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Abstract
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Background: Gliomas are neuroepithelial tumours classified by cell type and grade. In adults,
low-grade gliomas are comprised mainly of astrocytomas and oligodendrogliomas grade II.
The aim was to non-invasively characterise suspected low-grade gliomas through use of 11C-
methionine-PET and physiological MRI in order to facilitate treatment decisions.

Materials and methods: Patients with suspected low-grade glioma were prospectively and
consecutively included after referral to the Neurosurgical Department, Uppsala University
Hospital, between February 2010 and February 2014. All patients underwent morphological
MRI, perfusion MRI, diffusion MRI and 11C-methionine PET. The institutional review board
approved the study, and written informed consent was obtained prior to participation from each
patient.

Results: 11C-methionine PET hot spot regions corresponded spatially with regions of
maximum relative cerebral blood volume in dynamic susceptibility contrast (DSC) perfusion
MRI. The skewness of the transfer constantin dynamic contrast-enhanced (DCE) perfusion MRI,
and the standard deviation of relative cerebral blood flow in DSC perfusion MRI could most
efficiently discriminate between glioma grades II and III. In diffusion MRI, tumour fractional
anisotropy differed between suspected low-grade gliomas of different neuropathological types.
Quantitative diffusion tensor tractography was applicable for the evaluation of tract segment
infiltration.

Conclusion: PET and physiological MRI are able to characterise low-grade gliomas and are
promising tools for guiding therapy and clinical decisions before neuropathological diagnosis
has been obtained.
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We have not succeeded in answering all our problems – indeed we some-

times feel we have not completely answered any of them. The answers we 
have found have only served to raise a whole set of new questions. In some 
ways we feel that we are as confused as ever, but we think we are confused 
on a higher level and about more important things. So this report does not 
purport to give final answers, or to claim that we “know how to do it”. We 
see more need for revision than ever. But we are doing better than we did. 
And this is a progress report, rendered with humility because of the unsolved 
problems we see now which we could not see before. 

 
Earl C. Kelley 1951 

  



 

 



 

Populärvetenskaplig sammanfattning  

Hjärntumörer drabbar både barn och vuxna. Beroende på tumörens uppby-
ggnad kan den bete sig olika aggressivt och har därmed olika prognos. Den 
vanligaste hjärntumören som utgår från hjärnans stödjevävnad är tyvärr ock-
så den mest allvarliga. De något mindre aggressiva, men med tiden ändå 
dödliga, så kallade låggradiga gliomen är mindre vanligt förekommande men 
ur ett kliniskt perspektiv mycket viktiga att diagnostisera och behandla. 
Denna avhandling handlar om dessa tumörer. Dessa tumörer, de låggradiga 
gliomen, utgår från hjärnan stödjevävnad och växer infiltrativt i hjärnans 
substans. På grund av deras infiltrativa växtsätt inom viktiga delar av hjärnan 
som är ansvariga för olika kroppsliga funktioner, är de svåra att operera bort 
i sin helhet. Då hjärnan dessutom skyddas av en så kallad blod-hjärnbarriär 
som kan göra det svårt för mediciner att passera, och dessa tumörer med 
tiden växer och blir mer aggressiva, är prognosen för dessa patienter på sikt 
mycket dyster.  

För att diagnostisera en hjärntumör krävs vanligtvis analys av vävnad från 
tumören under mikroskop. Detta kan enbart göras efter operation eller bi-
opsi, vilket är förknippat med icke försumbara risker. Denna avhandling 
undersöker hur man med hjälp av bildåtergivning av tumörerna innan opera-
tionen kan bidra till diagnostiken. Vi har studerat patienter med en misstänkt 
hjärntumör med låg aggressivitet. De metoder vi har använt är magne-
tresonanstomografi och positron emissions-tomografi. Med dessa metoder 
har vi kunnat studera dessa tumörers beteende. Vi har studerat deras äm-
nesomsättning, deras blodflöde och deras mikromiljö. Resultaten har vi jä-
mfört med dem från vävnadsanalysen efter kirurgi.  

Med hjälp av bilddiagnostik innan operation hos dessa patienter har vi 
funnit intressanta samband mellan de olika bildåtergivningsteknikerna. 
Bland annat fann vi att området med hög ämnesomsättning motsvarades i 
hög grad av området med högt blodflöde. Vi fann att man, på gruppnivå, 
kunde skilja mellan olika typer av tumörer och mellan tumörer med olika 
aggressivitet med hjälp av undersökningsfynden. Vi fann även att tumörer-
nas växtsätt i hjärnvävnaden kan studeras och kvantifieras. 

Fynden är intressanta men måste verifieras i större grupper. Vissa av re-
sultaten visar att man endast kan skilja mellan olika tumörkarakteristika på 
gruppnivå och att det därför kan vara svårt att med säkerhet förstå den en-
skilda patientens sjukdom. Resultaten ger dock en indikation på metodernas 
möjliga tillämpning inom sjukvården. 
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Introduction 

Gliomas  
General considerations 
Gliomas are central nervous system tumours derived from neuroglial or pre-
cursor cells. The clinical management of gliomas is a true challenge in on-
cology due to their large impact on the patient and relative insensitivity to 
most conventional therapies (1). Gliomas show an infiltrative growth pattern 
and are hence termed diffuse gliomas. They rarely metastasise outside the 
central nervous system (1). 

Gliomas are classified by cell type and occur mainly as astrocytomas, oli-
godendrogliomas or oligoastrocytomas, a mixed form with both oligoden-
droglial and astrocytic components (2, 3). Gliomas also comprise ependymal 
tumours (about 2% of primary brain tumours), which have not been included 
in this thesis due to their lack of resemblance on MRI with astrocytic and 
oligodendroglial tumours (4, 5). 

Neuropathological diagnosis according to the current histopathological 
classification of glioma standards developed by the World Health Organisa-
tion (WHO) in 2007 is the gold standard for definitive diagnosis and catego-
risation of gliomas according to cell type and malignancy grades I−IV (4). 
Astrocytomas are categorised based on malignant grade as I–IV and oli-
godendrogliomas as I–III. Glioma grades I and II are considered low-grade, 
whereas grade III and IV gliomas are considered high-grade. Low-grade 
gliomas grow continuously, and over the course of time progress to higher 
grades (6, 7). Histopathological classification can be challenging (8), with 
the risk of misclassification (9, 10). False negative diagnosis or underestima-
tion of tumour grade could be caused by inadequate or insufficient biopsy 
material (11).  

Gliomas grade I, pilocytic astrocytoma and the subependymal giant cell 
astrocytoma represent lesions with low proliferative potential, with the pos-
sibility of cure by radical resection, and are more common in children (4). In 
adults, low-grade gliomas consist mainly of grade II gliomas. Gliomas grade 
II are slowly proliferating and infiltrative. They display cytological atypia 
but no signs of anaplasia, endothelial cell proliferation or brisk mitotic activ-
ity, but do have  a tendency to recur after treatment (4). High-grade gliomas 
grade III display malignant features such as nuclear atypia and brisk mitotic 
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activity, whereas grade IV additionally show micro-vascular proliferation 
and/or necrosis (4). While gliomas grades I and IV show more specific imag-
ing patterns, imaging features overlap between grades II and III (12). Neuro-
pathological proliferation markers Ki-67 and MIB-1 markers can be used as 
an adjunct to separate glioma grade II from grade III (8). The proliferation 
index (Ki-67/MIB-1) correlates with prognosis and grade, and is useful in 
distinguishing grade II from grade III gliomas (13). 

A presumptive diagnosis of low-grade glioma can be made based on clin-
ical presentation and imaging characteristics. In a patient with seizures fol-
lowed by transient neurological symptoms, a non-enhancing hemispheric 
mass lesion on the subsequent MRI or CT with little mass effect is sugges-
tive of a low-grade glioma. Patients with low-grade glioma presenting with 
focal neurological deficits are more rare (14).  

Epidemiology  
Gliomas make up approximately 30% of all central nervous system tumours 
and 80% of all malignant brain tumours (15). Gliomas affect predominantly 
individuals over 20 years of age, although the pilocytic astrocytoma (WHO 
grade I) is most frequent in children (16-18). The standardised incidence rate 
of astrocytomas was 4.8/100,000 and oligodendroglial tumours 0.4/100,000 
per year in Europe during the period 1995−2002. The glioma incidence be-
tween the years 1973 and 2001 in the U.S.A. was 6.5 per 100,000 per year; 
approximately 25% of these were grades I and II (19). Survival rates and 
survival times for gliomas grades II–IV are presented in Table 1 (17, 19-22). 

Table 1. Survival in gliomas grades II–IV 

 1-year survival 5-year survival Median survival time 
Grade II 85–90% 95% 10 years 
Grade III 76% 31% 3 years 
Grade IV 27% 10% 7–13 months 
 
Positive prognostic factors are oligodendroglial tumour and younger age at 
disease onset within each histological grade (5, 16, 17, 23). Other positive 
prognostic factors associated with low-grade gliomas are smaller tumour 
size, epileptic symptomatology and greater extent of resection at surgery (23, 
24). Other studies have shown increased survival associated with female 
gender (19). Negative prognostic factors for overall survival and progres-
sion-free survival are the presence of baseline neurological deficits, astrocyt-
ic tumour type and tumours larger than 5 cm in diameter (25). 

To date, there are only a few known risk factors for gliomas. A history of 
exposure to ionising radiation has been described as a risk factor for gliomas 
(5, 26, 27). Familial accumulation also has been reported (28-30), with a 
small percentage of gliomas being hereditary and some tumour syndromes 
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being caused by point mutations, such as neurofibromatosis type 1, tuberous 
sclerosis, familial adenomatous polyposis syndrome and Li-Fraumeni syn-
drome (5, 15). The incidence of gliomas is higher in males than in females 
(5, 18). An inverse association has been reported between a medical history 
of allergy and glioma (5, 31). Elderly patients presenting with a diagnosis of 
glioma more often have a neuropathological higher-grade tumour than do 
younger patients (32).  

Glioma categorisation 
The term “glioma” indicates a group of tumours that differ in clinical and 
diagnostic appearance. The latest categorisation scheme published by the 
World Health Organisation in 2007 describes 11 different astrocytic and 
oligodendroglial tumours (4). Molecular subtyping has become increasingly 
utilised when subtyping these tumours (33, 34). Two common types of glio-
ma groups are astrocytomas and oligodendrogliomas. These two groups can 
be further subdivided according to different neuropathological characteris-
tics. 

