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0-2-1BF-f1uoroethyl-l-tyrosine (CBF]FET) has been widely used for glioblastomas (GBM) in clinical practice, 
although evaluation of its applicability in non-clinical research is still lacking. The objective of this study 
was to examine the value of C8 F]FET for treatment evaluation and prognosis prediction of anti-angiogenic 
drug in an orthotopic mouse model of GBM. Human U87MG cells were implanted into nude mice and 
then bevacizumab, a representative anti-angiogenic drug, was administered. We monitored the effect of 
anti-angiogenic agents using multiple imaging modalities, including bioluminescence imaging (BU), 
magnetic resonance imaging (MRI), and positron emission tomography-computed tomography (PET/CT). 
Among these imaging methods analyzed, only C8 F]FET uptake showed a statistically significant decrease 
in the treatment group compared to the control group (P=0.02 and P=0.03 at 5 and 20 mglkg, 
respectively). This indicates that C8 F]FET PET is a sensitive method to monitor the response of GBM 
bearing mice to anti-angiogenic drug. Moreover, C8 F]FET uptake was confirmed to be a significant 
parameter for predicting the prognosis of anti-angiogenic drug (P=0.041 and P=0.007, on Days 7 and 
12, respectively, on Pearson's correlation; P=0.048 and P=0.030, on Days 7 and 12, respectively, on Cox 
regression analysis). However, results of BU or MRI were not significantly associated with survival time. 
In conclusion, this study suggests that C8 F]FET PET imaging is a pertinent imaging modality for sensitive 
monitoring and accurate prediction of treatment response to anti-angiogenic agents in an orthotopic 
model of GBM. 
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Glioblastoma (GBM) is the most common primary 
brain tumor with high recurrence and mortality rate. The 
current standard treatment for GBM includes surgical 
resection followed by radiotherapy and chemotherapy 
using temozolomide (TMZ), an alkylating agent [1]. 
Even after this standard therapy, the median survival 
after diagnosis is 12 to 15 months with most cases 
showing recurrence [1]. Treatment options for recurrent 

GBM are limited, but anti-angiogenic approaches could 
be considered. The strategy to inhibit angiogenesis has 
been found to be successful in clinical use [2]. It is also 
known that a combination of anti-angiogenic agents and 
conventional chemotherapy can reduce the toxicity while 
obtaining therapeutic efficacy if they are coordinated 
properly [2-4]. As several molecular clues related to 
angiogenesis continue to be identified, targeting 
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angiogenesis is considered promising for tumor treatment

[2]. Increased aberrant neovascularization, a hallmark of

GBM, is primarily mediated by vascular endothelial

growth factor (VEGF), making VEGF a fundamental

target for anti-angiogenic therapy [5-9]. Bevacizumab

(Avastin®) is a recombinant humanized monoclonal IgG

antibody that binds to and inhibits VEGF, thereby

exhibiting anti-tumor effects [10-15]. Since its FDA

approval as the first anti-angiogenic agent for use in

metastatic colorectal cancer, bevacizumab has been

approved for patients with recurrent and newly

diagnosed GBM as well as several solid tumors. Positive

results of bevacizumab treatment have been reported in

patients with brain tumors [16-23]. For these reasons,

many studies have been conducted on anti-angiogenic

agents including VEGF inhibitor in GBM treatment.

