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Tumor visualization and evaluation of glioblastoma in mice
using small animal 94T MRI and PET-CT with high resolution
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Abstract. Glioblastoma (GBM) is the most prevalent type of
malignant primary brain tumor. Preclinical research serves a
key role in investigating the development and mechanism of
GBM tumor. However, the dynamic and non-invasive evalua-
tion of tumors in animals faces challenges, such as the limited
sensitivity of clinical instruments and insufficient spatial
resolution for mouse brain tumors. The present study aimed
to establish an in vivo mouse GBM model and evaluate the
model using high resolution small animal positron emission
tomography-computed tomography (PET-CT) and magnetic
resonance imaging (MRI). Metabolism was compared between
the normal brain and tumor tissue by using 'H-magnetic reso-
nance spectroscopy ('H-MRS). T2-weighted imaging (T2WT)
MRI detected the tumor in the brain 7 days after injection of
GL261 cells, with tumor sizes of 1.263,4.917 and 13.85 mm?
on days 7, 14 and 21, respectively. "H-MRS demonstrated that
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the levels of tissue metabolites such as lactate and total choline
increased, while those representing neurological function of
the brain such as total N-acetylaspartate decreased in tumor
compared with the normal brain tissues. PET-CT imaging
confirmed the tumor detected by MRI. At 6-120 min post
BE-fluorodeoxyglucose (FDG) administration, the standard
uptake value (SUV) in tumor tissue gradually increased,
while the SUV value in normal brain tissue gradually
decreased. SUV in the liver and kidneys decreased, while
SUV in the bladder increased in a time-dependent manner.
Pharmacokinetic analysis showed that the distribution of FDG
in brain and tumor tissue conformed to a two-tissue compart-
ment model. This model consists of a plasma compartment
and two tissue compartments representing free FDG and
phosphorylated FDG within brain or tumor tissue. The model
parameters are defined as follows: Fractional blood volume
(vB)=3.6%, k1 (forward transport rate)=1.844, k2 (reverse
transport rate)=3.844 and k3 (phosphorylation rate)=0.280
in brain and vB=2.3%, k1=0.797, k2=2.722 and k3=0.319 in
tumor tissue, respectively. The tumors observed by MRI and
PET-CT imaging were ultimately confirmed through morpho-
logical and pathological analysis. Compared with normal brain
tissue, glioma tissue exhibited significantly elevated glucose
transporter type 1 protein levels. In conclusion, the model was
confirmed by high-resolution small animal PET-CT and MRI,
as well as morphological and pathological approaches.

Introduction

Glioblastoma (GBM) is the most common primary malig-
nancy of the central nervous system and is associated with
poor prognosis (1-3). GBM accounts for 49% of all malig-
nant primary brain and central nervous system tumors
in adult patients (4), with ~13,000 cases diagnosed in the
US each year (5). The disease has 5-year relative survival
rate of 5% (6,7). Currently, early diagnosis and classifica-
tion, precise intervention and easy prognosis assessment
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of GBM are challenging due to difficulties in accurately
delineating tumor boundaries, distinguishing tumor recur-
rence from treatment-related changes, and capturing
intratumoral heterogeneity using conventional diagnostic
approaches (6,8). Development and popularization of
non-invasive imaging techniques such as magnetic resonance
imaging (MRI) and positron emission tomography-computed
tomography (PET-CT) serve an important role in the early
diagnosis and prognostic assessment of GBM, potentially
decreasing the morbidity and mortality of GBM (1,9). MRI
can accurately locate the position of the tumor and charac-
terize its metabolic profile by quantifying key metabolites,
including choline-containing compounds, N-acetylaspartate,
creatine, lactate and lipids, using MR spectroscopy
(MRS) (10,11). Using PET-CT, the location of tumor can
be shown after injecting specific nuclide tracers such as
BF-fluorodeoxyglucose (FDG) (12,13). Simultaneously, the
pharmacokinetics of FDG in both tumor and other tissue
or organs can be analyzed and quantified by PET-CT
imaging (14). However, research on the origin, progression,
and pathology of GBM cannot be conducted in clinical
setting because of ethical issues. Instead, preclinical study of
tumor animal models is used to investigate the origin, growth
and metastasis of GBM. With the advancement of high field
small animal MRI and submillimeter-level high-resolution
small animal PET-CT technology (14,15), new approaches
and methodologies have emerged for preclinical research on
brain glioma.

