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Abstract 

Purpose 

The main objective of the present study was to compare the 2-deoxy-2-[18F]fluoro-D-glucose 

([18F]-FDG) and 3′-[18F]fluoro-3′-deoxythymidine ([18F]-FLT) PET imaging biomarkers for the 

longitudinal follow-up of small animal proton therapy studies in the context of hepatocellular 

carcinoma (HCC). 

Procedures 

SK-HEP-1 cells were injected into NMRI nude mice to mimic human HCC. The behavior of 

[18F]-FDG and [18F]-FLT tumor uptake was evaluated after proton therapy procedures. The 

proton single-fraction doses were 5, 10 and 20 Gy, with a dose rate of 10 Gy/min. The 

experimental protocol consisted of 8 groups of 10 mice, each group experiencing a particular 

dose/radiotracer condition. A reference PET exam was performed on each mouse the day before 

the irradiation procedure, followed by PET exams every three days up to 16 days after 

irradiation. 

Results 

[18F]-FDG uptake showed a linear dose-dependent increase in the first days after treatment 

(37%, p<0.05), while [18F]-FLT uptake decreased in a dose-dependent manner (e.g 21% for 5 

Gy compared to 10 Gy, p=1.1e-2). At the later time point, [18F]-FDG normalized activity 

showed an 85% decrease (p<0.01) for both 10 and 20 Gy doses and no variation for 5 Gy. 

Conversely, a significant 61% (p=0.002) increase was observed for [18F]-FLT normalized 

activity at 5 Gy and no variation for higher doses. 

Conclusion 

We showed that the use of the [18F]-FDG and [18F]-FLT radiolabeled molecules can provide 

useful and complementary information for longitudinal follow-up of small animal proton 

therapy studies in the context of HCC. [18F]-FDG PET imaging enables a treatment monitoring 
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several days / weeks postirradiation. On the other hand, [18F]-FLT could represent a good 

candidate to monitor the treatment few days postirradiation, in the context of hypo-fractioned 

and close irradiations planning. This opens new perspectives in terms of treatment efficacy 

verification depending on the irradiation scheme. 

 

Keywords: PET; Proton therapy; Preclinical studies; Longitudinal study; Hepatocellular 

carcinoma. 

 

Introduction 

Hepatocellular carcinoma (HCC) is a type of tumor that requires a specific irradiation schedule 

to control its development. Radiotherapy has emerged as an alternative for patients with HCC 

when other curative modalities are not suitable [1]. In addition, various reports have described 

favorable clinical outcomes of proton therapy compared to traditional approaches such as X-

ray therapy [2]. 

Proton therapy centers are recruiting patients to highlight the efficacy of proton-beam therapy 

against advanced diseases such as HCC [3, 4]. Although proton therapy has been demonstrated 

to be effective in the treatment of HCC, Eggert and Greten highlighted its limited availability 

as the major disadvantage of this radiation modality [5], probably due to infrastructure costs 

and to the fact that indications are still evolving and being investigated [6]. 

Positron emission tomography (PET) functional imaging modality combined with 

computerized tomography (PET/CT) has found a well-established role before and during the 

radiotherapy planning process, mainly when associated with the tracer 2-deoxy-2-[18F]fluoro-

D-glucose ([18F]-FDG), such as in head-and-neck [7], hepatobiliary [8], esophageal [9] and 

lung malignancies [10]. PET imaging has also found a place in the evaluation of radiotherapy 

response [11–13] and the long-term evaluation of the effect of proton treatment [14]. 
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[18F]-FDG provides a basic level of information on the tumor metabolism and can also be useful 

to follow the side effects of irradiation in healthy tissue due to its uptake in inflammatory tissues 

[15, 16]. 3′-[18F]fluoro-3′-deoxythymidine ([18F]-FLT), a fluorinated analog of thymidine, was 

developed to investigate cellular proliferation in cancer. Its uptake in cells depends on 

thymidine kinase (TK-1) activity and therefore on the mitotic activity of the cells, based on the 

thymidine salvage pathway. 

Clinical trials involving [18F]-FLT PET have also demonstrated its potential as an early 

predictor of outcome after radiotherapy or chemotherapy [17] and have been suggested to 

monitor the proliferative activity of HCC [18]. It has also been proposed to assess the early 

response to radiation therapy due to its non-specific radiation-induced inflammation, in contrast 

to [18F]-FDG [19]. 

