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Abstract
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Gliomas are common primary brain tumours that occur as low-grade (LGG) and high-grade
gliomas (HGG). Typically occurring in younger adults, LGG has an indolent course with a
median survival of 5-10 years, but carries an inherent potential for transforming into HGG. The
thesis focused on LGG in adults, with the aim of identifying prognostic biomarkers for LGG.

Paper I. Epileptic seizures are common symptoms in LGG. In a retrospective study,
the correlation between 11C-methionine (MET) uptake, measured by Positron Emission
Tomography (PET), and seizure activity was assessed in 101 patients with LGG. Although there
was no correlation between MET uptake and seizure activity, survival was longer in patients
who were seizure-free before surgery.

Paper II. This finding prompted the search for common genetic pathways for both tumour and
seizure development and a review of genetic polymorphisms in focal epilepsy and glioma risk.
Cell cycle and immune response genes affecting both glioma and seizure risk were identified,
and genes involved in synaptic transmission presented potential candidates for future studies.

Paper III. The transcription factor PROX1 plays a pivotal role in normal development and
carcinogenesis of various organs. The prognostic value of PROX1, together with established
clinical and molecular prognostic factors for survival, was retrospectively assessed in 116
patients with LGG. High PROX1 expression in the tumour was associated with shorter survival.

Paper IV. DNA repair enzymes, such as ERCC6, are crucial for maintaining genomic stability
in glioma response to radiotherapy. An association between the polymorphism rs4253079,
mapped to ERCC6, and longer survival in patients with LGG and HGG was identified.

Paper V. As LGG typically presented as non-contrast enhancing tumours on morphological
MRI (magnetic resonance imaging), the value of combined MET PET with physiological MRI
for preoperative diagnosis was assessed in a prospective study of 32 patients with suspected
LGG. Representative tumour areas were identified through a combination of perfusion-MRI
with MET PET, which can be used as a baseline investigation for follow-up over time.

Conclusions: The parameters seizure-freedom before surgery, the polymorphism rs4253079
in ERCC6 and low PROX1 expression in the tumor were identified as favorable prognostic
biomarkers.
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Physiological MRI
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Introduction 

The focus of the present thesis is the most frequent primary malignant brain 
tumour, glioma. Apart from Paper II, which presents an updated review of 
the genetic association studies between focal epilepsy and the risk of glioma, 
the main focus of the papers in this thesis is low-grade glioma (LGG). Gli-
omas are classified by the World Health Organization (WHO) according to 
their morphologic characteristics and the degree of anaplasia. 

The most common morphologic types are astrocytic, oligodendroglial, 
and mixed morphology tumours. Malignancy ranges from grade I to IV, with 
grade IV being the most malignant form (1). Grade I gliomas and the more 
uncommon types of grade II gliomas, such as ependymomas, will not be 
discussed in this thesis. 

Despite notable advances in surgery, radiotherapy, and chemotherapy 
over the last few decades, the prognosis of WHO grade IV glioblastoma 
(GB) remains dismal, with a median survival time of 9–15 months. Low-
grade WHO grade II gliomas have a more indolent course and a median 
survival time of 5–10 years. Anaplastic WHO grade III gliomas comprise 
10% of all gliomas, and have a median survival time of 1.6 years (2). 

Epidemiological studies are of great importance in identifying the risks 
that contribute to the development of neoplasms. Genetic epidemiology at-
tempts to determine if there is a genetic component to a disease, and, if so, 
which genes are involved. The ultimate goal is to provide strategies for pre-
venting brain tumours through a greater understanding of the causes of gli-
oma and through the identification of new molecular and genetic markers 
predicting tumour progression and survival in this devastating disease.  

Histopathological classification 
According to the WHO classification of brain tumours, adult LGG refers 
mainly to diffuse astrocytomas, oligodendrogliomas, and oligoastrocytomas, 
all of which harbour the potential for malignant transformation. The malignan-
cy grading system defines grade II gliomas as tumours with cytological atypia 
alone, grade III gliomas as having anaplasia and mitotic activity, and grade IV 
gliomas as showing endothelial cell proliferation and/or necrosis in addition to 
mitosis and nuclear atypia (1). Histological type is a significant predictive 
factor in the survival of patients with LGG, with longer survival for patients 
with oligodendrocytic tumours compared to astrocytic tumours (3). 
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Low-grade gliomas 
Grade II astrocytomas 
Grade II astrocytomas are also called diffuse astrocytomas and histologically 
show cytological atypia alone. They are divided into three categories accord-
ing to morphological features: fibrillary, gemistocytic, and protoplasmic. It 
is important to separate gemistocytic astrocytomas from the other classes 
because they have a higher tendency towards malignant transformation. The 
5-year survival rate for patients with diffuse astrocytomas is approximately 
50% (3).  

Glial acidic protein (GFAP), the main intermediate filament protein ex-
pressed in the cytoplasm of astrocytes, is considered the most useful marker 
for distinguishing astroglial cells from other cell types in the brain (4). 

Ki-67/MIB-1, a cell proliferation-related protein, is used as a prognostic 
marker in astrocytoma due to the positive correlation between a gradual in-
crease in Ki-67 expression and higher mitotic activity. The labelling index in 
diffuse grade II astrocytomas usually is less than 5% (5). 

Tumour suppressor protein 53 (TP53), nicknamed “the guardian of the 
genome”, is mutated at 17p13.1 in about 65% of all diffuse astrocytomas and 
in 80% of gemistocytic tumours (3). 

Isocitrat dehydrogenase 1 (IDH1) mutations are found in 74% of astrocy-
tomas. The low frequency of IDH1 mutations in primary glioblastoma (7%) 
in contrast to secondary glioblastoma suggests that IDH1 mutation may be 
an early event in tumour formation in diffuse astrocytomas and oligoden-
drogliomas, rather than a marker of malignancy progression (6).  

IDH1, which is found in the cytoplasm and in peroxisomes, catalyzes the 
oxidative carboxylation of isocitrate to α-ketoglutarate, reducing NADP+ to 
NADPH during the citric acid cycle. The mechanism by which IDH muta-
tions facilitate tumour growth is not clear (7). 

Grade II Oligodendrogliomas 
Arising from oligodendrocytes, these tumours are histologically recognised 
by round, homogenous nuclei with perinuclear haloes, which are referred to 
as “fried egg” or “honey comb” structures in formalin-fixed, paraffin-
embedded material.  Oligodendrogliomas have a dense network of capilla-
ries and show calcification in 50% of all cases (8) 

In contrast to astrocytomas, immunostaining for GFAP is absent in oligo-
dendrogliomas. 

The Ki-67 MIB1 labelling index is approximately 5%, which is similar to 
astrocytomas. In a study of 108 patients with oligodenrogliomas, immuno-
histochemistry for Ki-67 provided prognostic information independently of 
histopathologic grading and tumor localisation (9). 

The most frequent genetic alteration in oligodendroglioma is the com-
bined loss of chromosome 1p/19q [loss of heterozygosity (LOH) on the long 
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arm (designated “q”) of chromosome 19 and on the short arm (designated 
“p”) of chromosome 1], which occurs in 80% of all cases (10). This molecu-
lar feature was first recognised in 1994, and by 1998, it had been correlated 
with therapeutic response. A combined loss on chromosomes 1p and 19q is 
now considered a strong prognostic marker and is associated with both che-
mosensitivity and longer recurrence-free survival after chemotherapy (11). 

IDH1 mutation is present in 80% of grade II oligodendrogliomas, whereas 
TP53 mutations are rare and only seen in 13% of cases (3, 6). 

Grade II Oligoastrocytomas 
These tumours combine the features of astrocytoma and oligodendroglioma. 
A diagnosis of oligoastrocytoma is made if convincing astrocytic and oligo-
dendroglial components are present in the same tumor sample. Despite this, 
the histogenesis of this mixed tumor type remains controversial and chal-
lenging. The diagnosis of oligoastrocytoma is prone to subjectivity, which 
means that the inter-observer variability for the diagnosis of oligoastrocyto-
ma is high with respect to lineage and grade (12). 
Oligoastrocytomas are genetically heterogeneous and most carry either TP53 
mutations or LOH at 1p/19q (13). TP53 mutations and 1p/19q co-deletions 
are mutually exclusive (14). TP53 mutation is seen in about 44% of patients 
with oligoastrocytoma, while IDH1 mutations are observed in up to 80% of 
cases (3). 

High-grade gliomas 
Anaplastic gliomas  
The histological features of anaplastic gliomas (grade III gliomas) are in-
creased cellularity, nuclear atypia, and marked mitotic activity in the absence 
of micro-vascular proliferation or necrosis (1). IDH1 mutation is frequently 
seen in anaplastic gliomas, with an incidence of 70% (6). 

 Phosphatase and tensin homologue deleted on chromosome ten (PTEN) 
is a tumor suppressor protein that was discovered in 1997 on the long arm of 
chromosome 10. It regulates important cellular functions, such as cell 
growth, apoptosis, and angiogenesis (15). Patients with anaplastic astrocy-
toma or oligodendroglioma have a low frequency of PTEN mutations (< 
10%). A significantly shorter survival time was observed in patients carrying 
a PTEN mutation than in those who did not (4.4 months versus 34.4 months) 
(16). 

Glioblastoma (GB) 
The histological characteristics of glioblastomas (grade IV gliomas) are en-
dothelial proliferation and/or necrosis in addition to atypia and high mitotic 
activity (1). 
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Clinically two types of glioblastomas are defined: primary and secondary.  
Primary, or de novo, glioblastomas account for the vast majority of cases in 
elderly patients without a prior history of brain tumours. They are genetical-
ly characterised by a high frequency of LOH at 10q (69%), epidermal 
growth factor receptor (EGFR) gene amplification (34%), deletion of 
p16INK4a on chromosome 9P21 (31%), mutation of PTEN on chromosome 
10q (24%), and TP53 mutations (31%) (17). Secondary glioblastomas devel-
op slowly by progression from a preexisting LGG and primarily affect 
younger patients. Genetically, these tumours show frequent p53 mutations 
and LOH of 10q, whereas other alterations are infrequent (17). 

Survival of patients with secondary glioblastoma is longer than that of 
those with primary glioblastoma. A multivariate analysis of the genetic alte-
rations observed in glioblastoma showed that only the presence of LOH at 
10q was associated with shorter patient survival (17). 

A recent study investigated genetic variations in epidermal growth factor 
(EGF) and EGFR in glioblastoma patients and found some support for an 
association between EGF polymorphisms and poor outcome, but further 
confirmation is needed before EGF can be considered a prognostic factor 
(18). 

PTEN mutations are frequent in primary glioblastomas, occurring in up to 
40% of cases, but are rare in secondary glioblastomas. The studies that have 
investigated the prognostic significance of PTEN mutations in glioblastomas 
are contradictory. Smith et al. did not detect any correlation with outcome, 
while other authors found a shorter survival for glioblastoma patients carry-
ing the mutation (16, 19).  

The incidence of IDH1 mutations ranges from 7% in primary glioblasto-
ma to 88% in secondary GB (6). 

 
 
 

                  

Figure 1.  Formalin-fixed tumor              Figure 2.  Formalin fixed tumor  
tissue of a grade II astrocytoma               tissue of a grade II astrocytoma  

      immunostained with Ki-67                      immunostained with GFAP 
      Original magnification x 40                     Original magnification x 40                         
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Epidemiology of gliomas 
Incidence 
The incidence of primary malignant brain tumours showed a modest increase 
of 1–2% per year during the 1980s, both in the United States and in Euro-
pean countries, and particularly in the elderly. This was largely due to im-
proved diagnostic procedures using computerised tomography (CT) and 
magnetic resonance imaging (MRI) (20). 

The annual incidence of glioma has remained relatively stable for both 
men and women since 1983 despite the increasing prevalence of mobile 
phone use, according to a large study in four Nordic countries (21). 

The incidence rate of glioma is higher in males (7.17 per 100,000 person-
years) than in females (5.08 per 100,000 person-years), according to a Feb-
ruary, 2011, report from the Central Brain Tumor Registry of the United 
States (CBTRUS). Incidence rates for tumours of neuroepithelial tissue are 
1.6-times higher in males than in females, while tumours of the meninges are 
2.2-times more common in females than in males (CBTRUS, February, 
2011). 