Astrocytomas 
Astrocytomas comprise tumours that are located preferentially in the cere-
bral hemispheres, manifest clinically in adults, have a wide range of histo-
pathological features, genetic alterations, biological behaviour, diffuse infil-
tration of brain structure and an inherent tendency for progression to a more 
malignant phenotype through the sequential acquisition of genetic alterations 
(35). 

Neurological deficits dependent on tumour location can encompass per-
sonality changes and seizures if located in the fronto-temporal region. Ulti-
mately in the clinical course, increased intracranial pressure will present due 
to the intracranial mass effect of the expanding tumour and the incapacity of 
the skull to adapt to this force. Elderly patients are more prone to astrocyto-
mas of higher grade and have a more rapid and unfavourable clinical course. 
The unfavourable clinical course in diffuse gliomas is mainly due to the in-
filtrating growth pattern, limiting the possibility of total resection (35).  

Oligodendrogliomas 
In the group of low-grade gliomas, oligodendrogliomas account for 19−25%, 
with higher numbers for centres with epilepsy patients (35). These tumours 
are more chemotherapy sensitive than astrocytomas and have in comparison 
a more benign clinical course than astrocytomas of similar histological grade 
(36). Symptoms range from seizures to headache as a sign of high intra-
cranial pressure. Acute intracranial haemorrhage is also possible due to the 
delicate network of vessels in these tumours (35). In contrast to astrocyto-
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mas, oligodendrogliomas have shown marked chemotherapy sensitivity to, 
for example, procarbazine, CCNU and vincristine (PCV) (35). 

Genetic aspects 
Genetically, astrocytomas, oligodendrogliomas and oligoastrocytomas 
grades II and III share common genetic alterations. Gliomas are associated 
with an activating mutation in isocitrate dehydrogenase (IDH) genes 1 or 2, 
which encode isocitrate dehydrogenase, an enzyme catalysing a step in the 
citric acid cycle (34).  

A de-activating mutation of the tumour suppression gene TP53 or a struc-
tural event such as a co-deletion of chromosome arms 1p and 19q is associ-
ated with the tumorigenesis of an astrocytoma or oligodendroglioma (15, 
37).  

Co-deletion of chromosomes 1p and 19q is the most common copy num-
ber variation in oligodendrogliomas and oligoastrocytomas and is associated 
with a more favourable outcome and a higher sensitivity to chemotherapy 
with alkylating agents (36-39). Mutations in the isocitrate dehydrogenase 
gene and the co-deletion of 1p19q are also associated with a more favourable 
prognosis (34). Conversely, in patients who lack a mutation in the isocitrate 
dehydrogenase gene in a neuropathologically classified glioma grade II or 
grade III, clinical and genetic features more similar to an astrocytoma grade 
IV (glioblastoma) are seen (34). 

A third common mutation in gliomas is located in the promotor of the te-
lomerase reverse transcriptase gene (TERT), causing an increased telomerase 
activity and lengthening of the telomerase, and it is present in both oligoden-
drogliomas grade II and astrocytomas grade IV (37). Mutation in the promo-
tor of the telomerase reverse transcriptase gene is found with an equal preva-
lence in glioblastomas and gliomas grades II–III with wild type isocitrate 
dehydrogenase (34). 

Neuropathology  
A classification of nervous system tumours was published in 1926 and later 
developed by an expert consensus group, the WHO classification scheme, 
which was first published in 1979 and with revisions in 1990, 2000 and 2007 
(4, 35, 40). The WHO classification is currently the most widely utilised by 
neuropathologists for typing and grading tumours and is based mainly on 
morphological appearance, although genetics and immunohistochemistry are 
also taken into consideration (35). As part of organising brain neoplasms, 
gliomas are grouped based on histogenesis, that is, their cellular origin (35, 
41). 
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Astrocytomas 
The macroscopic appearance of the most common diffuse astrocytomas – the 
fibrillary type – is characterised by a poorly defined, grey, infiltrative tumour 
which expands and distorts the invaded brain tissue (35, 42). The cut surface 
of the tumour is either firm or soft and gelatinous. Intra-tumoral cysts filled 
with clear fluid are a typical but not a regular feature of this tumour type 
(35). Macroscopically the tumour may appear well demarcated from the 
surrounding brain tissue, but infiltration beyond its macroscopically outer 
margin is always present. Astrocytomas grade IV (glioblastoma) have a mac-
roscopically heterogeneous appearance (42).  

On microscopic examination, low-grade gliomas are characterised by 
mild to moderate increase in the number of glial cell nuclei, variable nuclear 
polymorphism, absence of mitotic activity and an intervening network of 
astrocytic cell processes that give the background a fibrillary appearance (35, 
42). Neoplastic astrocytes may vary considerably in size, cell processes and 
glial filaments in different regions of the tumour (35). The transition be-
tween neoplastic and normal tissue is indistinct and tumour cells can be seen 
at a distance from the main lesion. On immunohistochemistry, the glial fi-
brillary acidic protein is consistently expressed. Proliferation activity as de-
termined by the Ki-67/MIB-1 labelling index is usually less than 4% (35). 

Grade III astrocytomas have a higher cell density compared to grade II, 
producing a better discernible tumour mass macroscopically on cut surfaces. 
Microscopically astrocytomas grade III display regions with more densely 
packed cells and more pronounced nuclear polymorphism with enlarged, 
irregular and hyperchromatic nuclei (35). Mitotically active cells are often 
observed (35, 42). Capillaries are lined with a single layer of endothelial 
cells (35). As a general rule, grading is based on areas showing the highest 
degree of anaplasia, and this is based on the assumption that this cell popula-
tion will eventually determine the course of the disease (35). 

Astrocytomas grade IV can develop from a low-grade glioma or grade III 
glioma but may also arise de novo without evidence of a less malignant pre-
cursor. Gliomas grade IV have the characteristics of astrocytomas grade III 
plus necrosis and vascular or endothelial cell proliferation. Necrosis occurs 
in areas of hyper cellularity, with malignant cells densely packed around the 
edges of the necrosis. Piled up vascular cells characterise vascular cell pro-
liferation, and the minimal criterion for this feature in glioblastomas is a 
double layer of endothelial cells (35). 

Oligodendrogliomas 
On macroscopic examination, oligodendrogliomas are well-circumscribed, 
gelatinous, soft grey masses, often with cysts, focal haemorrhage and calcifi-
cation (35, 42). Like the astrocytomas, oligodendrogliomas can appear 
grossly well circumscribed but have a diffusely infiltrating growth pattern at 
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their borders (35). On microscopic examination, the tumours exhibit sheets 
of regular cells (cellular uniformity) with spherical to oval nuclei containing 
finely granular chromatin surrounded by a halo of cytoplasm (35, 42). The 
tumour typically contains a delicate network of anastomosing capillaries and 
calcifications, ranging from microscopic loci to massive depositions. Mitotic 
activity is usually difficult to detect (42). In fixed tissue sections, cellular 
swelling and retraction of the cytoplasmic processes produce the artefactual 
hallmark of the “fried egg” appearance (35). 

Anaplastic oligodendrogliomas (grade III) are characterised by increased 
cell density, with nuclear anaplasia, increased mitotic activity and necrosis 
(42). These changes can often be seen in nodules of higher grade in an oth-
erwise lower grade tumour. Also present are discrete round cells with cyto-
plasmic glial fibrillary acidic protein and nuclei that resemble the other ele-
ments of the tumour (42). 

Differential diagnosis 
Several other diseases can resemble diffuse gliomas neuropathologically: 
demyelinating disease can mimic oligodendrogliomas in small specimens 
with freezing artefacts. Other potential diagnoses that can be histologically 
confused with oligodendrogliomas are gliosis or the appearance of histologi-
cal features in the vicinity of arteriovenous malformations (35). Brain tu-
mours similar to oligodendrogliomas are dysembryoblastic neuroepithelial 
tumour, clear cell ependymoma, metastatic carcinoma and central neurocy-
toma (35). 

Treatment 
General considerations 
The overall advancements in modern oncology have been striking during the 
last decades, resulting in prolonged survival; however, the results in low-
grade gliomas have been more discouraging (43, 44). Low-grade gliomas are 
one of the most challenging types of cancer to treat due to their relative in-
sensitivity to external radiation therapy and chemotherapy (1). Possible ex-
planation for this are a generally low or poor tumour perfusion, arteriove-
nous shunting, hypoxia, expression of membrane transport proteins that ena-
ble multidrug resistance and low expression of pro-apoptotic proteins and 
high expression of anti-apoptotic proteins (1). Further, theories about a long 
clinically silent period giving the tumours a chance to grow beyond possible 
resection have been brought forth (7). 

The three major treatment options that are available for low-grade glio-
mas are surgical resection, radiotherapy and chemotherapy. The most prom-
ising results at present have been obtained in studies that take advantage of 
an individualisation of the treatment of gliomas based on their molecular 
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profiling (39, 45-47). The increased survival and relative higher sensitivity 
to chemotherapy treatment in oligodendrogliomas with specific molecular 
features have highlighted the importance of correct glioma classification. 

Randomised controlled trials 
Recently, several trials have been published (36, 46, 48-50). The RTOG 
9802 (Radiation Therapy Oncology Group) clinical trial included, between 
1998 and 2002, 251 adult patients with supra-tentorial low-grade gliomas. 
Patients were grouped into two groups according to risk stratified by age and 
extent of resection. Patients in the high-risk group were randomly assigned 
to the chemotherapeutics procarbazine, lomustine and vincristine in addition 
to radiation therapy or radiotherapy alone in low-grade gliomas and the re-
sults of the study revealed increased progression-free survival but not overall 
survival. On post hoc analysis in 2-year survivors, the addition of procarba-
zine, lomustine and vincristine to radiotherapy conferred a survival ad-
vantage (50). An abstract published in 2014 presented the long-term results 
from this trial, which showed significantly longer median survival in patients 
in the radiotherapy plus chemotherapeutics group (13.3 versus 7.8 years, p = 
0.03) (51). 

