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Abstract

Background Proton beam therapy is an advanced treatment for patients with unresectable hepatocellular
carcinoma. However, evaluating the response to treatment with tumor size alone is insufficient. Herein, we used
kinetic [18F]-FDG PET and diffusion-weighted MR imaging to monitor the biological responses to proton beam
therapy in hepatocellular carcinoma mice to assess treatment efficacy. Murine BNL HCC cells were orthotopically
implanted into the livers of 8-week-old male BALB/c mice, which received 20 Gy of the single dose in proton beam
therapy. The biological responses to proton beam therapy were assessed on pre-treatment and post-treatment days
1,3,and 7.

Results Compared with the not-receiving proton beam therapy group, the treated group led to an increasing trend
in tumor K1 values and constant relative SUVs within 7 days on the dynamic PET imaging. On diffusion-weighted

MR imaging, the tumor relative apparent diffusion coefficient values significantly increased post-treatment days 3

and 7. Significantly decreased tumor proliferation, cellular density, and cellular uptake of [18F]-FDG on days 1 and/

or 3 post-treatment, with a rebound on day 7, were observed in the dynamic profiling of tumor cells ex vivo and in
vitro. Vascular remodeling and elevated macrophage infiltrates in the tumor microenvironment were associated with
proton beam therapy. However, there were no significant changes in tumor size between the treated and non-treated
groups after treatment until day 7.

Conclusions In vivo kinetic [18F]-FDG PET/MRI techniques can provide a feasible means to assess early liver tumor
response to proton beam therapy and predict treatment outcomes.
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Introduction

Liver cancer is the third leading cause of death world-
wide and the second leading cause of death in Taiwan [1,
2]. Many treatment strategies for liver cancer have been
employed in clinical practice. If surgery is contraindi-
cated, alternative treatments, including chemotherapy,
immunotherapy, targeted therapy, and radiation therapy,
should generally be considered [3].

Research has shown that proton beam therapy (PBT)
may offer more benefits than traditional X-ray treat-
ment (XRT). The unique properties of protons allow for
reduced exposure to normal tissues surrounding the tar-
get area, leading to better local control and survival rates,
reduced toxicity, and improved overall patient quality of
life [4]. However, questions have been raised about the
cost-effectiveness of patient treatment [5]. The effective-
ness of PBT is usually evaluated after the completion of
the treatment course. However, due to patient position-
ing, particle ranges, tumor size, and the heterogeneity of
patient characteristics, there is uncertainty regarding the
effectiveness of treatment for patients who have under-
gone PBT [6, 7]. To achieve precision medicine, the treat-
ment plan for each individual must be established in a
timely manner for a better outcome [8].

Animal experiments are often conducted to investigate
treatment responses to and the biological effects of PBT.
However, researchers must carefully consider the timing
of evaluating PBT efficacy in vivo, as improper timing can
result in misleading information. Notably, the dynamic
biological response to PBT in vivo is limited [9-11].
Tumor size changes are often widely used as a standard
for assessing the effectiveness of cancer treatments [12].
However, changes in tumor volume tend to occur at a
slower rate than do changes in molecules and metabolites
[13]. Molecular imaging can address this issue—it is a
noninvasive tool that can help quantify changes in tumor
biology during treatment in a longitudinal way [14].

[18F]- fluorodeoxyglucose (FDG)-positron emission
tomography (PET) scans are utilized in the clinic for can-
cer diagnosis, tumor staging, and prognosis prediction
[15]. This technique provides quantified metabolic infor-
mation on tumors using the glucose analog [18F]-FDG.
The standardized uptake value (SUV) is a commonly
used parameter in clinical imaging for the semiquantita-
tive assessment of lesion uptake. However, SUV is depen-
dent on several factors, such as the time interval between
injection and scanning, the settings for image acquisition
and correction, and the reconstruction algorithm used.
These factors should be considered when interpreting
SUV values [16]. Dynamic [18F]-FDG PET scans have
become more feasible in recent years, as whole-body
scans are now possible. With adequate kinetic modeling
for a tracer, dynamic PET scans can aid in understand-
ing the pathology and biological process of a lesion [16].
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The distribution and metabolic process of [18F]-FDG
from blood vessels to phosphorylation were established
based on a two-compartment model [17]. The imaging-
derived parameters used in this context are K1, k2, and
k3. K1 represents the one-way flow of [18F]-FDG from
blood vessels to tumor microenvironment cells; k2 rep-
resents the rate of transportation of [18F]-FDG from
cells to blood vessels; and k3 represents the rate of
intracellular [18F]-FDG phosphorylation to FDG-6-P
(18 F-FDG-6-phosphate). The relationships between
these parameters are determined by the equation ki (net
tracer influx constant) = (K1 x k3)/(k2 +k3). K1, in par-
ticular, is correlated with vessel perfusion in the tumor
microenvironment. k3 and ki are associated with tumor
glycolysis. These imaging parameters have been investi-
gated for their relationship with tumor characterization
and treatment [11, 18].