To effectively appreciate and promote the clinical potential benefits of proton therapy, it is 

necessary to understand the radiobiological properties involved. Although several biological 

questions have been investigated in vitro, mainly related to cell survival and proliferation, there 

are still ongoing studies and a need for the development of proton irradiation platforms 

dedicated to preclinical investigations of both in vitro experiments and in vivo small animal 

models [20–24]. 

In the present study, we used a preclinical proton therapy platform based on a 25 MeV 

cyclotron. SK-HEP-1 cells mimicking human HCC were injected into mice to monitor the 

efficacy of the treatment using preclinical PET imaging. These cells have widely served as a 

model of HCC since their establishment in 1971. Despite a recent study demonstrating that SK-

HEP-1 should be considered an immortal human liver sinusoidal endothelial cell line instead 

of an HCC cell line [25], its aggressive migration [26] combined with its radioresistance made 

it a good candidate for the current study [27]. 
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The main goal of the present study was to compare the [18F]-FDG and [18F]-FLT PET imaging 

radiolabeled molecules for the longitudinal follow-up of small animal proton therapy studies in 

HCC to highlight their potential interests to monitor the treatment depending on the irradiation 

scheme. 

 

Materials and Methods 

Cell line and culture conditions 

The HCC cell line SK-HEP-1 was obtained from the American Type Culture Collection (HBT-

52, ATCC, USA). Cells were grown in Dulbecco’s modified Eagle’s medium (Pan Biotech, 

Dutscher, France) supplemented with 10% fetal bovine serum, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid buffer, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 

100 U/mL penicillin and 100 µL/ml streptomycin. Cells were maintained in an incubator at 

37 °C in a humidified atmosphere. 

Animal model 

Six-week-old, athymic, female NMRI-Foxn1 nu/nu mice were purchased from Janvier 

Laboratories (Saint Berthevin, France) and housed under pathogen-free conditions. 

Animal procedures were performed in accordance with experimental protocols and guidelines 

for the care and use of animals and approved by the Strasbourg ethics committee for animal 

experimentation and the French ministry in charge of research (CREMEAS, Strasbourg, 

France, Apafis #261). 

One week after the mice arrived, SK-HEP-1 cells (10×106) were injected subcutaneously into 

the left hindlimb of mice in 50 µL of phosphate-buffered saline. The animal weight and tumor 

diameter were recorded three times a week during the experiment and followed up to detect any 

weight loss or change. The small and long axes of the tumor were measured using calipers, and 

the mean value was recorded as the diameter. Tumor growth occurred over a two-week period, 
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during which a typical diameter of 3-10 mm was observed. Seven days post-cell injection (PCI), 

90% of the tumor had reached a suitable diameter (< 6 mm in depth) adapted to the 25 MeV 

proton beam. The mice were then randomized into several groups of 10 mice to undergo PET 

exams and immunohistochemical analysis.  

Molecule synthesis 

Pharmaceutical-grade [18F]-FDG was purchased from IBA (France). [18F]-FLT was synthesized 

using known radiolabeling procedures on automated radiosynthesizers with a specific activity 

ranging from 35 to 72 GBq/µmol [28] (Raytest Synchrom Evo III or Trasis AllInOne). The 

synthesis was controlled by high performance liquid chromatography (HPLC) (purity >95%) 

and, if necessary, gamma-thin-layer chromatography (mini-Gita, Raytest Germany). The 

stability over 6 h was assessed by HPLC, and no degradation was observed. Radiotracers were 

formulated in 0.9% sterile NaCl (veterinary grade, B. BRAUN) for i.v. injections. 

Irradiation setup 

The 25 MeV proton beam was extracted from the cyclotron (TR24, ACSI, Canada) and shaped 

towards the tumor through a vacuum pipe. Before reaching the irradiation area, a homogeneous 

broad beam was obtained with an Al-scattering foil (200 µm thick) set behind a 5 mm Al 

collimator placed 240 cm upstream. The spread-out Bragg peak (SOBP) was achieved using an 

energy degrader consisting of 20 Al disks of increasing thickness ranging from 147 to 2761 

𝜇m, leading to linear energy transfer variation and SOBP delivery [29]. An additional 10 mm 

collimator was located after the degrader to finalize the beam shaping (Fig. 1). The dose 

delivered to the tumor was set up both by the beam intensity and the irradiation duration, 

controlled with a beam kicker located between the source and the entrance of the cyclotron 

cavity, allowing fast beam shutoff. More information on the preclinical proton beamline and 

the associated dosimetry can be found in [30]. During the whole irradiation procedure, each 
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mouse was anaesthetized using IP injection of ketamine (65 mg/kg)/xylazine (10 mg/kg). The 

mouse body temperature was maintained at 36 ± 1 °C using a vivarium heating lamp. 

