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Introduction 
Hypoxia is well known as one of the major factors that affect tumor malignancy. Hypoxic 
conditions stabilize the hypoxia inducible factor (HIF) in malignant tumor cells. HIF-1α 
forms a complex with HIF-1 or with other proteins, and adheres to hypoxia responsive 
elements (HRE; i.e., 5′-ACGTG-3′) on the genome line. HRE stimulates many of 
downstream proteins concerning about the glycolytic system, cell migration, angiogenic 
signaling, and cell proliferation1. In addition, hypoxia is well known to induce radiation 
resistance, because free radical-induced DNA damage requires oxygen molecules2. 
Lactate is produced by anaerobic glycolysis and may scavenge superoxide and hydroxyl 
radicals3. Hypoxia also induces resistance to many types of chemotherapy. Temozolomide, 
which is the main treatment agent against high-grade glioma, reduces its treatment effect 
under hypoxia4. It is reasonable that tumor hypoxia causes poor prognosis by means of 
such treatment resistance. 
Fluoromisonidazole (FMISO) is the most widely used tracer of positron emission 
tomography (PET) to visualize severe hypoxia in vivo. It is a derivative of misonidazole 
(MISO) that is used as a radiosensitizer5. Unfortunately, mainly because of cytotoxicity, 
MISO has not been used in clinical settings for treatment purposes6. Subsequently, 
FMISO was developed as a hypoxia imaging PET tracer7,8. Several studies have 
suggested that FMISO accumulation sharply increases under the condition of partial 
pressure of oxygen (pO2) less than 10–20 mmHg8,9. 
To elucidate whether FMISO PET can visualize tumor malignancy in vivo, we evaluated 
the correlation between FMISO uptake and histopathological malignant finding or 
clinical prognosis. We previously showed that FMISO accumulation related with 
presence of necrosis and allow distinguishing glioblastoma from other lower-grade 
gliomas10. Thus, in chapter 1, we focus on the relationship between hypoxia and necrosis 
not only for astrocytic glioma but also for other types of brain tumor, including lymphoma 
and metastatic brain tumors. We tested the diagnostic performance of FMISO to predict 
pathological diagnosis in terms of present/absent necrosis. 
In chapter 2, we focus on the FMISO-and-fluorodeoxyglucose (FDG) double positive 
area, where we assume anaerobic glycolysis may be dominant for energy production. 
Previous studies reported the correlation between the hypoxia volume (HV) and 
prognosis of glioma patients11,12. However, there may be biologically heterogeneity inside 
the FMISO-positive area, containing necrotic or dying cells, and active tumor cells that 
adapt to severe conditions. Theoretically, tumor aggressiveness should be ascribed only 
to the viable cell fraction. Thus, we tested whether the parameters from FMISO-and-FDG 
double positive area have a potential to predict prognosis. 
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Chapter 1 
 
Purpose 
Several subtypes of brain tumor develop intratumoral necrosis, and the presence of 
necrosis is usually an indicator of malignancy or a prognostic factor13-16. Tumor necrosis 
is well correlated to the mitotic index, increases in cellularity, and a high nucleus to 
cytoplasm ratio. These findings suggest that necrosis might be correlated to tumor 
progression and therefore prognosis. Ring-like enhancement of contrast-enhanced 
computed tomography (CT) and magnetic resonance imaging (MRI) can detect macro-
necrosis, but only histopathological examination can detect micro-necrosis. Tumor 
sampling is no doubt an important method to accurately evaluate tumor characteristics. 
In contrast, the invasiveness of tumor sampling is a clinical obstacle. Non-invasive 
prediction of the presence of necrosis would highly affect the treatment strategy. 
Hypoxia is well known as a major factor in the induction of necrosis. We hypothesized 
that FMISO PET could identify intratumoral necrosis not only in gliomas but also any 
type of brain tumor. To test this hypothesis, we applied FMISO PET to subjects with 
various types of brain tumors before tumor resection, and evaluated the correlation 
between histopathological necrosis and FMISO accumulation. We also evaluated the 
threshold of semi-quantitative values in these subjects, which might predict the presence 
of necrosis. 
 