Various imaging techniques including bioluminescence

imaging (BLI), fluorescence imaging (FLI), computed

tomography (CT), and magnetic resonance imaging

(MRI) can be used to quantify treatment response

against GBM. Nevertheless, especially in the case of

monitoring response for anti-angiogenic agents, there is

a difficulty such as pseudoresponse related to rapid

restoration of blood brain barrier (BBB) [24]. Because of

rapid vascular normalization, radiological response may

appear to be a therapeutic effect even though it is not a

true treatment effect [24-26]. Hence, accurate assessment

of efficacy is a challenge in the development of anti-

angiogenic agents for GBM. Positron emission tomography

(PET) imaging has been proposed as an alternative

method. O-2-18F-fluoroethyl-l-tyrosine ([18F]FET) and 3-

deoxy-3-18F-fluorothymidine ([18F]FLT) are widely used

radiotracers in PET imaging for brain tumor [27]. These

tracers can overcome known limitations of 18F-Fluoro-

deoxyglucose ([18F]FDG) such as increased uptake in

inflammatory environment and elevated background

signal in normal brain tissue, especially in the cerebral

cortex [24,27-30]. Since proliferative activity and amino

acid transport increase in neoplastic cells, but not in

normal brain cells, amino acid radiotracers have a

significant advantage of being able to sensitively evaluate

brain tumor [24,31,32]. The specificity of [18F]FET PET

is higher than that of [18F]FLT PET as the uptake of

[18F]FLT is more influenced by the presence of BBB

related to its limitation to move across the BBB [27].

Due to its advantage, [18F]FET has already been proven

to be useful in patients with brain tumor for diagnosis,

grading, treatment planning, and prognosis monitoring.

Although [18F]FET has potential to play a more

important role in GBM, few studies have evaluated the

feasibility of using them in non-clinical situations [33].

In this study, we compared [18F]FET PET imaging

with BLI and MRI for monitoring and predicting the

anti-tumor effect of bevacizumab in an orthotopic GBM

model. The aim of this investigation was to demonstrate

the value of [18F]FET PET imaging in non-clinical

assessment of angiogenesis-inhibiting drugs.

Materials and Methods

Cell culture

Human derived glioblastoma U87MG-Red-FLuc cell

line was purchased from Perkin Elmer (Waltham, MA,

USA). These cells were transduced with firefly luciferase

gene from Luciola Italica (Red-FLuc). Cells were

maintained under standard condition and confirmed to

be mycoplasma free by the ATCC universal mycoplasma

detection kit. Luciferase expressing cells were seeded

into a 96-well microplate at density ranging from 0 to

50,000 cells in 100 µL PBS. After 150 µg/0.1 mL of D-

Luciferin was added to each well, bioluminescence

signal was then obtained directly using an EnSpire

multimode plate reader (PerkinElmer, Waltham, MA,

USA). Each experiment performed in triplicates.

Luminescence activity was considered to reflect relative

viable cell numbers as the intensity of emitted light was

directly proportional to the number of viable cells. Cells

were cultured in MEM alpha media supplemented with

10% heat-inactivated FBS and 1% Penicillin/Streptomycin

and maintained at 37oC with 5% CO
2
 in a humidified

incubator. Cell viability was over 90% based on trypan

blue exclusion assay.

Orthotopic GBM model

This experiment was performed after obtaining approval

from the Institutional Animal Care and Use Committee

(IACUC) of the Korea Institute of Radiological &

Medical Sciences (KIRAMS) (Approval No. KIRAMS

2017-0038). Overall animal care and experimental

procedures were conducted in compliance with the NIH

Guide for the Care and Use of Laboratory Animals.

Six weeks old male Balb/c nude mice with body

weight of 19 to 24 g were used to establish an orthotopic

model. Mice were anesthetized using 200 µL of a

mixture of Zoletil (30 mg/kg) and Rumpun (10 mg/kg)

via intraperitoneal injection. While under deep anesthesia,
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mice were placed in a stereotactic apparatus and midline

incision was made to expose the skull. Connective

tissues on skull surface were wiped several times to find

the bregma to be used as a reference point. A burr hole

was made at 0.5 mm anterior and 2 mm right to the

bregma. Then 105 cells in 5 µL PBS were slowly injected

at a depth of 2.5 mm with a Hamilton syringe. The

targeted injection site was the right caudate putamen.