There are two commonly used tumor models of GBM
in mice, including subcutaneous and in situ tumor model
in the brain (16,17). Subcutaneous tumor is a simple model
for preclinical evaluation of drug efficacy in vivo and also
plays a key role in the study of tumor pathogenesis and drug
action. This model is easy to operate and demonstrates the
tumor growth process. However, the main limitation of this
model is that the tumor is implanted and grows subcutane-
ously, having no associated tumor microenvironment. This
limitation can be resolved by using the in situ tumor model,
in which the GBM cells are directly injected into the brain.
This model better simulates the microenvironment of tumor
cells in vivo and simulates the process of tumor growth
and metastasis. However, the tumor in the brain of mice
cannot be easily detected without imaging technology such
as MRI and PET-CT unless the mice are sacrificed (18,19).
Humans have an average body weight of 60 kg, whereas
mice have an average body weight of 25 g. Therefore, high
field MRI and high-resolution PET-CT equipment specifi-
cally designed for small animals have emerged (13,20,21).
These technologies have the advantages of detecting and
monitoring the tumor in a visual, dynamic, non-invasive and
quantitative manner, recording the tumor growth process to
the maximum extent.

9.4 Tesla MRI (9.4T MRI) leverages an ultra-high magnetic
field to acquire images with high spatial resolution and
signal-to-noise ratio, making it a meaningful tool in preclinical
biomedical research fields such as neuroscience and oncology.
In an in situ GBM rat model using U87 cells, Yun ef al (22)
dynamically evaluated the antiangiogenic effect of bevaci-
zumab using a 9.4T MRI scanner and found that the tumor
volume in the brain of rats shown by T2-weighted imaging

(T2WT) continuously increased in the time-dependent manner.
In the same model, Nickel et al (23) scanned the brain on a
9.4T MRI and concluded that standard contrast agent dosage
is sufficient to visualize the core tumor volume in TIWI
MRI. Simultaneously, brain tumor metabolism was assessed
non-invasively using '"H-MRS.

FDG is valuable in the diagnosis and prognosis of
GBM (24). In high-grade tumors, FDG uptake is typically
elevated and several parameters can be evaluated, among
which the maximum standardized uptake value (SUVmax)
is the most commonly used in clinical diagnosis (10,25).
SUVmax is associated with tumor prognosis as increased
glucose consumption in tumors is associated with tumor grade,
biological aggressiveness and patient survival in glioma (23).
However, lesions in or adjacent to grey matter may be masked
by high uptake in normal grey matter and there is an overlap
in FDG uptake between low- and high-grade gliomas, so it is
currently not possible to differentiate between tumor boundary
and glioma grade or predict prognosis based on FDG PET
alone (24). Combining FDG PET/CT with MRI improves the
accuracy of tumor grading.

The integration of MR sequences with FDG PET/CT
enables the evaluation of the association between parameters
such as regional cerebral blood volume, choline-to-creatine
ratio (Cho/Cr), N-acetylaspartate-to-choline ratio (NAA/Cho)
and FDG SUVmax, and tumor genetics and histopathology.
This comprehensive approach facilitates the determination
of tumor malignancy by linking imaging-derived parameters
(Cho/Cr, NAA/Cho and FDG SUVmax) to underlying biolog-
ical processes, including cell proliferation, neuronal loss,
altered energy metabolism, and tumor aggressiveness (23).

The present study aimed to establish an in vivo GBM mouse
model and evaluate it using high resolution small animal
PET-CT and 9.4T MRI, complemented by morphological and
pathological validation. Metabolic alterations were further
analyzed using 'H-MRS.

Materials and methods

Animals and GBM model. The entire experimental process
is shown in Fig. 1. The Ethics Committee on Animal Study
of Lanzhou University Second Hospital (Lanzhou, China)
approved the protocol (approval no. D2025-787). C57
mice (weight, 17-18 g) were purchased from Experimental
Animal Center of Lanzhou University. Mice were housed in
the specific-pathogen-free animal care facility of Lanzhou
University Second Hospital under a 12/12-h light/dark cycle
(lights on at 7:00 AM), an ambient temperature of 22+2°C and
a relative humidity of 50+10%. All mice were fed a standard
diet and had ad libitum access to autoclaved drinking water.
The animals were housed (3-5 mice/cage) in standard venti-
lated cages with corn cob bedding. A total of 18 male C57BL/6
mice (age, 8 weeks) were included (12 for MRI, with 6 assigned
to the tumor group and 6 to the normal group; 6 for PET-CT,
with 3 assigned to the tumor group and 3 to the normal group).