Materials and methods 
Patients 
We reviewed a total of 176 FMISO PET scans from 141 patients for the investigation of 
possible brain tumors at Hokkaido University Hospital. The chapter 1 study included 
brain tumor patients who underwent FMISO PET before radiation therapy, chemotherapy, 
and surgical intervention. Patients who had not undergone tumor resection or biopsy after 
PET examinations were excluded. We father excluded the cases of which we could not 
collect the surgical specimens. Overall, the study population included 66 patients 
(M:F=36:30, age: 27–85 years). Surgeries were performed at Hokkaido University 
Hospital or our affiliated hospitals. Detailed surgical procedures are described below. 
Surgical specimens were collected by the Department of Pathology at Hokkaido 
University. The study was approved by the Ethics Committee of Hokkaido University 
Hospital. Written informed consent was obtained from all patients. 
 
 



5 
 

Imaging protocol 
All patients underwent MRI and FMISO PET before surgical intervention. MRI 
sequences included T1-weighted with and without gadolinium enhancement, T2-
weighted, and fluid-attenuated inversion recovery (FLAIR) images. The types of MRI 
scanners depended on the facility. 
For FMISO PET, patients were not asked to fast before the study. Static PET scanning 
was initiated at 4 hours after intravenous injection of 400 MBq FMISO (406.42 ± 35.45 
MBq) as recommended previously17,18. PET scanners used in this study were an ECAT 
HR+ PET scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), Biograph 
64 PET-CT scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), and 
Gemini TF64 TOF-PET/CT scanner (Hitachi Medical Corporation Ltd, Tokyo, Japan). 
All scanners were operated in the three-dimensional mode. For the ECAT HR+ scanner, 
the 10-minute emission acquisition was followed by 3 minute transmission scanning with 
a 68Ge/68Ga retractable line source. For Biograph 64 PET/CT and Gemini TF PET/CT 
scanners, the 10 minute emission acquisition was followed by CT scanning for attenuation 
correction. Attenuation-corrected radioactivity images were reconstructed using filtered 
back projection (ECAT and Biograph) or the ordered subset expectation maximization 
method (Gemini) with a Hann filter of 4 mm full-width at half-maximum. 
 
Semi-quantitative analysis 
The tumor-to-normal cerebellum ratio (TNR) was calculated for semi-quantitative 
analysis. First, a nuclear medicine physician (Ta.To.) created 15 10-mm-diameter circular 
regions of interest (ROIs) (five ROIs on each of the axial slices) on both sides of the 
cerebellar cortex for a total of 30 ROIs per patient. The average values of these regions 
of the standard uptake value (SUV) were defined as normal references. The SUV was 
calculated as [tissue radioactivity (Bq/ml)] × [body weight (g)] / [injected radioactivity 
(Bq)]. Second, we placed one 30-mm round volume of interest (VOI) containing the voxel 
of the tumor that showed the highest visual accumulation. The tumor regions were 
determined with reference to gadolinium-enhanced T1-weighted images. Then, the 
maximum SUV (SUVmax) of the tumor was divided by averaging the cerebellar SUV as 
the TNR.  
 
Surgical procedures 
The surgical procedure was performed in the same manner as described previously19,20. 
We used an intraoperative neuronavigation system (StealthStation®, Treon® or S7®, 
Medtronic). Gadolinium-enhanced T1-weighted imaging (Gd-T1WI) with three-
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dimensional spoiled gradient echo (3D-SPGR) MR images and PET images were 
transferred to the navigation system. FDG PET was used to identify the most active tumor 
tissue, and FMISO PET was used to evaluate hypoxic area. The surgical procedure was 
either biopsy or tumor resection. When the patients underwent biopsy, the biopsy target 
was set in the FMISO-uptake lesion using the navigation system in cases of an identified 
FMISO uptake lesion. When the patients underwent maximum tumor resection, FMISO-
accumulated areas were contained in the extent of resection as much as possible. 
 
