + 20 g, and exhibiting good
mental status and growth.

Tumor Model Preparation

To begin the experiment, all rats were anesthetised by in-
traperitoneal injection of 2% sodium pentobarbital (2 mL/kg)
and secured in the prone position on a stereotaxic apparatus.
We made a midline incision in the scalp, exposing the sagittal
and coronal sutures. Next, we drilled 4-mm holes to the right
of the sagittal suture and 1-mm holes anterior to the coronal
suture using an electric drill. Using a microsyringe, we slowly
inserted a needle to a depth of 5 mm from the skull into the
reserve cell space. We then injected 10 pL of C6 glioma cell
suspension in the logarithmic growth phase at a rate of 1 puL/
min (containing 1.0 x 106 cells/ulL). After completing the
injection, we left the needle in place for 5 min before slowly
withdrawing it. We then closed the cranial holes using bone
wax and sutured and disinfected the skin.

CIR

Approximately 14 days after implanting the C6 cells, we
performed energy-spectrum CT enhancement scans to observe
tumor formation. We randomly selected 6 tumor-bearing rats
as pre-CIR pathological controls, and the remaining rats were
irradiated with varying doses of the carbon ion beam from a
medical heavy ion gas pedal unit at the Wuwei Heavy Ion
Cancer Treatment Center, Gansu Province, China. The rats
were anaesthetised, and their heads were positioned in the
optimal area for localised irradiation with the carbon ion beam.
The carbon ion beam had an elicitation energy of 260 MeV/u
and a LET of 50 keV/um. We set the irradiation doses to 0 Gy
(control group), 1 Gy, and 2 Gy. After irradiation, we housed
the rats and recorded their survival time.

Image Data Acquisition

Energy-spectrum CT enhancement scans were performed
1 day pre-CIR and at 7, 14, and 21 days after CIR. The rats
were anaesthetised, and an indwelling needle was used to
puncture the tail vein. An infusion cannula was then used to
connect the syringe to the intravenous indwelling needle. Each
rat was fixed in the prone position on the scanning machine for
head-first scanning. A dose of 2.5 mL/kg of the contrast agent
320 iodixanol (320 mgl/mL) was injected at a rate of 0.2 mL/s.
We used a GSI scanning mode with a scanning frame rotation
speed of 0.5 s/r and a detector width of 2 cm. The scan field of
view was set to small head, and the display field of view was
set to 9 cm in standard reconstruction mode. We used the
adaptive statistical iterative reconstruction-V 30%, scanning
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matrix of 512 x 512, X-ray voltage of 80 kVp with instan-
taneous switching, a tube current of 630 mA, a layer thickness
of 0.652 mm, and a delay time of 20 s. After completing the
scanning, each rat was placed in a 37°C incubator for an-
aesthesia recovery.

Image Analysis

The raw CT scan images were transferred to a GE
AW4.7 workstation (GE Healthcare, Chicago, IL, USA) for
data measurement and analysis using the GSI viewer analysis
software (GE Healthcare, Chicago, IL, USA). The axial map
of the tumor at the maximum diameter level under 70 keV
conditions was selected for measuring energy spectral data
and tumor volume. Two regions of interest with a diameter of
0.5 mm were placed in the solid area of the tumor (R1) and the
contralateral normal brain tissue area (R2). Necrotic cystic
lesions, large blood vessels, and ventricles were avoided
whenever possible. Each region was measured 3 times, and the
average value was used for statistical analysis. The single-
energy CT values at 40-140 keV, the best single-energy CT
value (CT 79 kev), and the iodine concentration (IC) were
recorded, and the slope of the energy spectrum curve “K” was
calculated. The energy spectrum curve was plotted using the
formula: K070 evy = CT(40-70 keV)/(70-40). The largest
trans-verse (a) and long (b) diameters of the tumor were
measured 3 times, and the volume of the tumor (mm3) was
calculated using the formula: (mm3) = (a x b) x 4n/3; t=3.14.