Diffusion-weighted imaging (DWI) is based on mea-
suring the diffusion of water molecules in tissue by mag-
netic resonance imaging (MRI). The apparent diffusion
coefficient (ADC) value derived from DWI is highly
correlated with tissue properties such as the size of the
extracellular space, viscosity, and cellularity [19]. One
study showed that changes in the ADC on early MRI
were closely related to in-field control in patients with
hepatocellular carcinoma (HCC) treated with stereotac-
tic ablative radiotherapy [20]. Consistently, in our pre-
vious report, the ADC of liver tumors was significantly
higher in the XRT group than in the non-irradiation
group [10]. ADC has also been reported to be negatively
correlated with cell density and the cellular proliferation
rate in HCC patients [21].

The primary goal of this study was to establish a
multi-imaging platform to explore the dynamic pro-
files of tumor biological reactions to PBT in orthotopic
HCC mice. This goal was achieved by conducting in vivo
kinetic [18F]-FDG PET/MRI and validated through ex
vivo histopathological analysis and in vitro cellular stud-
ies. The ultimate aim of this research was to validate the
use of imaging parameters as predictors of early treat-
ment response in patients with HCC.

Materials and methods

Experimental design

This study included in vivo imaging and ex vivo studies to
investigate the changes in irradiated tumors before and at
different time points after PBT treatment. All mice were
screened using bioluminescence imaging before irra-
diation to ensure tumor development. T2-weighted MRI
was used to determine the size of the tumor, reaching
approximately 5 mm in diameter over a period of eleven
days for further PBT with 20 Gy. In vivo [18F]-FDG
PET/DWTI of tumor-bearing mice was conducted before
and after PBT on days 1, 3 and 7. Independent ex vivo
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histopathological studies and in vitro [18F]-FDG cellu-
lar uptake studies were performed to validate the in vivo
imaging results on specific days. The experimental flow
chart is shown in Fig. 1. All animal proton irradiation and
in vivo image acquisition protocols followed the animal
guidelines established and approved by the Institutional
Animal Care and Use Committee of Chang Gung Memo-
rial Hospital, Taiwan (IACUC 2022010302).

Cell culture and animal model

The procedures used for cell culture and animal model
establishment were described in a previous study [10].
The BNL 1ME A.7R.1 murine HCC cell line, which
expresses the firefly luciferase gene, was maintained in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin
(all reagents from Gibco, Thermo Fisher Scientific, Inc.,
Waltham, MA) and incubated at 37 °C in humidified air
containing 5% CO,. Murine BNL HCC cells were ortho-
topically implanted into the livers of 8-week-old male
BALB/c mice. Anesthesia was induced using 2% isoflu-
rane, and median laparotomy was performed to expose
the surface of the right liver lobe. The BNL HCC cells
were suspended in 10 pL of culture medium mixed with
Matrigel (1:1) and injected into the subcapsular region of
the liver using a 30-G needle.
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Proton irradiation

During proton irradiation, the mice were anesthetized
using a 1:1 mixture of ketamine (50 mg/mL) and 1% xyla-
zine (Rompun) and were securely restrained in a custom
holder using adhesive tape. Each mouse was placed in
a vertical supine position with the xiphoid process cen-
tered among the abdominal quadrants and a noticeable
small bump located in the left upper quadrant. Proton
irradiation was performed at the Radiological Research
Core Laboratory of Linkou Chang Gung Memorial Hos-
pital. A proton beam with an energy of 230 MeV and a
dose rate of 0.4 Gy/s was used for all irradiations. A pen-
cil beam scanning system was utilized for in vivo mouse
proton therapy. The beam was collimated to a 10 mm x
10 mm field and centered over the visible tumor bump,
covering a total field of view of approximately 11 mm x
13 mm in the left upper abdominal quadrant. The right
hepatic lobe received a targeted dose of 20 Gy, deliv-
ered via a clinical cyclotron system. Supplemental data
1 provides detailed information on the radiation dose of
the field-of-view profile during proton beam irradiation.
For in vitro experiments, suspended cells in Eppendorf
tubes were irradiated with a 3 Gy dose at the center of
the spread-out Bragg peak (SOBP), generated using a
broad proton beamline. The dose-averaged linear energy
transfer (LETd) at the target region was approximately
2-3 keV/um [22].
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Fig. 1 The experimental design and workflow. This study included in vivo imaging, ex vivo tissue staining in mice, Western blotting of cell lysates, and in
vitro [18F]-FDG uptake experiments before and at various time points after proton beam therapy (PBT)
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Dynamic [18F]-FDG PET scan