Pathological classification 
According to the pathological diagnosis, brain tumors were divided into three groups: 
astrocytic tumors (group 1), neuroepithelial tumors other than astrocytic tumors (group 
2), and other histopathological tumors (group 3). Group 1 included two diffuse 
astrocytomas (DAs), six anaplastic astrocytomas (AAs), and 23 glioblastomas. Group 2 
included three oligoastrocytomas (OAs), one oligodendroglioma (OL), one central 
neurocytoma, one anaplastic ependymoma (AE), two anaplastic oligoastrocytomas 
(AOAs), eight anaplastic oligodendrogliomas (AOs), and five glioblastomas with an 
oligodendroglial component (glioblastoma with oligo). Group 3 included seven primary 
central nerve system lymphomas (PCNSLs), two metastatic brain tumors, one 
craniopharyngioma, one hamartoma, one hemangioblastoma, one atypical meningioma, 
and one lymphomatoid granulomatosis (LYG) (Table 1). 
 

Table 1 ALL Group 1 Group 2 Group 3 
N 66 25 20 14 
Age (range) 27-85 27-85 30-78 32-77 
Sex (M:F) 36: 30 12:19 13:7 11:4 
Histopathological 
diagnosis (N) 

 DA (2) 
AA (6) 
glioblastoma(23) 

OA (3) 
OL (1) 
AE (1) 
AOA (2) 
AO (8) 
glioblastoma with 
oligo(5) 
Central 
neurocytoma (1) 

PCNSL (7) 
LYG (1) 
Metastatic tumortumor 
(2) 
Craniopharyngioma (1) 
Hamartoma (1)  
Hemangioblastoma (1) 
Atypical meningioma (1) 

Numbers in parentheses indicate the number of patients.  
 
Assessment of necrosis 
Two experienced neuropathologists (Ka.Ha. and Sa.Yu.) assessed each specimen and 
evaluated the presence of necrosis in consensus. The diagnosis and evaluation were 
determined by agreement of the two pathologists.  
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Statistical analysis 
All parametric variables are presented as the means ± standard deviation (SD). Mean 
values of the FMISO TNR were compared between groups by the Welch’s t-test. The 
associations between image analysis and histopathological necrosis were examined by 
receiver operating characteristic (ROC) analysis. P-values less than 0.05 were considered 
statistically significant. R 3.1.2 for Windows and the ‘survival’ package were used for all 
statistical analyses. 
 
Results 
Histopathological necrosis and diagnosis 
Histopathological necroses were observed in 23/23 glioblastomas (100%), 5/5 
glioblastomas with oligo (100%), 1/8 AOs (12.5%), 1/1 AE (100%), 4/7 PCNSLs (57.1%), 
and 1/2 metastatic brain tumors (50%), and 1/1 atypical meningioma (100%). Necroses 
were found in 17/31 cases in group 1, 7/20 cases in group 2, and 6/15 cases in group 3.  
 
TNR and necrosis 
The TNR in group 1 was 3.45 ± 0.97 vs. 1.43 ± 0.42 (with vs. without necrosis), the TNR 
in group 2 was 2.91 ± 0.83 vs. 1.44 ± 0.20, and the TNR in group 3 was 2.63 ± 1.16 vs. 
1.36 ± 0.22 (Figure 1). The TNRs of cases with necrosis were significantly higher than 
those of cases without necrosis in each group (group 1, 2, and 3: p < 0.00001, p < 0.005, 
and p < 0.05, respectively). The lowest TNR in necrosis positive cases was 1.65. 
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Figure 1. Differences and distribution of FMISO TNRs in group 1, 2, 3, and all groups. 

 
Semi-quantitative analysis 
The ROC curve towards necrosis and TNR including all cases is shown in Figure 2. The 
AUC was 0.989. At the lowest FMISO value of necrosis positive group (TNR = 1.65), 
the sensitivity, specificity, and accuracy were 100.0%, 93.3%, and 97.0% respectively.  

Figure 2. ROC curve for the presence of necrosis generated from TNRs including all cases. The ROC 

curve showed a very good correlation between necrosis and TNR (AUC=0.989). 
 