Incision line was sutured and disinfected. Thereafter,

mice were monitored for anesthetic recovery. At 17 days

after cell inoculation, mice were randomized into three

groups (n=4 per group) based on total flux of BLI. Then

5 or 20 mg/kg of bevacizumab (Avastin, Roche) or

vehicle (1xDPBS, Gibco) was administered intraperitoneally

for a total of 17 times from the day of randomization.

Dose volume was 10 mL/kg.

Experimental design

BLI, MRI, and PET/CT were used to monitor treatment

response. For all images, mice were anesthetized in the

induction chamber containing 2.0-2.5% isoflurane.

Small animal masks were then used to maintain anesthesia

with 1.5-2.0% isoflurane within the imaging system. The

mice were monitored daily for clinical sign and survival

assessment. Body weight was measured twice a week

and before each scan. The detailed schedule including

administration and imaging is illustrated in Figure 1.

Bioluminescence imaging

Mice were intraperitoneally injected with 100 µL D-

luciferin (30 mg/mL). To allow substrate absorption and

luciferase/luciferin reaction, mice were anesthetized for

10 minutes with isoflurane. They were then transferred

into an IVIS Imaging System 200 (Caliper Life Science,

Waltham, MA, USA) in prone position and continuously

anesthetized to obtain BLI images. Images were acquired

with exposure time of one second which was adjusted to

optimize the signal without saturating the image. Living

Image 2.50 software (Xenogen Corp., Alameda, CA,

USA) was used to analyze bioluminescence data. A

region of interest (ROI) covering the bioluminescence

signal on the mouse skull was manually drawn and total

photon flux (photons/sec/cm2/sr) in the ROI was

measured.

Magnetic resonance imaging

All MRIs were obtained using an Agilent 9.4T scanner

(Agilent Technologies, Santa Clara, CA, USA) with 31

cm horizontal-bore. Anesthetized mice were placed in

prone position on an animal bed surrounded by 2-

channel array mouse head surface coil (Rapid Biomedical

GmbH, Rimpar, Germany). In order to check the condition

of mouse, respiratory rate was monitored using a MR-

compatible system with physiological monitoring and

gating (SA Instruments, NY, USA). Brain images in

transverse and coronal planes were acquired with Fast

Spin Echo Multi-Slice (FSEMS) T2 weighted sequences

as follows: repetition time (TR)=3500 ms; echo time

(TE)=30 ms; echo train length (ETL)=64; field of view

(FOV)=20×20 mm; slice thickness=0.8 mm; matrix size

=192×192; number of excitation (NEX)=3; number of

slice=10; voxel size=0.104×0.104×0.8 µm; and scan

time =5 m 43 s.

To determine tumor size on T2 weighted image, tumor

width and length on transverse plane and tumor high on

coronal plane were measured using Image J software

(version 1.51, National Institutes of Health, MD, USA).

Based on the tumor diameter, tumor volume was

calculated with the following formulation:

Tumor volume (mm3)

= width (mm)×length (mm)×high (mm)×0.52

Figure 1. Timeline of the experimental design. The initiation date of treatment was considered as Day 0. Grey boxes indicate
bevacizumab administration (one time per day). Arrows indicate imaging modalities taken.
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PET/CT imaging

PET/CT imaging was performed with a small animal

PET/CT scanner (NanoScan, Mediso Medical Imaging

Systems, Budapest, Hungary). Mice were anaesthetized

with isoflurane and injected with [18F]FET (200 µCi) in

200µL of saline via the tail vein. For attenuation correction

and anatomical reference, micro-CT imaging was

obtained during 2.5 minutes before PET imaging using

50 kVp of X-ray voltage and 0.16 mAs of anode current.

Subsequently, PET images were acquired with an energy

window of 400-600 keV during 20 minutes at 1 hour

after tracer injection. All obtained images were reconstructed

using four iterations of 3-dimensional ordered subset

expectation maximization (3D-OSEM) algorithm with

six subsets.