The incidence of glioblastoma (WHO grade IV) is 4–5 per 100,000 per-
son-years, whereas the annual incidence of LGG (WHO grade II) is 1–2 per 
100,000 person-years (22). 

Environmental risk factors 
Besides exposure to high-dose ionising radiation, genetic predisposition in 
about 5% of families, and rare genetic syndromes, there are few known risk 
factors for glioma (23).  

Non-ionising radiation, such as the radiation from electromagnetic fields 
or radiofrequency mobile phones, has been the focus of several studies. A 
possible association between the use of mobile phones and increased risk of 
brain tumours has not yet been established. The INTERPHONE study, 
which was coordinated by the International Agency for Research on Cancer 
(IARC), is one of the largest multinational studies investigating whether the 
radiofrequency fields emitted by mobile phones increase the risk of cancer in 
the head and neck regions (24). 

Epidemiological studies from as far back as the 1950s show an inverse re-
lationship between self-reported allergies and glioma risk. However, recall 
bias and reverse causality may affect the results from meta-analyses. A more 
appropriate approach to explore this possible relationship, in order to avoid 
bias, is genetics.  

Interestingly, genetic studies show that allergy-related polymorphisms in 
interleukin (IL)-13, IL-4, and their receptors are inversely related to glioma 



 17

risk (25), and that polymorphisms in IL-4R are associated with longer sur-
vival in glioblastoma cases (26). 

There is no association between glioma risk and viral antibodies to po-
lyomaviruses, herpes simplex, or Epstein-Barr virus (26). 

According to a recent study, human cytomegalovirus (CMV) US28 may 
contribute to glioblastoma pathogenesis by inducing an invasive, angiogenic 
phenotype (27). 

Patients with a history of head trauma and head injury show no increased 
risk of glioma (22), nor is there evidence for an association between in-
creased glioma risk in patients reporting epilepsy or seizures prior to the 
diagnosis of a brain tumor (28). 

Headaches, sleep and pain medications, diet and vitamin supplements, 
smoking, and alcohol consumption have not been defined as risk factors 
contributing to glioma development.  

Epidemiological studies focusing on chemical exposure, occupation, or 
involvement in the oil production industry have not established a causal con-
nection to adult brain tumours (22). 

Although cadmium and lead are known as probable carcinogenic metals, 
there is no evidence for an association with glioma risk (29).  

Genetics 
Introduction 
Each human is estimated to have between 30,000 to 40,000 genes, all of 
which were identified by the Human Genome Project in 2001. A gene is a 
region of DNA that controls a hereditary characteristic; it may differ among 
individuals as a result of mutations. An allele is one of two or more variant 
forms of a gene at a given locus on a chromosome. Alleles are usually se-
quences that code for a gene, but the term is also used to refer to non-coding 
sequences. An individual inherits two alleles for each gene, one from each 
parent. 

The locus is a gene’s location on a chromosome. An individual who has 
the same allele on both copies of a chromosome is homozygous for that 
gene, whereas an individual with different alleles is heterozygous. The ge-
notype refers to the alleles that are present at a given locus. 

 There are two classes of human genetic variants, common and rare. The 
most common sequence variation in the genome is the substitution of a sin-
gle nucleotide [adenine (A), thymine (T), guanine (G), or cytosine (C)], 
known as single nucleotide polymorphism (SNP), which has a minor allele 
frequency (MAF) of 1% in the population. MAF is the lowest allele frequen-
cy observed at a locus in one particular population. Structural variants 



 18 

refer to insertions, deletions, block substitutions, inversions of DNA se-
quences, and copy number alterations (30).  

The number of SNPs in the genome is estimated to be 11 million, of 
which 7 million have an MAF of 5%, while the remaining 4 million have 
MAFs between 1% and 5%. Polymorphisms that cause an amino acid 
change in the protein are termed non-synonymous SNPs; those that do not 
lead to an amino acid change are defined as silent polymorphisms (31-32). 
The international public database of SNPs can be found at 
http://www.ncbi.gov/SNP.  

The rare variants, or mutations have a strong familial component and a 
high penetrance, usually classified by a Mendelian mode of inheritance. 

The combination of alleles on each chromosome is termed a haplotype. 
SNPs in the same haplotype block are usually inherited together in a region 
of high linkage disequilibrium. Linkage disequilibrium (LD) is a term used 
to describe the non-random association of alleles at linked loci. When a par-
ticular allele at one locus is found together with a specific allele at a second 
locus on the same chromosome more often than would be expected if the 
loci were segregating independently in a population, the loci are in disequili-
brium; in other words, LD results in a higher frequency of a certain haplo-
type at the locus than would be expected by chance. Thus, the LD is the dif-
ference between the observed frequency of a two-locus haplotype and the 
frequency at which it would be found if alleles were segregated randomly. 
LD reflects the recombination that has occurred through hundreds of past 
generations and reveals the evolution of populations. Recombination gene-
rates new combinations of ancestral alleles (30). LD varies across the ge-
nome and between different populations; for example, it is lower in the Afri-
can population due to human migration out of Africa, which explains the 
loss of some haplotype patterns (32). 

The HapMap Project is an international collaborative effort from scien-
tists in Japan, China, Nigeria, the United States, Canada, and the UK, which 
has defined blocks of LD across different populations (32). 

Alleles that are tightly linked on the same chromosome are usually inhe-
rited together; consequently, in association studies, such allele might asso-
ciate with another allele that has no role in the disease, because the investi-
gated allele is in LD with another allele at a nearby locus that is positively 
associated with the disease allele (30).  

TagSNPs are informative SNPs that represent common haplotypes. They 
are useful in the indirect approach to finding disease markers in genome-
wide association studies (GWAS). A limited number of TagSNPs that act as 
proxy of a LD block are used instead of measuring all the individual SNPs 
across the haplotype block. TagSNPs are in LD with other SNPs and with 
common structural variants (33). R2 is a measure of LD, which groups SNPs 
with high LDs into “bins”. 
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Human genetic disorders are usually classified into four major groups:  
1. Chromosomal disorders, which are caused by an alteration in the 

number or structure of the chromosomes in the cell (missing, dupli-
cated). These major chromosomal abnormalities can be observed 
microscopically. 

2. Single-gene disorders, which are classified according to the mode of 
Mendelian inheritance in families: autosomal dominant, autosomal 
recessive, or X-linked.  Currently, McKusicks’s compendium is ca-
talogued in a public database, the Online Mendelian Inheritance in 
Man (OMIM) http://www.ncbi.nlm.nih.gov/omim. 

3. Multifactorial disorders, which result from a combination of genetic 
and environmental factors. 

4. Mitochondrial disorders, which result from alterations in the cytop-
lasmic mitochondrial DNA (64 traits are known in the mitochondrial 
genome) (30). 

Genetics in glioma 
Cancer is a complex mixture of genetic alterations, environmental factors, 
and epigenetic mechanisms.  
The identification of genetic and epigenetic changes in cancer is crucial to 
better understand the mechanisms behind carcinogenesis. 
Genetic alterations of cell regulatory systems are the primary basis of carci-
nogenesis. Most genetic events occur in somatic cells, although a small pro-
portion of mutations occur in germline cells.  

The following inherited syndromes are associated with increased risk of 
primary brain tumours: neurofibromatosis 1 and 2, tuberous sclerosis, von  
Hippel-Lindau disease, Li-Fraumeni syndrome, Turcots syndrome, retinob-
lastoma, Nevoid basal cell carcinoma syndrome, and Cowden disease (34). 
These syndromes are rare and it is estimated that the genetic disposition is a 
factor in only 2% of children diagnosed with brain tumours (35).  

Familial gliomas comprise 5% of all glioma cases. These families are he-
terogenous and a large part of the families are affected siblings, raising the 
possibility of an autosomal recessive model of inheritance (36).  

Given the evidence that only a very small proportion of brain tumours can 
be explained by rare inherited mutations in highly penetrant genes, more 
ambitious approaches are needed to identify novel genetic markers in a large 
study population. Rare high-penetrant mutations are best identified using 
linkage analysis, whereas association studies are the preferred approach to 
search for common low-penetrant variants (37). 

The Human Genome Project, which began in 1990, provided the com-
plete human DNA sequence in the year 2003. It introduced the possibility of 
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looking for genetic variations and finding the genetic contributions to com-
mon diseases by analysing whole genome samples. 

GWAS allow for the screening of several thousands of individuals, both 
cases and controls, for up to 1,000,000 genomic variations across the entire 
genome (31). These studies have identified statistical associations between 
hundreds of loci and common complex traits in diseases such as diabetes, 
macular degeneration, and coronary heart disease (32). Recently, the results 
of three GWAS investigating susceptibility loci for glioma were published. 
Shete et al. conducted two GWAS in the UK and US. From a total of 1,878 
cases and 3,670 controls in the combined data, 454,576 genotypes were 
identified. The most significantly associated SNPs were then analysed in an 
independent case-controlled series from France, Germany, and Sweden. The 
results identified five risk loci for glioma, at 5p15.33 (TERT), 8q24.21 
(CCDC26), 9p21.3 (CDKN2A/CDKN2B), 20q13.33, (RTEL1), and 11q23.3  
(PHLDB1) (38). In the second study, which included 692 high-grade glioma 
cases and 3,992 controls in the US, and in which the results were replicated 
using an independent data set from the Mayo clinic, an association between 
variants in the CDKN2B and RTEL1 genes and the risk of high-grade glioma 
was confirmed (39). Following the first study, the authors decided to per-
form a GWAS combining the data from the US and UK glioma patients with 
the French and German cases (2,269 cases and 2,500 controls) to increase 
the study power. Analysis of these pooled data (4,147 glioma cases and 
7,435 controls) revealed an association between genetic variation at 7p11.2 
and glioma risk. This association was independent of EGFR amplification, 
p16INK4a deletion, and IDH1 mutational status in tumours (40).  

 However, there are limitations to GWAS, including the necessity of con-
trols for population stratification and the limited power for detecting small 
gene-gene and gene-environment interactions (32). 

GWAS are less suitable for use in rare and highly lethal cancers, includ-
ing brain tumours, due to the lack of statistical power in small sample sizes. 
Moreover, the current commercial chip technology is not capable of detect-
ing the genes with a large variability, as the chip only covers 80% of the 
genetic variation in the genome (31). 

An alternative approach to GWAS is candidate gene analyses or pathway-
based analyses of multiple genes that might influence susceptibility to brain 
tumours (31). 

The study of polymorphisms or common variations in genes involved in 
DNA stability and repair, oxidative metabolism, detoxification of carcino-
gens, and the immune response might reveal the genetics involved in the 
development of brain tumours (22). 

During the past decade, multiple case-control studies have evaluated the 
association between candidate genes and glioma risk. A summary of the 
genes studied can be found in Table 1, Paper II (41).  Furthermore, a few 
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studies have identified polymorphisms in EGF, L1G4, BTBD2, HMGA2, and 
RTEL1 that are associated with survival in glioblastomas (18, 42). 

Epigenetics in glioma 
Examples of epigenetic mechanisms that may regulate gene expression are 
promoter methylation, histone acetylation/deacetylation, and chromatin con-
formational changes (43). Promoter methylation plays a key role in the loss 
of gene function. O6-methylguanine-DNA methyltransferase (MGMT), a 
DNA repair protein, is inactivated by promoter hypermethylation in glioblas-
tomas. An association between MGMT inactivation and chemosensitivity to 
alkylating agents has been established in high-grade glioma and may also 
play a role in diffuse astrocytomas (44).  

Neuroimaging in LGG 
Positron emission tomography (PET) 
Molecular imaging in PET is based on measuring biochemically active mo-
lecules labelled with short-lived positron-emitting radionuclides. Positrons 
emitted from the nucleus of radioisotopes travel within the tissue and are 
annihilated on contact with electrons. Each annihilation results in a pair of 
photons that travel in opposite directions. These photons are then counted 
and assigned to a line of response, which are used to reconstruct 3D images 
by means of standard tomography techniques (45).  