Discussion 
In this study, semi-quantitative analyses indicated a strong correlation between the 
FMISO uptake status and the presence of necrosis. The correlations were significant not 
only in astrocytic tumors, but also in various histological types of brain tumor. It appears 
that both the presence of intratumoral micro-necrosis and FMISO uptake have certain 
thresholds of pO2 pressure. Our results of strong agreement between necrosis and FMISO 
uptake suggest that the thresholds are close to each other. Any specimen form cases with 
FMISO TNR < 1.65 did not present necrosis. Thus, TNR 1.65 has a potential as a 
threshold for detecting intratumoral micro-necrosis. 
We can also described that FMISO PET could visualize intratumoral microscopic necrosis 
in vivo. So far, central necrosis is an important finding in malignant brain tumors, and 
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wide-ranging necrosis can be clearly detected by conventional MRI. However, 
histological micro-necrosis is also important for the diagnosis of malignant brain tumors, 
especially glioblastoma, because the presence of micro-necrosis is critical information for 
glioblastoma diagnosis regardless of imaging central necrosis 14. In addition, atypical and 
anaplastic meningiomas frequently have histopathological necrosis, and the patient 
outcomes of these tumors are usually poorer than those of ordinary meningiomas13,21. 
In this context, FMISO-positive areas might indicate not only severe hypoxic areas 
(necrotic areas), but also malignant parts of the tumor. FMISO PET might be able to 
visualize the tumor malignancy in many types of brain tumors. In fact, there are several 
lines of evidence showing that FMISO-positive lesions are associated with tumor 
malignancy. These studies indicated that a large volume of hypoxia in glioma measured 
by FMISO PET is strongly associated with a poorer prognosis11,12,22,23. 
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Chapter 2 

 
Purpose 
Glioblastoma is the most aggressive astrocytic tumor among cerebral gliomas. It is 
defined as grade IV according to the 2007 World Health Organization (WHO) 
classification14. Recently, the prognosis of glioblastoma patients has been significantly 
improved owing to the development of image-guided surgery and radiotherapy and new 
chemotherapeutic drugs; however, the 2-year survival rate remains at only 27%24. 
Since glioblastomas frequently develop severe hypoxia10,25-29, many glioblastoma 
patients underwent FMISO PET which enables the non-invasive detection of hypoxia in 
vivo10. 
Tumor cells can adapt themselves to hypoxia by promoting the genes which drive glucose 
metabolism and allow the tumor cells to survive and proliferate in hypoxia. In such 
conditions, glucose is metabolized without consuming oxygen to produce lactate 
(anaerobic glycolysis) whereas oxygen is essential to fully metabolize glucose (oxidative 
phosphorylation)30. Hypoxia imaging has been reported to provide prognostic 
information in glioblastoma patients; for example, previous studies found that 
glioblastoma patients with a larger HV in the tumor had shorter survival11,12,22,23. However, 
hypoxia imaging may reflect not only active tumor cells but also dying cells that could 
not survive severe hypoxic conditions29. 
Metabolic activity can be measured using FDG PET. According to previous reports, both 
the intensity and volume of glucose metabolism was associated with poor prognosis in 
glioma patients 31-33. Thus, metabolically active HV can be segmented as the volume 
showing both FMISO and FDG uptakes. Additionally, because FMISO accumulates in 
severely hypoxic tissue where normal neurons and glial cells cannot survive, we 
hypothesized that FDG within FMISO-positive areas all represent tumor metabolism. In 
the present study, we aimed to investigate the volume of anaerobic glycolysis in relation 
to patient outcome. 
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Materials and Methods 
Study subjects 
Same as the chapter 1, we reviewed 141 
patients for the investigation of possible 
brain tumors. Patients who did not 
undergo surgery (resection or biopsy) 
were excluded. Considering the possible 
modification of metabolism or hypoxia 
status by interventions, we further 
excluded patients who had already 
received any treatments before PET 
scanning, including anti-cancer 
chemotherapy, radiotherapy, and tumor 
resection.  
Among them, 32 patients were 
diagnosed as having glioblastoma. The 
final study population consisted of 17 
male and 15 female glioblastoma 
patients (age, 63.5±14.8 years). The 
patients’ characteristics’ are shown in 
Table 2. Pathological diagnosis was determined by agreement between two experienced 
neuropathologists based on the WHO 2007 classification 14. All of the 32 glioblastoma 
patients received additional chemoradiotherapy with temozolomide. 
 