To quantify [18F]FET uptake, standardized uptake

value (SUV) which adjusted voxel value within a volume

of interest (VOI) was calculated using PMOD software

(version 3.8, PMOD Group, Graubünden, Switzerland).

The SUV
 
(g/mL) of each voxel was calculated as follows.

Activity of each voxel (kBq/mL) was multiplied by

mouse body weight (g) and divided by decay-corrected-

activity (kBq). Three-dimensional VOI showing high

activity was manually drawn on the brain region using

CT images as a guide. Maximum SUV value was

obtained based on VOI.

Statistical methods

Statistical analyses were performed using SPSS Statistics

version 23 (IBM Corp., Armonk, NY, USA). Continuous

parameters were expressed as mean± standard deviation

(SD). All analyses were conducted as two-sided tests. To

perform group comparisons, homogeneity of variance

was evaluated by Levene’s test. For data with confirmed

equal distribution and results of ANOVA multiple

comparison test were statistically significant (P<0.05),

Dunnett’s test was performed as post hoc test to determine

which pair of group comparison was significantly

different. When significant deviations from variance

homogeneity were observed, Kruskal-Wallis T Test was

conducted as a non-parametric comparison test. As

results of Kruskal-Wallis T test, there were no statistically

significant differences (P>0.05).

Survival curves were generated by the Kaplan-Meier

method and Log rank (Mantel-Cox) test was performed

for group comparison. Pearson’s correlation analysis and

univariate and multivariate Cox regression analyses

were performed to identify predictors of survival and

assess the effect of significant parameters. Cox multivariate

analyses were conducted with a stepwise procedure

using parameters obtained on Day 7 and Day 12,

respectively.

Results

Imaging modalities to track the response of anti-

angiogenic drug in GBM orthotopic model

In all imaging modalities taken, changes in orthotopic

Figure 2. Monitoring response to anti-angiogenic drug in GBM bearing mice by BLI. Representative BLI images showing
bevacizumab response on Days 0, 7, and 12 after initiation of treatment (A). Mice received 0, 5 or 20 mg/kg bevacizumab from 17
days after U87MG cell inoculation. Scale bar represents 107-108 photons/sec/cm2/sr. Bioluminescence signal in tumor of each
group over time is shown (B). Values represent mean±SD of each group.
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Figure 3. Monitoring the response to anti-angiogenic drug in G8M bearing mice by MRI. Representative transverse plane of T2 
weighted MRI images showing bevacizumab response on Days 0, 7, and 12 after initiation of treatment (A). Tumor volume (8) and 
tumor growth rate (e) of each group over time are shown. Values represent mean±SD of each group. 
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Figure 4. Monitoring the response to anti-angiogenic drug in G8M bearing mice by [18F]FET PET imaging. Representative 
transverse plane of PET image showing bevacizumab response on Days 7 and 12 after initiation of treatment (A). Scale bar 
represents 0.5-2.0 g/mL of [18F]FET. Quantitative [18F]FET uptake in tumor of each group over time is shown (8). Values represent 
mean±SD of each group. *P<0.05 vs. control group determined by the Dunnett's test after ANOVA multiple comparison. 

xenograft following bevacizwnab administration were 

confirmed both visually and quantitatively, According to 

BLI, luminescence signals (total flux, pis) were reduced 

slightly in bevacizumab administration groups compared 
to those in the control (Figure 2B; 45 and 44% compared 

to the control at 5 mg/kg on Days 7 and 12, respectively; 

38 and 61% compared to the control at 20 mg/kg on 
Days 7 and 12, respectively), However, these changes 

were not accompanied by statistical significance or dose-

Lab Anim Res I December, 2018 I Vol. 34, NO.4 

dependency, 

In order to quantify twnor growth, twnor volwne and 

tumor growth rate (ratio compared to Day 0) were 

evaluated based on 1'2 weighted MRI. After bevacizumab 

administration, decreasing tendency of brain tumor was 

verified in tumor volume (Figure 3B, 41 and 35% 

compared to the control at 5 mg/kg on Days 7 and 12, 
respectively; 31 and 27% compared to the control at 20 

mg/kg on Days 7 and 12, respectively) and twnor growth 
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Figure 5. Kaplan-Meier survival curves for control or bevacizumab 
treatment groups of G8M orthotopic model. *P<0.05 vs. control 
group determined by log-rank test. 