Description of the experimental protocol 

For the evaluation of both molecules, the experimental protocol consisted of eight groups of 

ten mice. Each group represented a particular dose/radiotracer condition. The proton single-

fraction doses were 5, 10 and 20 Gy, with a dose rate of 10 Gy/min, plus a control group with 

no dose delivered for each molecule. The delivered doses were chosen to range from low to 

high dose and according to previous preclinical results obtained with external beam irradiation 

[19, 31]. For each irradiated mouse, the dose was uniformly distributed in a cylindrical volume 

of 10 mm diameter and 5 mm depth, centered in the tumor. A reference time point was defined 

as the day before the irradiation procedure, seven days PCI, at which a reference PET exam 

was acquired for each mouse. Additional PET exams were then performed on each mouse every 

three days up to 16 days after irradiation. 

Small animal PET imaging protocol 

Animals were scanned with a dedicated preclinical PET (IRIS PET, Inviscan). The injected 

activities for both radiolabeled molecules were 10 MBq via the tail vein. Static image 

acquisitions were performed 45 minutes ([18F]-FDG groups) and 90 minutes ([18F]-FLT groups) 

after injection. The time between the radiotracer injection and the different PET exams was 

investigated and was chosen to optimize the tumor-to-background uptake ratio and according 

to the literature. To optimize [18F]-FDG tumor uptake, the mice were fasted overnight and kept 

warm and anesthetized during the 45-minute biodistribution [32]. During the entire exam, each 

mouse was maintained under isoflurane anesthesia (2%, MINERVE company). 

Two photons detected within a 5 ns coincidence timing window and with an energy ranging 

from 250 to 750 keV were defined as a coincidence. For each PET exam, the coincidences were 

acquired for 10 minutes. Data were reconstructed into a 201x201x120 volume using the 
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iterative 3D ordered-subset expectation-maximization algorithm. The resulting voxel size was 

equal to 0.42 mm in the transverse plane while the slice thickness was equal to 0.855 mm. PET 

data were fully corrected for normalization, random coincidences, radioactive decay and dead 

time during the reconstruction process. No attenuation and scatter corrections were applied. 

PET Data analysis 

PET data analyses were performed using the AMIDE software package [33]. A focal 

nonphysiologic increase in radiotracer uptake in the area of tumor development was considered 

positive PET. An ellipsoid was manually drawn on the tumor, large enough to account for the 

entire radiotracer uptake of the tumor. The standardized uptake value (SUV) was calculated for 

all voxels and the resulting highest value was defined as the SUVmax. Inside the volume, a 

region of interest (ROI) was defined by all the voxels with a value greater than 40% of the 

SUVmax value. The SUV mean value (SUVmean) inside the ROI was calculated, as was the 

functional volume, defined as the sum of all the voxels in the ROI. Activity was also calculated 

as the product between the mean voxel value calculated inside the ROI (Bq/mL) and the 

functional volume (mL). The functional volume and the functional activity are equivalent to 

the metabolic tumor volume and the total lesion glycolysis specifically defined for [18F]-FDG. 

To investigate the behavior of the different calculated figures of merit after irradiation, all the 

calculated values were divided by the values obtained at the reference time point, seven days 

PCI. 

Immunohistochemical procedure 

Three groups of 40 mice each were involved in the immunohistochemical procedure. Each 

group represented a time point and consisted in 10 mice per irradiation condition (control, 5 

Gy, 10 Gy and 20 Gy). Mice were sacrificed at accurate times before and after irradiation (-1, 

+3 and +16 days). Tumor samples were removed and fixed in buffered formalin for at least 

24 h, dehydrated and paraffin embedded. Standard 5 µm sections were sliced, and histological 
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staining was carried out with hematoxylin-eosin to analyze the mode of organization of the 

cells, the size and shape of the tumor and the degree of tissue damage. The expression of the 

Ki-67 antigen was detected by immunohistochemistry for use as a marker of tumor 

proliferation. This antigen was detected using the mouse monoclonal antibody against Ki-67 

(clone MIB1, DAKO M7240, 1/50e dilution). The quantitative evaluation was performed by 

counting with ImageJ [34] after observing tissue sections at high magnification (x40) and 

determining the number of positive tumor cells relative to the total number of tumor cells 

present on the same field of microscopic observation. The results were evaluated by counting 

the number of nuclei positive for immunostaining out of a total of 1000 tumor cells (10 to 20 

observation fields). 