Early PET studies focused on measuring glucose metabolism using 18F-
fluorodeoxyglucose (FDG) to stage cancer and to differentiate between ma-
lignant and benign lesions (46). However, the high physiologic glucose me-
tabolism in different brain areas limits the sensitivity of the detection of ad-
jacent glioma tissue (45).  

The use of radiolabelled amino acids for metabolic tumour imaging of 
brain tumours, which makes use of the enhanced amino acid transport and 
protein synthesis in gliomas, began in the early 1980s (47). 11C-methyl-L-
methionine (MET), an amino acid tracer with a short half-life of 20 minutes, 
is considered the molecule of choice for use in glioma because of its low 
uptake in normal brain tissue, which results in low background and provides 
good contrast with the tumour uptake (48). The tracer MET is injected intra-
venously and its uptake is correlated to cell proliferation (49), Ki-67 expres-
sion (50), and microvessel density (51), suggesting its role as an efficient 
marker of proliferation and angiogenesis in tumour tissue. Uptake of MET in 
glioma is mainly facilitated by a type L amino acid transport system (52), 
although damage to the blood-brain barrier may contribute to increased up-
take through passive diffusion (53). 
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The original, dynamic mode of PET data acquisition has now been re-
placed by a static scan that measures tracer uptake in the steady state. The 
analysis of PET images is performed after integration with anatomical MRI 
to obtain functional and morphological information in a clinical setting (54). 

Gliomas are known to be heterogeneous and diffusely growing both in the 
initial diagnostic phase and during follow-up. As areas with the highest ac-
cumulation of MET have the highest degree of malignancy, MET PET is 
used in stereotactic biopsies and radio-surgery (54). There is also a superior 
role for MET PET in delineating the tumour margins of LGGs compared 
with conventional MRI (55-56).  

MET uptake usually occurs in gliomas regardless of the grade, although 
higher MET uptake is seen in glioblastomas and anaplastic gliomas than in 
LGGs (54, 57). Low-grade oligodendrogliomas usually have a higher MET 
metabolism than diffuse astrocytomas (54). 

In a study that compared metabolic PET studies and histological data in 
glioma, 18F-fluorodeoxyglucose (F-FDG) was superior to MET in predict-
ing histological grade, whereas MET was more useful in delineating the 
margins of the tumour (58) 

MET PET has also been used to evaluate the response to radiotherapy 
(59) and chemotherapy (60). Increased MET uptake at the disease onset, 
before treatment, predicts a shorter survival time and is therefore recognised 
as a prognostic marker in WHO grade II and grade III glioma (57, 61). 
Another clinical situation in which MET PET is useful is in differentiating 
recurrent tumours from radionecrosis (62-63). 
Patients fast for least 4 hours before PET scanning because this reduces the 
variability caused by circulating amino acids. Corticosteroids had no signifi-
cant effect on MET uptake in LGGs, but reduced uptake was shown in high-
grade gliomas (64). 

Magnetic resonance imaging (MRI) 
Morphological MRI with gadolinium-based contrast agents is the imaging 
modality of choice in the characterisation of glial tumours. It provides not 
only excellent anatomic information but also important information regard-
ing contrast enhancement, edema, haemorrhage, necrosis, mass effect, and 
distant tumour foci, all of which are important in the clinical setting. 

LGGs are known to grow diffusely, without distinct margins. These tu-
mours usually show a low signal on T1 and a high signal on T2-weighted 
imaging. The extent of tumours is best visualized using a fluid-attenuated 
inversion recovery (FLAIR) pulse sequence, which is a T2-weighted image 
in which the signal by the cerebrospinal fluid (CSF) is nullified. However, 
the infiltrating character of glioma cells hampers the exact delineation of 
tumour boundaries despite optimisation of different sequences (65).  
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Another limitation in morphological MRI is that the contrast enhancement 
is not always reliable for the determination of tumour grade. LGGs are 
usually considered to be non-enhancing or only slightly enhancing tumours. 
In fact, studies demonstrate that enhancement does not always distinguish 
between low- and high-grade gliomas, even if the likelihood of finding high-
grade glioma is greater among tumours with contrast enhancement (66-67) . 

Morphological MRI does not allow for differentiation between astrocy-
tomas and oligodendrogliomas, even though contrast enhancement is more 
common in tumours with oligodendroglial components (68). Volumetric 
imaging studies are useful in following the volume changes in LGGs as 
these tumours continue to grow, with their mean growth rate being 4.1 
mm/year (69). 

Perfusion MRI 
One of the essential elements in evaluating the biologic aggressiveness and 
histopathological grading of glial tumours is the degree of angiogenesis and 
the vascular morphology. Perfusion MRI allows for the determination of the 
relative cerebral blood volume (rCBV), which provides information about 
neovascularity, vascular density, and vascular endothelial proliferation, 
which correlate with tumour grade and malignant histology (66, 70-71).  

Malignant transformation to a higher grade in LGG is associated with in-
creased vascularity. In other words, high-grade gliomas have a significantly 
higher rCBV than LGGs (70, 72). However, the main difficulty remains in 
differentiating WHO grade III gliomas from WHO grade II or IV gliomas 
because of the marked overlap in rCBV values in different tumour grades 
and the lack of a reliable rCBV threshold (65). 

The interpretation of rCBVs in oligodendrogliomas is more complicated 
as these tumours generally have higher values than astrocytic tumours be-
cause of their higher cell density and dense network of capillaries (73). 

Perfusion MRI has also been used to predict clinical outcome in a large 
retrospective study of patients with gliomas of different grades. Patients with 
a high rCBV (> 1.75) showed a significantly faster time to progression than 
patients with lower rCBVs (74).  

Another highly interesting and useful place for perfusion MRI is in diffe-
rentiating radiation necrosis from recurrent tumours following treatment. 
Reduced rCBV values were suggestive of radiation necrosis, whereas areas 
with high rCBV values were more likely to be recurrent tumours (75-76).   

An interesting study using longitudinal perfusion MRI in LGGs demon-
strated a significant increase in rCBV as much as 1 year before contrast en-
hancement was visible on conventional MRI (77). This observation empha-
sises the importance of using perfusion MRI in several aspects of the man-
agement in patients with LGGs. 
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Diffusion MRI 
Diffusion-weighted imaging reflects the random movement of water mole-
cules, called Brownian motion. The movement of protons that are prone to 
different pulse gradients will create different signals depending on the de-
gree of diffusion weighting, referred to as the b-value, and on the diffusion 
coefficient. However, these signal changes are also dependent on the under-
lying T2-weighted signal and therefore cannot be used alone to quantify 
diffusion. Therefore, the gradient of the signal intensity due to different b-
values, called the apparent diffusion coefficient (ADC) maps or mean diffu-
sivity (MD) maps are used to measure water diffusion in a more accurate 
way (65).  

MD values in brain tumours are highly dependent on the extracellular vo-
lume fraction, which in turn is determined by defects in the blood-brain bar-
rier and the degree of cellularity of the tumour. Studies using diffusion MRI 
(dMRI) in glioma show an inverse correlation between minimum mean dif-
fusivity (MDmin) values and tumour cellularity (78-79). 

The value of dMRI in preoperative histopathologic tumour grading is de-
bated due to the lack of reliable threshold MDmin values for different tumour 
types. The results of previous studies are variable. According to some stu-
dies, MDmin values were not useful in preoperative grading of gliomas be-
cause of marked overlap between different tumour grades (78, 80). Recent 
studies show more promising results and suggest different cut-off values for 
the MDmin in low- and high-grade gliomas, thus enabling them to be diffe-
rentiated. Although the results provide valuable diagnostic information, they 
should be confirmed in large sample studies before a reliable cut-off value 
for MDmin can be accepted (81-84). MDmin values were shown to be lower in 
oligodendrogliomas compared to astrocytomas (85). The correlation between 
LOH 1p/19q in oligodendrogliomas and MDmin values has also been investi-
gated in dMRI studies, which revealed lower MDmin values in tumours with 
LOH1p/19q (86).  

The role of dMRI in differentiating between recurrent tumours and radia-
tion-related necrosis has been investigated with mixed results due to the 
large overlap in MDmin values (87-88).   

Clinical symptoms of LGGs 
Epileptic seizures 
Seizures are the most common presenting symptom in patients with gliomas. 
They occur in 72–89% of patients with LGGs and are medically refractory in 
50% of all cases (89). 

The precise nature of epileptogenesis in brain tumours is poorly unders-
tood. However, several mechanisms suggest that the etiology of tumour-



 25

associated seizures is probably multifactorial. The incidence of epileptic 
seizures in patients with glioma depends on both the tumour type and the 
location. There is an inverse relationship between the tumour histological 
grade and the occurrence of epileptic seizures.  

A retrospective study estimated the incidence of seizures at the onset of 
WHO grade II oligodendroglioma, grade II astrocytoma, and grade III and 
IV astrocytoma as 100, 60, 50, and 25%, respectively (90). 

A difference in epileptogenesis underlies the discrepancy in seizure inci-
dence between low-grade and high-grade glioma. Deafferentiation of func-
tionally cortical areas, deposition of haemosiderin caused by bleeding from 
pathological blood vessels, morphological changes in peritumoural tissue 
leading to an imbalance between inhibitory and excitatory neurons, and ge-
netic factors all contribute to the differences in epileptogenesis in gliomas of 
different malignancy grades (89). 

Another important factor affecting seizure risk is the primary location of 
the tumour. Patients with tumours localised in the parietal, temporal, and 
frontal lobes present more often with epileptic seizures than patients with 
occipital tumours (90). 

 To date, no data on the genetic background of tumour-related epilepsy is 
available. However, some candidate genes for non-tumour-related focal epi-
lepsy have been identified from association studies and are involved in sever-
al pathways, including those controlling the immune response, synaptic 
transmission, cell cycle progression, and DNA repair. The results of these 
studies may provide insight into an area that is almost completely unexplored: 
the genetic background of tumour-related seizures in patients with glioma. 

 Gamma-amino butyric acid (GABA) is an inhibitory neurotransmitter of 
the central nervous system. GABA receptors are involved in temporal lobe 
epilepsy (91). GABA has also an immunomodulatory role that may influence 
tumour growth and tumour-related epilepsy (92-93) Glutamate is another 
important neurotransmitter which is released in glioma cells. Its involvement 
in tumour growth and its contribution to seizures is still unknown. The poss-
ible involvement of serotonin, apolipoprotein E, brain-derived neurotrophic 
factor (BDNF), and cytokines in the risk of glioma and tumour-associated 
epilepsy is further discussed in Paper II. 

Other neurological symptoms at disease onset 
Focal neurological deficits are present in 2–30% of patients with glioma 
(94). Other less common presenting symptoms in patients with glioma in-
clude headache, cognitive dysfunction, and personality changes. Patients 
with LGGs rarely present with symptoms related to intracranial hypertension 
or mass effect, such as headache and nausea (10–44%). 
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Assessment of disability 
The Karnofsky Performance Scale Index (KPS), which is used mostly in 
cancer patients, allows clinicians to classify patients according to their func-
tional impairment. Patients with scores of 80–100 are able to continue nor-
mal activity and work without the need for special care, while those with 
scores lower than 80 show varying degrees of disability (95). The KPS scale 
can also be used to assess outcome in individual patients. The lower the 
Karnofsky score, the worse the prognosis. The reliability and validity of the 
KPS was confirmed in a large study of 293 cancer patients (96). 

 

Therapeutic management of LGGs 
Surgery 
The role of surgery in providing tissue for histological differentiation, for 
defining the malignancy grade, and for immunohistochemical assessment of 
molecular features is well established in brain tumours. Surgical resection is 
preferable to needle biopsy in gliomas because of the high rate of misdiag-
nosis associated with needle biopsy (97). A correct histological diagnosis 
and grading of the glioma is a well-known challenge for neuropathologists. 
Other goals for surgical treatment include improving neurological deficits, 
improving seizure control, and achieving cytoreduction of the tumour mass 
in order to possibly prolong patient survival.  