Image acquisition and reconstruction 
Same as the chapter 1, MRI was conducted to generate the following image series: T1-
weighted images with and without gadolinium contrast medium, T2-weighted images, 
and FLAIR images. FDG and FMISO PET were conducted in random order with an 
interval of <7 days. Both FDG and FMISO PET protocols were the same as in the chapter 
1, with the exception of the types of scanner used. Briefly, for FMISO PET, static PET 
scanning was initiated at 4 hours after intravenous injection. The actual interval and 
dosage were 4.06±0.30 hours, and 413.9±28.2 MBq, respectively. On the day of the FDG 
PET scan, the patients fasted for >6 hours before the study. The static PET images were 
acquired at 1 hour after intravenous FDG (4.5MBq/kg) injection. The actual interval and 
dosage were 1.23±0.30 hours, and 323.3±90.6 MBq, respectively. 
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Image analysis 
Definition of volume of interest: FDG and FMISO PET images, and FLAIR and 
gadolinium-enhanced T1-weighted MR images were co-registered with individual 
gadolinium-enhanced T1-weighted MR images using SPM8 software. A nuclear medicine 
physician created the VOIs manually to enclose the entire area showing gadolinium 
enhancement as the gross tumor volume (GTV), and to enclose the entire area exhibiting 
a high intensity of FLAIR in the tumor lesion. Every VOI was created using an application 
tool that was developed in our institute. Polygonal ROIs were drawn on all the slices that 
showed gadolinium enhancement of the tumor. The boundaries of the ROIs were made 
3–5 mm outside of the Gd enhancement area to include all of the gadolinium-enhanced 
voxels in the ROIs. The VOI was generated by integrating all of the polygonal ROIs as 
the tumor lesion. 
The normal reference regions were identified on the gadolinium-enhanced T1-weighted 
MR images of each patient. Contralateral frontal and parietal cortices were used as the 
reference region in the case of FDG, whereas cerebellar cortex was used as the reference 
region in the case of FMISO. Circular ROIs (10 mm in diameter) were placed in the 
manner described as follows.1) For FMISO, we placed 30 ROIs on the cerebellar cortex 
same as the chapter 1. The averaged value was used for the reference. 2) For FDG, we 
placed six ROIs on each of the three axial slices on the contralateral frontoparietal cortex. 
The averaged value was used for the reference. Another nuclear medicine physician 
visually confirmed that all tumoral and normal ROIs were defined appropriately. Both 
nuclear medicine physicians had completed neuroradiology training in our institute. The 
TNR was calculated by dividing the maximum SUV of the tumor lesions by the averaged 
SUV of normal reference. For FMISO, we averaged cerebellar uptake for the normal 
reference, because use of target-to-cerebellum ratio has been recommended to most 
accurately approximate distribution volume 34. For FDG reference, cerebellum is not 
appropriate because the cerebellum cortex uptake is often reduced by contralateral 
supratentorial tumor (so called crossed cerebellar diaschisis or CCD). Instead, 
contralateral cortex, which we used in this study, has been commonly adopted for FDG 
normal reference. 
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Figure 3. The example of lesion definition for image analysis. Blue represent lesion with 
high glucose metabolism, green represent lesion with hypoxia, and, red represent lesion 
with anaerobic glycolysis. 
 
