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ABSTRACT 

 

Evaluation of hypoxic PET radiotracer in xenograft murine model after 

anti-angiogenesis treatment 

 

Arthur Eung-Hyuck Cho 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Mijin Yun) 

 

 

 

  Purpose: Non-invasive assessment of tumor hypoxic extent is of 

clinical importance, as hypoxia is a known factor in chemotherapy or 

radiotherapy resistance. Anti-angiogenetic treatments have been developed to 

improve tumor hypoxia, but studies have shown that tumors may develop 

evasive resistance to anti-angiogenetic therapy. Non-invasive assessment of 

tumor hypoxia is needed to evaluate the temporal changes of hypoxia in tumors 

undergoing anti-angiogenesis therapy. Positron Emission Tomography (PET) 

radiotracers such as 
18

F-misonidazole (
18

F-MISO) and 
64

Cu-diacetyl-di(N4- 

methylthiosemicarbazone) (
64

Cu-ATSM) have been specifically developed to 

evaluate for hypoxic status of tumors, and 
18

F-fluorodeoxyglucose (
18

F-FDG) is 

also known to reflect hypoxic status of tumors. The purpose of this study is to 

evaluate the role of these PET radiotracers in evaluating angiogenesis response 

in xenograft murine model. 
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  Materials and Methods: Human colorectal cancer cell line HCT116 

was plated on 6 well plates and incubated in 1% O2 hypoxic chamber or 

normoxic chamber (5% CO2 in air) for 4 hours and 12 hours. 
18

F-FDG, 

18
F-MISO, and 

64
Cu-ATSM were separately incubated, scraped, and counted 

for radioactivity. Western blot of HIF1a and GLUT1 of the cell lysates was 

performed to evaluate for cellular response to hypoxia induction. Finally, to 

evaluate for the effect of extracellular conditions on intracellular 
18

F-MISO 

retention, 
18

F-MISO evaluation was performed in cells incubated in acidic 

culture medium. Also, to evaluate for 
18

F-MISO uptake in necrotic cells, cells 

were incubated in heat chamber (55
o
C) to induce necrosis, as well as 

incubated in hypoxic chamber until necrosis was induced.  

  For in vivo studies on Avastin therapy response assessment, HCT116 

was subcutaneously implanted into hind leg of BALB/c-nu mice. 
18

F-FDG 

was obtained one day before therapy, and 
18

F-MISO or 
64

Cu-ATSM was 

obtained on the day of Avastin therapy. Immediately after hypoxic radiotracer 

PET scan, Avastin was injected intraperitoneally, 2 times a week for 2 weeks, 

during which tumor size changes were recorded. Both treatment and control 

mice had either a combination of 
18

F-FDG/
18

F-MISO or 
18

F-FDG/
64

Cu-ATSM 

post-therapy PET before sacrifice. Immediately after PET, the mice were 

sacrificed, tumors were excised, bisected, and half was put into formalin for 

pathologic evaluation, and half of tumor was frozen, cryosectioned, 

autoradiography images were acquired. The post-therapy PET radiotracer 
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administration was alternated so autoradiography images of all radiotracers 

were obtained for both control and treatment groups. Autoradiography images 

were reviewed to evaluate for radiotracer retention in necrotic areas.  

Immunohistochemical staining was performed to evaluate for pimonidazole 

(hypoxia), H&E, and Ki-67. 

  Results: In vitro studies showed higher hypoxic/normoxic cell 

retention ratio in 
18

F-MISO or 
64

Cu-ATSM radiotracers compared to 
18

F-FDG. 

Western blot showed that HIF1a stabilization but minimal GLUT1 induction 

in hypoxic conditions. 
18

F-MISO retention studies have shown a reduction of 

approximately 50% in acidic environment lower than pH of 6.9. Also, 

18
F-MISO showed significantly higher retention in necrotic conditions 

compared to normoxic conditions, but not as high as hypoxic conditions.  

  In animal studies, Avastin treated group showed significant slower 

tumor growth compared to control group. Immunohistochemical analysis 

revealed significantly higher hypoxic areas in treatment group compared to 

control group (17.67% ± 5.95 vs 11.02 ±4.81, p=0.004). There was no 

significant difference in Ki-67 expression (41.69±22.58 vs 49.33±13.84, 

p=0.328) or % area of necrotic portions (36.02±24.8 vs 27.82±14.0, p=0.249). 

Post-therapy PET showed no significance difference in uptake between 

treatment or control groups (
18

F-FDG: 5.4±6.4 vs 3.0±1.8, p=0.123; 

18
F-MISO: 4.6±3.0 vs 4.6±2.7, p=0.953).  

   Autoradiography analysis of necrotic portions revealed significantly 
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higher 
18

F-MISO (2.41±1.77) in necrotic portions of the tumor compared to 

18
F-FDG (0.83±0.42, p=0.001) or 

64
Cu-ATSM (0.94±0.48, p=0.005). 

Conclusion: In subcutaneous tumor model for HCT116 colon cancer 

cell line, significant tumor growth suppression is seen after two weeks of 

Avastin therapy, as well as an increase in hypoxic portions. In tumors with 

necrotic portions, 
64

Cu-ATSM PET may reflect non-viable portions better than 

18
F-MISO PET.  
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I. INTRODUCTION 

Angiogenesis is one of the hallmarks for tumors,
1
 as proliferating tumors 

relies on angiogenesis to obtain oxygen and nutrients for growth. One of the cell 

signaling pathways that starts the cellular cascade to increased angiogenesis is 

hypoxia induced factor 1-alpha (HIF1a). In hypoxic conditions, stabilized 

HIF1a will start a signal cascade that will increase glycolysis, angiogenesis and 

changes in cell proliferation.
2,3

 Therapeutic agents have been developed to 

target this reliance on angiogenesis. Recent studies have shown that these 

anti-angiogenesis agents in combination with chemotherapy or radiotherapy 

have significantly increased disease free survival.
4,5

  However, other studies 

have shown that prolonged use of anti-angiogenesis treatment have 

paradoxically increased tumor hypoxia, which can lead to decreased efficacy of 

radiotherapy.
6-9

 Further studies are needed to determine the optimal treatment 
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strategy for anti-angiogenesis agents. 