An important neurosurgical consideration in LGGs is their predilection 
for the so-called eloquent areas of the brain (i.e., areas that control motor 
skills, language, or visuospatial functions) (98-99). The main goal for sur-
gery in these cases is to remove as much tumour tissue as possible while 
preserving the patient’s preoperative functional status. This can be achieved 
by intra-operative brain mapping techniques. 

Brain mapping usually includes functional MRI, diffuse tensor imaging 
(DTI), fiber tracking techniques, and neurophysiologic techniques such as 
cortical and subcortical direct electrical stimulation (DES), motor evoked 
potentials (MEP), somatosensory evoked potentials (SSEP), and electroen-
cephalogram (EEG), electromyogram (EMG), and ecocorticography 
(ECOoG) recordings.  

Brain plasticity is a new concept being introduced in the surgery of LGGs 
(100). This phenomenon is defined as “the continuous remodeling of the 
neuron-synaptic organization, in order to optimize the functioning of the 
networks of the brain - during phylogenesis, ontogeny, physiological learn-
ing and following lesions involving the peripheral as well as the central 
nervous system” (101). LGGs, which grow at a slow but constant rate, trig-
ger a large functional reorganisation due to brain plasticity. This knowledge, 
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together with brain mapping techniques, will hopefully allow for more ex-
tensive surgical excision of tumours, even those involving the eloquent areas 
of the brain, without inducing neurological deficits (102). The effect of the 
extent of surgical resection (EOR) on patient survival in LGGs has long been 
a matter of controversy, mostly due to a lack of controlled randomised trials. 
In a critical review of all published studies on LGGs between 1970 and 
2000, the prognostic effect of the extent of resection was evaluated by Keles 
et al. These authors found growing evidence that more extensive resection 
results in longer overall survival (OS), but not progression-free survival 
(PFS) (103). Other studies confirmed that gross total resection, based on an 
independent radiologic interpretation, was associated with improved PFS 
and OS among patients with LGGs (104-107). In conclusion, despite the lack 
of evidence from randomised controlled studies, the current general consen-
sus is that maximally extensive surgery has a favourable impact on patient 
survival in LGG. 

Radiotherapy  
The subject of the proper total and fractional radiation doses for patients 
with LGG has been explored in large controlled trials. Two randomised 
prospective trials, one from the European Organization for the Research and 
Treatment of Cancer (EORTC) (#22844) and one from a US intergroup 
(North Central Cancer Treatment Group/Radiation Therapy Oncology 
Group/Eastern Cooperative Oncology Group) were conducted to investigate 
different radiation doses in terms of PFS and OS. Besides increased toxicity 
in the high-dose group (45 Gy and 59.4 Gy in the EORTC trial; 50.4 Gy and 
64.8 Gy in the US trial), the authors found no increase in PFS and OS in the 
high-dose group (108-109). A dose of 50.4 Gy in fractions of 1.8 Gy is cur-
rently accepted as the standard of care. 

The optimal timing of radiotherapy (RT) (early versus late in the disease 
course) has been studied in two prospective randomised trials (110-111). The 
EORTC trial (#22845) included 314 patients that were randomised to either 
immediate postoperative radiotherapy or treatment at the time of progres-
sion. Significantly longer PFS, but not OS, was found for patients that re-
ceived immediate radiotherapy. Thus, the authors concluded that radiothera-
py might be deferred in patients with a low risk of progression, whereas pa-
tients at high risk for progression should be treated with radiotherapy.  

Pignatti et al. established the first reliable prognostic factors in LGG. 
These factors were later evaluated and validated in EORTC trials. Based on 
these studies, an age of > 40 years, a histological subtype of astrocytoma, a 
tumour size of > 6 cm, a tumour crossing the midline, and preoperative neu-
rological deficits were identified as unfavourable prognostic factors. The 
higher the number of these prognostic factors, the worse the prognosis (108, 
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110).Another important area in the radiotherapy of glioma is the potential for 
long-term neurotoxicity. 

 Patients treated with high doses of radiation to the brain are at a high risk 
of developing radiation-related necrosis, leukoencephalopathy, and cognitive 
impairment later in the life (109). 

The quality of life and neurocognitive deficits in patients with LGGs 
treated with radiotherapy were recently evaluated in patients with a mean 
follow-up time of 12 years (112). The results showed significant cognitive 
deficits in 53% of patients who were irradiated, compared with 27% in the 
group that did not receive radiotherapy. 

Radiosensitivity, DNA repair, and cell cycle checkpoints 
The main goal of radiotherapy in general is to achieve cell death by damag-
ing DNA. Since the discovery of the structure of DNA in 1953, our know-
ledge of the proteins involved in genome protection has been increasing. A 
list of about 125 human DNA repair genes was first presented in 2001 (113). 
The table was later updated by including additional 25 genes and excluding a 
few (114).These genes and their corresponding proteins are responsible for 
the regulation of DNA repair and act on distinct repair mechanisms (115).  

“DNA is, in fact, so precious and so fragile that we now know that the cell 
has evolved a whole variety of repair mechanisms to protect its DNA from 
assaults by radiation, chemicals and other hazards. This is exactly the sort of 
thing that the process of evolution by natural selection would lead us to ex-
pect.” (Sir Francis Crick, What Mad Pursuit) 

DNA damage induced by irradiation leads to a variety of lesions, such as 
single- and double-strand DNA breaks, sugar and base modifications, oxida-
tive damage to bases, inter-strand cross-links, DNA-protein cross-links, and 
locally multiply damaged sites (LMDs), eventually resulting in cell death 
(116). The double-strand break is generally regarded as the most toxic of all 
DNA lesions (117). There are two major mechanisms for repairing double-
strand DNA breaks: homologous recombination and non-homologous end-
joining (118). Other important systems involved in DNA repair are direct 
reversion of damage, multi-enzymatic systems of base recognition, nucleo-
tide excision, and mismatch excision repair. The excision repair cross-
complementing group 6 (ERCC6) protein is involved in nucleotide excision 
repair of DNA. Thus genetic alterations such as polymorphisms in this gene 
might to some extent explain the variability in individual sensitivity to thera-
peutic radiation. 

In addition to the DNA repair machinery, cell cycle regulation by activat-
ing checkpoints plays a major role in maintaining genome stability after 
exposure to ionising radiation (119). Cell cycle checkpoints are a network of 
signal transduction systems that interrupt cell cycle progression in the case 
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of DNA damage (120). These checkpoints provide for a controlled tempo-
rary arrest at a specific stage of the cell cycle to permit time to either repair 
possible defects to the DNA or to induce irreversible growth arrest, resulting 
in cell death (121). Ionising radiation induces arrest at the G1 phase (the gap 
before DNA replication), the S phase (the DNA synthetic phase), and the G2 
phase (the gap after DNA replication) of the cell cycle (Figure 1). The G1 
checkpoint prevents the replication of damaged DNA before the cell’s entry 
into the S phase, and the G2 checkpoint arrests the damaged cells, delaying 
entry into mitosis (the M phase) until the damage has been repaired (122). 

 
 
 
 

 
Figure 3. Cell cycle check points. Reproduced with kind permission from the de-
partment of Biology, Chinese University of Hong Kong. 

TP53, discovered in 1979 by David Lane, is a key DNA damage checkpoint 
protein. It regulates the cell’s response to DNA damage by activation of 
several genes directing the cell towards apoptosis or cell cycle arrest (73). 
TP53 mutations are more frequently seen in diffuse astrocytomas than in 
glioblastomas, where the frequency is as low as 28%, indicating that the 
mutations are an early event in tumour development in gliomas (123). The 
genetic variation in TP53 (in terms of polymorphisms and haplotypes) and 
the risk of glioma has been investigated in two case-control studies con-
ducted by Malmer et al. (124-125).   

The complexity of TP53 gene mutations in astrocytic glioma samples was 
further investigated in a study that surprisingly found the coexistence of up 
to three mutations in different areas of the same tumour and in tumour sam-
ples of different malignancy grades (II, III, and IV), confirming the inter- 
and intratumoural heterogeneity of gliomas (126). 
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Several other cell cycle regulators have been identified. The P21 gene, 
which encodes a cyclin-dependent kinase inhibitor also known as WAF1, is 
up-regulated by p53 and mediates cell cycle arrest in response to DNA dam-
age (127). The presence of p21 gene mutations in glioma was studied in 81 
patients with gliomas belonging to different histological subgroups (127). 
The study did not identify p21 gene mutations in this patient sample.  

Chemotherapy 
Chemotherapy in patients with LGGs has traditionally been used as salvage 
therapy in patients progressing after surgery and radiation therapy (128). 

The effect of chemotherapy varies among the different histological types 
of LGG, with oligodendroglioma being more chemosensitive (129). In a 
phase II trial, patients with grade II oligodendroglioma showed a better re-
sponse to PCV (procarbazine, lomustine, and vincristine), in terms of a long-
er median time to tumour progression, than those with oligoastrocytomas (32 
versus 12 months). This study included patients with evidence of tumour 
progression at least 6 months after surgery alone or after surgery followed by 
radiotherapy (130).  

The impact of the combined 1p/19q deletion as an independent prognostic 
and predictive marker in oligodendroglial tumours was confirmed in a re-
trospective study where patients with grade II oligodendroglioma carrying 
LOH at 1p/19q showed a better response to temozolomide, with longer PFS 
and OS (131). 

A randomised phase III trial was conducted by Radiation Therapy Oncol-
ogy Group (RTOG) in high-risk LGG patients receiving either radiotherapy 
alone or radiotherapy followed by PCV. Patients over 40 years of age or 
those with less than total gross resection accomplished by surgery were con-
sidered high-risk patients. There were no differences in the OS or PFS for 
patients treated with radiotherapy (RT) and PCV or RT alone for up to 2 
years post-treatment. However, beyond 2 years, the PFS and OS were longer 
in the RT+PCV group (132). 

Temozolomide (TMZ), an oral alkylating agent, was introduced more 
than a decade ago and is well-tolerated by patients. TMZ introduces alkyl 
groups at multiple sites along the DNA backbone, impairing DNA replica-
tion and triggering cell death. TMZ showed to be superior to PCV in the 
treatment of anaplastic astrocytomas and glioblastomas. In 2005, Stupp et al. 
showed a significant survival benefit at 6 months post-treatment for radio-
therapy plus concomitant TMZ in a prospective, randomised study of pa-
tients with newly diagnosed glioblastomas. This regimen has since been 
accepted as the standard care for newly diagnosed GB (133). 

 MGMT is a DNA repair enzyme that reverses DNA lesions induced by 
alkylating agents. Inactivation of MGMT by promoter hypermethylation 
increases patient sensitivity to nitrosourea-based agents (44). MGMT status 
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determination may be useful in treatment decisions, but the assays are diffi-
cult and not standardised.   

The beneficial effect of TMZ as a first-line treatment in LGGs was inves-
tigated in a phase II study that included 30 patients after surgery alone, with-
out prior radiotherapy. There was a modest improvement in epilepsy control 
and quality of life, but the low response rate on MRI did not justify using 
TMZ as a first-line treatment (134). However, studies of patients with pro-
gressive LGG showed a higher response rate to TMZ in a subgroup of pa-
tients, of which nearly 70% had received prior radiotherapy and 30% were 
pretreated with PCV (135-136). 

Two parallel trials, one in Europe by the Radiation Therapy Oncology 
Group (RTOG0424), and the other in the U.S by the Eastern Cooperative 
Oncology Group (ECOG E3F05), are currently evaluating the combination 
of TMZ and radiotherapy in high-risk LGGs previously untreated with radio- 
or chemotherapy. The analysis is pending (137). 

 Furthermore, the results from a phase III EORTC trial (22033-26033) on 
the efficacy of TMZ as first-line therapy in LGGs, with radiotherapy in one 
arm and TMZ in the other, are expected within a few years (138). 

Other types of chemotherapeutic agents, such as cisplatin, VP16 (etopo-
side), and nitrosoureas (lomustine) have occasionally been used. The effica-
cy of nitrosoureas as a first-line therapy was evaluated in a small study of ten 
patients with low-grade non-resectable fibrillary astrocytoma. An improve-
ment in neurological status and the severity of epilepsy was noted in all pa-
tients (139).  