In the surgery, mice were anesthetized for 5 min using
3% isoflurane (2 1/min). Subsequently, anesthesia was main-
tained at 1-1.5% isoflurane (1 1/min) until the procedure was
completed. The mice were placed on a thermal pad, and their
heads were secured in a stereotaxic instrument. After the head
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Figure 1. Experimental design. A total of 6 mice were orthotopically implanted with GL261 cells. A total of 7 days later, the tumor volume was determined
using T2WI (red, tumor ROI; yellow, normal tissue ROI). Spectra were acquired with a short echo time point-resolved spectroscopy sequence. Small animal
PET-CT was used to evaluate the model by injecting FDG via tail vein and analyze the pharmacokinetics of FDG. Western blot assay was performed for molec-
ular-level analysis of GLUT]1 protein expression. Morphological and pathological analyses were used to confirm the final result. FDG, ®F-fluorodeoxyglucose;
T2WI, T2-weighted imaging; ROI, region of interest; GLUTI, glucose transporter typel; '"H-MRS, 'H-magnetic resonance spectroscopy.

was sterilized with iodophor, the skin was cut longitudinally in
accordance with the sagittal midline position; the length of the
incision was ~1 cm, and the position corresponding to the right
caudate nucleus was determined according to the anatomical
map of the stereotaxic instrument: 2.0 mm anterior to the
fontanel, 1.0 mm right to the midline and 3.5 mm subdural in
depth. A hole was drilled with a skull drill without damaging
the dura mater. A total of 5 ul (5x10* GL261 cells) cell suspen-
sion was injected using a glass electrode at an injection rate of
50 nl/sec. After the cell suspension was injected, the needle
was retained for 10 min. The incision was sutured with a
5-gauge thread and sterilized with iodophor to prevent infec-
tion. Following surgery, mice were kept on a heating pad until
full recovery from anesthesia and monitored closely for the
first 6 h. Health and behavioral assessments were conducted
every 2 days initially, with the frequency increasing to daily
from day 14 onward. Humane endpoints requiring immediate
euthanasia included weight loss >20% of peak body weight.
No mice died during the 21 day experimental period following
the cell suspension injection. All mice were euthanized at the
predetermined experimental endpoint for tissue sampling.
Death was confirmed by cessation of chest movement and
spontaneous breathing, and the absence of a palpable heartbeat
for =2 min.

Cell culture. The murine glioma GL261 cell line was obtained
from Zhili Zhongte Biological Technology Co., Ltd. Cells
were cultured in DMEM, supplemented with 10% fetal bovine
serum (both Beijing Solarbio Technology Co., Ltd.,), and
100 pg/ml streptomycin. All cells were maintained at 37°C in
a humidified incubator with an atmosphere of 5% CO,.

MRI and "H-MRS. GL261 cells were injected into the right
caudate nucleus of the mice to establish the in situ brain
tumor model. A total of 12 mice underwent regular in vivo
scans using MRI: T2WI was performed on days 7, 14 and 21
after implantation to non-invasively evaluate the growth
of the tumor tissue. Additionally, 'H-MRS was used to
measure brain metabolites in mice 21 days after tumor
implantation. Mice were anesthetized with 3% isoflurane
at 2 I/min for up to 5 min, followed by 1-1.5% isoflurane at
1 1/min consistently during the MRI scan. All MRI and MRS
experiments were acquired on the horizontal 30 cm-bore
preclinical 9.4T MR system (uMR 9.4T, Shanghai United
Imaging Healthcare Co., Ltd.) using a volume coil with 86
mm inner diameter for radio frequency transmission and
a three-channel phased array mouse brain surface coil for
signal reception. To stabilize the body temperature of the
mice, an animal warming system was used, which consisted
of a warm water (39°C) reservoir with a pump and hoses
underneath the animal bed. The mice breathed freely
during the whole MR acquisition and were monitored for
changes in respiratory rate to adjust the anesthetic concen-
tration. Body temperature and respiratory rate were kept
at 36-37°C and 60-80 bpm, respectively, using small animal
vital signs monitor system (SA instruments, Inc.) during the
MRI scan.

A fat suppressed T2-weighted fast spin echo sequence was
performed for transverse imaging of the mouse brain to eval-
uate brain tumor, with the following parameters: Repetition
time, 3,000 msec; echo time, 49 msec; volume of interest
(VOI), 20x20 mm?; resolution, 0.1x0.1 mm; echo spacing,
7.04 msec; echo train length, 13; slice thickness, 0.5 mm with
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no gap. Imaris software (version 10.2; Oxford Instruments)
was used for 3D reconstruction as well as rendering of mouse
brain tumors.