rate (Figure 3C, 64 and 46% compared to the control at 
5 mglkg on Days 7 and 12, respectively; 65 and 46% 

compared to the control at 20 mgikg on Days 7 and 12, 

respectively). These changes showed no statistical 

significance. 

Bevacizumab administration decreased C8F]FET uptake 

at brain twnor in PET/CT images (Figure 4B, 71 and 

44% compared to the control at 5 mg/kg on Days 7 and 

12, respectively; 54 and 50% compared to the control at 

2 mg/kg on Days 7 and 12, respectively). Among 

imaging techniques used, only PET imaging on Day 12 

showed statistically significant differences (Figure 4B; 
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P=0.02 and P=0.03 at 5 and 20 mg/kg, respectively). 

These changes were observed in both 5 and 20 mgikg 

bevacizumab groups, but not in a dose-dependent 

manner. 

Imaging modalities to predict the prognosis of anti­

angiogenic drug in GBM orthotopic model 

Bevacizumab treatment significantly extended overall 

survival compared to the control (Figure 5; P=0.007 in 

both 5 and 20 mgikg groups). However, dose related 

changes were not observed. Since overall survival was 

regarded as a gold standard of treatment prognosis, 

statistical analysis of survival time was performed for 

each parameter derived from imaging modalities. We 

assessed Pearson's linear correlation coefficient (r) to 

determine the strength of associations between results of 

each imaging modality and survival time following 
bevacizwnab treatment. Survival time and [18F]FET 

uptake showed a statistically significant linear correlation 

(a moderate negative linear correlation on Day 7 and a 

strong negative linear correlation on Day 12, Table 1 and 

Figure 6; P=0.041, r= -0.687 on Day 7; P=0.007, r= 

-0.757 on Day 12). Other parameters derived from BLI 

and T2 weighted MRI showed no significant correlations 

with survival time. 

Cox proportional hazards model was used to compare 
the survival predictive power of [18F]FET PET with that 

of other imaging modalities. SUV max was confirmed as 
a significant predictor of survival (Table 2; P=0.048 and 

P=0.030 on Days 7 and 12, respectively) in both 
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Figure 6. Dispersion charts demonstrating correlation between survival time and maximum SUV of [18F]FET on Days 7 (A) and 12 
(8) in the orthotopic G8M model (n=8 and 11, respectively). 
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Table 1. Correlations between survival time and parameters of 
imaging modalities 

Parameters of imaging modalities Ra PValue 

Day 7 

Photon flux -0.405 0.192 

Tumor volume -0.393 0.207 

Tumor growth rate -0.291 0.360 

SUVmax -0.687* 0.041 

Day 12 

Photon flux -0.368 0.239 

Tumor volume -0.563 0.056 

Tumor growth rate -0.394 0.205 

SUVmax -0.757** 0.007 

apearson's r 
Data highlighted in bold represent statistical significance (*P<0.05, 
**P<0.01). 

Table 2. Cox proportional hazards model to identify predictors 
of survival time 

Parameters of 
PValue HRa 95% Clb 

imaging modalities 

Day 7 

Photon flux 0.147 1.000 

Tumor volume 0.158 1.019 0.993-1.047 

Tumor growth rate 0.671 1.060 0.810-1.387 

SUVmax 0.048* 4.438 1.013-19.445 

Day 12 

Photon flux 0.141 1.000 

Tumor volume 0.050 1.010 1.000-1.021 

Tumor growth rate 0.350 1.020 0.978-1.063 

SUVmax 0.030* 4.572 1.155-18.096 

aHazard ratio. bConfidence interval. 
Data highlighted in bold represent statistical significance (*P<0.05). 

univariate and multivariate Cox regression analyses. In 
contrast, photon flux, tumor volume, or tumor growth 
rate was not a significant predictor for survival time on 
Day 7 (P=0.147, P=O.l58, and P=0.671 , respectively) or 
Day 12 (P=0.141, P=0.050, and P=0.350, respectively). 