All mice were fasted overnight, and their glucose levels
were measured with a blood glucose meter (FreeStyle
Optium Neo, Abbott Diabetes Care, Ltd.) before [18F]-
FDG injection. A 30-gauge needle connected to a PD-10
catheter was inserted into the lateral tail vein for further
[18F]-FDG tracer administration. The animal was placed
in a prone position on the animal holder of the scanner
and moved to the center of the field of view after ensur-
ing blood flow from the catheter. Mice were anesthetized
with 2% isoflurane in 100% air during the PET study.
All data acquisition was initiated 3 s before the tracer
injections. A bolus of [18F]-FDG (8.67+0.85 MBq) was
manually injected through the tail vein catheter, and the
net dose was corrected by subtracting the residual dose
in the syringe. A 56 min dynamic image was acquired on
a PET/CT scanner at the one-bed position (nanoScan
PET/CT, Mediso, Hungary). The framing protocol of the
dynamic PET study was 6x 10 s, 9x 60 s, and 10x 300 s,
and images were reconstructed with a voxel size of
0.4 mm*0.4 mm®0.4 mm via Tera-Tomo™ 3D PET itera-
tive reconstruction via real-time Monte Carlo-based
physical modeling.

PET data analysis

The liver tumor region of interests (ROIs) was defined
by summing the 56 min of the framed images. First, the
entire tumor was manually drawn from the coronal view,
and a threshold of (maximum radioactivity minus mini-
mum radioactivity) x 20% was applied to automatically
contour the whole tumor. The image-derived input func-
tion (IDIF) was acquired from the vena cava of the mouse
in the 2nd frame (10-20 s after [18F]-FDG injection).
Using FDG two-compartment modeling [16, 23], the K1,
k3, and ki imaging parameters were obtained. The SUVs
of the tumors were obtained through semiquantitative
analysis of 56-min static images.

DWI/T2 MRI

A 9.4 T magnetic resonance scanner (BioSpec 94/21USR;
Bruker, Karlsruhe, Germany) was used to determine
the tumor location for proton beam collimation and to
monitor tumor responses following proton therapy. The
abdomen of each mouse was placed in the center of the
magnet. Each mouse was anesthetized with 2% isoflurane
during the MRI procedure with respiration gating tech-
niques. The parameters used for T2-weighted MRI were
as follows: Bruker RARE sequence; TR/TE, 800/23 ms;
slice thickness, 1 mm; slice number, 13; number of aver-
ages, 8; echo train length, 6; matrix, 256 x 256; and flip
angle, 180°. The ROIs of the tumor were manually deter-
mined from transverse T2-weighted MR images. Tumor
volume was determined as the maximum tumor ROI
slide x slide thickness. DW-MR images were acquired
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using the following parameters: Bruker DtiEpi sequence;
three gradient directions and two b values (0 and 1,000 s/
mm?); TR/TE, 3,000/20 ms; slice thickness, 0.8 mm; slice
number, 13; number of averages, 5; matrix size, 128 x 128;
flip angle, 90°; and field of view, 35x35 mm. The ADC
values of the tumors were determined manually by
the contoured ROIs of the tumors on the ADC maps
derived from DWI, excluding the distorted region. All
images were analyzed using PMOD version 4.004 image
analysis software (PMOD Technologies LLC, Féllanden,
Switzerland).

Ex vivo histopathological examination

An independent histopathological study was conducted
corresponding to the timeline of the imaging study.
Tumor tissues were processed via a formalin-fixed paraf-
fin-embedded procedure and sliced into 3-um sections,
followed by hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC). In the immunofluores-
cence (IF) study, tumor tissues were embedded in an
optimal cutting temperature compound and sliced on a
cryostat to generate 10-pum-thick tissue specimens. The
cellular density of the tumor regions was randomly ana-
lyzed in hematoxylin-stained images in eight ROIs (Tis-
sueGnostics, Wien, Austria). Moreover, the sections were
stained with primary antibodies against the following
specific markers: Ki-67 (Abcam, Cambridge, UK), F4/80
(Bid-Rad, Hercules, CA), and CD31 (BD Biosciences,
San Jose, CA); all antibodies were used at a 1:200 dilu-
tion. IHC was conducted using DAB (HRP) kits (Abcam,
Cambridge, UK), and antibodies were used at a 1:200
dilution. IF was conducted using fluorescent dye-conju-
gated secondary antibodies (Invitrogen, Carlsbad, CA) at
a 1:100 dilution. Three tumors from each time point were
included.