Water-suppressed and non-water-suppressed MRS data
of mouse brain tumor and the contralateral brain tissue were
acquired using the Point Resolved Spectroscopy sequence
with following parameters: Repetition time, 2,500 msec;
echo time, 6 msec; VOI, 2x2x2 mm?; bandwidth, 4,000 Hz;
number of excitations (NEX), 128. After positioning of the
VOI, manual shimming (defined as the manual optimization of
magnetic field homogeneity within each VOI) was adjusted for
each VOI. To avoid residual water signals in the spectral data
caused by suboptimal shimming results, Java Based Magnetic
Resonance User Interface software (version 5.2) (26) was used
to suppress the water signal in the MRS data (27,28). Metabolite
quantification was performed using the LCModel (version
6.3-1L) (29,30), which calculates the best fit to the experimental
spectrum as a linear combination of model spectra (simulated
spectra of brain metabolites). Raw data were used for the stan-
dard data input. The water-suppressed time domain data were
analyzed between 0.2 and 4.0 ppm. The following metabolites
were included in the basis set of simulated metabolite spectra
used to model and quantify the in vivo MRS data: creatine (Cr),
glycerophosphorylcholine (GPC), phosphorylcholine (PCh),
glutathione, myo-inositol (ml), lactate (Lac), phosphocreatine
(PCr), N-acetylaspartate (NAA), N-acetylaspartylglutamate
(NAAG) and lipids at 1.3 ppm (Lipl.3). The absolute quanti-
tative concentrations of metabolites in the mouse brain were
calculated using the LCModel software, with reference to the
internal tissue water signal. Key metabolite ratios were calcu-
lated, including tNAA/tCr, tCho/tCr, tNAA/tCho, Lipl.3/tCr,
Lac/tCr and ml/tCr, where tNAA=NAA + NAAG, tCr=Cr +
PCr and tCho=GPC + PCh. Additionally, the composite lipid
peak at 1.3 ppm was analyzed, defined as Lipl.3=Lipl.3a
(at ~1.28 ppm) + Lip1.3b (at ~1.30 ppm). The 'H-MRS dataset
analyzed during the present study is available in the Zenodo
repository (zenodo.org/records/17759344) at the following
DOI: 10.5281/zenodo.17759344.

PET-CT imaging and pharmacokinetics. Following induc-
tion with 3% isoflurane (2 1/min for up to 5 min), mice were
maintained under anesthesia with 1.0-1.5% isoflurane at
1 I/min during a 2 h, whole-body FDG dynamic PET/CT
scan (MadicLab PSA071, Shandong Madic Technology Co.,
Ltd.). At the start of the scan, mice were injected via a tail
vein indwelling needle with 100 1 FDG solution, containing
8.4+0.7 MBq radioactivity. PET/CT images were recon-
structed in three-dimensional reconstruction algorithm for
maximum likelihood analysis (3D RAMLA; MadicLab
PSAO071, Shandong Madic Technology Co., Ltd.) with CT scan
(80 kV, 70 mAs) for attenuation correction and fusion local-
ization, with 0.8x0.8x0.8 mm as the final resolution. PMOD
software (version 4.4, PMOD Technology GmbH) was used
for data processing and image analysis. For visual assessment
of tracer distribution, maximum intensity projection images
were generated. Based on PET/CT imaging, VOI of the liver,
kidney and bladder was manually plotted. The VOI of the
tumor and the corresponding anatomically matched region
on the contralateral hemisphere (serving as the background)
were outlined as a sphere with a diameter of 1.5 mm. The

standardized uptake value of FDG in the VOI (SUVmax) was
calculated. The tumor/background (T/B) ratio was calculated
as SUVmax-T/SUVmax-B. Time-activity curves (TACs) were
extracted from organ VOIs.

A 2-tissue compartment model (plasma and precursor
and metabolic product pool in brain tissue) was constructed
(Fig. 2). k1 (ml/min/cm?® and k2 (min') represent the
blood-to-tissue and tissue-to-blood FDG delivery rate,
respectively; k3 (min™) is the FDG phosphorylation rate. This
irreversible model assumes negligible FDG dephosphorylation
[FDG dephosphorylation rate (k4; min™) is 0] (31). In addition,
VOI placement and TAC extraction were performed for the
inferior vena cava to obtain the image-derived input function.
K, was calculated to represent the net FDG influx rate, which
is used to describe glucose (32).

Western blot analysis. The mice were euthanized by an
overdose of 5% isoflurane delivered at 2 1/min for 5 min and
perfused transcardially with cold physiological saline. The
brain was dissected and tissue was immediately collected
on ice and stored at -80°C. Total protein was extracted using
RIPA lysis buffer (Beyotime Institute of Biotechnology;
cat. no. PO013B) supplemented with PMSF. BCA protein
assay kit was used to quantify the protein concentration. The
protein sample (20 ug/lane) was separated by 10% SDS-PAGE
and transferred to a PVDF membrane. The membranes were
blocked with 5% BSA (Wuhan Servicebio Technology;
cat. no. G2052) for 1 h at room temperature. Subsequently, they
were incubated overnight at 4°C with the following primary
antibodies: Glucose transporter type 1 (GLUTI, (Proteintech
Group, Inc.; cat. no. 66290-1-Ig, 1:1,500) and GAPDH (Wuhan
Servicebio Technology Co., Ltd.; cat. no. GB12002, 1:2,500).
The next day, membranes were washed three times (10 min
each) with TBST (0.1% Tween-20) and incubated with
HRP-conjugated secondary antibodies (Wuhan Servicebio
Technology; cat. no. GB23301, 1:5,000) at room temperature
for 1h. The membranes were washed again three times with
TBST (10 min each). Protein bands were visualized using
ECL reagent (Biosharp Biotechnology) and imaged with a gel
imaging system. The relative gray values of the protein bands
were analyzed using ImagelJ (version 1.50b) software.