The intergroup Radiation Therapy Oncology Group Trial 9402 (RTOG 
9402) and four other oncology cooperatives initiated a randomised trial in 
1994–2002 that included anaplastic oligodendrogliomas and anaplastic oli-
goastrocytomas (36). In all, 289 patients with a neuropathologically con-
firmed diagnosis were randomly assigned to chemotherapy (lomustine, pro-
carbazine, vincristine) and radiotherapy or radiotherapy alone. Results from 
this trial presented in 2006 reported no advantage in overall survival in the 
experimental group (36). In 2012, long-term results were presented and 
showed an increased overall survival for patients with a concurrent co-
deletion of 1p/19q (46). Re-analysing the RTOG 9402 trial, the mutational 
status of the isocitrate dehydrogenase gene was found to be associated with 
prolonged survival after chemotherapy and radiotherapy compared to after 
radiotherapy alone (39). 

The European Organisation for Research and Treatment (EORCT) Brain 
Tumour group conducted a prospective randomised phase III trial in 368 
patients with anaplastic oligodendrogliomas between 1996 and 2002  
(EORCT 26951) that compared the treatment effect after radiotherapy and 
chemotherapy (procarbazine, lomustine, vincristine) compared to radiother-
apy alone. The results were presented in 2006 and showed prolonged pro-
gression-free survival but no prolonged overall survival in the chemotherapy 
and radiotherapy groups (49). However, long-term follow-up presented in 
2013 showed increased overall survival (median 42.3 versus 30.6 months) in 
the chemotherapy and radiotherapy groups compared to radiotherapy alone 
(48). 
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Further, before these paradigm changing results in low-grade glioma treat-
ment, studies had shown improved progression-free survival in immediate 
postoperative versus delayed radiation therapy (52).  

Neurosurgery 
The optimal management of low-grade gliomas remains controversial, span-
ning from “watch and wait” to partial or macroscopic resection (53). Argu-
ments against “watch and wait” in low-grade gliomas include the continuous 
tumour growth and hence lack of stable disease and increased survival with 
resection (54). Recently, the treatment strategy in many centres has shifted 
from a “watch and wait” strategy to early operative intervention after several 
reports showed increased survival in the patient group with maximum resec-
tion (23, 55, 56). Arguments against early surgical intervention are the risk 
of neurological deficits after surgery in patients suffering from only epilepsy 
before surgery. The extent of tumour resection has to be balanced against 
impaired neurological function and is ultimately a joint decision by the pa-
tient and treating physician (57).  

Surgical intervention in suspected low-grade gliomas has two main goals: 
tumour excision and tissue specimen for a final neuropathological diagnosis 
(14). Although observational cohort studies have shown longer survival with 
early surgical resection, the lack of randomised controlled trials concerning 
surgical resection in low-grade gliomas hampers clinical decision-making 
(14, 58). 

Evidence from observational studies has shown that an increased extent 
of resection prolongs overall survival betters seizure control and reduces the  
risk of malignant transformation (23, 58). Preoperative imaging and in-
traoperative neurophysiological testing have been shown to increase the 
chances of extensive resection and at the same time conservation of neuro-
logical function when surgery is carried out in tumours in eloquent brain 
areas (59-62). 

Imaging  

MRI 
MRI translates movements of protons into detailed images and is readily 
available in several clinical and laboratory centres worldwide. Initially, when 
MRI was first introduced, it was named “nuclear magnetic resonance” 
(NMR) imaging, but later the word “nuclear” was deleted (due to the wide-
spread concern over any phrase containing the word “nuclear”), leaving only 
MR imaging (63). The adjective “magnetic” refers to the use of magnetic 
fields and “resonance” refers to the need to match the radio-frequency of an 
oscillating magnetic field to the “preccesional” frequency of the spin of 
some nucleus (hence the “nuclear”) in a tissue molecule (63).  
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The MRI scanner consists of a static, usually superconducting, magnet, 
three gradient coils (frequency gradient, phase-encoding gradient, section-
selection gradient), a radiofrequency transmitter and receiver, a computer 
and an imaging display device (64). A static magnetic field strength of 
0.1−15 Tesla (T) requires a non-magnetic safe environment with special 
precautions for patients and personal. The interest in higher fields stems 
from the fact that the signal-to-noise ratio increases with field strength (63). 
The main magnetic field aligns the protons in the object in relation to the 
magnetic field, with a main vector along the magnetic field in the core of the 
scanner bore. Selection of gradients allows for 3-dimensional imaging of 
volumes. Magnetic field gradients in a volume create diversity in the mag-
netic force applied to different portions of the examined subject. 

MRI is based on the propensity of the hydrogen atom nucleus, which has 
one proton, to precess around the field direction (63). In the human body, 
there is an abundance of hydrogen atoms with a positively charged proton 
with a rotatory movement called a spin. This spinning charge generates a 
current and thus has a small magnetic field around itself, and if placed in a 
magnetic field such as an MRI machine, the magnetic field of these protons 
will align themselves with the direction of the externally applied magnetic 
field. When aligning in the magnetic field, the protons’ axis will itself have a 
rotatory movement called precession. The precession frequency is measured 
in Hertz and directly proportional to the strength of the external magnetic 
field expressed by the Larmor equation (63, 65). The idea is built on the 
concept that if a spatially varying magnetic field is introduced across an ob-
ject, the Larmor frequencies are also spatially varying. The different fre-
quency components of the signal can be separated to give spatial information 
about the object. Imaging of humans with MRI depends on the ability to 
detect the bulk precession of the protons spins in tissue (63). The magnetisa-
tion vector must be tipped away from the external field direction in order to 
initiate precession (63). 

A radiofrequency transmitter tuned in to each slice of a body’s specific 
spin will excite the protons, making them change energy level through the 
expose of radiofrequency waves. The spin axis of the protons will change 
direction, and on restitution, a fluctuating radiofrequency echo will be emit-
ted that can be detected by the receiver coils outside the examined object 
(63).  

The emitted frequency signal is acquired in a specific order onto the rec-
tangular abstract data platform called k-space and transformed into an image 
through a series of equations called the Fourier transform, developed in the 
1800s (66, 67). Points in k-space give contribution to every point in the im-
age, and hence, there is no one-to-one correspondence between a point in k-
space and the image. The contribution of image information from k-space 
depends on from where in k-space the data are transformed. Information 
from the centre of k-space contributes to the overall contrast of the image 
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(the ratio of light to dark), and the edges control the image resolution. The 
image is then presented to an image display device (66).  

The signal amplitude is represented as image intensity on a grey scale 
where low signals are dark on the image, and high signals appear bright (68). 
The inherent MRI contrast between tissues depends both on physical charac-
teristics such as viscosity and temperature and chemical characteristics such 
as proton concentration and local magnetic environment. The images may be 
simple maps of the concentration of the protons, or they may depend on tis-
sue relaxation times, T1 and T2 (69, 70). By the selection of different scan-
ning parameters such as repetition time and echo time, T1- and T2-weighted 
MR images are obtained. An inversion pulse can be applied to cancel signal 
from fluid to acquire T2-weighted fluid attenuated inversion recovery (T2 
FLAIR) images.  These different types of images are used for morphological 
evaluation and the signal intensity changes can be used to characterise dif-
ferent lesions. Intravenous injection of a gadolinium based contrast agent 
(that shortens the T1 relaxation time) is often used to detect contrast en-
hancement due to blood-brain barrier leakage or hyper-vascularity. 

MRI in glioma patients 
Magnetic resonance imaging (MRI) is the current imaging method of choice 
when an intra-cerebral tumour is suspected or if a suspect lesion has been 
found on CT. Morphological MRI is used to assess brain tumour location, 
gross tumour size and heterogeneity, mass effect, contrast enhancement, 
necrosis and other concomitant brain lesions in vivo without subjecting the 
patient to the possible risk of infection or bleeding from surgical biopsy or 
resection and without use of ionising radiation (68, 71, 72). Modern MRI 
methods depicting physiological tissue properties such as diffusion and per-
fusion, called physiological MRI, have shown promise in the characterisa-
tion of gliomas beyond that of conventional morphological MRI (73).  

While glioblastomas usually exhibit characteristic contrast enhancement, 
overlapping imaging features on morphological MRI, such as the contrast 
enhancement pattern, occur between grade II and grade III gliomas, making 
it difficult to confidently separate these in a clinical setting (12). 

An advantage of MRI compared to histopathology, in the clinical setting, 
is the ability of repeated non-invasive whole tumour characterisation, since 
MRI at field strengths of 1.5−3 Tesla (T) is not associated with any side 
effects and no lasting effects after scanning at higher field strengths (4−9.4 
T) (74). Histopathology is seldom able to characterise the entire tumour due 
to difficulties in resecting a diffusely infiltrating glioma and preserving brain 
functions, nor is surgery suitable for repeated examinations due to the risk of 
side effects associated with surgery and anaesthesia (59, 75). 
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Physiological MRI 

Perfusion MRI 
Perfusion MRI comprises methods used to assess the flow of blood through 
tissues and vessels. There are two main principles of MR perfusion methods, 
those using intravascular injected contrast agent for perfusion calculation, 
and those using intra-vasal components of blood to assess the flow (76). 
Contrast agent-based perfusions require a high temporal resolution to capture 
the passage of the contrast agent bolus (76-78). 

The most common MRI perfusion method currently used for examination 
of the brain is dynamic susceptibility contrast (DSC) perfusion MRI (76). 
Another perfusion MRI method using intra-vasal injection of contrast agent 
is the dynamic contrast-enhanced technique (DCE) (77). 

Dynamic susceptibility contrast (DSC) perfusion MRI 
Dynamic susceptibility contrast perfusion MRI was first described in 1988 
(79) and is a method using dynamic tracking of an intravenously injected 
paramagnetic contrast agent bolus with rapid imaging, such as echo planar 
imaging, to capture the first pass of injected contrast agent (80, 81). The 
paramagnetic intravascular contrast agent creates susceptibility gradients in 
the vessels, causing de-phasing of spins and resulting in signal loss on T2- 
and T2*-weighted images (79, 82). The susceptibility related signal loss is a 
complex function of echo time, the density of the distribution of vessel sizes, 
and the concentration and magnetic properties of the contrast agent (78, 80). 
Since MRI is not able to directly measure tracer concentration, it must be 
measured indirectly through its effect on signal intensity. The change in sig-
nal intensity from the baseline signal before contrast agent administration to 
that when the bolus passes is used to estimate the change in the relaxation 
rate. The concentration of the tracer is approximately proportional to this 
change in relaxation (81). 