Discussion 

The goal of this experiment was to demonstrate the 
value of molecular imaging technique in assessing and 
predicting the effect of anti-angiogenic agents on GBM 
orthotopic model. Among imaging methods analyzed in 
this study, only [18F]FET uptake showed statistical 

significance after bevacizumab administration compared 
to the control group. This indicates that [18F]FET PET is 

a more sensitive method to detect response to anti­
angiogenic agents in GBM orthotopic mice model. Our 
results also demonstrate that CRF]FET uptake is a 

Lab Anim Res I December, 2018 I Vol. 34, NO.4 

significant parameter for predicting the prognosis after 

treatment with anti-angiogenic agents, whereas results of 
BLI or MRI are not significantly associated with survival 
time. 

BLI was used to confirm and monitor tumor growth 
over time because it is established as a reliable method 
for the assessment of brain tumor in non-clinical 

research due to its convenience in use and sensitiveness 
[34,35]. In relation to these advantages, it was possible 
to monitor the growth of viable tumor cells from the 
inoculation with U87MG cells. However, statistically 
significant change compared to the control or correlation 
with survival time was not observed after bevacizumab 
administration. This could be contributed to factors 
known to impair the reliability of viable tumor cell 
measurements, including differences in tumor depth, 
hypoxia, pH, and changes in expression of luciferase 
[36-39]. 

In the current study, contrast enhancement was not 
used in MRI. Only T2 weighted images were taken 
based on recommendation of the Response Assessment 
in Neuro-Oncology (RANO) group for assessment of 
tumor response or progression to overcome pseudoresponse 
associated with anti-angiogenic drugs [25,40]. Besides, 

it has been revealed that contrast enhancement is not 
accurately correlated with tumor progression in a non­
clinical study using anti -angiogenic agent [41]. In results 
ofMRI, tumor growth was well confirmed anatomically, 
but treatment response to bevacizumab was not statistically 
significant. MRI showed no statistical significance in 
predicting therapeutic effect of the tumor either. Besides 
infiltrating tumor, edema and necrotic lesion can also be 
causes of hyper intensity signal in MRI [28]. While MRI 
provides anatomical structures, PET provides information 
about metabolic activity of tissue. Thus, it is considered 
that evaluating and predicting tumor prognosis using 

PET is more accurate than using MRI, especially in the 

case of anti-angiogenic agents that induce therapeutic 
effects by modifying the tumor microenvironment. 

Several reports have confirmed that CRF]FET PET is 

a reliable tool to detect and predict treatment response of 
bevacizumab in patients with brain tumor than 
conventional imaging methods [40,42]. In a recent non­
clinical study, P8F]FET has also been shown to be a 
better tool than MRI and BLI for detecting anti-VEGF 
efficacy in GBM mice models [36]. Results of the 
present study are in line with these clinical and non­

clinical researches. In addition, our results revealed 
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remarkable correlation between [18F]FET uptake and 

survival time, the gold standard of therapeutic effect, 

based on multiple statistical methods in the non-clinical 

condition. 
In conclusion, our results demonstrate that CRF]FET 

PET is the most sensitive and predictable tool among 

imaging modalities used in this study for estimating 

treatment effects of bevacizumab in GBM orthotopic 
model. Therefore, [lSF]FET PET is a pertinent imaging 

modality and recommended for non-clinical evaluation 

of anti-angiogenic drugs in GBM treatment. 
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