Recently, a new therapeutic strategy for patients with LGGs was pre-
sented by Duffau et al. The authors suggest preoperative chemotherapy to 
reduce the tumour volume to the extent that gross total resection is feasible, 
with subsequent radical surgery (a strategy called neoadjuvant chemothera-
py) (140). 

Prognostic factors in LGGs 
Clinical factors 
The clinical parameters of age > 40 years, the presence of preoperative neu-
rological deficits (poor KPS status), tumour size > 6 cm, tumour crossing the 
midline, and an astrocytic tumour subtype are established factors associated 
with shorter survival in LGG (94). The higher the number of these unfavour-
able factors at disease onset, the worse the prognosis. 
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Molecular genetic factors 
IDH1 
Mutations in IDH1 and IDH2 are a favourable prognostic marker in LGG, in 
both astrocytic and oligodendroglial tumours. 

 In a study of 1,010 diffuse gliomas, consisting of WHO grade II and III 
astrocytomas, oligodendrogliomas and oligoastrocytomas, it was found that 
IDH1 mutations at codon132 were present in 70% of all investigated tu-
mours and were strongly associated with an astrocytic histology, while IDH2 
mutations occurred in only 3 % of predominantly oligodendroglial tumours 
and represented a trend for an association with anaplastic tumours. Apart 
from 4 anaplastic gliomas harbouring both IDH1 and IDH2 mutations in this 
large sample, there was a mutually exclusive presence of either IDH1 or 
IDH2 mutations in the tumours (141).  

The very high frequency of IDH1 mutations in WHO grade II astrocytic 
and oligodendroglial gliomas and the presence of this mutation before the 
acquisition of a TP53 mutation or LOH at 1p/19q suggest its role in the early 
development of these tumours (6, 142). 

The impact of IDH1 and IDH2 mutations on survival was investigated in 
a prospective randomised study showing a strong OS benefit in patients with 
anaplastic oligodendroglioma who carried IDH1 mutations. However, the 
presence of this mutation was not predictive for outcome to PCV or TMZ 
therapy (143-144).  

LOH 1p/19q 
One of the most important observations in the therapy of glioma is that pa-
tients with oligodendroglial tumours show a better response to chemotherapy 
and improved survival, independent of malignancy grade (145-146). This 
remarkable chemosensitivity was later correlated with a genetic alteration, 
LOH at 1p/19q. In a study that investigated the potential prognostic and di-
agnostic significance of LOH 1p/19q in three diffuse glioma subtypes (astro-
cytomas, oligoastrocytomas, and oligodendrogliomas), it was found that this 
molecular feature was strongly associated with the pure oligodendroglial 
phenotype and increased OS (147). 

To find out whether combined 1p/19q loss in WHO grade II oligoden-
droglial tumours is a true prognostic marker, associated with a better re-
sponse to chemo- and radiotherapy, Weller et al. conducted a retrospective 
study in which molecular analysis revealed LOH 1p/19q in 48 patients. The 
patients were only treated by surgical resection. The results did not show 
improved PFS of patients with LOH 1p/19q, raising the possibility of LOH 
1p/19q being either an early oncologic event or a mediator of better response 
to genotoxic agents (148).  
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PROX-1 
PROX-1 is the vertebrate homologue of the Drosophila prospero, a homeo-
box gene with an essential role in the determination of cell fate. PROX-1 
belongs to the homeodomain protein family and has the ability to bind DNA 
and consequently regulate gene expression.  
 The importance of prospero in cell fate in the Drosophila central nervous 
system (CNS) was first elucidated in 1991 (149). The prospero gene was 
shown to be expressed in neuroblasts (stem cells), which undergo an asym-
metric cell division. This asymmetric cell division is essential to generate 
different cell types. 

 Division of the mother cell gives rise to a small daughter cell called a 
ganglion mother cell (GMC) and another large daughter cell. The GMC di-
vides once more to form a neuron and a glial cell, while the larger daughter 
cell continues to divide asymmetrically. Prospero is synthesised in neurob-
lasts; however, during mitosis, it acts as a transcription factor and enters the 
nucleus of the GMC, where it determines the final differentiation of the cells 
(150). 

The human homeobox gene PROX-1 was mapped to chromosome 
1q32.2-q32.3. A comparison of PROX-1 gene sequences showed an 89% 
homology between the human PROX-1 and the chicken and mouse PROX-1 
genes, and a 65% homology with the Drosophila gene prospero. PROX-1 is 
expressed in the lens, skeletal muscle, liver, pancreas, CNS, and kidney in 
chickens (151). 

The process of gene transcription involves many different transcription 
factors that bind to specific DNA sequences and control the copying of DNA 
into mRNA. They contain a DNA binding domain that either directly or 
indirectly binds to enhancer or silencer sequences. Enhancers increase the 
transcription of genes, whereas silencers repress the transcription of genes. 

PROX-1 plays an important role in the early embryonic development of 
several organs, such as the eye lens, liver and pancreas, heart and the lym-
phatic vascular system in mice (152-155). PROX-1 is proposed to be a can-
didate tumour suppressor gene due to a study of haematological malignan-
cies that showed mutations and aberrant DNA methylation in the coding 
region of PROX-1 (156). 

Different patterns of expression of PROX-1 in the development of differ-
ent malignancies have been reported since 2003. Decreased expression was 
reported in hepatocellular carcinoma (157) and biliary duct cancer (158). 
Hypermethylation of CpG Island II of PROX-1, resulting in decreased ex-
pression, was found in breast cancer (159). 

However, there are reports of increased expression in colon cancer cell 
lines (160) and in astrocytic gliomas, where PROX-1 expression is highly 
correlated with increased malignancy grade (161-162). 
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Aims of the study 

The general purpose of this thesis was to define new biological and genetic 
biomarkers, as well as clinically useful diagnostic tools in LGGs. 

 
The specific aims were: 
 

Paper 1: 1) To study the correlation between MET uptake in the 
hotspot of the tumour and seizure manifestations, and 2) to evaluate 
the impact of early seizure manifestations on survival in patients with 
LGGs. 
 
Paper 2: To explore common genetic pathways between tumour-
associated epilepsy and glioma based on existing literature from the 
past decade. 
 
Paper 3: To investigate the presence of PROX-1, a transcription fac-
tor, and its association to survival, in patients with LGGs. 
 
Paper 4: To study the relationship between variations in DNA repair 
genes and survival in patients with low-grade and anaplastic gliomas. 
 
Paper 5: To assess the preoperative diagnostic value of combined 
MET PET and physiological MRI in patients with radiologically 
suspected LGGs. 
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Methods 

Patients and Materials 
The study population in the retrospective study in Paper I consisted initially 
of 128 patients aged ≥ 16 years with supratentorial grade II glioma who were 
referred to the neurosurgery department at Uppsala University Hospital and 
examined by MET PET scan between 1983 and 2005. The histopathological 
diagnoses for all tumour samples included in the study were reevaluated by 
an experienced neuropathologist and consisted of WHO grade II diffuse 
astrocytomas, oligoastrocytomas, and oligodendrogliomas. Twenty-seven 
patients were excluded from the study; in 17 cases due to missing clinical 
data and in 10 cases because the PET scan exceeded 1 year from disease 
onset. A total of 101 patients were included in the study.    

The following clinical data were retrospectively collected from medical 
files and CT or MRI scans, both at the time of diagnosis (first symptom of 
disease) and at the early stage of the disease: age at disease onset, age at the 
time of PET scan and age at surgery, presenting symptoms at diagnosis (sei-
zures or not)  tumour location (cortical/subcortical or central), tumour size ( 
diameter  >6 cm or ≤ 6cm), preoperative KPS status, the extent of surgery 
(biopsy, subtotal, or total resection based on the surgeon’s postoperative 
notes or postoperative CT scans), histological classification (astrocytoma, 
oligoastrocytoma, or oligodendroglioma),  tumour MET uptake, and seizure 
status (seizure-free patients or those with recurrent seizures 1 month before 
PET scan). These data were used for calculating survival at disease onset, 
defined as the time between when the patient first presented with symptoms 
and the date of death or the end of the study (30 April 2008) and survival at 
the early stage of the disease, defined as the time between PET scan and date 
of death or end of the study (30 April 2008). The extent of surgery was not 
included in multivariate analysis in this study. 

The cohort in Paper III consisted of patients with LGGs that underwent 
surgery between January, 1982, and December, 1999, at the neurosurgery 
department of Uppsala University Hospital. Patients aged ≥ 16 years with a 
histologically confirmed supratentorial LGG according to the WHO classifi-
cation (grade II astrocytoma, grade II oligoastrocytoma, or grade II oligo-
dendroglioma) were included. Patient selection was based on the avaialabili-
ty to paraffin-embedded tumor blocks of good quality. A total of 152 paraf-
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fin-embedded tumour samples were originally examined by a neuropatholo-
gist to verify representative tumour areas. 

 These samples were then sectioned and reevaluated by an independent 
neuropathologist. Representative tumour areas in the tumour mass, consist-
ing of > 80% tumour cells, were marked on each slide. Thirteen samples 
were excluded from the study due to poor sample quality (n= 9) and missing 
clinical data (n= 4).  Gangliogliomas, pleomorphic xanthoastrocytomas and 
pilocytic astrocytomas were excluded (n= 23). Thus, data from a total of 116 
patients were included in the study. 

 
Current medical files were available for the majority of patients and were 

reviewed in the neurology department; in case of incomplete medical data, 
records were accessed from the medical records archive at Uppsala Universi-
ty Hospital. 

The following data were collected from medical files and CT or MRI 
scans: patient age at disease onset, time and type of presenting symptoms, 
preoperative KPS status, date and extent of resection (gross total resection 
versus subtotal resection/biopsy) based on postoperative CT scans or surge-
on’s operative notes, contrast enhancement, tumour size (diameter < 6 cm or 
≥ 6cm),  and location (specific lobe and cortical/subcortical versus central 
location), whether the tumour crossed the midline, and whether the patient 
received radiotherapy. The Swedish Central Authority (the national cause-
of-death registry) was searched to determine the times and causes of death. 

Survival was defined as the time between the onset of symptoms and the 
date of death or the end of the study (30 September 2009). 

 
 
The patients included in Paper IV, a retrospective study, were originally 

collected during three case-controlled studies from four regions in Sweden 
and Denmark between September, 2000, and February, 2004 (INTER-
PHONE study). Patients aged 20–69 years with gliomas classified according 
to the International Classification of Diseases for Oncology (ICD-O) codes 
94003, 94013, 94503 and 94513 were identified through neurosurgery, neu-
ropathology, oncology, and neurology centres and through cancer registries. 
Clinical data on patient age, histopathology, radio- and chemotherapy histo-
ry, the extent of surgery, and survival were available in the majority of cases. 
Controls were not analysed in this study. Survival data from a northern UK 
dataset (central Scotland, the West Midlands, and West Yorkshire) was used 
for the purpose of confirmation. 

In Paper V, all patients that were referred to the neurosurgery department 
at Uppsala University Hospital between May, 2010, and December, 2011, 
with clinical and MRI findings suggestive of LGGs were consecutively in-
cluded in the study. 
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Paper II is a systematic review of the important genetic association stu-
dies in focal epilepsy and studies on candidate genes associated with the risk 
of glioma, which were published from 1998–2008 in English. 

PET  
In Paper I, the PET scans were performed with three different cameras. 
Fifteen patients in this study were scanned with a Scanditronix PC-384 B 
PET camera providing three slices of approximately 11 mm each with a slice 
separation of 13.5 mm and a spatial resolution of 8 mm. This camera was 
used at the PET Centre of Uppsala University Hospital between 1983 and 
1991 (Camera 1).  

From November, 1991, to July, 1999, the former camera was replaced 
with the Scanditronix/GEMS PC-2048-15B camera, which provides 15 con-
tiguous slices of 6.5 mm each and an axial and transaxial resolution of 6 mm 
(Camera 2). Fifty-one patients included in the study were scanned with this 
camera. 