Volume definition: Within the VOIs with FLAIR high intensity, a voxel that had an 
FMISO TNR ≥1.3 or 1.65 was defined as FMISO-positive; this was because we 
successfully detected tumor hypoxia in our previous study 10 or the chapter 1. The 
FMISO-positive region was considered as the HV. The voxel having an FDG TNR ≥1.0 
was defined as FDG-positive. Metabolic tumor volume (MTV) measurement for brain 
tumor is interfered by physiological FDG uptake in the surrounding brain tissues. Thus, 
here we propose a new parameter, namely hypoxic MTV (hMTV), which is the volume 
showing as FMISO-positive and FDG-positive (Figure 3).  Here, we define hypoxic 
total lesion glycolysis (hTLG) as [hMTV]×[SUVmean within hMTV]. The 
hypermetabolic fraction of hypoxia volume (HMF) was defined as [hMTV]/[HV]. The 
GTV, HV, hMTV, hTLG, and HMF were examined in relation to patient outcome. 
Subscripted number of HV, hMTV, hTLG, and HMF(i.e., 1.3 or 1.65) are represented the 
applied FMISO threshold (i.e., FMISO TNR > 1.3 or 1.65) to detect the FMISO- positive 
voxel. 
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Extent of resection 
The surgical procedure was same as chapter 1. The extent of resections (EOR) using 
cytoreduction surgery was quantitatively estimated by volumetric change based on 
planimetry methods using a conventional 6–7-mm-thick slice of Gd-T1WI MRI as 
described previously35. Pre- and post-operative tumor volumes were calculated as the sum 
of the Gd-enhanced area that was determined manually; then the resected tumor volume 
was determined by subtraction of the post-operative tumor volume from the pre-operative 
tumor volume. The EOR was defined as the percentage of resected tumor volume in the 
pre-operative tumor volume. Post-operative tumor volumes were assessed using Gd-
T1WI MRI that was performed at ˂ 48 hours after surgery to avoid post-operative changes 
showing Gd enhancement. In needle biopsy cases, the EOR were defined as 0%. In total, 
19, 6, and 7 patients underwent sub-total or gross-total resection (EOR=90.3-100%), 
partial resection (EOR=10.6-85.5%), and biopsy (EOR=0-2.1%), respectively. 
 
Prognosis 
Overall survival (OS) was defined as the time period (months) between the date of surgery 
and the date of death for any reason. Progression-free survival (PFS) was defined as the 
time period (months) between the date of surgery and the date that tumor recurrence was 
confirmed using any imaging modalities. We observed all patients for >2 months or until 
death. Twenty-four patients experienced tumor recurrence, 20 of whom died during the 
follow-up period (OS=3.2-46.8 months). The remaining 8 patients without recurrence 
were all alive at the end of the follow-up period, resulting in a total of 12 patients being 
alive at the end of the follow-up period (2.7-45.1 months). 
 
Statistical analysis 
All continuous variables are presented as the mean ± standard deviation. In this study, we 
attempted to exhaustively determine the optimal cutoff values for each parameter to best 
categorize patients by OS. We repeatedly applied the log-rank test to each parameter and 
decided the optimal cutoff values that showed maximum χ2 statistics. This method was 
applied to the TNR, GTV, HV, hMTV, hTLG, HMF, EOR, Karnofsky performance status 
and patient age. The survival curves were created using the Kaplan–Meier method. We 
tested the correlation between PFS or OS and parameters using the Cox regression model 
for univariate analysis and with the Cox proportional hazard model for multivariate 
analysis. To avoid a problem of multiple testing, the p values of univariate analyses were 
corrected by the method which was previously reported 36. 
All the statistical analyses were performed using R version 3.1.2 and ‘survival’ add-on 
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package. P values of <0.05 were considered statistically significant. 
 
Results 
SUVmax and tumor volumes  
The SUVmax for FDG was 8.44±3.00 (range, 4.19–15.03), the TNR for FDG was 
1.55±0.52 (range, 1.08–3.96). All (100%) of the lesions had a higher FDG SUVmax than 
the reference value (i.e., TNR≥1.0), and thus were considered to have a hypermetabolic 
volume in the tumor. The SUVmax for FMISO was 3.75±1.30 (range, 1.71–6.91), and 
the TNR for FMISO was 3.29±0.81 (range, 1.48–4.85). In volumetric assessment, the 
hMTV1.3 and HV1.3 were 7.98±8.85ml (range, 0.12–35.27 ml) and 29.78±18.90 (range, 
0.84–81.95 ml), respectively. The hTLG1.3 was 41.69±37.65 (range, 0.66–126.26), and 
the HMF1.3 was 25.15±18.03% (range, 0.89–61.80%). 
The volumetric parameters with FMISO TNR threshold > 1.65 was shown in Table 3.  
 