Molecular imaging with Positron Emitting Tomography (PET) radiotracers 

has been increasingly been studied in evaluating therapy response. 

18
F-misonidazole (

18
F-MISO) has been extensively studied as a hypoxic tracer 

in the clinical and animal settings.
10-12

 The current known mechanism of 

18
F-MISO retention in hypoxic cells are the reduction of the NO2 group to NH2 

via flavin-associated oxidoreductase enzymes. In the presence of oxygen, NO2 

is reduced and re-oxidized in a futile loop by oxidoreductase enzymes, but when 

oxygen is less than <10 mmHg, these oxidoreductase enzymes reduce NO2 to 

NH2, after which NH2 reacts with macromolecular proteins, which results in 

18
F-MISO being trapped within the hypoxic cells.

2
 Also, due to the high 

lipophilicity of 
18

F-MISO, delayed imaging is necessary during PET scans. 

However, one potential unevaluated factor that might also influence the 

biodistribution of 
18

F-MISO in tumors may be the pH sensitive ring of the 

nitroimidazole ring.
13

 
64

Cu-Diacetyl-bis(N(4)-methylthiosemicarbazone 

(
64

Cu-ATSM) is another hypoxic tracer that has been evaluated in animal and 

clinical studies, but with different biodistribution and retention mechanisms 

than the nitroimidazole compounds.
14-16

 Due to the lower lipophilicity of 

64
Cu-ATSM, this radiotracer is more rapidly washed out of normal tissues, 

which allows better contrast compared to nitroimidazole-based compounds.
17-19

 

In contrast, 
18

F-FDG retention in cancer cells relies on the increased 

expression of GLUT-1 and hexokinase-2 to trap the 
18

F-FDG within the cell. 
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Hypoxic cells, through stabilized HIF1a, shows increased glycolysis and 

angiogenesis. Thus 
18

F-FDG PET imaging can partially reflect hypoxic state of 

the tumor. In this way, when tumor cells are treated with anti-angiogenesis 

agents, changes in glycolysis and hypoxia should reflect changes in 
18

F-FDG 

and 
18

F-MISO uptake and distribution. 

The purpose of this study is to assess the usefulness of hypoxic radiotracers 

in anti-angiogenesis therapy in xenograft rodent model. 

 

 



8 

 

II. MATERIALS AND METHODS 

 

1. In vitro studies 

 

Colorectal cancer cell lines HCT116, HT29, COLO205 were obtained from 

the Korean Cell Line Bank. Cell line selection was based on induction of HIF1a 

under hypoxia conditions and previous studies on bevacizumab (Avastin, 

Genentech, South San Francisco, CA) therapy response in vivo animal studies. 

All cell lines were grown in 5% CO2 humidified atmosphere at 37
o
C.  Cells 

were maintained in Roswell Park Memorial Institute medium ((RPMI1640, 

GIBCO, Grand Island, NY), supplemented with 10% (vol/vol) heat-inactivated 

fetal bovine serum (FBS) and 1% penicillin and streptomycin (Sigma-Aldrich, 

P4333). Each cell line was plated in triplicate until 80% confluence. Cells were 

incubated in 1% O2 hypoxic chamber for 3-4 hours or 12 hours for hypoxic 

studies. Corresponding cell lines were plated in triplicate and incubated in 

normoxia chamber (95% air, 5% CO2 at 37
o
C) for control.  After hypoxic or 

normoxic condition incubation, these cell lines were incubated with 
18

F-FDG, or 

18
F-MISO, or 

64
Cu-ATSM (2uCi/well for all radiotracers) for one hour in serum 

free medium for hypoxic radiotracers and in low glucose, serum free medium 

for 
18

F-FDG radiotracers. After incubation, all wells were washed three times 

with 3ml of phosphate buffered saline (PBS), harvested, and cell membrane 

lysed with cell lysis buffer (Cell Signaling Technology, #9803). Lysates were 



9 

 

counted for radioactivity (PerkinElmer Wallac Wizard 3" 1480 Gamma 

Counter), centrifuged (12,000 rpm, 20min), after which the pellet was discarded. 

For 
64

Cu-ATSM studies, evaluation of dependence of 
64

Cu-ATSM on various 

biologic conditions was evaluated. HCT116 cells were incubated with 

deferoxamine mesylate (DFO) for 8 hours before cell uptake studies.
20

 The 

effect of HIF1a suppression in 
64

Cu-ATSM uptake was performed by inhibiting 

HIF1a activation using small interfering RNA (siRNA) was performed 

according to the protocol supplied by Invitrogen Inc (protocol publication 

MAN0007824, rev 1.0). Briefly, HIF1a DNA was transfected into cells in 6 well 

plate using Lipfectamine Reagent in Opti-MEM solution, and incubated for two 

days at 37C. Then the cells were incubated in either normoxic or hypoxic 

conditions for either 4 hours and 12 hours, and then incubated with 
64

Cu-ATSM 

with the previously mentioned conditions.  