After July, 1999, the previously used cameras were replaced with a Sie-
mens ECAT EXACT HR+ camera (Siemens/CTI; Knoxville, TN, USA). 
Thirty-five patients in Paper I were scanned using this camera, which has an 
axial field of view (FOV) of 15.5 cm, providing 63 contiguous slices of 2.46 
mm each with a slice separation of 2.46 mm and a spatial resolution of 4–5 
mm (Camera 3).  

The PET scans were performed as described earlier by Bergström et al. 
(163). After a 10 minute transmission scan, a bolus dose of MET was in-
jected intravenously and dynamic emission scanning was performed. Doses 
were between 50–200 MBq when Camera 1 was used and 300–400 MBq for 
Cameras 2 and 3. Summation images at 20–40 minutes after MET injection 
were used for the analysis. All patients fasted for at least 4 hours before 
scanning. 

In Paper V, two PET cameras were used. Seventeen patients were 
scanned in Camera 3, and for 14 patients, the PET scan was performed in a 
Discovery ST (GE Healthcare, Milwaukee) PET/CT camera with an axial 
FOV of 15.7 cm, providing 47 contiguous 3.27 mm slices. A dose of 
4MBq/kg of MET was given intravenously (for a total dose of 194–415 
MBq). 

Analysis of PET data 
In Paper I, the area with the highest MET uptake in each tumour was consi-
dered the hotspot (HS) and was defined by ten connected pixels within the 
tumour, representing an area of 55–60 mm2. The reference area consisted of 
six cortical areas covering the frontal, temporal, and occipital cortices in the 
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healthy hemisphere at the level of the thalami, each approximately 30 × 10 
mm. The mean MET uptake ratios in the tumour were measured by dividing 
the MET uptake in the HS with the MET uptake in the healthy hemisphere 
(the HS/cortex ratio). 

Reconstruction parameters for the Discovery ST (used in Paper V) were: 
two iterations, 21 subsets, and a 2.14 mm Gaussian post-filter. Reconstruc-
tion parameters for the ECAT EXACT HR+ (Camera 3 of Paper 1) were: 
six iterations, eight subsets, and a 4 mm Hanning post-filter. The pixel size 
was 1.95 mm for the Discovery ST and 2.06 mm for the ECAT EXACT 
HR+. This resulted in images with an effective image resolution of 6.5 mm. 

Analysis of PET data was performed using Voyager 4 software (GE 
Healthcare, Uppsala, Sweden). The area with the maximum MET uptake in 
the tumour (the HS) was measured as the average activity concentration in a 
region of interest (ROI) over the five connected pixels with the highest MET 
uptake in the tumour, representing an area of 20 mm2.  MET uptake in the 
HS was compared to the uptake in a reference region in the healthy contrala-
teral hemisphere at the level of the thalami. The ratio of MET uptake in the 
HS/cortex, reflecting the overall tumour activity, was used for statistical 
analysis. In case of two or more HS, all HS were delineated separately and 
the highest HS/cortex ratio was used. 

PET and MRI images of each case were co-registered using an automated 
procedure in the Picture Archiving and Communication System (PACS) 
(CARESTREAM, Rochester, NY, USA) to ensure precise communication of 
HS placement and to provide anatomical comparability between MET PET 
and MRI scans (164). 

11C-methionine was produced at the PET Centre of Uppsala University 
Hospital according to the European Pharmacopoeia Monographs. 

Immunohistochemistry  
Paraffin-embedded tumour blocks with histopathological diagnoses of grade 
II astrocytoma, oligoastrocytoma, or oligodendroglioma according to the 
WHO classification of brain tumours (1) were identified and reexamined by 
a neuropathologist to verify representative tumour areas. The blocks were 
then sectioned and the areas with predominantly tumour cells were marked 
on each tumour slide. The tumour samples were also subjected to review by 
an independent neuropathologist, who had not been involved in the primary 
diagnosis, for confirmation of the diagnoses. 

The tumour samples were immunostained with a goat anti-PROX-1 pri-
mary antibody (R&D Systems, Minneapolis, MN, USA; 1: 100 dilution) and 
a polyclonal biotinlytaed rabbit anti-goat secondary antibody (Dako E0466, 
Dako Sweden AB, Stockholm, Sweden) using the Ventana Discovery Auto-
mated Stainer (Ventana Medical Systems, Tucson, AZ, USA). Ventana is an 
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automated staining system that ensures an equal distribution of the antibody 
over the sections. Details concerning immunostaining and validation of 
PROX-1 antibodies are described in detail in Paper III. 

The number of PROX-1-positive cells was counted separately by two au-
thors in the areas with the highest density of immunopositive cells. At least 
200 cells were counted for each section and the proportion of PROX-1-
positive tumour cells was calculated. 

Separate sections from all tumour samples were immunostained with 
mIDH1R132, a monoclonal mouse antibody targeting the mutated IDH1 
R132H protein, as previously described (165). Classification of the samples 
as positive or negative was performed by a neuropathologist. 

The tumour samples were also subjected to immunostaining with the 
MIB-1 antibody, which recognises Ki-67 protein. Evaluation of the areas 
with high versus low numbers of Ki-67-immunopositive tumour cells was 
performed by two of the authors (TE and AS) of Paper III. 

Finally, the tumour samples were analysed by fluorescent in situ hybridi-
sation (FISH) to assess losses of the chromosomal arms 1p and 19q, as de-
scribed previously (166). A tumour was considered deleted when > 50% of 
the nuclei harboured only one signal for the target probe and two signals for 
the reference probe. 

 
 

 

 
 
 

      Figure 4. LOH 1p/19q analysed by FISH method, provided by  

      Tamador Elsir, original magnification x 40 
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Selection of DNA repair genes and SNPs  
A list of 141 candidate DNA repair genes was compiled from the inventory 
of human DNA repair genes (114).  
The gene symbols, chromosome positions, and accession numbers for these 
genes were updated to the current genome build using the UCSC Genome 
Browser and the National Center for Biotechnology Information (NCBI) 
Entrez gene database (http://www.ncbi.nlm.nih.gov).   

SNPs mapping to these genes were extracted from dbSNP version 126 
(http://www-ncbi.nlm.nih.gov/projects/SNP).  

Of over 35,000 SNPS identified in the 141 autosomal genes, 2,765 
TagSNPs were found in 136 genes with an MAF > 0.1 and an r2 ≥ 0.8 in 
HapMap in the CEPH (CEU) population (Utah residents with ancestry from 
northern and western Europe), using an Illumina in-house algorithm based 
on the International HapMap project and LD select (167). 

After elimination of unsuitable SNPs and the addition of 388 putative 
functional SNPs, a total of 1515 SNPs were chosen based on their occur-
rence in exonic or promoter regions of the gene. For details concerning SNP 
genotyping, see Paper IV. 

Morphological, diffusion, and perfusion MRI  
All investigations were performed with a 3 Tesla camera (Philips Achieva; 
Philips Medical Systems, Best, Netherlands). 

The morphological MRI sequences consisted of sagittal and axial T2-
weighted turbo spin echo (SE), coronal and axial T2-weighted FLAIR, axial 
T1-weighted SE before and after contrast injection, and sagittal T1-weighted 
3D turbo field echo (TFE) after contrast injection. 

Diffusion MRI was achieved using the SE echo planar imaging (EPI) se-
quence. MD maps were obtained after automatic pixel-by-pixel calculation 
in the scanner. Using PACS, a circular ROI with an area of 20 mm2 was 
placed and moved first in the corresponding PET HS area of the tumour and 
then in other regions within the tumour to measure the minimum mean diffu-
sion (MDmin) in each sample. In addition, ROIs were placed in contralateral   
White matter to ensure that measured values were within those of normal 
brain tissue. 

Perfusion MRI was acquired with a gradient echo (GRE) echo planar im-
aging (EPI) sequence using the dynamic-susceptibility contrast-enhanced 
technique.  

A standard dose of 5 ml gadolinium-based contrast agent (1.0 mol/l 
Gadovist; Bayer Healthcare, Berlin, Germany) was injected intravenously at 
4 ml/s using a power injector and was followed by a 30 ml bolus of saline at 
the same injection rate. An established tracer kinetic model applied to first 
pass data using commercial perfusion analysis software (Nordic Ice; Nordic 
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Neuro Lab, Bergen, Norway) was used to calculate rCBV maps (168).  De-
convolution of the measured signal-time curves was performed using singu-
lar value decomposition with arterial input function retrieved from middle 
cerebral artery branches in the hemisphere contralateral to the tumour. Cor-
rection for contrast agent leakage in the tumour caused by blood-brain bar-
rier disruption was included in the post-processing (72). 

ROIs as described above were placed first in the corresponding PET HS 
and then in other regions with increased perfusion to measure maximum 
relative cerebral blood volume (rCBVmax) within each tumour . 

The rCBVmax ratios were calculated by dividing the rCBVmax value with 
the rCBV value in normal-appearing white matter in the contralateral hemi-
sphere, where a ROI area of 20 mm2 was carefully measured for each patient. 
A cut-off value of 1.75 was used to distinguish high-grade from LGG (169). 

 

Statistics 
In Paper I, survival curves were calculated by the Kaplan-Meier method and 
demonstrate the cumulative survival probability at disease onset by present-
ing symptoms (epilepsy versus other symptoms) and at the early stage of 
disease (1 month prior to PET investigation) by seizure manifestations (un-
ivariate analysis). Cox regression was then used to factor confounders into 
the analysis. The data were adjusted for factors that are well established as 
being important for survival (94) using the Cox proportional hazards model 
with a backward stepwise selection of variables into the model (multivariate 
analysis). To test for interactions, variables were entered in the model as 
products. Finally, cumulative hazard plots were converted to a natural loga-
rithm (ln) scale to confirm the assumptions of the proportional hazard model. 
The differences in MET uptake between histological subgroups, patients 
with or without seizures, and patients that were seizure-free compared with 
those with recurrent seizures were calculated using the Student’s t-test. 

This statistical analysis was performed in SPSS 16.0.1 (SPSS Inc; Chica-
go, IL, USA 1989–2007). 

In Paper III, survival curves were plotted according to the Kaplan-Meier 
method to estimate the prognostic value of PROX-1 expression on survival 
(univariate analysis). The Cox proportional hazard model was then used to 
determine the impact of PROX-1 expression together with other molecular 
prognostic factors. Variables in the multivariate analysis were entered in the 
model as products to check for interactions. The natural logarithms (ln) of 
the cumulative hazard plots were used to confirm the assumptions of the 
proportional hazard model. The statistical analysis was performed in JMP, 
version 5.0.1a (SAS Institute, Cary, NC, USA) 
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In Paper IV, testing for Hardy-Weinberg equilibrium, which is common-
ly used for genotyping quality control in large-scale studies, had already 
been performed for each SNP using an exact test (170). A total of 1,458 
SNPs was entered in the Cox regression model to search for polymorphisms 
with a significant association with survival (p ≤ 0.05) in the combined Swe-
dish-Danish dataset. Then, 109 SNPs were tested in the northern UK dataset 
for confirmation. This multivariate analysis (Cox proportional hazard model) 
revealed eight significant SNPs in the Swedish-Danish dataset that were 
associated with survival after adjustment for treatment. A permutation test 
was performed to decrease the risk of false-positive associations due to re-
peated testing. Validation of these findings in an independent dataset is 
another way to reduce this risk as well. Finally, a subgroup analysis of grade 
II versus grade III gliomas was performed using the Cox regression model. 
The statistical analysis was performed in SPSS 17.0.1 (SPSS Inc; Chicago, 
IL, USA).  