The model for perfusion quantification in dynamic susceptibility contrast 
perfusion MRI is based on the principles of tracer kinetics for non-diffusable 
tracers, and relies on the assumption that the contrast agent will remain in-
travascular in the presence of an intact blood brain barrier (83). Quantifica-
tion of perfusion data can be achieved through the deconvolution of the arte-
rial input function, using the method described by Tikhonov (84). 

The vessel and tissue concentration of contrast agent, as a function of 
time, during one single transit of contrast agent through the tissue is calcu-
lated.  The cerebral blood volume is determined from the area under the tis-
sue contrast concentration time curve. Deconvolution using the arterial input 
function is used for the calculation of cerebral blood flow and mean transit 
time.  Temporal resolution is usually set to 1.5 seconds or faster. Absolute 
values of perfusion using this method are difficult to obtain. Hence, relative 
cerebral blood volume measurements are determined by measuring the sig-
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nal intensity on the calculated relative cerebral blood volume map in a re-
gion of interest (for example in a tumour), and dividing it with the relative 
cerebral blood volume of, e.g., the contralateral normal appearing white mat-
ter (80, 85).  

Dynamic contrast-enhanced (DCE) perfusion MRI 
Dynamic contrast-enhanced perfusion MRI uses dynamic magnetic reso-
nance imaging to analyse the first bolus passage of an intravenously admin-
istered contrast agent bolus through the tissues using a T1-weighted gradient 
echo sequence with short repetition time and echo time (76, 77). It was first 
developed in the 1990s for estimation of blood brain barrier leakage (86, 87), 
and later extended to also include  the estimation of cerebral blood volume 
and cerebral blood flow parameters (88). Dynamic contrast-enhanced perfu-
sion MRI is the standard approach for perfusion imaging outside the brain 
(76).  

Dynamic contrast-enhanced perfusion MRI uses rapid and repeated T1-
weighted imaging to measure the signal changes induced by the paramagnet-
ic contrast agent in the tissue as a function of time (76). T1-weighted images 
are acquired dynamically before, during and after bolus injection of a con-
trast agent, and the measured signal increase is due to contrast agent causing 
faster T1-relaxation on T1-weighted images, and it produces imaging series 
that enable pixel-by-pixel analysis of contrast agent kinetics (76, 89). T1-
weighing is also affected by extravasation and extracellular contrast agent 
diffusion from the intravasal compartment and into the extravascular-
extracellular space, at a rate determined by tissue perfusion and permeability 
of the capillaries and their surface area (76). The change in relaxation rate 
from baseline measurement before the contrast agent bolus and during the 
passage of contrast bolus is proportional to the contrast agent concentration 
(77, 88, 90). The arterial input function (91) is measured in a slice placed 
orthogonally to the internal carotid artery through a region of interest, and 
the pixel with the highest signal increase is automatically selected to mini-
mise partial volume effects (77, 88). After model-free deconvolution of the 
arterial input function according to Tikhonov (84), concentration-time curves 
are calculated, and perfusion data of cerebral blood volume, cerebral blood 
flow, and the transfer constant (ktrans) can be estimated (88). The transfer 
constant shows the transfer of contrast agent between the plasma and the 
extravascular extracellular space and can be estimated by using Patlak’s 
method and a 2-compartment model (88). The total scan time for dynamic 
contrast-enhanced perfusion MRI (≈ 5−6 min) is in general longer than for 
dynamic susceptibility contrast perfusion MRI (< 2 min). 
 
Diffusion MRI 
Diffusion MRI is based on the random translational movements (Brownian) 
of water molecules as a consequence of their thermal energy, as first de-
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scribed in the early 1900 by Einstein and later applied in the MRI field as 
diffusion MRI in the mid-1980s (92, 93). In a free medium, during a given 
time interval, molecular displacements obey a 3-dimensional Gaussian dis-
tribution. Molecules travel randomly in space over a distance that is statisti-
cally described by the diffusion coefficient, which depends on the mass of 
the molecule, the temperature and viscosity of the medium (94). The idea of 
diffusion MRI is that the movements of the protons in water can be meas-
ured and that they reflect tissue microstructure (95).  
      In the body, hydrogen atoms move at a speed of 1,000 m/s, bouncing 
against each other every 1/1,000,000,000,000 s (96). The behaviour of pro-
ton movements in brain tissue has been found to be directional/anisotropic in 
white matter. Neuronal axons limit molecular movement perpendicularly to 
the axonal fibres (97). Diffusion MRI has proved valuable in ischaemic 
stroke evaluation, in which brain ischemia causes decreased diffusion in 
infarcted regions (95, 98). 
 
Diffusion tensor imaging (DTI) 
In biologic material such as muscle fibres or white matter tracts in the brain, 
diffusion seems to have a preferred direction along the orientation of the 
fibres and is hence anisotropic (95). Diffusion tensor MRI can visualise this 
directional diffusion. Diffusion tensor MRI is based on the application of 
diffusion gradients in at least six different directions and can be used to in-
vestigate the fibre architecture in, for example, the brain and muscles (99, 
100). The diffusion tensor is a mathematical model of the 3-dimensional 
pattern of diffusion anisotropy of white matter tracts. In diffusion tensor 
imaging, a diffusion tensor is calculated for each voxel, enabling the method 
to investigate anisotropic diffusion, which is diffusion that has a preferred 
main direction. From an anisotropic diffusion, one can deduce fibre orienta-
tion. The method is dependent on the fitting to models such as the Gaussian 
diffusion model and the tensor model in order to convert the MR data into an 
image (101, 102). 

Diffusion tensor tractography can be used to visualise white matter fibre 
structure as 3-dimensional colour-coded axonal structures through use of 
fibre tracking. Fibre tracking uses the diffusion tensor of each voxel to fol-
low an axonal tract, or streamline, from voxel to voxel through the human 
brain. Two main approaches have been applied in fibre tracking, probabilis-
tic and deterministic fibre tracking (100).   
 
Diffusion kurtosis imaging (DKI) 
Diffusion can be hindered through microstructures such as cell membranes 
and compartments present in the neural tissue, and diffusion kurtosis imag-
ing is thought to better represent these microstructural alterations (103, 104). 
Kurtosis is a dimensionless statistical metric for quantifying the non-
Gaussian distribution of a probability distribution (105). Diffusion kurtosis 
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imaging has been developed to investigate the non-Gaussian diffusion be-
haviour in tissues. Earlier reports have investigated the occurrence of non-
Gaussian distributed diffusion in the brain due to the presence of biological 
barriers (104, 105). Diffusion kurtosis imaging is a model-independent ex-
tension of the diffusion tensor imaging method, with the ability to investi-
gate both mean diffusivity, fractional anisotropy, as well as the non-
Gaussian kurtosis components, mean diffusional kurtosis and radial diffu-
sional kurtosis (105, 106).  

Diffusion kurtosis imaging uses a pulsed gradient spin echo sequence 
with echo-planar imaging readout, at least 3 b-values and 15 diffusion direc-
tions, and several potential post-processing methods (105, 106). Factors that 
potentially can lead to erroneous diffusion kurtosis imaging values are essen-
tially the same as for diffusion tensor imaging, and the reproducibility is also 
similar for diffusion tensor imaging and diffusion kurtosis imaging (106). 

Positron emission tomography (PET) 
Positron emission tomography is a nuclear medicine imaging technique 
based on positron emission from radioactive nuclei in which the number of 
protons exceeds the numbers of neutrons (107-109). The nucleus of an atom 
is composed of protons and neutrons differing in electrical charge and sur-
rounded by electrons (108). An atom with a given number of protons and 
neutrons in the nucleus is called a nuclide (110). Some nuclides are stable, 
and others are unstable and are termed radionuclides. Radionuclides occur 
infrequently naturally but are produced artificially in a cyclotron or reactor 
(110). Radioactive species, which decay by positron emission, include 11C, 
13N, 15O and 18F, short-lived positron emitting isotopes produced by cyclo-
tron beams. These are used to label compounds of biological interest, such as 
glucose or amino acids, and are usually introduced into the body by intrave-
nous injection (108).  

One common method by which nuclei with an excess of protons may de-
cay is through positron emission/beta-plus decay, whereby a proton in the 
nucleus of the atom is converted into a neutron (n) and a positron (e+). The 
positron is the antiparticle to the electron, with the same mass, but opposite 
electrical charge. The positron is ejected from the nucleus along with a neu-
trino that is not detected (108). The positron that is ejected following beta-
plus decay has a very short lifetime in tissue. It rapidly loses its kinetic ener-
gy and combines with an electron forming a positronium. The positronium 
lasts about 10-10 seconds before a process called annihilation occurs, in 
which the mass of the electron and the positron is converted into electro-
magnetic energy (108). This electromagnetic energy is released in the form 
of two high-energy photons (511 keV) simultaneously emitted in almost 
opposite directions (109).  These photons can escape the body for detection 
and localisation. If a line is drawn between the two detected locations, this 
line will pass through the point of annihilation (108). Annihilation does not 
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take place in the orbit of its own atom but some length away, and in muscle, 
for example, this length can vary between 1–8 mm, and this is one reason 
why PET has lower resolution than MRI (108, 110). PET is thus based on 
the principle of coincidence detection of two 511-keV photons arising from 
positron emitters (110). Electronic absorptive collimation by crystals in a 
detector block can detect multiple decays and produces an electrical pulse 
that can be detected and processed by a computer using mathematical algo-
rithms that enable rapid tomographic imaging (108, 109).  

11C-methionine PET (MET-PET) 
11C-methionine PET uses radioactively labelled amino acid methionine with 
a half-life of 20 minutes and has been developed in order to overcome the 
limitations of fluorodeoxyglucose (FDG-PET) for the assessment of brain 
tumours (111, 112). In fluorodeoxyglucose-PET, the glucose consumption of 
low-grade gliomas is similar to white matter and is thus difficult to discern in 
the brain (113).  

In cancer cells, increased uptake of 11C-methionine is associated with en-
hanced expression of type-L amino acid carriers, and it increases carrier-
mediated transport (111, 114). The detection of brain tumours is improved 
compared to fluorodeoxyglucose-PET due to low physiological uptake in 
healthy brain, giving a good contrast between normal and cancerous tissue 
(35, 115). 
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Aims 

General aim 
The overall aim of this thesis was to characterise a prospectively gathered 
patient cohort, with suspected low-grade gliomas, through use of 11C-
methionine-PET and physiological MRI prior to surgery and compare these 
findings with the neuropathological diagnosis. The specific aims of papers 
I−IV are listed below. 