Table 3 

 
Univariate analysis 
Table 2 summarizes the optimal cutoff values that generated maximum χ2 statistics for 
each parameter in categorizing patients by OS. At these cutoff values, the hMTV1.3,  
hTLG1.3, and EOR were significantly correlated with PFS (p=0.007, p=0.04, and p=0.01, 
respectively) using univariate analysis. A significantly shorter OS was also suggested by 
higher HV1.3, higher hMTV1.3, higher hTLG1.3, and lower EOR (p=0.04, p=0.0028, 
p=0.037, and p=0.014, respectively) (Table 4). None of parameters with FMISO threshold 
settled at 1.65 (i.e., HV1.65, hMTV1.65, hTLG1.65) successfully separated the patients 
between short OS vs. long OS or between short PFS vs. long PFS. For OS, the corrected 
p values for HV1.65, hMTV1.65, and hTLG1.65 were 0.15, 0.081, and 0.17, respectively. 
Similarly for PFS, the corrected p values were 0.73, 0.088, 0.21, respectively). Seven 
patients with a higher hMTV1.3 (i.e., hMTV1.3 ≥15.01) had a significantly shorter OS than 
the remaining 25 patients with a lower hMTV (i.e., hMTV1.3 <15.01); the median OS was 
5.3 months for the high hMTV1.3 group (n=7) vs. 15.7 months for the low hMTV1.3 group 
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(n=25). Twelve patients with a higher hTLG1.3 (i.e., hTLG1.3 ≥49.41) had a significantly 
shorter OS than the remaining 20 patients with a lower hTLG1.3 (i.e., hTLG1.3 <49.41); 
the median OS was 5.8 months for the high hTLG1.3 group (n=12) vs. 15.7 months for the 
low hTLG1.3 group (n=20) (Figure 4). Sixteen patients with a higher EOR (i.e., 
EOR≥94.5%) had a significantly longer OS than those with a lower EOR (i.e., EOR 
<94.5%); the median OS was 21.6 months for the low-EOR group (n= 16) vs. 11.3 months 
for the low-EOR group (n= 16) in common with previous reports. 
 
Table 4 
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Figure 4. Kaplan-Meier curves for patient’s OS. Patients with a higher hTLG had a 
significantly shorter OS. 
 
Multivariate analysis 
Because the hMTV1.3 and hTLG1.3 were significantly correlated (Pearson’s R=0.90; 
p<0.0001), we constructed two separate models to avoid the co-linearity problem. Model 
1 consisted of the hMTV1.3 + HV1.3 + EOR, and model 2 consisted of the hTLG1.3 + HV1.3 
+ EOR. The Cox proportional hazard model for hMTV1.3, HV1.3, and EOR used to predict 
OS (model 1) indicated that the hMTV1.3 and EOR were independent prognostic factors 
(p=0.0063 and p=0.013, respectively; Table 5a). Analysis using model 2 similarly 
suggested that the hTLG1.3 and EOR independently affected OS (p=0.011 for hTLG1.3 and 
p=0.0042 for EOR; Table 5b). PFS was also independently influenced by the hMTV1.3 or 
hTLG1.3 (Table 5). 
 
Table 5a 

 
 
 
 
 
 
 
 

Table 5b 

 
 