Histopathological Staining

Three tumor-bearing rats were selected before CIR, and 3 rats
were selected from each group on days 7, 14, and 21 after CIR
for histopathological staining. The rats were anaesthetised,
and cardiac perfusion was performed. Whole brain tissues
were then taken and preserved in 4% paraformaldehyde after
labelling with the animal number and collection time. The
samples were layered in paraffin and frozen in 5-pum sections
after 24 h. Haematoxylin—eosin (HE) staining and Ki-67
immunohistochemistry staining were carried out. The
stained sections were scanned and analysed using a panoramic
light microscope (3DHISTECH, Hungary).

Preparation of Tissue Lysates and Western Blotting

Three tumor-bearing rats were selected pre-CIR, and an ad-
ditional 3 rats per group were chosen on days 7 and 14 post-
CIR. These rats were anesthetized with a 2% pentobarbital
sodium injection and then euthanized via cervical dislocation.
Tumor samples were collected and proteins were prepared for
Western blot analysis. Briefly, 10 pg of extracted protein from
each sample was separated on 12% polyacrylamide gels and
then transferred onto PVDF membranes. To block non-specific
binding, the membranes were incubated with TBS-T buffer
containing 2% skim milk. Membranes were then incubated with

primary antibody at 4°C overnight, followed by dilution with
anti-mouse or rabbit IgG H anti-mouse or rabbit IgG HPR
antibody. Finally, the membranes were exposed to Immobilin
Western Chemilumi-nescent HRP substrate (Merck, KGaA.,
Darmstadt, Germany), and chemiluminescent signals were
detected using an AI680 Gel imaging system. Western blotting
experiments were performed 1-3 times per sample.

Statistics Analysis

All statistical analyses were performed using SPSS 25.0 (IBM
Corp., Armonk, NY, USA) and GraphPad Prism 9.0.0
(GraphPad Software, Boston, MA, USA). All results were
expressed as the mean (+ standard deviation). The ANOVA
test was chosen as the appropriate statistical method for
comparing the study outcomes among the study groups. The
Kaplan—Meier method was used for the survival analysis of
each rat group, excluding rats that underwent tissue collection.
The Pearson correlation test was used to analyze the corre-
lation between the energy spectrum parameters and the Ki-67
value-added index. The level of significance was set at
P <0.05.

Results

Tumorigenic Detection and Rat Survival Analysis

A tumourigenic assay was performed 14 days after C6 glioma
cell implantation. Seven rats had no significant nodules in the
right basal ganglia region on the energy-spectrum CT-
enhanced scans, and we considered that the modelling had
failed. The remaining 78 rats were included in the follow-up
study. Six tumor-bearing rats were randomly selected as pre-
irradiation molecular and pathological controls, and 72 were
randomly divided into 3 groups (24 each) for CIR.

Survival analysis revealed that the median survival time for
rats in the 0 Gy group was 22 days (95% confidence interval
[CI], 18.61-25.40 days), while for the 1 Gy group it was
30 days (95% CI, 24.16-35.84 days), and for the 2 Gy group it
was 33 days (95% CI, 18.40-47.61 days). The survival time of
the 1 Gy and 2 Gy groups showed a statistically significant
difference when compared to the 0 Gy group (P < 0.05)
(Figure 1).

Morphological Characteristics

CT imaging showed nodule-like enhancement, with part of the
enhancement exhibiting a ring-shaped pattern (see Figure 2).
There was no statistically significant difference in the tumor
volumes in each group before CIR (Table 1). However, the
tumor volume gradually increased in all 3 groups 7 days after
CIR, with the 0 Gy group showing the most significant dif-
ferences (P < 0.01). The tumor volume of the 0 Gy group
increased over time, and the central liquefied necrotic area
showed significant garland-like enhancement. In this group,
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Figure |. Plots of Kaplan—Meier survival curves as a function of
post-implantation days for 3 different groups (0 Gy, n = 12; | Gy,
n=9; 2 Gy, n = 9). The rats were observed daily until 42 days post-
implantation. Both the | Gy and 2 Gy groups survived longer than the
0 Gy group (P < 0.01 and P < 0.002, respectively).