Specific aims 

Paper I 
The aim was to compare perfusion MRI and diffusion MRI with 11C-
methionine-PET in suspected low-grade gliomas prior to surgery and histo-
pathological diagnosis. 

Paper II 
The aim was to identify the perfusion parameters from dynamic contrast-
enhanced perfusion MRI and dynamic susceptibility contrast perfusion MRI 
that best discriminate between glioma grades II and III using a histogram 
analysis approach. 

Paper III 
The aim was to investigate if diffusion kurtosis imaging can differentiate 
between low-grade gliomas of different histological subtypes (astrocytomas 
and oligodendrogliomas) or between glioma malignancy grades II and III. A 
secondary aim was to determine whether diffusion parameters in the perile-
sional normal-appearing white matter differed from those in the non-affected 
hemisphere. 

Paper IV 
The aim of this study was to compare quantitative analysis of tract segments 
of the major associative, projection and commissural bundles with visual 
tract evaluation and neuropathological diagnosis in patients with suspected 
low-grade gliomas.  
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Methods  

Patient cohort 
Patients included in this thesis were prospectively included after referral to 
the Neurosurgical Department, Uppsala University Hospital, between Febru-
ary 2010 and February 2014. Morphological MRI, perfusion MRI and diffu-
sion MRI according to the study protocol were carried out in all patients. 
11C-methionine PET was performed as a clinical routine in these patients. 
The institutional review board approved the study, and written informed 
consent was obtained prior to participation. Two out of 50 patients who were 
asked to participate in the study declined. Inclusion criteria were clinical and 
morphological MRI findings suggestive of a low-grade glioma. Radiological 
diagnosis was based on typical appearance on morphological MRI, with T1-
weighted MRI showing no or minimal contrast enhancement. Clinical exclu-
sion criteria were the presence of major neurological or cognitive deficits 
suggestive of a high-grade glioma. Patients were treated according to stand-
ard care, and if surgery was considered, either resection or biopsy was per-
formed. If a biopsy was taken, performed either open or needle-guided, spec-
imens for neuropathological evaluation were retained from the area of 11C-
methionine hot spot on PET imaging. 

Twenty-two patients with astrocytic or oligodendroglioma tumours grades 
II or III were included in paper I. Twenty-five patients were included in pa-
per II, 28 patients in paper III and 34 patients in paper IV. 

 
Preoperative	  	  	  	  	  	  	  	  	  Histopathological	  diagnosis	  included	  in	  the	  thesis	  
Morphological	  
MRI	  

Figure 1. 

Suspected	  grade	  
II	  gliomas	  

Astrocytoma	   grades	  II	  and	  III	  

Oligodendroglioma	   grades	  II	  and	  III	  

Oligoastrocytoma	   grades	  II	  and	  III	  
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Magnetic resonance imaging  
MRI was performed with a 3 Tesla MRI scanner (Philips Achieva, Best, the 
Netherlands). 

Morphological MRI  
Paper I–IV 
Morphological MRI in paper I–IV included axial T2 FLAIR, repetition 
time/echo time 11,000/125 ms; 90 degree flip angle; 512 x 512 matrix; 0.45 
x 0.45 x 6.00 mm3 voxel size and T1 weighted spin echo sequences before 
and after intravenous contrast agent administration (Gadovist®, Bayer 
Schering Pharma, Berlin-Wedding, Germany) (repetition time/echo time 
600/10 ms; 70 degree flip angle; 512 x 512 matrix; 0.45 x 0.45 x 5 mm3 
voxel size). 

Paper I also included sagittal and axial T2-weighted turbo spin echo, cor-
onal T2 FLAIR (paper I, III, IV) and sagittal T1-weighted 3D turbo field 
echo after intravenous contrast injection. 

Physiological MRI 

Perfusion MRI  

Dynamic contrast-enhanced (DCE) perfusion MRI 
Dynamic contrast-enhanced perfusion MRI, used in paper II, was performed 
with a T1-weighted spoiled saturation recovery gradient-echo sequence, with 
four slices covering the centre of the tumour, and one slice perpendicular to 
the internal carotid artery, for arterial input function determination. The fol-
lowing parameters were used: temporal resolution 1.25 s; time delay be-
tween the prepulse and the first readout pulse was 120 ms, repetition 
time/echo time 3.97/1.9 ms; flip angle 30 degrees; acquired voxel size 2.4 x 
3.0 x 8.0 mm3 matrix 256 x 256. A total of 10 dynamic scans were per-
formed before the intravenous injection of 0.05 mmol/kg gadolinium-based 
contrast agent (gadobutrol 1 mmol/mL) at 3 mL/s, followed by a 30 mL sa-
line injection at the same injection rate, using a power injector. Total acqui-
sition time was 5 minutes, with 200 dynamic scans. Post processing was 
performed in MatLab (MathWorks, Natick, MA, USA), using an in-house 
developed semi-automatic procedure. Briefly, regions of interest delineating 
the internal carotid artery, and the superior sagittal sinus were drawn. In 
order to minimise partial volume effects, the arterial input function was de-
rived from the one voxel in the internal carotid artery with maximal signal 
change during contrast agent bolus passage. Correction for partial volume 
was performed by normalising the signal to a venous outflow function, de-
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rived from the superior sagittal sinus. Calculation of perfusion data and cor-
responding maps for cerebral blood volume, cerebral blood flow and the 
transfer constant, (116) was performed according to a method described by 
Larsson et al. (77, 88). 

Dynamic susceptibility contrast (DSC) perfusion MRI 
Dynamic susceptibility contrast perfusion MRI, in papers I and II, was per-
formed 10 minutes after dynamic contrast-enhanced perfusion MRI, with a 
T2*-weighted single shot gradient-echo echo planar imaging sequence, with 
23 slices, and the following parameters: temporal resolution 1.35 s; echo 
time 29 ms; flip angle 90 degrees; acquired voxel size 1.7 x 2.3 x 5.0 mm3, 
matrix 128 x 128. Pre-contrast bolus scanning was performed during 10 se-
conds before intravenous injection of 5 mL gadolinium-based contrast agent 
(gadobutrol 1 mmol/mL) at 4 mL/s, followed by a 30 mL saline infusion at 
the same rate, using a power injector. Total acquisition time was 90 s, with 
72 dynamic scans. Whole brain coverage was obtained using these parame-
ters.  

Briefly, prior injection of contrast agent during dynamic contrast-
enhanced perfusion MRI pre-saturated the tissue. In addition, contrast agent 
leakage from the intravascular to the extravascular space was corrected for 
using the method published by Boxerman et al. 2006 (117). This correction 
produces leakage maps, where the pixel intensity is proportional to the rate 
of contrast agent leakage from the intra- to the extravascular space, referred 
to as the apparent transfer constant. Motion correction was performed (80). 
The arterial input function was measured from branches of the middle cere-
bral artery in the hemisphere contralateral to the tumour and inspected visu-
ally for a narrow peak. Calculation of perfusion data and the corresponding 
maps of relative cerebral blood volume, relative cerebral blood flow and the 
apparent transfer constant (117) was performed using the software nor-
dicICE (NordicNeuroLab AS, Bergen, Norway) with the Tikhonov regulari-
sation method for deconvolution (84).  

Diffusion MRI 
Diffusion weighted imaging (DWI) 
In paper I, minimum mean diffusivity in the tumour was evaluated. Diffu-
sion MRI was acquired with a spin echo, echo planar imaging sequence, 
with the following scan parameters: repetition time/echo time = 6,700/77 ms; 
slice thickness/gap, 2 mm/2 mm, diffusion gradient encoding in 48 direc-
tions, b = 1,000 s/mm2. Mean diffusivity maps were obtained by automatic 
pixel-by-pixel calculation in the scanner (118). 
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Diffusion kurtosis imaging (DKI) 
In paper III, diffusion kurtosis imaging was acquired with a spin echo, echo 
planar imaging sequence, and the following scan parameters were used: rep-
etition time/echo time 5,400 ms/76 ms; 27 slices with a thickness of 2 mm; 
sensitivity encoding = 2; 128 x 128 matrix; field of view 256 x 256 mm; 15 
diffusion encoding directions, with b = 0, 500, 1,000, 2,500, and 2,750 
s/mm2, for a total scan time of 6 minutes. Selection of b-values was based on 
the protocol optimised by Poot et al. 2010 (104). Post-processing was per-
formed using in-house developed software, implemented in Matlab (The 
Mathworks, Natick, MA, USA). Motion and eddy current distortions were 
corrected by registering diffusion-weighted volumes to the volume acquired 
with b = 0 s/mm2, using ElastiX (119). In this process, images were 
smoothed using 3D Gaussian kernel with a full width at half maximum of 2 
mm. This smoothing was performed to reduce the number of model misfits. 
The spatial smoothing was kept to a minimum by the conservative choice of 
kernel width. Diffusion tensor imaging parameter maps of mean diffusivity 
and fractional anisotropy were calculated based on volumes acquired with b 
≤ 1,000 s/mm2. The mean of the kurtosis tensor was calculated as described 
by Latt et al. (120) and Hansen et al. (121). 

Diffusion tensor imaging (DTI) 
Diffusion tensor imaging in paper IV was performed with a spin echo, echo 
planar imaging sequence, with the following scan parameters: repetition 
time/echo time 6,683 ms/77 ms; 60 slices with a thickness of 2 mm; sensitiv-
ity encoding = 2; 128 × 128 matrix; field of view 256 × 256 mm; diffusion 
encoding in 48 directions, with b = 1,000 s/mm2, for a total scan time of 6 
minutes. All post-processing were performed using in-house developed 
software, implemented in Matlab (The Mathworks, Natick, MA, USA). Mo-
tion and eddy current distortions were corrected by registering the diffusion-
weighted volumes to the volume acquired with b = 0 s/mm2, using ElastiX 
(119, 122). In this process, the diffusion-weighted images were smoothed 
using 3D Gaussian kernel with a full width at a half maximum of 2 mm. 
Streamline tractography was performed using the Diffusion Toolkit and 
TrackVis (Ruopeng Wang, Van J. Wedeen, TrackVis.org, Martinos Center 
for Biomedical Imaging, Massachusetts General Hospital, MA, USA). The 
whole brain was seeded from two randomly positioned seeds in each voxel 
using a fractional anisotropy threshold of 0.1 and an angular threshold of 45 
degrees. 
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Positron emission tomography (PET) 
11C-methionine PET  
11C-methionine PET, in paper I, was performed, in 12 patients with an 
ECAT EXACT HR+ camera (Siemens/CTI, Knoxville) with an axial field of 
view of 15.5 cm, providing 63 contiguous 2.43 mm slices. In 12 patients, a 
Discovery ST (GE Healthcare, Milwaukee, WI, USA) PET/CT scanner was 
used with a 15.7 cm axial field of view, providing 47 contiguous 3.27 mm 
slices. PET scanning was performed as described previously (123). The two 
PET cameras were carefully calibrated to ensure interchangeable test results 
and stable tracer kinetics in the acquisition time period. Analysis of PET data 
was performed using Voyager 4 software (GE Healthcare, Uppsala. Swe-
den).  