Western blot was performed to evaluate for changes in protein expression 

after hypoxic incubation. Separation of proteins was obtained using sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Protein 

samples for analysis were prepared in accordance with the manufacturer’s 

instructions (Abcam) prior to loading of gels and running in 

3-(N-morpholino)propane-sulfonic acid (1×MOPS) running buffer, at 100 V for 

1.5 hours. Separated proteins were transferred to a nitrocellulose membrane 

(Abcam, ab133413) at 100 V for 60 minutes. Membranes were subjected to 

immunoblotting with mouse monoclonal antibodies to human HIF1a (Cell 



10 

 

Signaling Technology, #3716), or mouse monoclonal antibodies to human 

GLUT1 (Abcam, ab652) and mouse monoclonal antibodies to β-actin (AC-15, 

Sigma Chemical Co., Poole, UK) in 1% non-fat milk in phosphate-buffered 

saline (PBS). This was followed by incubation with horseradish 

peroxidase-conjugated secondary antibody (goat anti-mouse, from 

DakoCytomation, Hamburg, Germany, diluted 1:5,000 in 1% non-fat milk and 

PBS). Proteins were detected by enhanced chemiluminescence (SuperSignal 

West Pico Chemiluminescent Substrate, Pierce Biotechnology, Rockford, IL, 

USA) and transparency film. 

To evaluate for the effect of extracellular conditions on 
18

F-MISO retention, 

18
F-MISO evaluation was performed in cells incubated in acidic culture medium. 

RPMI media was titrated with lactic acid to change pH to the following levels: 

7.8, 7.3, 6.9, 6.7, 6.4, 6.1. HCT116 were grown on 6 well plate and grown to 

80% confluence. The media was first removed and then incubated with pH 

adjusted RPMI into each well plate. Immediately thereafter, 1-2uCi of 

18
F-MISO was injected into each well plate and incubated for 30 minutes in 

normoxic conditions. To evaluate for 
18

F-MISO retention in necrotic cells, 

HCT116 cells were incubated for 2 hours under intense hyperthermia at 55
o
C to 

induce necrosis, in concordance with the methods described in previous studies 

evaluating radiotracers for tumor necrosis.
21-23

 HCT116 cells incubated in 

normoxia chamber were used as control. Also, to more approximately evaluate 

in vivo tumor necrosis conditions, HCT116 cell lines were incubated in 
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prolonged hypoxic chamber (7 days) in FBS-free RPMI media, until media was 

yellow in color and cells self-detached from well plate. Normoxia and hypoxic 

conditions were used as control. Cells were scraped, centrifuged, and gamma 

counted. 

 

2. In vivo studies 

 

A. Tumor model establishment and Avastin therapy 

 

HCT116 cell line was cultured and 1.0x10
6 

cells/100uL in PBS was 

subcutaneously injected into the right hind leg of 64 BALB/c-nu Slc mice 

weighing 20g on average. Tumor growth was calculated with digital caliper. 

When the tumors grew to approximately 1.5-2cm, pre-therapy PET images were 

acquired and anti-angiogenesis therapy started. The mice were grouped into 

treatment group and control group. All animal experiments followed the ethical 

committee of the Yonsei University of Animal Care and Use. The treatment 

group was injected intraperitoneally with 10mg/kg of Avastin, two times a week 

for two weeks. Control group received intraperitoneal normal saline injections 

of 200ul. Tumor response to Avastin therapy was determined by tumor size 

growth ((a*b
2
)/2; a: long side, b: short side) and by immunohistochemical 

analysis. 
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B. Animal Positron Emission Tomography (microPET) and 

autoradiography protocol 

 

 

 

Figure 1. Timeline of Avastin therapy for hypoxic radiotracer assessment 

 

PET imaging schedule was as follows: 
18

F-FDG PET was acquired one day 

before therapy. On the day of therapy, 
18

F-MISO was acquired before Avastin 

administration (Figure 1). Approximately 200uCi of 
18

F-FDG or 
18

F-MISO was 

injected intravenously, and PET images were acquired 60 minutes later for 

18
F-FDG PET, and 2 hours later for 

18
F-MISO PET. Animals were ventilated 

with an isoflurane/air mixture (1% isoflurane).  Mice were fasted for at least 8 

hours before 
18

F-FDG PET images. A 10 min PET scan was acquired using an 

Inveon PET (Siemens Medical Solutions, Knoxville, KY, USA). After data 

acquisition, PET data was arranged into sinograms and subsequently 

reconstructed with the maximum a posteriori (MAP) reconstruction algorithm. 

After two weeks of Avastin therapy, 
18

F-FDG and 
18

F-MISO PET images were 

acquired before sacrifice. Pimonidazole solution (60 mg/kg in 100ul normal 
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saline; Hypoxyprobe-1 kit; Hypoxyprobe, Inc., Burlington, MA, USA) was 

injected intraperitoneally 2 hours before sacrifice. To acquire 
18

F-FDG 

autoradiography images, 11 mice of the control group and 11 mice of the 

therapy group were randomly chosen to have 
18

F-MISO PET a day before 

sacrifice, and had 
18

F-FDG PET on the day of sacrifice. To acquire 
18

F-MISO 

autoradiography images, 11 mice of the control group, and 11 mice of the 

therapy group had 
18

F-FDG PET a day before sacrifice and 
18

F-MISO PET on 

the day of sacrifice. Immediately after PET acquisition, the mice were 

sacrificed; tumors were excised, and cut in half. One half was put into 10% 

formaldehyde and half was frozen in -70C with Tissue-Tek O.C.T Compound 

(Sakura Finetek Europe B.V.). The thigh muscles of the non-tumor bearing leg 

were also excised and included in the frozen tumor block and used as reference 

for radiotracer uptake in autoradiography slides. The frozen tumors were 

immediately cryosectioned with cryomicrotome (CM1860, LEICA, Nussloch, 

Deutschland) at 8um slice thickness on five frosted microscope slides, and 

autoradiography images were acquired with imaging plate (BAS-SR 2040; 

Fujifilm, Tokyo, Japan). The imaging plate was then scanned with a 

bio-imaging analyzer (FLA7000; Fujifilm, Tokyo, Japan). 