Western blotting

The Western blot protocol was described in a previous
study [24]. The tumor samples were washed with PBS,
cut into small pieces, and then lysed in Pierce™ RIPA
Buffer (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). The tumor lysates were centrifuged, and the super-
natants were harvested as protein samples. A standard
curve of the total protein content was generated using
Coomassie Plus™ Protein Assay Reagent (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The tumor lysates
were analyzed by Western blotting. The membranes
were incubated with anti-glucose transporter 1 (Glutl,
Abcam, Cambridge, UK) and anti-hexokinase 1 (HK1,
Proteintech, Chicago, IL, USA) antibodies overnight at
4 °C. The membranes were then incubated with a horse-
radish peroxidase-conjugated goat anti-rabbit antibody
(BioLegend, San Diego, CA). The signals were analyzed
using Image] image processing software. The protein



Chung et al. Radiation Oncology (2025) 20:96

expression levels of Glutl and HK1 were quantified and
normalized to that of GAPDH. Three tumors from each
time point were included.

In vitro cellular uptake of [18F]-FDG

Briefly, BNL HCC cells suspended in an Eppendorf tube
were positioned vertically under a collimated proton
beam and subjected to a single fractionated irradiation
dose of 3 Gy. After irradiation, 1x10° BNL HCC cells
were seeded into 12-well culture plates. The methodol-
ogy of the [18F]-FDG cellular uptake experiment was
described in a previous study [10]. At 1, 3, and 7 days
after proton irradiation, a solution of 1 pCi of [18F]-FDG
in 0.5 mL of growth medium was added to the culture
dishes. The cells were then incubated for 1 h at 37 °C.
After incubation, the cells were washed with 1 mL of PBS
to remove any unabsorbed [18F]-FDG. They were then
detached by incubation with trypsin-EDTA (Gibco) for
5 minutes at 37 °C and resuspended in growth medium.
The total number of cells in each sample was determined
using an automatic cell counter (LunaFL™ dual fluo-
rescence cell counter; Logos Biosystems, Gyeonggi-do,
South Korea). Finally, y-ray emission from the samples
was counted at 511 keV using a Wizard 1480 Gamma
Counter (Perkin Elmer, MA). All experiments were per-
formed with six replicates. The cellular uptake of [18F]-
FDG was expressed as radioactivity counts per cell.

Statistical analysis

Statistical analyses were performed using Prism soft-
ware, version 8 (GraphPad, La Jolla, CA). The imaging
parameter results are expressed relative to the baseline
(mean tstandard deviation). The histopathological,
Western blotting, and [18F]-FDG cellular uptake results
are expressed as general quantified values. Two-way
ANOVA with Bonferroni’s multiple-comparisons tests
was used for Post hoc analysis in vivo imaging (n>4). Stu-
dent’s t test with nonparametric statistical analysis was
used in vitro studies (n=6) and ex vivo (n=3) studies of
PBT and non-PBT comparison in accordance with the
Resource equation method [25]. The number of animals
used in each study is listed in Fig. 1. A Pvalue<0.05 was
considered to indicate a statistically significant difference.

Results

Static and dynamic [18F]-FDG PET of HCC

Tumor-bearing mice that did or did not receive PBT were
subjected to FDG PET; representative transaxial images
are shown in Fig. 2a. The SUVs of the tumors were calcu-
lated from the initial injection to 56 min to generate static
images. The relative SUVs were obtained from the SUV
at specific time points and were normalized to the base-
line value. The relative SUVs of the tumors in the group
without PBT (non-PBT) increased with tumor growth
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(1.15+0.22,1.31+0.41 and 1.56 £ 0.39 for days 1, 3 and 7,
respectively) (Fig. 2b). In comparison, the relative SUVs
of the irradiated tumors (PBT group) were 0.80+0.16,
0.92+0.20, and 0.76+0.29 on post-PBT days 1, 3 and 7,
respectively, indicating that the proton beam effectively
controlled tumor activity (Fig. 2b). Furthermore, imag-
ing parameters derived from the kinetic [18F]-FDG PET,
i.e., K1, ki, and k3, were used for monitoring the tumor
response to PBT. Compared to that of SUVs, K1, which
indicates the forward transport rate constant of FDG
from blood to the tumor, showed a significant decrease of
38% at the late time point in the non-PBT group. In con-
trast, K1 tended to increase in the PBT group (1.23 +0.38,
1.60+0.70 and 1.70+0.38 for days 1, 3 and 7, respec-
tively) (Fig. 2c). Although there was no significant differ-
ence in the relative ki and k3 values between the PBT and
non-PBT groups on the indicated days, proton irradia-
tion treatment indeed triggered decreases in ki and k3 on
day 1 of 34% and 29%, respectively, compared to the base-
line values. The k3 values remained similar from day 1 to
day 7 after PBT (Supplemental data 2). Taken together,
these findings indicate that SUVs can be used to moni-
tor tumor growth and that proton irradiation can inhibit
tumor growth. Furthermore, kinetic imaging parameters,
such as K1 and k3, indicate elevated blood perfusion in
the tumor microenvironment and decreased glycolysis in
tumors after PBT. These parameters could indicate valu-
able early biological responses to PBT.