Morphology and pathology. The mice were euthanized by
an overdose of 5% isoflurane delivered at 2 1/min for 5 min,
perfused transcardially with cold physiological saline. The
dissected brain was fixed in 4% PFA at 4°C for 24 h. Following
fixation, tissue underwent graded dehydration, cleared in
xylene, embedded in paraffin, and sectioned at a thickness of
5 pm. For hematoxylin and eosin (HE) staining, sections were
deparaffinized, rehydrated stained with hematoxylin (5-8 min)
and eosin (1-3 min) at room temperature, dehydrated, cleared,
and mounted. Stained sections were examined and imaged
under a light microscope for morphological analysis.

Statistical analysis. All data are presented as the mean + SD of
=3 independent biological replicates unless otherwise specified.
Statistical analysis was performed using Prism 9 (GraphPad
Software, Inc.; Dotmatics). For comparisons between two
groups, a paired Student's t-test was used. For comparisons
among >2 groups, one-way ANOVA was performed, followed
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Figure 2. Model of FDG metabolism in glioblastoma mice. Two-compartments (plasma and brain tissue) and the corresponding forward transfer coefficients
(k1,k2,k3, and k4) are used in the metabolism model of FDG. It is assumed that the phosphorylation of FDG (k3) is a one-way process without dephosphoryla-
tion (k4) and the forward transfer coefficient from the precursor pool in brain tissue back into the plasma is negligible as phosphorylated glucose and FDG are
unable to cross the blood-brain barrier. Figure adapted from (31). k1, the transport rate of FDG from plasma into tissue; k2, the transport rate of free FDG from

tissue back to plasma; FDG-6-P, fluorodeoxyglucose-6-phosphate.

by Tukey's post hoc test for multiple comparisons. P<0.05 was
considered to indicate a statistically significant difference.

Results

Dynamic and non-invasive evaluation of GBM growth by
MRI. A small animal 9.4T MRI was used to evaluate whether
the GBM tumor model in the mouse brain was successfully
established. The tumor was observed longitudinally 7, 14
and 21 days after injection of GL261 cells in the brain under
T2WTI condition. Compared with normal C57BL/6 mouse
MRI (Fig. 3A), the tumor was located in the right cerebral
hemisphere, with a spherical shape, relatively clear boundary
between the tumor tissue and the surrounding normal brain
tissue, non-uniform signal within the tumor and a small number
of edema bands around the tumor (Fig. 3B-D). The midline of
the brain was shifted to the left, the tumor occupying effect
was notable and the right lateral ventricle had different degrees
of compression and deformation (Data S1-4). The tumor grew
in a time-dependent manner, measuring 1.26+0.65, 4.92+0.55
and 13.85+2.83 mm?® on day 7, 14 and 21 respectively (Fig. 3E;
Table SI).

Measurement of metabolism in GBM with'H-MRS. The metab-
olism in the tumor was different from that of the contralateral
normal brain tissue as well as normal C57 mouse brain tissue.
The levels of tCho (Fig. 4A) and the tCho/tCr ratio (Fig. 4E)
were significantly increased in the tumor compared with that
in the contralateral normal brain and the normal mouse brain
tissue. Levels of tNAA (Fig. 4C) and tCr (Fig. 4B), key brain
metabolites, were decreased in tumor compared with normal
brain tissue. A notable decline in tNAA/tCho (Fig. 4F) ratio

and increase in tNAA/tCr (Fig. 4D) ratio were demonstrated
in the tumor compared with the contralateral and the normal
mouse brain tissue. Lipl.3/tCr (Fig. 4G), Lac/tCr (Fig. 4H) and
ml/tCr (Fig. 41) in the tumor were significantly higher than in
the contralateral normal brain tissue and the normal mouse
brain tissue.

Detection of GBM with PET-CT. The diagnosis of tumors
was confirmed using small animal PET-CT 21 days following
intracerebral injection of GL261 cells in mice. FDG was
rapidly distributed throughout the body of the mice after
injection via the tail vein, but in the brain on the tumor side,
FDG was absent for the first 6 min, after which the FDG
content in the tumor tissue increased (Fig. 5F). By contrast,
the FDG content in normal brain tissue decreased in a
time-dependent manner (Fig. SE). Calculation of T/B revealed
a time-dependent increase (Fig. 5C), which was significantly
higher at 2 h (T/B=2.23) compared with the conventional time
point imaging modality of 1 h after FDG injection (T/B=1.55;
Fig. 5D). SUV decreased in the kidney and liver (Fig. 5G-J),
whereas SUV increased in the bladder in a time-dependent
manner (Fig. 5SH and L). FDG was specifically and selectively
distributed in tumor tissue rather than in normal brain tissue
and it was easier to differentiate tumor from normal brain
tissue after extending the scan time to 2 h (Fig. 5SA and B;
Data S5 and S6).