64
Cu-ATSM studies performed using the same imaging protocol and 

timeline as Figure 1, with 
64

Cu-ATSM microPET acquired instead of 
18

F-MISO. 

Twenty mice underwent baseline 18F-FDG and 64Cu-ATSM microPET, after 

which 10 mice had Avastin therapy, and 10 mice were control group.  After 
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therapy, all mice underwent 18F-FDG microPET one day before sacrifice and 

then 
64

Cu-ATSM microPET on the day of sacrifice. Tumors were excised, and 

all tumors had 
64

Cu-ATSM autoradiography after cryosection. 

 

C. Histopathology and Imaging Analysis 

 

MicroPET images were reviewed using PMOD software (version 3.6). 

Three circular or elliptical region of interests (ROIs) of 1mm were drawn on the 

PET images manually on the areas with high radiotracer uptake in the tumors 

and the maximum standard uptake value (SUVmax) was recorded. For mean 

standard uptake value (SUVmean), the average of the SUVmean within the 

three ROI was used. Muscle uptake in the leg contralateral to the tumor bearing 

leg was used for reference, and three similar ROIs were drawn and SUVmean 

was used as reference. The tumor-to-muscle ratio was used for quantitative 

analysis. To evaluate for radiotracer uptake in necrotic components, the 

autoradiography images were used. Using Multi Gauge software (Fujifilm, 

Tokyo, Japan), three ROIs were drawn on the necrotic areas, using the 

corresponding hematoxylin and eosin (H&E) slides for reference, and the 

average PSL/mm values were recorded. Three ROIs of the muscle in the 

autoradiography was used for reference tissue uptake. The ratio between 

lesion-to-muscle uptake was used for quantitative analysis. 

Treatment and control groups was stained with H&E, hypoxyprobe-1 
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Mab1 (monoclonal antibody used to detect pimonidazole adducts), and Ki-67 

(Abcam, ab15580). The pathology slides were digitally scanned at 400x 

resolution. The necrotic portions were determined using H&E staining.
24

 

Quantification of pathology slides was performed using ImageJ software, and 

percent area was used for quantification. Hypoxic area was analyzed using 

pimonidazole staining. Therapy response was evaluated by comparing % area 

of necrosis, hypoxic components, and Ki-67 positivity over the whole tumor. 

 



16 

 

III. Results 

 

1. In vitro studies 

 

Colon cancer cell lines HCT116, HT29, Colo205 were incubated in 1% hypoxic 

chamber for 3 hours or 12~15 hours and compared with normoxic conditions. 

All cell lines showed higher 
18

F-MISO and 
18

F-FDG retention in hypoxic 

conditions compared to normoxic conditions. HCT116 showed highest ratio of 

18
F-MISO retention in hypoxic conditions compared to normoxic conditions (3 

hour: 6.5, 12 hour: 5.1, Figure 2a). Western blot analysis showed the highest 

induction of HIF1a in HCT116, and lesser induction in HT29 cell line, and the 

least induction in Colo205 in hypoxic conditions compared to normoxic 

conditions (Figure 2b). Minimal GLUT1 induction was seen in all cell lines for 

the 3 hour and 12 hour hypoxic incubation times. Interestingly, Colo205 showed 

relatively high 
18

F-FDG uptake after hypoxic induction, but low 
18

F-MISO 

uptake. Western blot analysis also showed minimal HIF1a induction, but 

relatively stronger induction of GLUT1 in hypoxic conditions. Based on these 

results, HCT116 was selected for in vivo studies. 
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Figure 2. In vitro radiotracer uptake study and western blot analysis in various 

tumor cell lines. (a) Compared to normoxic conditions, all cell lines showed 

increase in 
18

F-FDG and 
18

F-MISO uptake after 3 hour and 12 hour hypoxia 

induction. (b) Western blot analysis showed highest HIF1a induction in 

HCT116 cell line, then HT29, and least amount in Colo205. Minimal GLUT1 

induction is seen in all cell lines after hypoxic induction.  
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2. In vivo studies 

 

A. Evaluation of therapy response to Avastin in HCT116 cell lines 

 

HCT116 was inoculated in right flank of the mice, and Avastin therapy was 

performed approximately when the tumors were grown to 1.5cm, and tumors 

were excised after 20 days of therapy. Figure 3 shows signification inhibition 

of tumor growth after Avastin therapy. Eleven tumor specimens from the 

control group and twenty tumor specimens from the treatment group were 

excised and stained with H&E, pimonidazole, and Ki-67 for treatment 

response evaluation.  There was no significant difference in necrotic 

components or Ki-67 expression between the control group and therapy group 

(Table 1). However, there was a significant increase in hypoxic area in the 

treatment group compared to the control group (control group: 49.33% ± 11.84, 

treatment group: 41.69 ± 22.58, p=0.328, t-test). 
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Figure 3. Tumor growth delay curve. Avastin therapy group showed tumor 

growth delay compared to control group. 