the tumor encroachment was evident, with the right lateral
ventricle becoming flattened, the longitudinal fissure of the
brain deviating to the left, and compression observed on the
left side of the brain. Fourteen days after CIR, the tumor
volume of the 1 Gy and 2 Gy groups was significantly re-
duced, showing a statistical difference from that of the 0 Gy
group (P <0.001). The tumors’ solid areas were reduced, and
liquefied areas were observed around them. Six rats in the
1 Gy group and 5 in the 2 Gy group survived until 21 days
after CIR. Four rats in the 1 Gy group and 3 in the 2 Gy group
showed further reduction in volume and multiple liquefac-
tions in the peritumoural area. The difference in tumor
volume be-tween the 2 groups was not statistically signifi-
cant (P < 0.05).

Multiparametric Quantification of the Energy
Spectrum CT

We analyzed the differences in the energy spectra between the
tumors and the normal brain tissue in the 2 Gy group (Figure 3A—
C). Compared with the normal tissue, the tumor was mixed hy-
pointense and enhanced significantly on scans, with CT7g evs IC,
and K0.70 kev) significantly higher. IC in the solid tumor area was
significantly reduced at 7 and 14 days post-CIR. CT¢ kevand K.
70 kevy Were significantly reduced at 14 days post-CIR, statistically
significant differences were observed compared to pre-CIR (P <
0.05). At 21 days post-CIR, energy spectral parameters in the
tumor areas increased to varying degrees, possibly associated with
tumor recurrence.

We further analysed the differences in energy spectral
parameters between the groups at different time points
(Figure 3D-F), and the differences between the groups pre-
CIR were not statistically significant. Compared with pre-
CIR, IC was significantly reduced in the 2 Gy group at
7 days post-CIR, and CT7q kevs IC, and K49.70 kev) Were

differently reduced in the 1 Gy and 2 Gy groups at 14 days
post-CIR. Moreover, compared with 0 Gy group, post-CIR
(1 and 2 Gy) each energy spectrum parameter was decreased
to different degrees, and the difference was statistically
significant (Table 1).

Histological Evaluation and
Immunohistochemical Staining

The tumor cells in the 0 Gy group exhibited obvious in-
filtrative growth. The central necrotic area was enlarged and
surrounded by multiple hyperplastic blood vessels and
pseudopalisading tumor cells. At 7 days after CIR, obvious
necrotic areas were observed in the centre of the tumor in
the 1 Gy and 2 Gy groups. Nuclear consolidation, frag-
mentation, and lysis were also observed at the junction of
the solid and necrotic areas. The volume of tumor cells
decreased and vacuolisation changes were observed. Fur-
thermore, the infiltration of tumor cells into the periphery
was reduced.

At 14 days after CIR in the 1 Gy and 2 Gy groups, the tumor
cells were sparsely arranged and multiple liquefied areas were
found in both the center and periphery of the tumor. There was no
apparent peritumoural infiltration. After 21 days of CIR, the
tumor had significantly decreased in size and was partially re-
placed by a large liquefied area. Associated with this, there was
peripheral vascular hyperplasia and infiltration of tightly ar-
ranged spindle-shaped tumor cells, suggesting the possibility of
tumor recurrence or progression (Figure 4).

The positive expression of Ki-67, a proliferating cell nu-
clear antigen, reflects the tumor’s proliferative capacity.
Figure 5 displays the results of Ki-67 immunohistochemical
staining. The Ki-67 proliferation indices were as follows:
28.67% pre-CIR, 35.33% in the 0 Gy control group at 7 days
after CIR, 29% in the 1 Gy group at 7 days after CIR, 22.67%
in the 2 Gy group at 7 days after CIR, 42.67% in the 0 Gy
group at 14 days after CIR, 19% in the 1 Gy group at 14 days
after CIR, 17.67% in the 2 Gy group at 14 days after CIR, 23%
in the 1 Gy group at 21 days after CIR, and 21% in the 2 Gy
group at 21 days after CIR. The Ki-67 value-added index of
tumor tissues significantly decreased after CIR.