In Paper V, the non-parametric Spearman’s rank-order correlation test 
was used to calculate the correlation coefficient between MET uptake ratios 
in the HS and the rCBVmax or the MDmin. The results are shown by scatter 
plots. A non-parametric test (Mann-Whitney) was used to assess differences 
in MET uptake in the HS, the rCBVmax, and the MDmin between low- and 
high-grade gliomas. The statistical analysis was performed using SPSS, ver-
sion 19 (SPSS In.; Chicago, IL, USA). 
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Results and discussion 

Paper I  
Epileptic seizures and survival in early disease of grade 2 glioma 
A total of 101 patients with a mean age of 41.9 years at disease onset (range, 
16.4–74.4) were included in the study. The mean age at PET investigation 
and at the time of surgery was 42.3 and 42.8 years, respectively. The histo-
logical diagnosis was astrocytoma in 34%, oligodendroglioma in 49%, and 
oligoastrocytoma in 18% of the cases. The KPS was > 80 in the majority of 
cases (84%) and < 80 in the remaining cases (16%). Eighty-eight patients 
presented with seizures (88%), while 13 had other symptoms at disease on-
set, with headache being the most common. The tumours were localised 
either in the cortical or subcortical areas (84 cases) or were centrally located 
(17 cases). Two-thirds of the tumours were smaller than 6 cm and one-third 
had a diameter larger than 6 cm. 

To analyse seizure manifestations before surgery, two groups were de-
fined: one group that was seizure-free at the early stage of the disease (i.e., 1 
month prior to PET) (34/88), and one group that had recurrent seizures 
(54/88) and was consequently administered antiepileptic drugs (AED). All 
13 patients who presented with symptoms other than seizures at the time of 
diagnosis continued to be seizure-free through the early stage of the disease. 

The mean MET uptake ratio (HS/cortex) was 2.3 (range, 0.9–5.4) for the 
entire population, 2.2 for the patients with astrocytoma or oligoastrocytoma, 
and 2.5 for the patients with oligodendroglioma.  

 
 Multivariate analysis at the disease onset identified two variables that 

significantly contributed to prolonged survival: the histological subtype of 
oligodendroglioma, and seizures at disease onset. 

Multivariate analysis at the early stage of disease (the time of PET) 
showed that MET uptake in tumours, seizure-freedom at this stage of the 
disease (preoerative), and oligodendroglial tumours were significantly asso-
ciated with prolonged survival. All patients including those that were sei-
zure-free at the disease onset were included in this analysis. The median 
survival time for the entire sample was similar in both analyses (8.1 years). 

 The rationale for defining the time of the PET scan as the early stage of 
the disease was that, at the Uppsala University Hospital PET Centre, MET 
PET has traditionally been used in the preoperative evaluation of LGGs, and 
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reliable clinical data were collected from these patients at the time of PET 
examination. 

In agreement with previous studies, the presence of seizures at disease on-
set was associated with a more favourable prognosis (171-172). This could 
partially be explained by the localisation of these tumours to the cortic-
al/subcortical areas of the brain, which was the case in 90% of patients. Con-
sistently, the majority of patients in which tumours were centrally located 
were seizure-free (8/13). Another interesting and new observation was that 
patients with recurrent seizures had a shorter survival time than patients that 
were seizure-free at the early stage of the disease (before surgery, chemo-, or 
radiotherapy). Of note, the proportion of large tumours was higher in the 
group with recurrent seizures than in the seizure-free group (44% versus 
28%), indicating a more advanced stage of tumour progression. However, 
the efficacy of antiepileptic drug treatment could not be evaluated due to the 
retrospective design of the study. Although a young age at disease onset (< 
40 years) is accepted as a strong prognostic factor, this could not be con-
firmed because of the higher mean age of the patient population. There was 
no significant correlation between metabolic activity as measured by MET 
uptake in the tumour and the presence of epilepsy, either at disease onset or 
at the early stage of diseas or between the two histological subtypes (astrocy-
toma/oligoastrocytoma versus oligodendroglioma). To our knowledge, this is 
the first study assessing seizure status and MET PET. 

Paper II 
Tumour-associated epilepsy and glioma: Are there common genetic 
pathways? 

A summary of case-control association studies that investigated candidate 
genes for glioma risk is presented. The association between deficiencies in 
DNA repair pathways and increased cancer risk has prompted dozens of 
studies focusing on common variations in DNA repair genes and the suscep-
tibility to glioma. The suggested role of immunological factors in glioma 
risk is based on reports of an inverse relationship between glioma develop-
ment and a history of allergy/asthma and, to a lesser extent, autoimmune 
disease. SNPs in cytokine genes (interleukins, tumour necrosis factor) and 
the risk of glioma have been investigated in large pooled data sets. Tumour-
associated focal epileptic seizures manifest in highly different forms depend-
ing on the tumour subtype, growth rate, and localisation. The lack of satis-
factory control of seizures despite antiepileptic therapy is another matter of 
concern. The possibility of common genetic factors underlying this variabili-
ty in tumour-related epilepsy and the biological behaviour of glioma has not 
been explored before. To find out more about the genetic variation in focal 
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epilepsy, the most important association studies investigating different sus-
ceptibility genes between 1998 and 2008 were summarised. Interestingly, a 
positive association with epilepsy was found for genes involved in the im-
mune response (cytokines) and in cell cycle control. Other fields of interest 
in association studies of focal epilepsy include genes responsible for synap-
tic transmission, such as GABA, serotonin, and BDNF. Glutamate is also 
suggested to be a candidate gene for future association studies, due to its 
excitotoxic properties in glioma cells. At the end of the review, the impor-
tance of conducting GWAS to identify new candidate genes in this area is 
discussed. These candidate genes should be independently confirmed in 
large multi-centre trials. 

Paper III 
PROX-1 is a predictor of survival for WHO grade II gliomas  

This retrospective study comprised a total of 116 patients identified 
through clinical records as having undergone surgery between 1982 and 
1999 at the neurosurgery department at Uppsala University Hospital (the 
same cohort as in Paper I). The mean age at diagnosis was 40.0 years for the 
entire population, 95/116 (82%) patients presented with seizures, and 67% 
had a good clinical performance index (KPS > 80). Surgery was performed 
either as biopsy (32%), subtotal resection (46.5%), or gross total resection 
(21.5%). The majority of patients (90%) underwent radiotherapy. The results 
for chemotherapy were incomplete due to missing data. The majorities of 
tumours were located in the frontal lobe (48.3%), were of oligodendroglial 
origin (33.6%), had a diameter < 6 cm (72.4%), did not cross midline 
(70.7%), and did not show contrast enhancement (55.2%). 

In 89 cases, there was a ≤ 10% difference in the proportion of PROX-1-
positive tumour cells within the tumour bulk, as assessed by two indepen-
dent observers, whereas in 27 samples, the inter-observer variability was ≥ 
10%. In these cases, the samples were recounted and grouped into three cat-
egories: < 10% PROX-1-positive cells, 10–30% positive cells, and > 30% 
positive cells. A consensus for all samples was made based on these catego-
ries.  

The mean percentage of PROX-1-positive cells for the entire sample was 
15%, with little variation within the tumour subgroups. Most tumours ex-
pressed PROX-1 in < 10% of cells (65.5%), whereas in 40 cases (34.5%), 
there was higher PROX-1 expression. A high proportion of tumours (77.6%) 
were positive for the IDH1 mutation. 

Analysis of LOH 1p/19q showed combined loss in 25 oligodendrogliomas 
and eight oligoastrocytomas.  
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The median survival time was 6.2 years. The 5-year survival rate for the 
entire population was 58%, and the 10-year survival rate was 32%. Univa-
riate analysis for estimating the prognostic value of PROX-1 expression 
showed that patients whose tumours had PROX-1 expression in > 10% of 
cells had significantly shorter OS (P = 0.0183). This observation was con-
firmed in a multivariate analysis (P = 0.0310), and PROX-1 expression was 
verified as an independent predictor of poor survival in both statistical mod-
els. 

IDH1 mutation was associated with prolonged OS in the entire sample, 
and LOH 11p/19q was a favourable prognostic factor in oligodendrocytic 
tumours. 

In this study, higher PROX-1 expression was associated with poor out-
come of patients with LGG. The expression of PROX-1 was evaluated in a 
multivariate analysis where well-established clinical and molecular prognos-
tic markers were taken into account. The correlation between high PROX-1 
expression and poor outcome has been explored in a recent study showing 
overexpression of this protein in high-grade compared with LGGs (161). 

 In agreement with previous studies, LOH 1p/19q was confirmed as a 
prognostic marker for prolonged OS in oligodendroglial tumours (137). The 
presence of IDH1 mutations was also shown to be associated with longer 
survival in our cohort. The expression of Ki-67 with a cut-off value of 4% 
did not correlate with outcome in our study and was therefore not considered 
to be a prognostic marker. The lack of a reliable cut-off value for Ki-67 in 
different tumours explains the difficulties in using it as a prognostic marker 
(173). High quality was ensured by having experienced neuropathologists 
mark representative tumour areas and by using the Ventana automated stain-
ing system, which results in relatively little variability in staining intensity. 
Considering that LGGs are less heterogeneous by nature than high-grade 
gliomas, the areas with higher PROX-1 expression in these samples may 
represent an early step toward anaplastic transformation. 

Paper IV 
Analysis of DNA repair gene polymorphisms and survival in low-
grade and anaplastic gliomas 

The original data on patient characteristics (188 cases) that was collected 
in Sweden and Denmark is shown in Table I of the manuscript. 

Due to missing survival and genotype data, an analysis of survival was 
performed for 81 patients. The median age for this cohort was 45 years. The 
tumours consisted of 52 LGGs (WHO grade II) and 29 anaplastic gliomas 
(WHO grade III). Astrocytic tumours comprised 68% of the sample and the 
remaining tumours were of oligodendroglial origin (32%). The majority of 
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patients had undergone radiotherapy (80.2%), whereas only 36% had re-
ceived chemotherapy. 

At the first screening of the Swedish-Danish data, 109 SNPs were identi-
fied that were significantly associated with survival. When analysing the 
northern UK dataset for confirmation, eight SNPs were identified. Four of 
these mapped to ataxia telangiectasia mutated gene (ATM), two to Nei En-
donuclease VIII-like 1 and 2 (NEIL1 and NEIL2), one to replication protein 
4 (RPA4), and one to excision repair cross-somplementing rodent repair 
deficiency group 6 (ERCC6). After adjustment for age, sex, and treatment 
data in the Swedish-Danish dataset, rs4253079, which mapped to ERCC6, 
was the only SNP with a significant association with longer survival (p = 
0.007). A subgroup analysis of survival data in grade II and grade III gli-
omas  revealed that none of the eight originally identified SNPs were signifi-
cantly associated with survival.  

This study is the first to report a significant association between a poly-
morphism in a DNA repair gene involved in excision repair (ERCC6) and 
survival in a cohort of low-grade and anaplastic gliomas. DNA repair en-
zymes are crucial in maintaining genomic stability. Radiotherapy exerts its 
effect by inducing DNA damage. It is therefore hypothesised that polymor-
phisms in ERCC6 have a potential role in the response to radiotherapy, 
which may explain the longer OS in this cohort.  

There are a few limitations in this study, including the small sample size, 
the lack of LOH 1p/19q and IDH1 mutation analysis, and subgroup analysis 
relative to histological findings (astrocytoma versus oligodendroglioma). In 
addition, rs4253079 in intron 5 of the ERCC6 gene is in LD with nine other 
non-synonymous SNPs that may partially stand for the association found 
with survival. 

Paper V 
11CMethionine PET combined with physiological MRI for the preoperarive 
evaluation of suspected adult low-grade gliomas. 

In this prospective study, 32 adult patients with a mean age of 51.4 years 
were included. There were 18 males and 14 females. The most common 
initial symptom was epileptic seizures, which were found in 80% of cases. 
The remaining 20% of cases presented with less dramatic sensory symptoms 
and dizziness. 

Twenty-three patients underwent surgery and a histopathological tumour 
diagnosis was made in 22 of these patients. Fifteen tumours were WHO 
grade II gliomas and seven tumours were WHO grade III gliomas. All three 
categories of tumour subtypes were found in both groups (astrocytoma, oli-
godendroglioma, and oligoastrocytoma). Furthermore, an analysis of 
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LOH1p/19q was performed in oligodendroglial tumours and was positive in 
7/12 tumours.  

The mean time interval between MET PET and MRI was 43 days, with 
the majority of patients (n = 26) going through both within 1 month. In six 
cases, there was a time interval of between 4 and 11 months.  

The mean time interval between MRI and surgery was 1.1 months, with a 
range of 1 day to 9 months. For those patients with delayed surgery, the clin-
ical course was stable. 