T2-weighted MRI and DWI-derived ADC values

MRI scans were conducted to determine the sizes of the
tumors and changes in water diffusion within the tumors.
T2-weighted transaxial images from both the non-PBT
and PBT groups were examined (Fig. 3a), and tumor
sizes on days 1, 3, 7, and 10 were measured. These sizes
were normalized to the sizes before irradiation, indicated
as the baseline. The tumors in the non-PBT group grew
rapidly, with relative changes of 3.41+1.47, 6.23+3.17,
9.33+4.34, and 12.16+5.72 on days 1, 3, 7, and 10,
respectively. However, proton irradiation significantly
inhibited tumor growth. In the PBT group, the relative
changes were 4.34+3.61, 4.22+3.31, 2.82+0.71* and
3.15+2.81* on days 1, 3, 7, and 10, respectively (Fig. 3b).
Notably, there was no significant difference in tumor size
between the non-PBT and PBT groups until 7 days post
irradiation (*, p<0.05).

The degree of water molecular diffusion in the tumor
microenvironment was also identified using ADC val-
ues on specific days and compared statistically between
the non-PBT and PBT groups. In the non-PBT group,
the relative ADC values of the tumors continuously
decreased during growth to 0.85+0.11. In contrast, in the
PBT group, the relative ADC values increased after irra-
diation; this increase was significant on day 3 (1.2+0.11,
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p<0.0001) and remained elevated on day 7 (1.19+0.1,
p<0.001) (Fig. 3c). Therefore, a single 20 Gy proton irra-
diation of orthotopic HCC tumors caused a prolonged
delay in tumor growth and increased water molecular
diffusion as early as 3 days after irradiation.

Effects of cellular biological changes on PBT

Ex vivo H&E staining of non-PBT and PBT tumors
revealed an enlarged extracellular space and no cytoplas-
mic features early after irradiation. However, on day 7
after PBT, the pathological features were similar between
the two groups (Fig. 4a). Compared with that in the non-
PBT group, the cellular density of tumors significantly
decreased on day 3 in PBT group, as indicated by the
increase in the amount of extracellular space, as deter-
mined by H&E staining and cell number quantification
(control: 5,472+445.1 cell numbers/mm? vs. post-PBT
3 days: 4,226+ 573 cell numbers/mm?, p<0.05) (Fig. 4b);

these findings were correlated with the increase in ADC
values derived from DWI. However, the cellular den-
sity rebounded on day 7 after PBT. In addition, tumor
cell proliferation was significantly reduced in the early
days after PBT treatment (non-PBT: 33.05+7.00% vs.
post-PBT 1 day: 9.11+9.74%, p<0.01; post-PBT 3 days:
15.78 +5.33%, p <0.01). Interestingly, there was a rebound
in cell proliferation on later days (post-PBT 7 days,
28.52+7.52%) (Fig. 4c and 4). To investigate the signaling
pathway involved in tumor glycolysis during proton irra-
diation, tumor samples were analyzed via Western blot
using glycolysis-associated antibodies. Glutl is a mem-
brane-specific protein that is frequently present in tumor
cells. Its primary role is to facilitate the transportation of
glucose across the cell membrane. Once glucose is trans-
ported into the cytoplasm, the first enzyme of glycolysis,
i.e., hexokinase, catalyzes the phosphorylation of glucose
using ATP, resulting in the production of glucose-6-P
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Fig. 5 The tumors that received PBT showed an increase in glycolytic metabolism. a. Western blot showing the expression of the Glut1 and HK1 proteins
and the control protein, GAPDH, in non-PBT, post-PBT day 1, day 3, and day 7 tumor tissues. b. and c. The expression of the Glut1 and HK1 proteins signifi-
cantly increased after PBT. (n = 3 for each group, *, p < 0.05, comparisons between the non-PBT and PBT groups)

Table 1 [18F]-FDG cellular uptake measured in BNL cells

Cellular uptake (Count per min/cell) Non-PBT(n=6) PBT(n=6) P-value
day1 0.025+0.0048 0.019+£0.0018 0.013*
day3 0.028+£0.0049 0.027+£0.0110 0.394
day7 0.024+0.0046 0.049+0.0280 0.059

Compared [18F]-FDG cellular uptake at different time points in the PBT group and the non-PBT group. The study revealed a significant decrease in cellular uptake of

[18F]-FDG on post-PBT day 1 (n=6 for each group, * p <0.05)