Region of interest analysis (ROI) 
Paper I 
MRI 
Estimations of average intra-tumoral perfusion were made on relative cere-
bral blood volume maps through the delineation of one large circular or oval 
region of interest in each tumour on T2 FLAIR images co-registered to rela-
tive cerebral blood volume maps (mean region of interest 307 mm2). In-
creased signal on T2 FLAIR was regarded as a suspected tumour. The region 
of interest was delineated in the slice on T2 FLAIR with the largest tumour 
diameter, and it also appeared on the co-registered relative cerebral blood 
volume maps. Mean relative cerebral blood volume in the tumour was divid-
ed with the mean relative cerebral blood volume in a similar region of inter-
est in the corresponding location in the contralateral hemisphere. The result-
ing value was called ratio of relative cerebral blood volume. 

After co-registration of PET and MRI images through an automated pro-
cedure in the local Picture and Archiving Communication System 
(Carestream, Rochester, NY, USA), regions of interest with an area of 20 
mm2 were delineated in each patient on relative cerebral blood volume and 
mean diffusivity maps in the region corresponding to the 11C-methionine 
PET hot spot area. The region of interest was then systematically moved 
outside of the hot spot region, through the whole tumour, as defined by the 
increased signal on T2 FLAIR to search for areas with higher relative cere-
bral blood volume or lower mean diffusivity, avoiding visible vessels and 
artefacts. Mean diffusivity was measured in a region of interest in the white 
matter in the contralateral hemisphere to ensure that the measured values 
were within those of normal brain tissue. The maximum relative cerebral 
blood volume ratio was calculated by dividing the maximum relative cere-
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bral blood volume in the tumour region of interest by the mean relative cere-
bral blood volume in a similar region of interest located in the normal ap-
pearing white matter of the contralateral hemisphere.  
 
PET 
Regions of interest were manually defined around the PET hot spot, in the 
lesion, on the slice containing the five hottest lesion pixels. The mean peak 
pixel value over the five connected pixels, representing an area of about 20 
mm2, defined the maximum 11C-methionine uptake in the hot spot. To obtain 
a tumour-to-normal background ratio, the 11C-methionine uptake in the tu-
mour was related to the uptake in a cortical reference region located in the 
contralateral hemisphere at the axial plane of the thalamus (124). This hot 
spot/contralateral cortex ratio was used for all statistical analyses. In case of 
heterogeneously enhanced 11C-methionine uptake in the tumour, multiple hot 
spots were delineated separately and the highest hot spot/cortex ratio was 
used. 

Paper II 
T2 FLAIR images were transferred to the same voxel space and co-
registered to dynamic contrast-enhanced perfusion MRI and dynamic sus-
ceptibility contrast perfusion MRI images using Statistical Parametric Map-
ping 8 (SPM8, MathWorks, Natick, MA, USA). Regions of interest were 
manually delineated on the T2 FLAIR images using an in-house developed 
MatLab-based software. The tumour regions of interest were delineated just 
inside its border on all slices with high T2 FLAIR signal. Tumour delinea-
tion was performed on all co-registered T2 FLAIR slices with suspected 
tumour changes that had a corresponding perfusion slice on dynamic con-
trast-enhanced perfusion MRI, and dynamic susceptibility contrast perfusion 
MRI A region of interest in the normal appearing white matter was delineat-
ed in the lobe contralateral to the tumour area in one slice. The regions of 
interest were then transferred to the perfusion maps.  

Paper III 
Axial T2 FLAIR images were co-registered to diffusion maps, using Statisti-
cal Parametric Mapping 8 (SPM8, MathWorks, Natick, MA, USA). Regions 
of interests were manually delineated on re-sliced T2 FLAIR images, using 
in-house developed software. To avoid artefacts, the most superior and the 
most inferior slice were excluded from the analysis. Care was taken to ex-
clude chemical shift artefacts. Regions of interest were re-assessed by a neu-
roradiologist with 25 years of experience. Three tumour volume regions of 
interest (total tumour, central tumour, peripheral tumour) were delineated on 
T2 FLAIR. Increased signal intensity on T2 FLAIR was regarded as tumour 
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(125). Total tumour was delineated 1 voxel inside the outer border of the 
increased signal on T2 FLAIR images (2412 ± 1588 voxels (mean ± SD)). 
Central tumour was delineated at half the radius of each tumour (635 ± 572 
voxels (mean ± SD)), and peripheral tumour (1727 ± 1058 voxels (mean ± 
SD)) was delineated as the part of the tumour outside the central tumour 
region of interest. Perilesional volumes regions of interest were delineated in 
normal appearing white matter outside the suspected tumour area on T2 
FLAIR (98 ± 53 voxels (mean ± SD)). To limit the effect of partial volume 
influence from the tumour on the perilesional area, regions of interest were 
delineated 1 voxel outside the increased tumour signal on T2 FLAIR. Care 
was further taken not to include any grey matter. Region of interest in the 
normal appearing white matter was delineated in the contralateral hemi-
sphere, laterally to the lateral ventricle on four consecutive slices (140 ± 36 
voxels (mean ± SD)). 

Paper IV 
Region of interest delineation was performed in EvalGUI, an in-house de-
veloped software based on an earlier description in white matter atlases 
(126-128). These regions of interest defined the anatomical landmarks. Re-
gions of interest for each tract were positioned in both the ipsilateral and the 
contralateral hemispheres to allow comparison between affected and non-
affected tract segments. TrackVis was used for visual confirmation of the 
tract positions. The following tracts were evaluated in all patients: the corti-
co-spinal tract, the inferior fronto-occipital fasciculus, the retrosplenial and 
parahippocampal parts of the cingulum (129), the arcuate fasciculus, the 
inferior longitudinal fasciculus, the uncinate fasciculus, fornix and the for-
ceps minor of the corpus callosum. Tracts were subdivided into segments 
that were defined based on anatomical landmarks. All segments except one 
were longer than 2 cm. Segments were numbered 1–2 or 1–3 from caudal to 
cranial, from anterior to posterior, or from midline to lateral. Whole tracts 
were visually assessed in EvalGUI when selecting regions of interest. Tract 
segments were visually inspected in 3D using TrackVis (Ruopeng Wang, 
Van J. Wedeen, TrackVis.org, Martinos Center for Biomedical Imaging, 
Massachusetts General Hospital, MA, USA). All tracts were assessed for 
infiltration or dislocation by the tumour, with the reference standard for the 
tumour area set as high signal intensity on T2-weighted images. Based on 
earlier white matter atlas descriptions, the tract was visually classified as 
infiltrated if the tumour was located in the expected tract region on T2-
weighted images. A tract segment was visually classified as dislocated if it 
deviated from its expected pathway on fractional anisotropy colour maps. 
Tumour location in the left or right hemisphere and lobes were evaluated on 
T2-weighted images. 
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Histopathology 
The histopathological diagnosis was assessed by a neuropathologist from 
either resected tissue or biopsy in accordance with the WHO guidelines from 
2007 (4) in papers I−IV. Biopsies were either open or closed. All biopsies 
were directed to the 11C-methionine hot spot region, except in one patient, 
where the hot spot was located in the primary motor area. In this patient, the 
biopsy was obtained from a region adjacent to the hot spot area.  

Statistical analysis 
General principles, papers I–IV 
Statistical analysis was performed using IBM SPSS Inc. (version 19) in pa-
per I and Statistica 12 (Statsoft, Tulsa, OK, USA) in papers II–IV. A p value 
< 0.05 was considered statistically significant.  

Paper I 
Analysis of the correlation between maximum relative cerebral blood vol-
ume, minimum mean diffusivity and maximum 11C-methionine uptake in 
histologically proven tumours was performed with the Spearman rank corre-
lation test.  

Differences in 11C-methionine PET hot spot/cortex ratios, maximum rela-
tive cerebral blood volume and minimum mean diffusivity values between 
tumours of different grades and histological subtypes were assessed by 
Mann-Whitney U-test.  

Paper II 
Cerebral blood volume, cerebral blood flow, and the transfer constant from 
dynamic contrast-enhanced perfusion MRI, and cerebral blood volume, cer-
ebral blood flow, and the apparent transfer constant from dynamic suscepti-
bility contrast perfusion MRI were analysed. Normalisation against normal 
appearing contralateral white matter was performed for cerebral blood vol-
ume and cerebral blood flow histogram parameters mean, median, peak posi-
tion and the 90th percentile. Not normalised parameters were standard devia-
tion (SD), kurtosis, skewness, peak height and histogram parameters from 
the transfer constant and the apparent transfer constant. 

Data distribution was analysed by normal probability plot and Shapiro-
Wilk W test. Pairwise comparisons of perfusion parameters between tumour 
grades II and III were assessed. A parametric Student’s t test was applied for 
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normally distributed data and a non-parametric test (Mann-Whitney U) was 
chosen for data that did not fulfil the requirements for normality. 

Differences in perfusion parameters between grade II and grade III glio-
mas were further analysed using receiver operating characteristic curves, 
comparing the area under the curve. The parameter with the highest area 
under the curve was presented as the best discriminating parameter. 