MET uptake ratios (HS/cortex) were calculated for all patients but five, in 
which a clear HS was found outside the tumor. The mean MET uptake ratio 
for the entire sample was 2.06 ± 0.85. In one case, three separate HS were 
found, and in another seven cases, two were found. There were no statistical-
ly significant differences between grade II and grade III gliomas. 

All lesions but one (located in the tectum), were supratentorial and lo-
cated in the frontal, temporal, parietal, or occipital cortex. Minimal contrast 
enhancement was found in eight tumours. 

The measured rCBVmax ratios corresponded to PET HS regions in all but 
one patient (case 16), where the rCBVmax ratio was found outside the HS 
region. The mean rCBVmax ratios in enhancing lesions were significantly 
higher than in non-enhancing tumours (4.20 ± 2.45 versus 2.53 ± 1.66). 

Subgroup analysis of grade II versus grade III tumours did not reveal any 
significant difference in rCBVmax ratios. Using a cut-off value of 2.2 for 
MET uptake and 1.75 for rCBVmax, the degrees of concordance were calcu-
lated at 0.60 for the entire sample, 0.53 for grade II gliomas, and 0.71 for 
grade III gliomas. The accuracy of the degree of concordance in predicting 
malignancy grade was analysed and found to have a sensitivity of 80%, a 
specificity of 25%, and a diagnostic accuracy of 46%. 

The mean MDmin value was 1.13 ± 0.28; in all but four cases these values 
corresponded to PET HS regions. MDmin values did not differ significantly 
between grade II and grade III gliomas, nor was there any statistically signif-
icant difference in MDmin values for oligodendroglial tumours habouring 
LOH 1p/19q and those with intact 1p/19q. 

There was a positive correlation between rCBVmax ratios and MET uptake 
in PET HS regions (Spearmans r: 0.60; P < 0.0001) and an inverse correla-
tion between MDmin values and MET uptake at HS regions (Spearman’s r = -
0.51; P < 0.003). 

Measuring perfusion abnormalities in non-enhancing, poorly delineated 
tumours is a well-known challenge for neuroradiologists. In all but one pa-
tient, the measured rCBVmax ratios corresponded well to PET HS regions, 
which means that co-registered measurement facilitates the identification of 
representative areas with perfusion abnormalities. In a clinical setting, this 
may help surgeons to better identify biopsy areas and thereby reduce sam-
pling errors. In addition, patients with LGGs are usually subjected to serial 
MRI scans throughout the natural course of the disease, and a baseline inves-
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tigation with MET PET and pMRI might be useful in follow-up studies to 
detect minor perfusion abnormalities. 

Another interesting area that was explored in this study was the predictive 
value of the combined pMRI and MET PET in glioma grading. Although the 
sensitivity was 80%, the diagnostic accuracy was quite low (46%), and re-
sults based on cut-off values of 2.2 for MET uptake and 1.75 for the 
rCBVmax ratios do not provide a reliable differentiation between gliomas of 
different grades. The limited size of the study sample together with the high 
proportion of oligodendroglial tumours in the sample group should be taken 
into account when interpreting the data. Furthermore, a cut-off value of 1.75 
for the rCBVmax ratio has been mainly used in previous studies for differen-
tiation between astrocytic tumours. In agreement with previous studies, the 
presence or absence of contrast enhancement was not a good diagnostic tool 
for prediction of glioma malignancy grade. An investigation of MDmin values 
in PET HS areas has not been conducted previously. Although an inverse 
correlation was found between MET uptake and MDmin values, the predictive 
value of the combination in predicting malignancy grade was not possible to 
determine due to a marked overlap in MDmin values. 
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Conclusions and future perspectives 

No correlation was found between seizure activity and the metabolic 
status of the tumour as measured by PET MET uptake in a cohort of pa-
tients with LGGs. The outcome for patients with seizures as a presenting 
symptom was more favourable, in agreement with previous studies. Re-
current seizures at the preoperative stage of the disease were associated 
with shorter survival, which is a novel finding suggesting that preopera-
tive seizure activity reflects tumour behaviour.  
Genetic polymorphisms were evaluated to identify candidate genes that 
may be involved in both focal epilepsy and glioma risk, based on the as-
sumption of possible overlapping mechanisms. Common pathways and 
genes controlling the immune response and cell cycle progression were 
identified as contributing to both diseases. Genes involved in synaptic 
transmission may also be interesting candidates for future studies. The 
importance of conducting GWAS was emphasised. 
PROX-1 was an independent prognostic factor in patients with LGGs. A 
high number of PROX-1-immunopositive cells in the tumour was asso-
ciated with poor survival, suggesting that PROX-1 is a candidate bio-
marker that can be used to guide clinical decisions in LGG.   
DNA repair enzymes maintain genomic stability and affect individual 
responses to DNA damage-inducing treatments such as radiotherapy of 
gliomas. The polymorphism rs4253079, which mapped to the DNA re-
pair enzyme ERCC6, was associated with longer OS in patients with 
low-grade and anaplastic gliomas.  
Perfusion MRI in combination with MET PET not only facilitates the 
identification of representative tumour areas in LGGs, but can also be 
used in follow-up studies to monitor perfusion changes over time. The 
role of diffusion MRI in the diagnosis of these tumours remains unclear. 
 

Future investigations will study the protein expression of DNA repair genes 
in tumour samples from the patients studied in Papers I and III to correlate 
expression patterns to clinical patient data.  

Tissue microarrays of a large number of representative tumour samples 
areas will be used for immunostaining with antibodies recognising specific 
DNA repair genes. 

Additional patients are currently being recruited into a study that will fo-
cus on neuroimaging methods in the diagnosis and clinical management of 
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patients with LGG. Measuring tumour volume by MET PET and correlating 
this data to clinical symptoms will also be a part of these studies. Neuroi-
maging data and additional data to assess neurological functions, epileptic 
seizures, and cognitive function in these patients will be collected once a 
year for 5 years. Studies correlating these clinical data to radiological find-
ings are planned. Seizure control is a matter of concern both before and after 
surgery in patients with LGGs. The possible association between aggressive 
tumour behaviour and poor seizure control as was documented in Paper I, 
which raises a few additional questions. In this context, we will study 
whether changes in seizure control precede radiological signs of tumour 
progression, and furthermore, whether poor seizure control in individual 
patients is an early sign of towards tumour progression, as measured by phy-
siological MRI.  

Following the results of previous radiological follow-up studies in which 
tumour progression was shown by perfusion abnormalities earlier than by 
contrast enhancement, this strategy may not only be able to detect early pro-
gression but may also identify patients at risk of developing gliomatosis 
cerebri. This minor group with poor prognosis responds well to temozolo-
mide, and early detection of this condition will improve its management in 
individual patients. 

Studies of this kind at different stages of disease will hopefully contribute 
to a better understanding of tumour behaviour, patient management, and 
individually based treatment. 

 
 

ʺTwenty years from now you will be more disappointed by the things that 
you didn't do than by the ones you did do. So throw off the bowlines. Sail 
away from the safe harbor. Catch the trade winds in your sails. Explore. 
Dream. Discover.ʺ 

 

Mark Twain 
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Sammanfattning på svenska 

Låg gradiga gliom är ett samlingsbegrepp som kännetecknas av en grupp av 
primära hjärntumörer som växer långsamt och drabbar oftast tidigare friska 
personer i medelåldern. Antalet nyinsjuknande/år är ca 1.5 - 1.8/ 100 000 
invånare med en överrepresentation hos män.  

Förutom exponering för joniserad strålning som en välkänd faktor av be-
tydelse för ökad risk att insjukna i gliom samt en genetisk disposition i ca 5 
% av fallen, är få riskfaktorer kända. 

Överlevnadstiden varierar betydligt och är avhängig av både malignitets-
graden och vilken celltyp som tumören härstammar ifrån. Lågmaligna tumö-
rer utgår från hjärnans gliaceller. Genomsnittsöverlevnaden är 5-10 år för 
denna typ av tumör . Högmaligna gliom har en betydligt kortare överlevnad 
på drygt ett år och för anaplastiska gliom beräknas medelöverlevnaden vara 
ca1.6 år. Lågmaligna tumörer växer långsamt och brukar i regel ge upphov 
till epileptiska anfall hos de allra flesta. Dessa tumörer har en inneboende 
potential att omvandlas till en mer aggressiv form med dödlig utgång.  

Tidsförloppet är dock varierande hos olika individer. Denna avhandling 
med kliniska studier har fokuserat på nya genetiska och biologiska markörer 
som kan ha betydelse för både den variation vi ser i förloppet, diagnostik och 
överlevnad. 

 
Delarbete I 
Syftet med denna retrospektiva studie var att undersöka sambandet mellan 
epileptiska anfall, graden av methioninupptag i tumören vid tidpunkten för 
diagnos samt överlevnadstid hos patienter med lågmaligna gliom. Preopera-
tiv kliniska data och MET- PET resultat sammanställdes från 101 patient-
journaler insamlade mellan 1982-1999 vid Uppsala universitet. Ingen korre-
lation påvisades mellan methioninupptag i tumören och patienternas anfalls-
situation. I enlighet med tidigare studier uppvisade patienter som debuterade 
med epileptiska anfall längre överlevnadstid jämfört med andra debutsym-
tom. Det nya fyndet var att patienter med behandlingsresistent epilepsi hade 
sämre överlevnad jämfört med dem som var anfallsfria tidigt i sjukdomsför-
loppet. 
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Delarbete II 
Denna översiktsartikel sammanfattar resultaten av genetiska associationsstu-
dier (1998-2008) vid fokal epilepsi där vi presenterar ett flertal gener invol-
verade i utvecklingen av epilepsi samt de hittills identifierade kandidatge-
nerna inblandade i utvecklingen av gliom. I översikten presenteras gemen-
samma patogenetiska mekanismer inblandade i immunologisk respons och 
cellcykelkontroll samt andra potentiella kandidatgener i den synaptiska över-
föringen. Betydelsen av genetiska multicenterstudier (GWAS) med större 
”power” för att närmare belysa detta intressanta fält poängteras avslutnings-
vis.  
 
Delarbete III 
Denna retrospektiva kohortstudie innefattar kliniska och histopatologiska 
data från 116 patienter med låggradigt gliom insamlade mellan 1982-1999 
vid Uppsala universitet (samma kohort som vid delarbete 1). Uttrycket av 
transkriptionsfaktorn PROX1 i tumörvävnaden korrelerades till patientöver-
levnad såväl som övriga väletablerade molekylärbiologiska faktorer av bety-
delse för prognos. Resultaten visade att högre PROX1 uttryck var förenligt 
med sämre patientöverlevnad.    
 
Delarbete IV 
Denna retrospektiva spin-off studie till den ursprungliga ”INTERPHONEs-
tudien” bygger på insamlade kliniska och genetiska patientdata från Sverige 
och Danmark. Studiens syfte var att utforska den genetiska variationen bland 
DNA reparationsenzymer och korrelera den till patient överlevnad. Vi hitta-
de SNP (rs4253079) i genen ERCC6 vilken var associerad till längre över-
levnad i vår kohort av patienter med gliom grad II och III. Denna gen har 
inte tidigare identifierats, varför resultatet bör konfirmeras i större studier.  
 
Delarbete V 
Denna prospektiva studie redovisar data från patienter med kliniskt och radi-
ologiskt misstänkt låggradigt gliom remitterade till Akademiska sjukhuset 
sedan maj 2011 (patientrekrytering pågår fortfarande). Samtliga patienter har 
genomgått PET MET och MR med avancerade perfusion- och diffusionsse-
kvenser i anslutning till sjukdomsdebut. Data är analyserade för 32 patienter 
där vi finner att i 31/32 fallen föreligger en överlappning mellan maximala 
perfusionsvärden och maximalt METupptag i tumörerna.  Således, en kom-
binerad PET-MR undersökning vid sjukdomsdebut är ett mer pålitligt sätt att 
mäta perfusionsvärden på i icke-kontrastuppladdande tumörer som vanligtvis 
är fallet vid låggradiga gliom. Data är också analyserade utifrån histopatolo-
gisk diagnos tillgängligt för 23/32 patienter. 
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