Statistical analysis 

We compared each variable between the groups using the Mann-Whitney rank test function. 

Statistical calculation was performed using the Python programming platform associated with 

the Pandas and SciPy libraries [35, 36]. The level of significance was p < 0.05. Descriptive 

statistics and box plots were mainly used for data analysis. 

 
 
Results 

Visual analysis of reconstructed images demonstrated a better tumor-to-surrounding 

background uptake ratio for [18F]-FLT compared to [18F]-FDG leading to a better delineation 

for VOI placement (Fig. 2). The SUVmean, the functional volume and the resulting activity 

were calculated and normalized to evaluate the [18F]-FDG and the [18F]-FLT uptakes under 

control and irradiation conditions. 

In vivo characterization of [18F]-FDG uptake 

The results obtained for the control condition are shown in in Figures 3a-c. 
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Between 7 and 11 days PCI, a first phase could be defined as a tumor expansion period, when 

a decrease in the normalized SUVmean (p=3e-4) and an increase in the normalized functional 

volume (p=3e-4) were observed, resulting in stable normalized activity values (p=3e-1). In the 

second phase, a decrease in the normalized functional volume up to 17 days PCI (p=4.8e-2) 

was noted. The increase in the normalized SUVmean in the same period was also statistically 

significant (p=1e-2). For the last phase, starting between 14 and 17 days PCI, a decrease in the 

normalized SUVmean (p=2e-2) and an increase in the normalized functional volume were 

highlighted, indicating tumor recovery (p=1e-3). 

The results for [18F]-FDG PET imaging after proton irradiation are given in Figure 3d-f, where 

only the normalized activity is presented. While a decrease in the normalized activity after 10 

(p=2e-4) and 20 Gy irradiation (p=1e-2) over the examination period was observed, the 

normalized activity decreased at the beginning of the experimental protocol (p=3e-2 between 3 

and 6 days after irradiation) and remained stable after 9 days postirradiation in the 5 Gy group. 

The difference between 5 Gy and the other irradiation doses was amplified after 9 days. No 

significant differences were observed between the control group and the tumors irradiated with 

5 Gy. 

In vivo characterization of [18F]-FLT uptake 

The results obtained for the control condition are shown in Figure 4a-c. 

Between the 7th and the 14th day PCI, a growth phase was characterized by an increase in both 

the normalized SUVmean (p=4e-2) and the normalized functional volume (p=4e-3), resulting 

in an increase in the normalized activity (2.63 ± 1.5, p=2e-4). Despite a visual increase of the 

SUVmean between the 11th and the 14th day PCI, this obtained difference was not statistically 

significant (p=6e-2). The behavior of the 3 figures of merit was stable after day 14. 

Figures 4d-f present the normalized activities of [18F]-FLT tumor uptake after 5, 10 and 20 Gy 

proton irradiation. Three days after irradiation, an increase in normalized [18F]-FLT activity in 
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the 5 Gy group was observed (p=1e-4), while no change was seen in the 10 Gy group (p=4e-

1), and a decrease was seen in the 20 Gy group (p=2e-2). 

After these 3 days, the normalized [18F]-FLT activities remained constant, with no significant 

difference in any proton-dose group except a significant decrease after 20 Gy the last day of the 

experiment (p=4.7e-2 between 6 and 16 days after irradiation). 

A difference between the normalized [18F]-FLT activity in the 5 and 20 Gy groups three days 

after irradiation was observed (p=2e-3). A significant difference was observed between the 

mice irradiated with 10 or 20 Gy and the control mice from six days after irradiation (p=2e-3) 

until the end of the experimental protocol (p=3e-3). 

Conversely, no significant difference was observed between the data obtained in the 5 Gy group 

and the control group except at 9 days after irradiation, where the calculated median activity in 

the 5 Gy group (1.9) was significantly lower than the median in the control mice (2.5) (p=4.6e-

2). 

Comparison of both molecules at an early stage after irradiation 

The interpretation of [18F]-FDG uptake in the early days following irradiation was difficult 

because [18F]-FDG responds to inflammatory changes. Three days after irradiation, the 

normalized SUVmax calculated after [18F]-FDG injection increased by a factor proportional to 

the irradiation dose (Figure 5a). The p-values were 4.8e-2 for the control group compared to 

the 5 Gy group, 3.6e-2 for 5 Gy compared to 10 Gy and 2.8e-2 for 10 Gy compared to 20 Gy. 