Pharmacokinetics of FDG in mice with brain tumors.
Pharmacokinetic analysis showed that the distribution of FDG
in brain and tumor tissue was consistent with a two-compart-
ment model. The metabolism of FDG was abnormal in the
tumor compared with brain tissue in GBM mice, represented
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Figure 3. Dynamic and non-invasive evaluation of GBM growth by MRI. Representative T2-weighted images of brain for (A) normal C57 mice and gliomas
from model mice at (B) 7, (C) 14 and (D) 21 days following cell injection (arrows indicate tumor regions). (E) At day 21, mice had a significantly increased

tumor volume compared with days 7 and 14. n=6; "P<0.05. GBM, glioblastoma.

by decreased uptake of FDG and slow metabolism of FDG in
the tumor tissue (k1=0.797 vs. 1.844 for the uptake, k2=2.722
vs. 3.844 for the metabolism, k3=0.319 vs. 0.280 for the
phosphorylation, vB=2.3% vs. 3.6% for blood volume frac-
tion, K;=0.084 vs. 0.125 for the FDG net influx rate); values in
normal mice were as follows: k1=1.530, k2=3.218, k3=0.426,
vB=2.8% and K;=0.179 (Table I).

GLUTI protein expression in brain tissue and tumor tissue.
To investigate the specific molecular mechanisms underlying
glucose uptake in glioma, the present study analyzed the
protein expression levels of GLUTI1 (Fig. 6A) in brain and
tumor tissue. Compared with normal brain tissue, glioma
tissue exhibited significantly elevated GLUT1 protein levels
(Fig. 6B).

Morphological and pathological analysis. Morphological
analysis confirmed the formation of tumors in the brain of
GBM mice detected by MRI and PET-CT, along with patho-
logical changes in tissue structure (Fig. 7A and B). HE staining
showed notable heterogeneity of tumor cells (tumor cells varied
in size, distinct nucleoli, abundant and eosinophilic cytoplasm,
mitotic figures), accompanied by focal necrosis (Fig. 7C-E).

Discussion

The present study established a mouse GBM model and
characterized gliomas in GL261 mice by 9.4T high field small
animal MRI and PET-CT. The present study established a
methodological framework for investigation of tumor charac-
teristics and molecular mechanisms of GBM.

GBM is the most common type of primary malignant brain
tumor in adults (1,8,32). Surgical tumor resection followed
by concurrent chemoradiotherapy along with adjuvant temo-
zolomide is the current standard therapy for patients with
GBM (33). Accurate diagnosis and clinical staging of gliomas

are key for clinical decision-making and treatment planning.
Advances in imaging technology, particularly the application
of MRI and PET-CT, have provided powerful tools for diag-
nosing glioma (34). These imaging modalities enable direct
visualization, dynamic assessment, non-invasive procedures
and quantitative analysis, thereby facilitating early diagnosis
and more effective treatment, ultimately contributing to
reduced mortality rates (35,36). While the gold standard
for confirming the grading of glioma remains pathological
testing, numerous findings (37-41) have shown that MRS
helps imaging physicians more accurately and non-invasively
assess the histological grade, molecular profile, prognosis
and effectiveness of novel therapies in patients with glioma.
The primary metabolites of glioma used in clinical practice
include tNAA, tCr, tCho, Lac and their ratio (42). However, the
spectral resolution of 'H-MRS is dependent on the magnetic
field strength. A higher field strength increases the frequency
separation between metabolite peaks at a given chemical shift,
thereby improving spectral resolution and allowing detection
of more metabolite information (43,44). Therefore, the mouse
model with 94T high field was used to observe characteristics
of tumor metabolites in an in sifu glioma model.

The present study compared the metabolism between brain
tumors, normal brain tissue of tumor-bearing mice and normal
mouse brain tissues using 'H-MRS. Of particular relevance
to tumor biology is the metabolism of choline-containing
compounds, which reflects cell membrane turnover and
proliferation (45). Specifically, the levels of tCho and the ratio
of tCho/tCr were significantly increased in the tumor. These
alterations are associated with the degree of malignancy and
mitotic activity of GBM (45,46), and the elevated tCho/tCr
ratio indicated that the tumor cells were proliferating actively.
It has been hypothesized that the tCho/tCr ratio may predict
the expression of microchromosome maintenance protein 2
to non-invasively assess cell proliferation activity as a marker
of energy metabolism (47,48). In addition, levels of tNAA, a
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Figure 4. Mean metabolite concentration and ratios with tCr in normal and GBM mice. The peak area measurements of the metabolites were used to calculate
the metabolite concentrations and ratios relative to (A): tCho, (B) tCr and (C) tNAA concentration and (D) tNAA/tCr, (E) tCho/tCr, (F) tNAA/tCho (F);
Lip1.3/tCr ratio (G); Lac/tCr ratio (H); mI/tCr ratio (I). n=6."P<0.05. Group 1, normal mouse; group 2, normal contralateral brain tissue of GBM mouse;
group 3, tumor tissue of GBM mouse. tCr, total creatine; GBM, glioblastoma; tCho, total choline; tNAA, total N-acetylaspartate; Lip1.3, lipids at 1.3 ppm;