Correlation Analysis of Energy Spectrum Parameters
with Ki-67 Value-Added Indices

Within the observation time, CT7¢ kev, IC and K40.70 kev)
were significantly increased in the 0 Gy group, and the Ki-
67 value-added index was significantly increased. Con-
versely, CT7¢ kevs IC and K49.70 kev) decreased to varying
degrees post-CIR (1 and 2 Gy), and Ki-67 proliferative
index also gradually decreased, except for 21 days post-
CIR. Pearson’s correlation test showed strong positive
correlations between CT7g kev, IC and K40-70 kev) and the
Ki-67 value-added index, respectively (Figure 6).
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Figure 2. (A-C) Energetic CT characterisation images of 3 groups of rats (2 rats per group) obtained at different time points (pre-CIR and at
7, 14, and 21 days post-CIR). On day 7 post-CIR, the tumor volumes of the 3 groups increased significantly. (D) Tumor volume was
measured using energy spectrum CT enhancement scanning with a single energy map at 70 keV at different time points. Statistical significance
of differences compared with pre-irradiation: *P < 0.05, ¥*P < 0.01, P < 0.001.

Vascular-Related Protein Western Blot Test Results

As shown in Figure 7, the expression levels of vascular-
related proteins were significantly up-regulated in the 0 Gy
group. Seven days post-CIR, the expression of vascular-
related proteins in the 2 Gy group was significantly

down-regulated compared to the 0 Gy group during the same
period. Additionally, the expression of VEGFA and VEGFR-
2 in the 1 Gy group was significantly down-regulated
(P < 0.05). At 14 days post-CIR, the expression levels of
vascular-related proteins in tumor tissues were significantly
down-regulated in the 1 Gy and 2 Gy groups. These
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Table I. Changes in Tumor Volume and Energy Spectrum Parameters in Pre-and Post-carbon lon Irradiation.

Parameter Dose Pre-CIR Day 7 Day 14 Day2|
Tumor volume (cm?) 0Gy 113.13 £ 19.58 222.53 + 52.81 305.99 + 70.70 _
I Gy 108.06 + 15.58 164.62 + 43.01* 163.59 + 77.85% 95.63 £ 37.19
2Gy 105.01 + 15.98 162.25 + 34.78* 127.97 + 46.95* 108.29 + 71.23
CT 70 kev (HU) 0Gy 93.64 + 8.76 121.02 + 17.66 14248 + 11.87 o
I Gy 9542 + 4.24 101.71 £ 7.49% 89.53 + 8.50* 96.72 + 14.07
2Gy 96.46 + 8.14 97.04 + 8.42* 88.36 + 4.84* 9442 + 8.08
IC (100ug/cm3) 0Gy 22.25 + 6.83 27.87 £ 9.24 3896 £ 11.21 _
I Gy 22.45 + 6.94 21.84 + 3.47* 16.45 + 4.70* 19.80 + 8.8I
2Gy 25.17 + 3.99 19.92 + 341* 15.14 + 3.14* 21.28 £ 10.71
K (40-70 kev) 0Gy 399 £+ 1.38 532 % I.75 7.37 £ 2.09 o
I Gy 3.71 £ 1.25 3.82 £ |.20% 3.16 £ 1.28* 5.86 + 2.88
2Gy 4.08 + 1.04 3.60 + 1.50% 294 £ |.17* 3.76 £ 0.52

Values are given as mean * SD.
*vs 0 Gy group, P < 0.05, not marked = not significant.

differences were statistically significant compared to the
0 Gy group (P < 0.001).

Discussion

CIRT is now being used to treat malignant and re-current
tumors, including prostate cancer, pancreatic cancer, non-
small-cell lung cancer, and breast cancer.’*?* However,
CIRT for glioma is still in the clinical research stage.”*° In a
study by Lautenschlaeger et al, the effects of CIRT and photon
reirradiation therapy on OS in patients with recurrent GBM
were compared and analysed. The results suggest that CIRT is
a safe and feasible treatment option for patients with recurrent
GBM.?’ However, due to the limited sample size and
challenges in obtaining tumor samples for pathological
analysis, further investigation is needed to fully understand the
efficacy of CIRT.