 

 

Table 1. Comparison of immunohistologic changes after Avastin treatment in 

HCT 116 colon cancer cell line. 

 Viable 

portion 

(%area) 

Hypoxia 

portion 

(%area) 

Ki67 

(%area) 

Necrotic 

(%area) 

Control 

(n=11) 

72.18 ± 14.0 11.02 ± 4.81 49.33 ± 13.84 27.82 ± 14 

Treatment 

(n=20) 

63.98 ± 24.8 17.67 ± 5.95 41.69 ± 22.58 36.02 ± 24.8 

p-value 0.249 0.004 0.328 0.249 
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MicroPET images after Avastin therapy were evaluated for differences in 

18
F-FDG or 

18
F-MISO uptake in the control group compared to treatment 

group. There was no significant difference in SUVmax or SUVmean between 

the treatment or control group (Table 2). 

 

Table 2. Comparison of 
18

F-FDG and 
18

F-MISO uptake in control and treatment 

groups 

 
18

F-FDG 
18

F-MISO 

 N SUVmax* SUVmean 

** 

N SUVmax

* 

SUVmean 

** 

Control 19 3.0 ± 1.8 2.8 ± 1.6 11 4.6 ± 2.7 4 ± 2.6 

Treatment 13 5.4 ± 6.4 3.2 ± 1.9 9 4.6 ± 3.0 3.9 ± 2.5 

p-value  0.123 0.48  0.953 0.972 

*lesion/muscle ratio 

**SUL (1mm) 

 

B. Evaluation of 
18

F-MISO retention in necrotic tumors 

 

However, visual analysis showed that in tumors with necrotic components, 

18
F-FDG showed photon defect in the central portion of the tumor, but 

18
F-MISO showed mild diffuse uptake in the center portion (Figure 4). 

Quantitative analysis using available 
18

F-FDG and 
18

F-MISO autoradiography 

showed significantly higher 
18

F-MISO uptake in the necrotic portions 

compared to 
18

F-FDG (Table 3). Corresponding H&E slides showed necrotic 
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cells in the area that showed photon defect in 
18

F-FDG PET and increased 

uptake in the 
18

F-MISO PET (Figure 5). 

 

 

 

Figure 4. MicroPET scan showing uptake patterns in HCT116 tumors after 

Avastin therapy. In post-therapy PET images, there was a mismatch between 

18
F-FDG and 

18
F-MISO uptake in the tumor center. 

 

Table 3. Comparison of hypoxic radiotracer retention in necrotic portions 

Radiotracer Viable portion* Necrotic portion* 

18
F-FDG (n=31) 2.99±1.74 0.83±0.42

††
 

18
F-MISO (n=10) 3.95±2.47

†
 2.41±1.77

††
,
‡
 

64
Cu-ATSM (n=10) 2.37±0.76

†
 0.94±0.48

‡
 

*lesion/muscle ratio; 
†
p=0.092 ; 

††
p=0.001 ;

  ‡
 p=0.005 
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Figure 5. 
18

F-MISO and 
18

F-FDG autoradiography with corresponding H&E 

pathology slides. (a) Post therapy 
18

F-MISO autoradiography shows mild 

diffuse uptake within the necrotic components seen on corresponding pathology 

slide. (b) post therapy 
18

F-FDG autoradiography showed minimal uptake in the 

necrotic portions seen on corresponding pathology slide. 

 

3. In vitro studies in dependence of 
18

F-MISO uptake according to pH 

and necrosis 

 

A. Dependence of 
18

F-MISO uptake in pH and tumor acidity 

 

Lactic acid was added to RPMI media until pH of the media showed the 

changes in pH that is seen in Figure 6. The original media incubating HCT116 

was removed, and the pH adjusted media was administered to these cell lines. 

1-2uCi of 
18

F-MISO was immediately added, and incubation for 30 minutes was 

given for intracellular uptake. Then the media was removed, PBS washed three 
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times, and radiotracer uptake in these cells was counted. Figure 6 shows the 

changes in 
18

F-MISO uptake compared to pH 7.8. When pH was dropped to 

lower to 6.9, the intracellular 
18

F-MISO uptake was reduced to 50~60% 

compared to cells that were incubated at pH of 7.8 (Figure 6). 

 

Figure 6. Dependence of 
18

F-MISO uptake on extracellular pH. Reduction of 

18
F-MISO uptake is seen in pH lower than 6.9 

 

B. in vitro evaluation of 
18

F-MISO uptake in necrotic cells 

 

To determine the 
18

F-MISO uptake in necrotic cells, HCT116 cells were 

incubated in various conditions known to induce necrosis. Necrosis was induced 

either by incubation in high temperatures (55
o
C) for two hours, or incubated in 

serum free media in hypoxic chamber for prolonged period (6 days).
21-23,25

 Then, 
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18
F-MISO was administered and radioactivity determined. ANOVA analysis 

showed a significant difference in 
18

F-MISO uptake in heat necrotic and 

hypoxic cells compared to normoxia cells (Figure 7). 