[26]. Alterations in Glutl and HK1 protein expression in
tumors did not occur on day 1, but at 3 and 7 days post-
PBT, the levels of these two enzymes were higher in the
PBT group than in the non-PBT group (Fig. 5). However,
Western blot analyses cannot exclude the contribution of
stromal cells, rather than tumor cells themselves, to the
increased expression of Glutl and HK1 in tumor tissues.
Therefore, an in vitro experiment was conducted using
BNL cells to study the effect of proton irradiation on cel-
lular [18F]-FDG uptake. [18F]-FDG uptake was signifi-
cantly lower on day 1 after proton irradiation, similar on
day 3, and higher on day 7 in the irradiated group than in
the nonirradiated group; however, these differences were
not significant (Table 1). These data could also explain
the decreasing SUV in tumors after PBT, especially in
the early days after treatment. The results of this study
demonstrated decreased glycolysis induced by proton
irradiation, both in HCC tumors and in hepatoma cells,
and increased levels of proteins associated with the gly-
colysis pathway. According to the in vivo [18F]-FDG PET
results, the k3 value, the cell number and in vitro cellular
uptake, tumor glycolysis was greatly limited on the first
day and/or day 3 after PBT, but it gradually rebounded
on day 7.

Histopathological alterations in the HCC tumor
microenvironment

In addition to tumor cell proliferation and glycolytic
status, stromal components, such as tumor vasculature
and tumor-associated macrophages, were also exam-
ined to evaluate overall alterations in the tumor micro-
environment. The tumor vasculature was examined with
the endothelial marker CD31 to visualize the vascular
structure and quantify the vascular density. In the non-
PBT group, the tumor vasculature had a thin and short
structure, and in the PBT group on day 7 post-irradia-
tion, widened and extended vasculature was observed
(Fig. 6a). Vascular remodeling after PBT may be related
to an increase in blood perfusion and the ADC, which is
a measure of the water molecular diffusion capacity in
tumors and is not only associated with cellular density
[27] but also the blood perfusion capability tumors [28].
There was no significant difference between the non-PBT
and PBT groups in the quantified CD31 signal in tumor
sections (Fig. 6b). To summarize, by integrating the cel-
lular density and vascular remodeling results, as well as
imaging parameters such as K1 and ADC values, it is
possible to map changes in the tumor microenvironment
after PBT in the early stages. Based on these findings,
it can be concluded that within three days of PBT, the
tumor microenvironment experiences a decrease in cel-
lular density and alterations in tumor vascular structure,
which result in an increase in K1 and ADC values.
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Fig. 6 The impact of PBT on vascular remodeling and macrophage infiltration in HCC tumors. a. Representative images of CD31 and DAPI fluorescence
in non-PBT- and PBT-treated tumors are shown; the vascular structure on day 7 after PBT expanded and remodeled. Increased macrophage infiltration
in PBT-treated tumors was observed by F4/80 and DAPI staining (x400, scale bars 50 um). b. There were no significant changes in CD31 expression after
PBT. c. F4/80 expression was quantified, and F4/80 was significantly elevated on days 3 and 7 after PBT. (N = 3 for each group, *, p < 0.05, comparisons

between the non-PBT and PBT groups)

In a previous study, macrophages infiltrated the tumor
microenvironment of an HCC tumor model after irra-
diation with 15 Gy XRT [10]. To explore the possible
inflammatory effect of 20 Gy PBT, ex vivo tumor tissues
were stained with F4/80. Figure 6¢c show the increased
infiltration of F4/80 + macrophages into tumors on post-
PBT days 3 and 7 (control: 2.87 +3.01%, post-PBT 1 day:
11.93 +2.60%; post-PBT 3 days: 21.94 +7.46%; post-PBT
7 days: 22.55+5.87%; *, p<0.05). The infiltration of mac-
rophages did not interfere with the SUV to cause false-
positive signals. However, macrophage infiltration might
partially contribute to the increased expression of Glutl
and HK1 at late time points.

Discussion

The findings from this study indicate that PBT can effec-
tively reduce tumor glycolysis and proliferation, pro-
mote blood perfusion and increase the diffusion of water
molecules in surrounding tissue, ultimately leading to
the suppression of tumor growth in HCC models 7 days
after treatment. These results were obtained through the
use of integrated dynamic [18F]-FDG PET and func-
tional MR images. On the first day after proton irradia-
tion, PBT dramatically reduced glycolysis in HCC cells,
as suggested by [18F]-FDG PET images and cellular
uptake experiments, the results of which indicated pos-
sible cell death and a decrease in the tumor proliferation
rate. Additionally, there was a noteworthy trend toward
increased ADC values from DWI-MRI and K1 from
[18F]-FDG PET following PBT. This trend indicated that