Rat C6 gliomas share similarities with human glioblasto-
mas in terms of biology and pathology, making them a useful
model for studying changes before and after GBM CIRT.”® In
our study, we successfully established 57 rat C6 glioma
models and recorded the survival status and time of rats before
and after exposure to different doses of carbon ions. The
results showed that carbon ion irradiation significantly im-
proved the quality of life and survival time of the rats, with
notable effects observed in the 2 Gy group. However, con-
sidering the differences between animal models and human
patients in disease resistance, it is crucial to gather more
clinical information to determine if different species with
GBM can benefit from CIRT.

Carbon ion beams are high LET rays with higher relative
biological effectiveness.”?” Research has shown that both
primary GBM and recurrent GBM patients can tolerate CIRT
well with minimal toxic reactions.>**' However, the specific
effects of CIRT on local GBM control have not been exten-
sively reported. Research shows that CIR causes glioma cells
to enlarge through vacuolation and mitochondrial swelling,

leading to cell senescence and death. This indicates that
carbon ion beams can effectively eliminate tumor cells by
promoting aging and death.**** In this study, significant
necrosis appeared within the tumor 7 days post-CIR at 1 and
2 Gy groups, and although the tumor volume increased, HE
staining showed a large number of necrotic tumor cells within
the tumor. 14 days post-CIR, tumors showed significant
shrinkage with surrounding liquefaction. HE staining revealed
a substantial decrease and thinning of tumor cells, some of
which developed vacuoles and merged into larger cells. Ki-67
immunohistochemistry indicated a reduced tumor prolifera-
tion index. This indicates that carbon ion beams have a potent
cell-killing effect and effectively inhibit the proliferation of
C6 glioma cells. At 21 days post-CIR, fewer surviving rats
were observed. Some tumors regressed, but others grew,
signaling recurrence and progression typical of glioblastoma,
and highlighting the need for retreatment.

Quantitative energy-spectral CT parameters can detect
microstructural changes within malignant gliomas, provide
important information about the extent of tumor proliferation
and invasion, and help identify glioma recurrence and
treatment-related changes.>* In addition, 65-70 keV single-
energy CT images have the best contrast signal to noise ratio,
and the slopes of the energy spectral curves under 40-70 keV
single-energy conditions have high clinical value.'>*>-¢ In
this study, CT7¢ kevs Ko0-70 kevy and IC were recorded, and
dynamic quantitative detection of the response to glioma
treatment in rats after CIR was analysed. The results showed
that CT7¢ kevs K40.70 kevy, and IC tended to increase over time
in the 0 Gy group. Additionally, compared with the pre-CIR
group, although the tumor volume of the 1 Gy and 2 Gy
groups increased 7 days post-irradiation, the IC of both groups
and the K49.70 kev) of the 2 Gy group decreased. Combining
these results with the HE staining, which showed a large
amount of tumor cell necrosis during the same period, we
believe that IC and K40.70 kevy can respond to the inhibitory
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Figure 3. (A-C) Quantitative analysis of energy spectrum CT multiparameters at different time points pre- and post-CIR in the tumor area
and contralateral normal tissue area (n = 18) of rats in the 2 Gy group. (D-F) Quantitative multiparameter analysis of energy spectral CT of
the solid tumor area at multiple time points pre-and post-CIR at different doses. The differences were statistically significant compared with
the 0 Gy group: $P < 0.05, $4+P < 0.01, $#+P < 0.001; and compared with those pre-CIR: P < 0.05, *P < 0.01, ***P < 0.001; and compared with

those 7 days post-CIR: #P < 0.05, ##P < 0.01, ###P < 0.001.

effect of carbon ion irradiation on tumor cell proliferation
earlier.

At 14 days pOSt—CIR, CT70 keVs K(40_70 keV) and IC were
significantly reduced in the irradiation groups, and the dif-
ference was statistically significant compared with 0 Gy
group. Compared with the pre-CIR or 7 days post-CIR, the
CT7 rev and IC of the irradiation groups were significantly

reduced, and the differences were statistically significant,
suggesting that CT5y v and IC can react to the dynamic
change process of rat glioma before and after carbon ion ir-
radiation with greater sensitivity.