Paper III 
Statistical analysis was performed with Statistica 12 (Statsoft, Tulsa, OK, 
USA) software. A p value ˂ 0.05 was regarded as statistically significant. 
Data distribution was analysed using a normal probability plot and a 
Shapiro-Wilk W test. Data with Shapiro-Wilk W ˂ 0.95 and p ˂ 0.05 were 
analysed with non-parametric tests. Differences of mean diffusivity, frac-
tional anisotropy and mean kurtosis in tumour and perilesional regions of 
interest between gliomas grade II and gliomas grade III and between astrocy-
tomas and oligodendrogliomas were assessed with Student’s t test for inde-
pendent samples by groups for normally distributed data and with Mann-
Whitney U test for two independent samples for non- normally distributed 
data. To test for differences between mean diffusivity, mean fractional ani-
sotropy and mean kurtosis in perilesional compared to normal appearing 
white matter, a Student’s t test for dependent samples was used for normally 
distributed data. 

Paper IV 
To standardise diffusion measurements between patients, a relative fractional 
anisotropy was calculated for each tract segment by dividing the mean frac-
tional anisotropy in the ipsilateral tract segment with the mean fractional 
anisotropy in the corresponding contralateral tract segment in each patient. 
The corresponding calculation was performed for mean diffusivity, yielding 
relative mean diffusivity. The fractional anisotropy and mean diffusivity in 
tract segments are the mean values of all voxels in that segment. Relative 
fractional anisotropy and relative mean diffusivity were compared between 
groups based on neuropathological (tumour type, tumour grade), and radio-
graphic features (tumour infiltration, tumour dislocation, hemisphere loca-
tion left/right) with the Mann-Whitney U test. Fischer’s exact test was used 
to determine associations between relevant groups. The Wilcoxon matched-
pairs test was used to evaluate differences in relative fractional anisotropy 
between different segments of a tract partially infiltrated by tumour. The chi-
squared test was used to investigate the distributions of visually infiltrating 
gliomas between the grades II and III. 

An exploratory analysis of overall diffusional changes in the ipsilateral 
compared to the contralateral lobe was performed. The mean fractional ani-
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sotropy in all patients in each ipsilateral tract segment was compared to the 
mean fractional anisotropy in the corresponding contralateral tract segments 
using the Wilcoxon matched-pairs test. Due to tract asymmetry between 
hemispheres in a normal population, comparisons were analysed in two sep-
arate groups depending on tumour location in the right or left hemisphere, 
yielding a total of 36 comparisons (130, 131). Analyses were repeated for 
mean diffusivity. 

All statistical analyses were based on mean values and group compari-
sons. The cut off for significant results was set to a p value of <0.05. No 
correction was made for multiple comparisons. Statistical analyses were 
performed in Statistica version 12 (Statsoft, Dell Software, TX, USA). 

Ethical considerations 
The local review board approved the studies in this thesis, and each patient 
gave their written informed consent to participate. The patients were clinical-
ly treated according to current national guidelines, and no experimental 
treatments were given. The patients were informed about extra duration of 
MRI sequences and other protocol details. Patients were not subject to any 
extra personal costs during the study period. Travel to and from the hospital 
for extra imaging was substituted.  
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Results 

Paper I 
11C-methionine PET 
11C-methionine PET hot spot/cortex ratios varied from 1.2–3.8 for the whole 
sample. The mean hot spot/cortex ratio for gliomas grade II was 2.25 ± 0.80 
(SD) and for gliomas grade III 2.52 ± 0.43 (SD). 

Perfusion MRI 
The relative cerebral blood volume in the large tumour region of interest was 
0.99 ± 0.77 (range 0.28–4.24). The maximum relative cerebral blood volume 
in PET hot-spot regions for the whole sample was 3.19 ± 1.66 (range 0.92–
8.27). Regions with maximum relative cerebral blood volume corresponded 
to hot spot regions on PET in all cases. The correlation between maximum 
relative cerebral blood volume ratios in the hot-spot region and hot-
spot/cortex ratios was Spearman’s r = 0.19, p = 0.38. There was a significant 
difference in maximum relative cerebral blood volume between gliomas 
grade II and gliomas grade III (p = 0.04), but not between enhancing and 
non-enhancing lesions (p = 0.34). 

Diffusion MRI  
Minimum mean diffusivity in tumours was equal to or higher than in contra-
lateral normal appearing white matter. Minimum mean diffusivity values in 
11C-methionine hot-spot regions varied from 0.65–1.9 × 10−3 mm2/s (mean 
1.0 ± 0.25). In four lesions, minimum mean diffusivity was found outside 
non-hot spot tumour regions (mean 1.0 ± 0.21 × 10−3 mm2/s; range 0.71–
1.17). Minimum mean diffusivity was not significantly different in gliomas 
grade II and gliomas grade III (p = 0.10). The minimum mean diffusivity for 
oligodendroglial tumours harbouring loss of heterozygosity at 1p/19q was 
lower than for those with intact 1p/19q, but the difference was not significant 
(p = 0.81). The correlation between minimum mean diffusivity in the hot-
spot region and hot-spot/cortex ratios was Spearman’s r = − 0.41, p = 0.05. 
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Paper II 
Mean perfusion parameters in gliomas grade II and grade III 
Dynamic contrast-enhanced perfusion MRI 
The mean ± SD relative cerebral blood volume was 1.34 ± 0.37 in gliomas 
grade II and 1.82 ± 1.12 in gliomas grade III, p = 0.65. Mean ± SD relative 
cerebral blood flow was 1.47 ± 0.54 in gliomas grade II and 1.85 ± 1.55 in 
gliomas grade III, p = 0.79. The mean transfer constant was 0.22 ± 0.30 in 
gliomas grade II and 0.26 ± 0.23 in gliomas grade III, p = 0.32.  

Dynamic susceptibility contrast perfusion MRI 
The mean ± SD relative cerebral blood volume was 1.48 ± 0.74 in gliomas 
grade II and 2.42 ± 1.99 in glioma grade III, p = 0.21. Mean ± SD relative 
cerebral blood flow was 1.66 ± 0.99 in gliomas grade II and 2.53 ± 1.88 in 
gliomas grade III, p = 0.24. The mean apparent transfer constant was 33.54 ± 
30.51 in gliomas grade II and 94.15 ± 78.10 in gliomas grade III, p = 0.07.  

Histogram analysis of perfusion parameters 
Histogram parameters from the dynamic contrast-enhanced perfusion MRI 
and dynamic susceptibility contrast perfusion MRI were compared between 
glioma grades II and III. For dynamic contrast-enhanced perfusion MRI, the 
perfusion parameter skewness of the transfer constant had the lowest p value 
for separating gliomas grades II and III (p = 0.07). For dynamic susceptibil-
ity contrast perfusion MRI, the standard deviation of cerebral blood flow had 
the lowest p value and showed significant difference between gliomas grade 
II and gliomas grade III, (p = 0.02).  

Receiver operating characteristic curve analysis (ROC) 
Receiver operating characteristic curves were analysed for gliomas grades II 
and III with use of data from the dynamic contrast-enhanced perfusion MRI 
and dynamic susceptibility contrast MRI perfusions. In dynamic contrast-
enhanced perfusion MRI, the skewness of the transfer constant had the high-
est area under the curve (0.76) for separating between glioma grades II and 
III. In dynamic susceptibility contrast perfusion MRI, the standard deviation 
of cerebral blood flow had the highest area under the curve (0.80) for sepa-
rating between glioma grades II and III. 
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Paper III 
Astrocytomas and oligodendrogliomas:  
Mean diffusivity, fractional anisotropy and mean kurtosis in tumour and 
perilesional regions were compared between the histological subtypes astro-
cytomas (n = 14) and oligodendrogliomas (n = 14). Mean fractional anisot-
ropy in total tumour and peripheral tumour regions were significantly higher 
in astrocytomas than in oligodendrogliomas, p = 0.046 and 0.04. No differ-
ences in mean diffusivity or mean kurtosis were found between glioma sub-
types.  

Gliomas grade II and grade III:  
Mean diffusivity, fractional anisotropy and mean kurtosis in tumour and 
perilesional regions were compared between gliomas grade II (n = 21) and 
gliomas grade III (n = 7). No significant differences were observed between 
gliomas grade II and gliomas grade III in tumour or perilesional regions of 
interest, p = 0.34–0.99. 

Perilesional and contralateral normal appearing white matter:  
Mean diffusivity, fractional anisotropy and mean kurtosis differed signifi-
cantly between perilesional normal appearing white matter (0.71 ± 0.06 × 
10−3 mm2/s, 0.55 ± 0.07, 0.96 ± 0.07 (mean ± SD)) and contralateral normal 
appearing white matter (0.68 ± 0.03 × 10−3 mm2/s, 0.62 ± 0.05, 1.03 ± 0.07 
(mean ± SD)), p < 0.00. 

Paper IV 
Thirty-four patients were included in the analysis. Out of these 34 patients, 
18 had an astrocytoma and 16 had an oligodendroglioma (n = 16) grade II or 
III according to postoperative neuropathological evaluation. A total of 19 
segments from nine tracts were evaluated with diffusion tensor tractography 
(DTT) in each patient. The total number of segments in all tracts in each 
hemisphere was 19, and of these, 18 could be analysed with a relative frac-
tional anisotropy and mean diffusivity and be compared between the hemi-
spheres. A relative fractional anisotropy or mean diffusivity for segment one 
of the fornix could not be calculated or compared between the hemispheres 
because of its midline position. 
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Visual assessment 
Tract infiltration and tract dislocation was assessed in all patients and in all 
tract segments. Twenty-eight of the 34 patients had at least one infiltrated 
tract segment (82%). Seventeen of the 34 patients (50%) showed dislocation 
of at least one tract segment. Thirteen of these 17 patients (76%) also had 
other tract segments that were infiltrated on visual evaluation. There were no 
differences in the distribution of gliomas with visual tract segment infiltra-
tion between grades II and grades III (chi-squared test p = 0.75). 

Quantitative tractography 
In order to adjust for differences between hemispheres, relative fractional 
anisotropy and relative mean diffusivity were calculated for all tract seg-
ments and compared with regard to neuropathological (glioma type, glioma 
grade) and radiological (visual tract infiltration and/or dislocation, hemi-
sphere location) features. Relative fractional anisotropy and relative mean 
diffusivity in tract segments did not differ significantly between gliomas 
grade II and gliomas grade III. Significant differences were found between 
relative fractional anisotropy and relative mean diffusivity between astrocy-
tomas (lower fractional anisotropy and higher mean diffusivity) and oli-
godendrogliomas in 22% of all tract segments (4/18). 