 

 

Figure 7.  Comparison of 
18

F-MISO retention in necrotic conditions compared 

to hypoxic or normoxic HCT116 cells. Significant difference in 
18

F-MISO 

retention is seen in heat necrosis and hypoxic cells compared to normoxic cells.  
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4. In vitro and in vivo studies using 
64

Cu-ATSM 

 

A. in vitro study 

64
Cu-ATSM was incubated with the same method as 

18
F-MISO. 

64
Cu-ATSM showed approximately 3 times higher radiotracer uptake in 

hypoxic conditions (3.3 times higher at 4 hours and 2.8 higher at 12hours) 

compared to normoxic conditions. (Figure 8a). After cells were incubated in 

DFO to prevent HIF1a from degrading, the 
64

Cu-ATSM uptake ratio did not 

change as much (3.7 times higher for 4-hour hypoxic incubation, and 2.2 times 

higher for 12-hour hypoxic incubation). There was minimal effect on 

64
Cu-ATSM uptake after HIF1a inhibition using siRNA as well (2.2 higher 

uptake after 4-hour hypoxic incubation, and 3.4 times higher uptake after 

12-hour incubation). Western blot analysis shows increased expression of 

HIF1a after hypoxia induction at 4 hours and 12 hours, with higher expression 

at 4 hours compared to 12-hour incubation (Figure 8b). Western blot analysis 

shows siRNA induced HIF1a inhibition.  
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Figure 8. Evaluation of 
64

Cu-ATSM uptake in various hypoxic (1%) and 

biologic conditions. (a) Comparison of 
64

Cu-ATSM uptake in various biologic 

conditions. (b) western blot analysis of cells incubated after 4-hour and 12-hour 

hypoxic chamber incubation for HCT116 cells after HIF1a stabilization with 

DFO or HIF1a expression suppression with siRNA. 

 

 

 



27 

 

B. in vivo study 

In contrast to 
18

F-MISO, 
64

Cu-ATSM showed minimal radiotracer 

uptake in the necrotic portions of the tumor (Figure 9). Autoradiography 

analysis showed no significant difference in 
64

Cu-ATSM uptake in the necrotic 

components compared to 
18

F-FDG (Table 3). 

 

 

 

Figure 9. 
64

Cu-ATSM autoradiography of HCT116 tumor with necrotic 

components (a) 
64

Cu-ATSM autoradiography reveals minimal radiotracer 

uptake in the central necrotic portions. (b) H&E slide shows near total 

necrosis in this area. 
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IV. DISCUSSION 

 

  Antiangiogenic therapy combined with standard chemotherapy 

improves therapy response and survival in metastatic colorectal cancer.
26

 

However, other studies have suggested poorer prognosis in adjuvant 

chemotherapy in stage II, III colon cancers.
27,28

 Recent studies have suggested 

that antiangiogenic therapy causes accelerated metastasis or increased local 

invasion, suggesting adaptive resistance to anti-angiogenetic therapy.
29-32

 

These results suggest an increased importance of developing a imaging 

method to serially evaluate changes in hypoxia and anti-angiogenesis 

therapy.
33,34

 We have shown in our study of HCT116 human colon cancer cell 

line subcutaneous xenograft murine model that tumor growth suppression was 

seen after two weeks of Avastin therapy, which was also in concordance with 

various studies using Avastin in tumor growth suppression in animal 

studies.
4,35-43

 Pimonidazole immunohistologic slides revealed an increase in 

hypoxic areas in the Avastin treated tumors compared to control tumors. This 

is also in concordance with a previous study evaluating Avastin therapy 

response in HCT116 tumors. Selvakumaran et al has shown that after short 

term Avastin therapy, microvessel density is decreased, resulting in increase 

in hypoxic areas.
36

 Interestingly, we have seen that there was no significant 

difference in relative necrotic portions between the treatment group and 

control group. This may be due to the slower tumor growth in Avastin treated 

tumors, resulting in smaller areas of tumor necrosis. 
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  We have compared the 
18

F-FDG uptake changes in hypoxic conditions 

with 
18

F-MISO in various colon cancer cell lines. We have confirmed that 

glycolysis is increased in hypoxic conditions, but the amount of increase is not 

as high as 
18

F-MISO, which suggests that 
18

F-MISO reflects hypoxic changes 

better than 
18

F-FDG. We have also shown that despite HIF1a degradation in 

prolonged hypoxia (15hours) 
18

F-MISO retention is persistently high, which 

also suggests that 
18

F-MISO may be a better marker for hypoxia in in vivo 

conditions, as previous studies have shown that prolonged hypoxia has been 

shown to degrade HIF1a.
44

 Initial comparison of colon cancer cell lines 

revealed that 18F-MISO retention in hypoxic conditions was lower in HT29 

and COLO205 cell lines compared to HCT116. Although further 

investigations were not performed, one possible theory maybe the difference 

in expression of nitroreductase enzymes between these cell lines. However, 

due to the myriad of different nitroreductase enzymes expressed in cancer 

cells, it may not be easily feasible to correlate between nitroreductase enzyme 

expression with 
18

F-MISO retention. 

  In the evaluation of post-therapy PET images to evaluate for therapy 

response to Avastin in HCT116, generally we have seen a mismatch of 

18
F-FDG uptake and 

18
F-MISO uptake in larger tumors. Larger subcutaneous 

tumors generally form necrotic core, which shows photon defect in 
18

F-FDG 

PET images. However, 
18

F-MISO PET shows mild uptake in these necrotic 

portions, with uptake intensity similar to the skeletal muscle uptake in the 
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contralateral leg muscles. Although the viable portions of the tumor show 

significantly high 
18

F-MISO uptake, this mild uptake in the center may be 

misleading if 
18

F-FDG PET was not acquired for comparison of uptake 

distribution. Semiquantitative analysis using a ratio between tumor to muscle 

uptake showed no significant difference in 
18

F-MISO uptake in the viable 

portions of the tumor. 
18

F-FDG uptake was slightly higher in the treated 

tumors, but this was not significant. 