Lac, lactate; mI, myo-inositol.

key brain metabolite as a marker of neuronal integrity, were
significantly decreased in tumor tissue. NAA is one of the
most concentrated neurometabolites in the brain. In neuronal
mitochondria, NAA is synthesized from the substrates acetyl
CoA and aspartate (47). The tNAA/tCr and the tNAA/tCho
ratio demonstrated a notable decrease in tumor tissue. These

changes indicate neuronal loss or dysfunction due to tumor
invasion and displacement. In a retrospective study evaluating
the association between MRS and the grading of glioma, it
was found that NAA/Cho and NAA/Cr were negatively associ-
ated and Cho/Cr was positively associated with pathological
grading in patients with glioma (9). These findings are useful for
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Figure 5 Characteristics of FDG imaging in tumor and normal mouse. (A) Normal and (B) tumor mice. Arrow, tumor regions. FDG was specifically and
selectively distributed in tumor tissue rather than in normal brain tissue after extending the scan time to 2 h. There was a time-dependent increase in the T/B
ratio (C). Comparison of T/B ratios at 1 and 2 h after FDG injection revealed that the 2 h T/B ratio was significantly higher than the 1 h T/B ratio (D). FDG was
rapidly distributed throughout the body of the mice (E), but in the brain on the tumor side, FDG was absent for the first 6 min, after which the FDG content in
the tumor tissue increased (F). SUV values in the normal mice kidneys (G), tumor mice kidneys (H), normal mice livers (I) and tumor mice livers (J) gradually
decreased over time. Conversely, SUV values in the normal mice bladders (K) and tumor mice bladders (L) exhibited a time dependent upward trend. n=3.
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Table I. Pharmacokinetics of FDG in normal and tumor mice.

Normal mouse Tumor mouse

Parameter Brain Liver Kidney Bladder Brain Tumor Liver Kidney Bladder
vB 0.028 0.036 0.051 0012 0.036 0.023 0.057 0.267 0.024
k1 1.530 2922 7497 0.181 1.844 0.797 3.677 7975 0.211
k2 3218 2.583 3.325 0.023 3.844 2722 4462 4.120 0.076
k3 0426 0.000 2.297 0.081 0.280 0.319 0014 3.264 0.037
Vt 1.553 0.081 1.558 10.964 2.250 4941 0.954 3.613 13.850
Vs 0.985 1.262 3324 2.762 1.758 4499 0.084 1.790 2.725
k1/k2 0.568 1.141 2481 8.203 0.490 0.442 0.870 2.025 4432
Flux 0.182 0.000 3.144 0.092 0.133 0.083 0015 3722 0.049
AUC 27028.321 21747.060 50661.858 88515.180 31927.733 47218.743 15373.799 44143267 72962.892
Ki 0.179 0.000 3.063 0.141 0.125 0.084 0.011 3.525 0.069

Pharmacokinetic analysis showed that the distribution of FDG in brain and tumor tissues was consistent with a two-compartment model.
Compared with brain tissue, tumor tissue had less FDG uptake and slow FDG metabolism. n=3. vB, blood volume fraction; k1, uptake rate
constant; k2, clearance rate constants; k3, phosphorylation rate constant; Vt, total volume of distribution; Vs, specific binding concentration;

k1/k2, volume of distribution of organ; AUC, area under the curve; Ki, net FDG inflow rate; FDG, '®F-fluoro-deoxyglucose.
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Figure 6. Protein expression of GLUTI. (A) Western blotting was performed
to determine (B) expression of GLUTI protein. n=3. ‘P<0.05. GLUTI,
glucose transporter typel.

preoperative diagnostic prediction of glioma. The present study
also found an increase in the Lac and lipid peaks in the tumor
tissue. When the proliferation rate of GBM increases rapidly,
it may lead to increased Lac/tCr and lipid (Lip1.3/tCr) levels
due to local hypoxia and tissue necrosis (48). Clinically, clear
lipid peaks may be associated with grade IV tumors (49,50).
Therefore, the GL261 glioma model may have certain char-
acteristics of a grade IV glioma, which is more malignant.
ml is a basic sugar produced primarily by astrocytes and is a
component of key molecules such as inositol phosphates and
phosphatidylinositol (44). Here, the mI/tCr ratio was increased
in brain tumors compared with normal brain tissue. In glioma,
increased ml concentration has also been evaluated as a
marker of astrocytopathy, typically accompanied by changes
in Cr and other metabolites (49,51,52).