At 21 days post-CIR, each energy-spectrum parameter of the
irradiated groups in-creased to different degrees, with K(40.70 kev)
being the most prominent. The results of both HE staining and
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Figure 4. HE staining results of tumor tissues at multiple time points pre-CIR and post-CIR at different doses. (A-C): %20, (a-c): ¥200. Pre-CIR, HE
staining at low magnification revealed tightly arranged tumor cells with powdery-stained, liquid, necrotic tissue at the tumor’s center. Under high
maghnification, the tumor cells exhibited irregular morphology with large nuclei, marked heterogeneity, and active nuclear schizophrenia. Post-CIR
(I and 2 Gy), the tumor cells displayed significant necrosis, and parts of the tumor were replaced by areas of liquefaction.
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Figure 5. Ki-67 immunohistochemical staining results of tumor tissues at multiple time points pre- and post-CIR at different doses; x200.
Post-CIR (I and 2 Gy), the Ki-67 value-added index of tumor tissues was significantly reduced.

the Ki-67 proliferation index indicated a recurrence and
progression, leading us to believe that CTgs (v and K of rat
C6 gliomas detected by energy-spectrum CT correlate with the
density and invasiveness of tumor cells. Mean-while, IC can
respond to changes in the density of tumor microvessels and local

111i-crocirculation,36’3 7

consistent with our study findings.

Additionally, the reduced expression of tumour vascular-related
proteins and the reduction of the Ki-67 proliferation index post-
CIR confirm the inhibitory effect of CIR on the proliferation of
tumor cells and angiogenesis of rat C6 gliomas. These findings
provide a theoretical basis for its potential application in clinical
settings.
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Figure 6. Correlation analysis between Ki-67 proliferation index values and energy spectrum CT measurement parameters. (A) Pearson
correlation analysis of the correlation between Ki-67 proliferation index values and CT 74 v (HU). (B) Pearson correlation analysis of the
correlation between Ki-67 proliferation index values and iodine content (IC). (C) Pearson correlation analysis of the correlation between Ki-
67 proliferation index values and the slope of the energy spectrum curve (K40.70 kev)-
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Figure 7. Changes in the expression of vascular-related proteins in tumor tissues pre- and post-CIR with different doses. (A) Vascular-
related protein expression bands. (B) HIF-1a and a-SMA expression trends; (C) VEGFA and VEGFR-2 expression trends. The changes in the
ex-pression of proteins were as follows: continuous up-regulation in the 0 Gy group and down-regulation in the 2 Gy group; down-regulation
in the | Gy group on the 14th day post-CIR. The differences were statistically significant compared to pre-CIR: “P < 0.05; **P < 0.01; #**p <
0.001. Moreover, the differences were statistically significant compared to 0 Gy—7d: P <0.05,*P <0.01, ***P < 0.001; and compared to those

7 days post-CIR with the same dose: #p < 0.05, #P < 0.01, ##P < 0.001.

This study has some limitations. Firstly, it should be noted
that all the control rats in the 0 Gy group died 21 days after CIR.
Therefore, we were unable to compare the energy-spectrum CT
data with that of the carbon ion-irradiated groups. Secondly,
there are functional differences and disease resistance mecha-
nisms between animals and humans. Further in-depth studies
are required to determine the potential benefits of carbon ion
therapy for brain gliomas in different species. Nevertheless, our
study still contributes to the experimental basis for the clinical
advancements of CIRT for brain gliomas.

Conclusion

We speculate that CIR of rat C6 gliomas can effectively kill
tumor cells and inhibit tumor proliferative activity to varying
degrees, with 2 Gy irradiation showing better inhibitory

efficacy than 1 Gy. Quantitative detection using energy-
spectrum CT, combined with immunohistochemistry, could
actively support carbon ion radiotherapy in inhibiting tumor
proliferation. The rat C6 glioma model can be regarded as an
ideal animal model for experimental studies on radiation
therapy for malignant gliomas of the brain.
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