We observed a decrease of the normalized functional volume when the irradiation dose 

increased leading to a stable normalized activity (data not shown). 

The observed behavior of [18F]-FDG uptake at the early stage was counterbalanced by the 

decrease in [18F]-FLT uptake as the proton dose increased (Figure 5b). Going from 5 to 10 Gy, 

the median of the normalized SUVmax fell by 21% (p=1.1e-2), and the drop was 36% when 5 

Gy was compared to 20 Gy (p=1.2e-3). We also observed a decrease of the normalized 
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functional volume leading to a decrease of the normalized activity when the irradiation dose 

increase (data not shown). 

Evaluation of the Ki-67 index 

Variations in the expression of the Ki-67 index as a proliferation marker are presented in Figure 

6. Nonirradiated SK-HEP-1 tumors showed an important Ki-67 proliferation index between 65 

and 75%, regardless of the day of collection. Three days after irradiation, irradiated tumors 

presented a significant decrease in their Ki-67 indexes of approximately 40%, irrespective of 

the irradiation dose (p=1e-4). Then, between 3 and 16 days postirradiation, the Ki-67 index of 

the tumors irradiated with 5 Gy remained stable, while a decrease in Ki-67 was observed in the 

10 and 20 Gy groups. Sixteen days postirradiation, Ki-67 varied from 42% after 5 Gy to 26% 

after 10 Gy to 10% after 20 Gy irradiation. At the end of the experimental protocol, a significant 

dose-dependent decrease was observed in the Ki-67 of tumor cells between the 5 and 20 Gy 

groups (p=1e-4). 

 
Discussion 

In this work, we used static PET imaging to evaluate the behavior of metabolism and cell 

proliferation in tumors after preclinical proton therapy procedures. The main objective was to 

compare the [18F]-FDG and [18F]-FLT radiolabeled molecules to monitor the treatment in an 

HCC context. 

The results obtained for each dose/radiotracer condition showed important variations per 

analyzed day. This variation is due not only to statistical fluctuations (N=10 per condition) but 

also to factors related to the imaging technique itself, the quantification approach and other 

animal-specific parameters. In our study, we tried to reduce these factors by optimizing the 

experimental conditions [37] and by normalizing each investigated figure of merit to a reference 

value measured before the irradiation. To overcome some limitations of PET SUV 
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measurements, we also measured the functional volume to derive an activity value 

representative of the overall metabolism and the cell proliferation behavior at the tumor level. 

The single-fraction procedure used in our study is not fully representative of the irradiation 

protocol used for human therapy, where radiation is usually administered to patients in multiple 

fractions. However, clinical studies on liver demonstrated high rates of local tumor control 

using high-dose hypofractionated stereotactic body radiation therapy [38]. Therefore, our 

protocol mimics the effect of a high dose delivered on a mouse model of HCC. Additional 

experiments have to be addressed before extending our conclusions to patients. 

[18F]-FDG uptake showed a linear dose-dependent increase in the first days after treatment 

(37%, p<0.05), while [18F]-FLT uptake decreased in a dose-dependent manner (e.g 21% for 5 

Gy compared to 10 Gy, p=1.1e-2). We made the assumption that the increase of [18F]-FDG 

uptake in the first days following the irradiation was due to potential inflammatory changes. 

However, previous study showed that in vitro radiation of tumor cells using X-rays could result 

in an increase of [18F]-FDG uptake without presenting inflammatory cells [39]. Further 

investigation on proton associated with SK-HEP-1 cells should be conducted to clarify this 

specific point. 

At the later time point, [18F]-FDG normalized activity showed an 85% decrease (p<0.01) for 

both 10 and 20 Gy doses and no variation for 5 Gy. Conversely, a significant 61% (p=0.002) 

increase was observed for [18F]-FLT normalized activity at 5 Gy and no variation for higher 

doses. The current results obtained with [18F]-FLT are consistent with those already published 

by Lin et al, demonstrating the value of using [18F]-FLT to monitor the early response of cell 

proliferation to proton therapy in a colon carcinoma cell line [19]. In the current study, we 

observed the same behavior of [18F]-FLT activity and proliferation activity (Ki-67) two weeks 

after irradiation. Previous work also demonstrated a significant correlation of [18F]-FLT with 

the proliferating fraction of HCC as assessed by Ki-67 immunohistochemistry [18, 40]. 