Discussion 
We conducted a study involving the independent detection of hypermetabolic and hypoxic 
volumes using FDG PET and FMISO PET, respectively. The parameters hMTV1.3 and 
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hTLG1.3 were tested as prognostic factors. Using univariate analysis we found that the 
patients who had a larger hMTV1.3 or larger hTLG1.3, or had undergone a more extensive 
surgical procedure, survived significantly longer than the other patients. In addition, 
multivariate analysis indicated that both the hTLG1.3 and hMTV1.3 were significant 
prognostic factors that were independent from the EOR. However, none of parameters by 
threshold of FMISO TNR 1.65 reached statistical significance to predict patients’ 
prognosis. While the FMISO TNR 1.65 may be a good threshold for detecting 
intratumoral microscopic necrosis, different cut-off values should be applied for 
delineating hypoxic area. 
Recent studies have reported that a lower EOR was a predictor of poor prognosis in 
glioma patients16,37-41. Our study confirmed this finding. In addition to the EOR, we newly 
found that the hTLG1.3 and hMTV1.3 may predict patient prognosis.  
In malignant tumor cells, especially under severely hypoxic conditions, HIF-1α is often 
promoted through signal transductional pathways, such as the phosphoinositide-3-
kinase/Akt/mTOR pathway, extracellular regulated protein kinase pathway, and 
adenosine 5 ′ -monophosphate activated protein kinase pathway. HIF-1α forms a 
complex with HIF-1β or with other proteins, and adheres to HRE on the genome line. 
HRE stimulates the downstream enzymes in the glycolytic system such as glucose 
transporters, hexokinase, pyruvate kinase, and lactate dehydrogenase A42. This cascade 
helps tumor cells metabolize glucose anaerobically and survive under severe hypoxia, the 
so called Warburg effect. 
In the chapter 2, we hypothesized that FDG uptake intensity in the hypoxic area (i.e., the 
FMISO-positive area) could represent the tumor’s ability to adapt to severe hypoxia. In 
other words, the FDG/FMISO double-positive fraction may reflect ‘signal transmission 
efficiency’ initiated from hypoxia to anaerobic glycolysis. Therefore, we investigated the 
intensity of anaerobic glycolysis by using the new parameters hMTV1.3 and hTLG1.3. 
 
Summary and Conclusion 
1. FMISO uptake represents presence of microscopic necrosis. 
2. The hMTV and hTLG may be new prognostic parametors in glioblastoma patients as 

a tumoral anaerobic glycolysis. 
 

In chapter 1, FMISO PET could visualize intratumoral microscopic necrosis in vivo and 
could provide important information for treatment decisions and surgical strategies of any 
type of brain tumor. The presence of micro-necrosis is critical information especially for 
glioma, atypical meningiomas, and anaplastic meningiomas. The patient outcomes of 
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these tumors with histopathological necrosis are usually poorer than without necrosis. 
Thus, FMISO-positive areas might indicate not only severe hypoxic areas, but also 
malignant parts of the tumor. Clinical application of FMISO PET is providing important 
information for biopsy to determine the biopsy site as well as accurate diagnosis of the 
histological malignancy of these tumors. 
In chapter 2, the combination of FDG and FMISO PET may allow evaluate tumoral 
anaerobic glycolysis. We introduced hMTV and hTLG as parameters of anaerobic glucose 
metabolism for glioblastoma patients, and both were significant predictors for OS in 
glioblastoma patients. These prognostic factors might be independent from the EOR. The 
point is that we can determine these parameters during the pre-treatment phase. These 
findings may provide the necessary information for the detection of the patients who will 
develop early recurrence regardless of the surgical procedure. Such patients might be 
considered eligible for additional treatment in the future, such as expanding resection of 
the non-eloquent area, radiation dose escalation, hypoxia-activated chemotherapy, 
immunotherapy, or photodynamic therapy. 
In summary, FMISO PET can visualize microscopic necrosis and anaerobic glycolysis 
both reflecting tumor malignancy. 
 
Limitations and future direction 
We need to mention the limitations regarding the study. First, the number of patients 
enrolled was small. In chapter 1, the tolerance to hypoxia might be different among 
histopathological features. Further studies, especially of non-glioma patient populations, 
are necessary to verify our results. In chapter 2, although survival analysis was limited, 
the number of variables making up the multivariate models was reasonable; this was 
confirmed by a co-author who is an experienced statistician.  
Second, the PET images investigated were acquired using several types of PET scanners. 
The differences in spatial resolution and image contrast may have affected the analyses. 
However, to minimize these effects, the images were reconstructed using appropriate 
smoothing filters to match the full width at half maximum of the reconstructed images 
with each other. 
Further studies will be needed to investigate a large number of patients from multiple 
institutes to confirm and validate the current results in the future. To support our results, 
we also should assess the biological evidence, like as protein expression, gene mutations, 
and any other differences in histological samples from different lesions depending on the 
hypoxia and glycolysis intensity. 
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