Following dynamic 2 h PET-CT scanning of the whole body
of the mice, it was possible to detect whether distant metastasis
of GBM had occurred. In addition, the metabolism of FDG

in other organs (liver, kidney and bladder) was analyzed,
demonstrating a decrease in SUV values in the heart, liver and
kidney, and an increase in the SUV values of the bladder over
time, which is consistent with the metabolic profile of FDG.
Attempts have been made to differentiate normal cortical
hypermetabolism from high-grade lesions by delayed acqui-
sition imaging, but this has been inconclusive due to patient
compliance issues (53). The present study assessed whether
delayed dynamic FDG imaging of untreated GBM offers a
diagnostic advantage compared with the conventional imaging
time point of ~1 h following tracer injection. FDG was not
distributed for the first 6 min, then the tumor region showed
a gradual increase in SUV value, with a gradual decrease
in SUV in normal brain tissue. It was hypothesized that the
increasing T/B contrast over time results from differential
tracer clearance rates. Normal brain tissue rapidly clears
unbound FDG, while tumor cells, due to upregulated GLUT1
and hexokinase activity, trap FDG-6-phosphate intracellularly,
leading to progressive signal accumulation. This phenomenon
may be attributed to the upregulation of GLUT1 in tumor
cells (54). Under physiological conditions, GLUT1 is predomi-
nantly localized at the blood-brain barrier, where it facilitates
basal glucose transport (55). In high-grade glioma, however,
neoplastic cells demonstrate upregulated GLUT1 expression
and enhanced hexokinase activity. Following cellular uptake,
FDG is phosphorylated by hexokinase to FDG-6-phosphate,
which cannot be further metabolized via glycolysis. This leads
to its effective entrapment within tumor cells, resulting in
radiotracer accumulation and clear visualization of malignant
lesions on imaging (56). The present western blot results,
which confirmed elevated GLUT1 expression in tumor tissue,
provided direct molecular support for this mechanism. In
clinical practice, regions with high FDG uptake correspond
to the tumor core, characterized by intense metabolic activity,
and are associated with a higher pathological grade. This asso-
ciation offers a rational basis for improving the discrimination
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Figure 7. Gross and microscopic pathology of glioma and brain tissue. Brain tissue of (A) normal mice was structurally intact, while that of (B) tumor-bearing
mice was incomplete, and the tumor tissue was accompanied by necrotic hemorrhage. Hematoxylin-eosin staining of (C) brain, (D) peritumor and (E) tumor
tissue showed heterogeneity of tumor cells (tumor cells varied in size, distinct nucleoli, abundant and eosinophilic cytoplasm, mitotic figures), accompanied

by focal necrosis.

between tumor recurrence and treatment-associated changes,
thereby facilitating more precise clinical decision-making (57).

Gross dissection of GBM mouse brain revealed necrosis
within the tumor tissue. The pathological findings revealed
by HE staining validated the detection results of 'H-MRS and
PET-CT, confirming necrotic areas and an invasive growth
pattern which were consistent with the pathological charac-
teristics.

The present study used a multimodal, multi-level research
strategy, which integrated in vivo non-invasive imaging with
ex vivo molecular and morphological analysis. This approach
enables a comprehensive assessment of mouse brain glioma.
However, the present study has certain limitations. Firstly,
all experiments were conducted using mouse models, which
exhibit notable species differences from human patients in
tumor microenvironment composition, immune response char-
acteristics and disease progression dynamics. Consequently, it
is challenging to simulate the complex pathological features
and heterogeneity of human brain glioma, limiting clinical
translation. Secondly, the present study primarily focused
on observing and describing the disease state without incor-
porating any therapeutic intervention. Consequently, the
sensitivity and clinical utility of the multimodal assessment
system for monitoring treatment efficacy remain unverified.

Thirdly, use of only three model and three control mice may
limit the statistical power of some analyses and increase the
influence of individual variability. However, the present findings
are in agreement with previously published reports (37,49,58),
which strengthens the reliability of the conclusions.

In summary, the present study established a mouse glio-
blastoma model. High-field MRI was used for non-invasive
assessment of brain gliomas in mice, while MRS was used to
analyze the metabolic processes of brain tumors. Combined
with non-invasive metabolic imaging via PET-CT and
molecular-level analysis of GLUT1 protein expression, the
present approach provided robust and consistent evidence
for the key role of high glycolysis in this mouse glioblastoma
model. Finally, pathological evaluation was supplemented by
HE staining.
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