 14 

Considering that tumor cell proliferation is a mechanism of therapy resistance, the use of [18F]-

FLT can provide an effective decision tool for treatment management. 

The literature on the use of [18F]-FLT in the clinical routine reveals high background signals in 

the liver, which can be a potential drawback of using this molecule in HCC [41]. Despite this 

physiologic retention in the liver, Eckel et al [18] reported a median 20% higher focal uptake 

by malignant tumors than the surrounding liver, leading to a 69% sensitivity for the detection 

of HCC. To optimize the tumor-to-liver contrast, Sharma et al proposed in a pilot study to 

classified each voxel according to their time activity curve [42]. However, they showed that the 

high and variable SUV limited the improvement of tumor visualization. During the last decade, 

several approaches have been proposed to improve the sensitivity of PET/CT in HCC diagnosis 

[43, 44]. However, according to the European Association for the Study of the liver, there is no 

single radiolabeled molecule recommended for either diagnosis or response to therapy 

procedures in HCC [45]. The development of new probes and new procedures should not only 

improve the diagnosis but also the therapy response assessment. 

 
Conclusions 

We showed that the use of the [18F]-FDG and [18F]-FLT radiolabeled molecules can provide 

useful and complementary information for longitudinal follow-up of small animal proton 

therapy studies in the context of HCC. Our conclusions were drawn from the results obtained 

from HCC cell line SK-HEP-1. [18F]-FDG, a reference molecule for PET imaging, enables a 

treatment monitoring several days / weeks postirradiation. On the other hand, [18F]-FLT could 

represent a good candidate to monitor the treatment few days postirradiation, in the context of 

hypo-fractioned and close irradiations planning. This opens new perspectives in terms of 

treatment efficacy verification depending on the irradiation scheme. 
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Figure Legends 

 

Fig. 1 Picture of the horizontal beam line, including the rotating wheel used to degrade the 

proton energy and the collimator plus the scattering foil to shape the beam. 

 

Fig. 2 Coronal sections of mice scan after (a) [18F]-FDG injection and (b) [18F]-FLT injection 

to show changes in SUV for tumor uptake during the experimental protocol. The arrow 

indicates the location of the tumor. 

 

Fig. 3 Results of [18F]-FDG uptake. Mice (N=10) were imaged 7 days PCI, treated on day 8, 

and then imaged again 3, 6, 9, 13, and 16 days postirradiation. The first row illustrates the 

results obtained for the control group in terms of (a) the normalized SUVmean, (b) the 

normalized functional volume, (c) the normalized activity. The second row represents the 

calculated normalized activities for the (d) 5 Gy, (e) 10 Gy, (f) 20 Gy groups. The dashed line 

represents the normalized activity calculated for the control group (imported from (c)). The * 

marker indicates a significant difference (p < 0.05). The mean and median values are 

represented by triangles and horizontal lines, respectively. 

 

Fig. 4 Results of [18F]-FLT uptake. Mice (N=10) were imaged 7 days PCI, treated on day 8, 

and then imaged again 3, 6, 9, 13, and 16 days postirradiation. The first row illustrates the 

results obtained for the control group in terms of (a) the normalized SUVmean, (b) the 

normalized functional volume, (c) the normalized activity. The second row represents the 

calculated normalized activities for the (d) 5 Gy, (e) 10 Gy, (f) 20 Gy groups. The dashed line 

represents the normalized activity calculated for the control group (imported from (c)). The * 
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marker indicates a significant difference (p < 0.05). The mean and median values are 

represented by triangles and horizontal lines, respectively. 

 

Fig. 5 (a) Normalized SUV max of [18F]-FDG uptake and (b) [18F]-FLT uptake in the different 

proton-dose groups 3 days after irradiation. The * marker indicates a significant difference (p 

< 0.05). The mean and median values are represented by triangles and horizontal lines, 

respectively. 

 

Fig. 6 Immunohistochemical evaluation of the Ki-67 cell proliferation index in SK-HEP-1 

xenografts after different irradiation doses (NI: nonirradiated; 5, 10 and 20 Gy) and on different 

days (-1, 3 and 16) before and after irradiation. Mean percentage (± SD) value of Ki-67-positive 

SK-HEP-1 cells among 1,000 cancer cells scored in 10 tumors per condition. The * marker 

indicates a significant difference (p < 0.05). 
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