  To further evaluate for this 
18

F-MISO retention in necrotic portions, 

the autoradiography images were analyzed, using the H&E images for 

reference to determine the necrotic portions of the tumor. Autoradiography 

images were used instead of PET images due to the relative high spatial 

resolution of autoradiography images (<200um) compared to microPET 

images, and also the corresponding H&E slides provide a general map of 

necrotic portions on the tumor. There was a significant higher retention of 

18
F-MISO in the necrotic portions of the tumor compared to 

18
F-FDG. Despite 

the extensive studies on 
18

F-MISO, there are only a few studies that have 

mentioned 
18

F-MISO retention in necrotic portions of tumors. Of those, a 

group by Huang et al have shown a similar ratio between muscle and tumor 

necrosis uptake in their results.
45,46

 In contrast, another group has found no 

correlation between tumor to muscle radioactivity uptake with necrotic 

fraction in their study using C3H mammary carcinomas.
24

 

  To further evaluate the possible mechanisms for the retention of 
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18
F-MISO in tumor necrosis, in vitro studies were performed. Nitroimidazole 

compounds differ from most other radiotracers in that the nitroimidazole ring 

is pH sensitive. Of the two nitrogen atoms in the nitroimidzaole ring, one is 

substituted with a side chain that contains the F-18 isotope. The other nitrogen 

is not substituted, which allows it to be protonated. The pKa of this nitrogen is 

known to be approximately 7.1,
47

 and studies have shown that in vivo, the 

extracellular fluid in tumors are more acidic (pH=6.9) compared to normal 

tissues (pH=7.4).
48-57

 A recent study has shown that this lowered pH in tumors 

may affect transport of pH sensitive drugs into the cell. Doxirubicin is also 

protonated in acidic environments, which reduces the intracellular 

concentrations of Doxirubicin in tumors compared to normal tissues.
58

 

Likewise, 
18

F-MISO may also be affected by the extracellular pH. Our 

preliminary results suggests reduced 
18

F-MISO uptake in culture media with 

pH lower than 6.9. However, further studies are needed to fully evaluate 

whether this protonated 
18

F-MISO may be a factor for 
18

F-MISO retention in 

necrotic portions of the tumor. Another possible mechanism for 
18

F-MISO 

retention in the necrotic area is the high lipophilicity of 
18

F-MISO compound. 

Unlike 
18

F-DG, which requires GLUT transporter to transport into the cell, 

18
F-MISO high lipophilicity (log P=0.4),

47
 suggests easy permeability across 

the lipid membrane, and any functional nitroreductase may cause 
18

F-MISO to 

be inadvertently trapped within the cell. Our results suggest some 
18

F-MISO 

retention in necrotic tumor cells in vitro. Further studies are needed to fully 
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validate these results. Other possible mechanisms are the poor vascularity, in 

which the 
18

F-MISO may be delivered slowly with slow washout. 
18

F-MISO 

metabolite studies and kinetic analysis of dynamic PET scans are needed to 

discern whether 
18

F-MISO uptake in the necrotic portions is due to delivery or 

metabolism differences. 

  Despite 
18

F-MISO showing excellent retention in hypoxic conditions, 

retention of 
18

F-MISO in necrotic portions suggest that it may not be optimal 

tracer in the clinical setting, especially in the evaluation of hypoxic status in 

patients who underwent chemotherapy or radiotherapy. 
18

F-MISO retention, 

although mild could affect reader ability to determine hypoxic status of these 

necrotic tumors, or may mask the subtle uptakes in viable, but hypoxic tumors, 

or may be an impediment in evaluating viable, non-hypoxic tumors. Therefore, 

further investigations using another hypoxic radiotracer, 
64

Cu-ATSM was 

performed. In contrast to 
18

F-MISO, 
64

Cu-ATSM retention mechanism relies 

on electron transport chain to reduce the radioactive copper, lowering its 

affinity from the ATSM chelate. Cu-64 will be then trapped within the cell, 

which will then be visualized by PET. 
64

Cu-ATSM is not pH sensitive, and is 

less lipophilic compared to 
18

F-MISO, which allows for shorter interval 

between injection and PET scanning. Initial in vitro results showed similar 

high retention of 
64

Cu-ATSM in hypoxic conditions compared to normoxic 

conditions. Also, to evaluate the independence of 
64

Cu-ATSM retention with 

the biologic response to hypoxia, HIF1a silencing with siRNA showed 
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persistent high retention of 
64

Cu-ATSM in hypoxic conditions even after 

HIF1a suppression. In vivo studies also showed that 
64

Cu-ATSM retention in 

necrotic portions are similar to 
18

F-FDG studies, and was significantly lower 

compared to 
18

F-MISO. These results suggest that in tumors with necrotic 

portions, 
64

Cu-ATSM may be a better radiotracer to evaluate tumor hypoxia 

than 
18

F-MISO. 