the diffusion of water molecules and the perfusion capa-
bility of the tumor microenvironment increased. These
findings were validated by ex vivo tissue analysis of the
tumor cell density and proliferation indices (Ki-67 and
CD31 expression). Moreover, the constant SUV after
PBT may be linked to the balance between the increase
in macrophage infiltration and the decrease in the num-
bers of living tumor cells. In addition, the expression lev-
els of Glutl and HK1 in tumor tissues were elevated on
days 3 and 7, which might also account for the increased
SUVs in the PBT group. Our study revealed that kinetic
imaging parameters, specifically K1 and k3, derived from
dynamic [18F]-FDG PET, as well as the ADC derived
from DWI-MRI, can provide insight into tumor glycoly-
sis, water diffusion, and blood perfusion capabilities after
proton beam therapy for HCC prior to any visible mor-
phological changes. Based on early biological responses
to PBT, it can be proposed that combining therapies,
such as targeting angiogenesis and glycolysis in combi-
nation with PBT, could have synergistic effects in early
HCC treatment.

Proton vs. X-ray treatment response in liver cancer

PBT offers several advantages over XRT for treating
liver cancer. One of the most notable benefits of PBT is
its ability to reduce liver toxicity. A study by Cheng et al.
revealed that the risk of radiation-induced liver disease
was significantly lower in a PBT group than in an XRT
group (11.8% vs. 36%, p=0.004) [29]. Furthermore, PBT
yielded a better treatment response than did XRT. The
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median overall survival (OS) for PBT and XRT patients
was 31 and 14 months, respectively, and the 24-month
OS for PBT and XRT patients was 59.1% and 28.6%,
respectively [30]. According to a retrospective analysis of
22 patients with large liver tumors (median size 11 cm),
PBT was effective, yielding a tumor control rate of 87%
at 2 years, with significant toxicity [31]. In our previous
study, we used a murine orthotopic HCC tumor model to
investigate the effectiveness of XRT in inhibiting tumor
progression, metabolism, and water molecular diffusion
[10]. XRT with a 15 Gy dose reduced the tumor size on
day 13. In comparison, in this study, significant tumor
reduction was observed as early as day 7 after 20 Gy PBT.
[18F]-FDG PET scans showed no significant change in
SUVs in tumors within one week, regardless of treat-
ment with XRT or PBT, an effect attributed to suppressed
tumor proliferation at an early stage.

The early biological response of PBT

Few preclinical studies have reported on the response
of liver tumors to PBT. Recently, Chen et al. reported
that PBT increased the level of programmed cell death
ligand 1 (PD-L1) expression in tumor cells and recruited
myeloid-derived suppressor cells (MDSCs), indicating
that PBT has an immunomodulatory effect on the tumor
microenvironment. More importantly, the combination
of PBT with anti-PD-L1 treatment resulted in a much
longer tumor growth delay than did PBT alone [32]. Fur-
thermore, Chen et al. reported that in the peritumoral
region of human HCC, enhanced glycolysis regulates
tumor-associated macrophages with protumor activities
by upregulating a key glycolytic enzyme, PFKFB3 [33].
Our study revealed an increase in the number of macro-
phages infiltrating tumors from day 1 to day 7 after PBT.
Additionally, a rebound in glycolysis and proliferation
was observed in BNL tumors 7 days after receiving 20 Gy
PBT. Therefore, the immune response induced by PBT
may play a partial role in enhancing tumor glycolysis.

To our knowledge, few studies have been published
that assessed the biological response to proton ther-
apy using imaging techniques. One study published by
Brasse et al. compared [18F]-FDG and 3’-[18F]-fluoro-
3’-deoxythymidine PET imaging biomarkers from a lon-
gitudinal follow-up of mice bearing SK-HEP-1 immortal
human liver sinusoidal endothelial tumors after 20 Gy
PBT [34]. The decreased [18F]-FDG uptake was cor-
related with the cell proliferation marker Ki-67 and was
observed after PBT irradiation on day 3, which is con-
sistent with our results. However, depending on the cell
type, we observed different effects on tumor growth.
After 20 Gy PBT, the proliferation rate of SK-HEP-1
tumors significantly decreased within 20 days, while that
of BNL tumors rebounded in just 7 days. These results
suggest differential intrinsic radiosensitivity to protons
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between the two HCC tumor cell lines, which might also
affect FDG uptake.

Limitations of dynamic [18F]-FDG PET

Dynamic whole-body (DWB) PET/CT has gained sig-
nificant attention in recent years and can potentially be
incorporated into routine clinical practice [16, 35]. The
initial pilot results for DWB PET/CT have indicated
that kinetic PET parameters are a promising addition to
the gold standard quantitative SUV parameter in onco-
logical studies. However, optimal acquisition protocols,
data processing, and technical complexities are cur-
rently challenging during routine scans. The parameters
obtained from in vivo kinetic modeling studies are cru-
cial for validating initial strategies for diagnosis, predic-
tion, and treatment response evaluations [36]. However,
there are still several limitations of in vivo dynamic FDG
PET studies. Blood sampling is the gold standard for
kinetic modeling analysis, and it is used to obtain arte-
rial input function. However, blood sampling methods,
such as blood vessel catheterization and animal survival,
are challenging. Therefore, IDIF was implemented in
our study as well as in other published studies [11, 37];
however, IDIF can impact image spatial resolution, par-
tial volume correction, and temporal resolution. In our
study, the signal from the abdominal artery/vein was
measured via IDIF with a voxel size of 0.4 mm x 0.4 mm
x 0.4 mm. The thickness of the abdominal artery was
approximately 1 mm, as measured by T2-weighted imag-
ing, indicating that spatial resolution was relatively close
to the target vessel size. The goodness of fit for the IDIF
from the abdominal artery/vein was 0.90+0.06 (n=12),
with an AIC value of 50.89 +13.64 (n=12). These results
suggest a reasonably good modeling performance. In
comparison, Tao Wang et al. reported a higher AIC value
(80.92+29.44) in a clinical hepatocellular carcinoma PET
study using a dual-input model [38], while Kathrine Roe
et al. reported a median goodness of fit of 0.97 using IDIF
in a mouse prostate cancer model [11].

Although our results are within an acceptable range for
preclinical studies, the slightly lower goodness of fit may
be due to the limited image resolution of our PET system,
especially given the small diameter of mouse vasculature.
Partial volume effects and IDIF signal contamination
from surrounding tissues could contribute to reduced fit-
ting precision. Therefore, future enhancements in spatial
resolution or hybrid PET/MRI-guided localization may
further improve modeling accuracy and IDIF perfor-
mance. Furthermore, to acquire a sufficient signal from
IDIE, the temporal resolution in our study was 10 s per
frame, ensuring a distinguishable and consistent peak
shape. We did not evaluate shorter time frames, but such
optimization could also enhance IDIF accuracy. The opti-
mization of IDIF will be our next step.
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Future directions

PBT is a newer type of radiation treatment that is effec-
tive, especially for treating HCC [7], head and neck
tumors [39], and pediatric cancers [40]. It is becoming
increasingly popular worldwide. Compared to conven-
tional photon therapy, PBT offers a better dose distribu-
tion, which reduces the amount of healthy tissue exposed
to radiation. This leads to better treatment outcomes and
an improved quality of life for patients. However, PBT
is more expensive than conventional photon therapy,
although this increased cost may be offset by the benefits
of avoiding long-term radiation-related side effects. In
this proof-of-concept study, we demonstrated the util-
ity of multimodal imaging in evaluating the biological
impact of PBT in a preclinical tumor model. Following
20 Gy PBT, we observed increased water diffusion (ADC
value: 1.2 folds) and blood perfusion (K1 value: 1.7 folds)
in the HCC tumor microenvironment as early as day 3,
with these changes persisting through day 7. Notably,
however, a rebound in tumor glycolysis and prolifera-
tion was also detected by day 7 (Glutl: 2.37 folds; Ki-67:
0.86 folds), suggesting a potential window for therapeutic
intervention. These findings imply that combining PBT
with targeted therapies, such as anti-angiogenic agents,
glycolysis inhibitors (e.g., 2-deoxy-D-glucose) [41], or
anti-proliferative drugs, may enhance therapeutic effi-
cacy when administered early during treatment.

Building upon this platform, future research will
explore clinically relevant PBT strategies, including
hypofractionation and potential FLASH radiotherapy
effects, and assess their biological responses. Addition-
ally, systematic evaluation of varying proton doses and
consistent analysis of LETd in both in vivo and in vitro
models will be critical to advancing our understanding
of the relative biological effectiveness of PBT. Ultimately,
these efforts aim to optimize PBT-based treatment regi-
mens and explore rational combination therapies for
improved HCC management.

Conclusion

The use of SUVs derived from [18F]-FDG PET appears
to be a very promising imaging tool for monitoring the
growth of BNL-HCC tumors. Based on longitudinal
scans, dynamic [18F]-FDG PET and DWI MRI tech-
niques provide complementary information on the tumor
response to PBT within 7 days, showing increased per-
fusion and water molecular diffusion over time. Nota-
bly, the glycolysis and immune responses in tumors were
induced, while the proliferation rebounded 7 days after
PBT. Overall, molecular functional imaging seems to
be an effective tool for early assessment of the effects of
PBT, providing strong evidence for combination therapy
with systemic drugs such as anti-glycolysis or anti-prolif-
eration drugs and PBT.
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