 

V. CONCLUSION 

 

In subcutaneous tumor model for HCT116 colon cancer cell line, 

significant tumor growth suppression is seen after two weeks of Avastin therapy, 

as well as an increase in hypoxic area. In tumors with necrotic portions, 

64
Cu-ATSM PET may reflect non-viable portions better than 

18
F-MISO PET. A 

possible mechanism for increased retention of 
18

F-MISO in necrotic portions in 

tumors may be due to the lipophilicity of 
18

F-MISO or the pH sensitive 

components of the nitroimidazole ring of 
18

F-MISO. 
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ABSTRACT(IN KOREAN) 

 

이종이식 쥐 모델에서 항혈관형성 치료제제 투여 후 저산소증 

PET방사선추적자 평가 

 

<지도교수 윤미진> 

 

연세대학교 대학원 의학과 

 

조 아더 응혁 

 

 

 

목적: 종양 저산소증은 고형암의 증식과 전이과정에 중요한 

역할을 하는 것으로 알려져 있다. 일반적으로 종양 저산소증은 

방사선치료와 항암요법 등과 같은 암 치료에 대해 높은 저항을 

나타낼 뿐 아니라 종양의 악성도를 증가시키며 신생혈관 생성을 

유도하고, 전이 발생을 증가시킨다고 알려져 있다. 그러므로 종양 

저산소상태의 비침습적 확인은 종양의 악성도를 예측하고 치료계획을 

세우기 위해 중요하며 암환자의 생존율 또한 저산소증에 지대한 

영향을 받기 때문에 종양에서의 저산소증에 대한 연구와 영상을 

이용한 탐지 방법은 근래 들어 광범위하게 연구되고 있다. 

18F-Fluoromisonidazole (18F-MISO)와 64Cu-diacetyl-di(N4- 

methylthiosemicarbazone) (64Cu-ATSM)을 이용하여 양전자 방출 단층 

촬영(Positron Emission Tomography, PET)으로 저산소 상태를 평가할 

수 있고 18F-fluorodeoxyglucose (18F-FDG)은 세포의 당 대사 추적자로 
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종양의 저산소증과 관련되어 있는 것으로 알려져 있다. 이 연구의 

목적은 이종이식 쥐에서 항혈관형성제제의 치료효과 평가하는데 

있어서 18F-MISO, 64Cu-ATSM, 18F-FDG PET추적자들의 역할을 보고자 

한다.  

 방법: 인간 대장암세포주인 HCT116을 1% O2 저산소실이나 

정상산소 배양실에 3시간과 15시간 배양한 후에 18F-FDG, 18F-MISO, 

64Cu-ATSM을 넣고 방사선 섭취량을 측정하였다. 웨스턴블롯 분석 

기법을 이용하여 HIF1a, GLUT-1의 발현 정도를 분석하였다. 

추가적으로 세포외액의 환경에 따른 18F-MISO 섭취 영향을 평가하기 

위하여 산성 세포배액에 같은 실험을 반복하였다. 그리고, 괴사한 

세포에서 18F-MISO의 섭취 여부를 평가 하기 위하여 HCT116을 

고열(55oC)를 유도하여 18F-MISO 섭취 실험하고, 장기간 저산소실에 

보관하고 괴사를 유도한 후 같은 18F-MISO 실험을 반복하였다.  

  동물실험에서 항혈관형성제제인 Avastin의 치료 효과 평가하기 

위하여 HCT116을 마우스 오른 뒷다리에 심었으며, 치료 전날 18F-FDG 

PET 끝난 후, 그 다음 날 18F-MISO이나 64Cu-ATSM PET을 치료 당일 

날에 시행하였다. PET 촬영한 직후 Avastin 치료 시작하였으며 2주간 

치료하였다. 치료 후 18F-FDG/18F-MISO 나 18F-FDG/64Cu-ATSM 조합으로 

PET을 촬영하였다. PET촬영 직후 마우스를 희생하여, 종양을 

적출하였다. 종양 조직의 반은 포르말린에 담궈 면역염색 

(pimonidazole, H&E, Ki-67) 진행하였고, 종양 조직의 남은 반은 

cryosection하여 자가조직방사선촬영을 진행하였다.  

 결과: 세포실험에서 HCT116은 18F-MISO이나 64Cu-ATSM 

방사선추적자들이 18F-FDG에 비해 저산소증환경에서 높은 섭취를 
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보였다. 웨스턴블롯 결과에서 HIF1a이 저산소증환경에서 

안정화되었음을 확인하였으나 GLUT1 발현은 크게 일어나지 않았다. 

산성환경 (pH 6.9)에서 18F-MISO 섭취가 50% 감소한 것을 확인하였고, 

18F-MISO이 괴사조건에서 정상산소환경보다 섭취 많은 것을 

확인하였으나, 저산소환경 만큼 섭취되지 않았다.  

동물연구에서 아바스틴 치료한 마우스에 심은 종양이 대조군에 

비해 천천히 자랐으며, 면역염색결과에서 저산소 영역이 치료군에서 

더 많았다 (17.67% ± 5.95 vs 11.02 ±4.81, p=0.004). 이에 반해 

Ki67이나 괴사정도는 차이가 나지 않았다(36.02±24.8 vs27.82±14.0, 

p=0.249). 또한, 치료 후 PET에서 치료군이나 대조군에서 방사선 

섭취량의 차이는 현저한 차이를 보이지 않았다 (18F-FDG: 5.4±6.4, 

3.0±1.8, p=0.123; 18F-MISO: 4.6±3.0 vs 4.6±2.7, p=0.953). 

자가조직방사선촬영 분석에서는 괴사된 부분에서 18F-MISO 

섭취가(2.41±1.77) 18F-FDG이나 (0.83±0.42, p=0.001) 64Cu-ATSM 

보다(0.94±0.48, p=0.005) 현저히 많았다.  

 결론: HCT116 대장암 피하조직 동물모델에서 아바스틴 치료 

2주 후 종양증식억제가 관찰되었으며, 저산소범위가 증가되었다. 

괴사 조직 평가 위하여 64Cu-ATSM가 18F-MISO보다 종양의 조직괴사 

부분을 더 잘 반영하였다.  
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