Relative fractional anisotropy and relative mean diffusivity were com-
pared between tract segments classified as infiltrated and tract segments 
classified as not infiltrated. Relative fractional anisotropy was significantly 
lower in 89% of the tract segments classified as infiltrated (16/18 segments) 
compared to those not classified as infiltrated. Similarly, relative mean diffu-
sivity was significantly higher in 78% (14/18 tract segments) of the infiltrat-
ed tract segments compared to tracts segments not infiltrated. Relative frac-
tional anisotropy was higher in one dislocated tract segment compared to the 
contralateral not dislocated tract segment, 6% (1/18). Tumour involvement 
often included several lobes. In the involved lobes, several tract segments 
were often dislocated, or infiltrated.  

Exploratory analyses 
Comparisons between ipsilateral and contralateral tract segments were per-
formed in two groups based on tumour location in left and right hemisphere, 
yielding a total of 36 comparisons (18 tracts segments × two hemispheres). 
We found significant differences in diffusion parameters between the ipsilat-
eral and the contralateral hemisphere in all tracts analysed (Table 1). Results 
from segment analysis demonstrated significantly reduced fractional anisot-
ropy and significantly increased mean diffusivity in 28% of evaluated tract 
segments (10/36). In 25% of the evaluated tract segments (9/36) either frac-
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tional anisotropy was significantly reduced or mean diffusivity was signifi-
cantly increased between the hemispheres. In 36% of the evaluated segments 
(13/36), there were no significant differences between the ipsilateral tract 
segments and the corresponding contralateral tract segments. Other patterns 
were found in 11% of the segments (4/36). Despite the fact that tract seg-
ments were analysed irrespective of tumour lobe location, fractional anisot-
ropy on the ipsilateral side was reduced compared to the contralateral side in 
44% (16/36) of the investigated tract segments. 
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Discussion  

General discussion 
Preoperatively suspected low-grade gliomas on morphological MRI with 
none or minimal contrast enhancement, without apparent central necrosis or 
ring-enhancement constitute a heterogeneous group that contains both glio-
mas grade II (low-grade glioma) and gliomas grade III (high-grade gliomas) 
(132). The radiological, neuropathological and clinical separation between 
glioma grade II and grade III is not clear-cut. The differentiation between 
gliomas grade II and grade III is further hampered by the fact that astrocy-
tomas and oligodendrogliomas of specific grades present with different radi-
ological, neuropathological and clinical findings, thereby obscuring the pic-
ture when an attempt is made to group these separated entities. The difficul-
ties encountered in this thesis with regard to discriminating between low-
grade gliomas grade II and grade III may be due to the inclusion in the study 
group of suspected low-grade gliomas, possibly introducing a selection bias 
due to the leaving out of certain grade III gliomas, e.g., those with higher 
neo-vascularisation, oedema and mass effect.  

Neuroradiological separation of low-grade gliomas (grades I and II) and 
high-grades gliomas (grades III and IV) has proven successful but might be 
attributed to the more distinct differences in appearances between gliomas 
grades I and IV, which is not a diagnostic problem in the clinic setting (133-
137). Neuropathological improvements have led to new possibilities of ge-
netic molecular glioma classification. These genetic molecular markers 
might correlate better with clinical and radiological findings (37). The clini-
cal problem of separating glioma grades II and III is difficult due to partly 
similar imaging features but separate malignant behaviour (4). The preopera-
tive separation of low-grade gliomas and high-grade gliomas is further ham-
pered by the separate characteristics between astrocytomas and oligodendro-
gliomas (138). This thesis encompasses and evaluates the ability of perfusion 
MRI and diffusion MRI to characterise glioma types and grades in relation 
to the WHO 2007 standards of glioma classification. Also, the correlation 
between perfusion MRI and diffusion MRI with 11C-methionine PET was 
investigated. 

When evaluating preoperative MRI and PET studies of suspected low-
grade gliomas, several points need to be addressed. Tumour location, tumour 
size and complications such as hydrocephalus are issues that need to be ad-
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dressed. Further, a precise diagnosis is important to make patient-specific 
predictions about prognosis, progression and presumed treatment response.  

 Imaging studies using perfusion MRI, diffusion MRI and 11C-methionine 
PET and comparisons with histopathology are difficult since the images 
have considerably lower resolution (several millimetres) compared with the 
microscopic evaluation during histopathology examination with regard to the 
potential to discriminate individual cells, and for this reason MRI and PET 
potentially could miss microscopic disease (89). The general difficulties in 
discriminating glioma grades II and III using a whole tumour approach may 
be partly explained by the fact that a grade III glioma may show a predomi-
nant grade II pattern containing only nodules exhibiting grade III character-
istics (42). 

Although the findings in this thesis imply that MRI and PET seem to be 
able to shed some light on the specific properties of suspected low-grade 
gliomas such as suspected grade and cell type, histopathology is still the gold 
standard for accurate tumour characterisation. Histopathology is, like phys-
iological MRI, a constantly evolving field that strives to improve the poten-
tial for correct characterisation of brain tumours. Recent efforts were pre-
sented at the WHO meeting in 2014, with the suggestion to integrate and 
layer the diagnosis of glioma (139). By integrating histopathology with im-
munostaining, clinical data and imaging methods, a better assessment of the 
prognosis and treatment of patients suffering from suspected low-grade gli-
omas could perhaps be made. 

In order to assess suspected brain tumours through imaging, in a non-
invasive manner, with high potential for repeated examinations, more studies 
examining the exact imaging-pathological correlation need to be performed, 
and existing techniques need to be evolved. If more light is shed on the im-
aging-histopathological correlations, tumours in eloquent areas can be as-
sessed without the risk of neurological deficit that can be a consequence of 
surgical biopsy/resection. 

Papers I–IV 
Paper I 
In this study, we investigated 24 patients with suspected low-grade gliomas 
by morphological MRI, physiological MRI and 11C-methionine PET prior to 
surgery. Our aim was to compare the 11C-methionine uptake with perfusion 
and diffusion abnormalities in these tumours. Regions with maximum rela-
tive cerebral blood volume corresponded with hot spot regions on PET in all 
tumours but despite a topographical overlap between hot spots on 11C-
methionine PET and areas with maximum tumour perfusion, the correlation 
between maximum relative cerebral blood volume and highest 11C-
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methionine uptake failed to show statistical significance. Our results are in 
contrast to a previous study that reported a positive correlation between max-
imum relative cerebral blood volume and maximum 11C-methionine uptake 
and indicated the existence of a close link between amino acid transport in 
the tumour and vascularity but without assessing the spatial distribution of 
hot spots (140). This discrepancy may be partly due to the different study 
populations and methodologies, but also to the general difficulties of meas-
uring subtle differences in regional perfusion in non-enhancing infiltrating 
tumours (141). In one patient the biopsy was taken from an area close to but 
not exactly in the region corresponding to the 11C-methionine PET hot spot 
on MRI, which would affect the result if higher maximum relative cerebral 
blood volume had been measured in this area. Also, the measurements un-
dertaken on PET and MRI scans were performed by two different research-
ers, with the potential for interindividual differences in the assessment of the 
imaging studies. More recently, a small study investigating the spatial distri-
butions of perfusion MRI, diffusion MRI and 11C-methionine PET confirms 
our findings of overlapping hot spots in perfusion MRI and 11C-methionine 
PET, but interestingly shows poor overlap when larger areas of increased 
11C-methionine uptake and cerebral blood volume for low-grade gliomas 
(112) are assessed.  

It is difficult to select a region of interest with high intra- and inter-
observer reproducibility in low-grade gliomas, since perfusion images are 
noisy compared to both morphological images and 11C-methionine PET 
scans. Susceptibility artefacts with signal loss and adjacent signal increase, 
simulating perfusion increase, may also disturb perfusion images. In addi-
tion, high perfusion values in vessels and adjacent cortex may be difficult to 
differentiate from increased tumour perfusion. Perfusion measurements in 
low-grade gliomas with subtle or no alterations on cerebral blood volume 
maps remain a diagnostic challenge for stand-alone MRI (112).  

The inclusion criteria for presumed low-grade gliomas in this study are in 
accordance with the traditional imaging view of these tumours as non- or 
slightly enhancing tumours. The absence of contrast enhancement is not 
specific for low-grade gliomas, and the degree of the blood–brain barrier 
disruption is not considered diagnostic for either high- or low-grade tumours 
(142). In agreement with previous reports, three non-enhancing lesions in 
our study were anaplastic gliomas, while four tumours with minimal contrast 
enhancement were low-grade gliomas (143). Contrast enhancement is not 
equivalent to perfusion abnormality, which reflects the degree of micro- 
vascularisation and as such is a better indicator of the biologic aggressive-
ness of the tumour (144).  

In a retrospective study that included low-grade gliomas and high-grade 
gliomas, baseline relative cerebral blood volume was a prognostic predictor 
for progression-free survival (145). This is an important observation, sup-
porting that perfusion MRI, similar to 11C-methionine PET, can be used to 
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guide the timing of treatment in suspected low-grade gliomas. Our study 
suggests that combined perfusion MRI/PET provides complementary base-
line imaging data on tumour metabolism and vascularity that could be sub-
sequently used in the follow-up of low-grade gliomas.  

Longitudinal studies of patients with low-grade gliomas are needed to de-
termine the specific clinical applications of these methods as prognostic 
and/or predictive biomarkers. High-grade gliomas usually have higher max-
imum relative cerebral blood volume than low-grade gliomas, but maximum 
relative cerebral blood volume may also be elevated in low-grade gliomas.  

Oligodendroglial tumours with their characteristic dense networks of ca-
pillary branches generally have a higher maximum relative cerebral blood 
volume than astrocytic tumours (146). The evaluation of relative cerebral 
blood volume in oligodendrogliomas is further complicated by the fact that 
tumours with co-deletions of chromosome 1p/19q generally show higher 
maximum relative cerebral blood volume than oligodendrogliomas that lack 
the co-deletion (147). 

In our study, we found no significant difference between mean, maximum 
and relative cerebral blood volume of astrocytic and oligodendroglial tu-
mours. We found a negative correlation between 11C-methionine uptake in 
the hot spot and minimum mean diffusivity, although the correlation did not 
reach significance. High 11C-methionine uptake and low diffusion are both 
suggestive of more malignant portions of the tumour, but a relationship be-
tween 11C-methionine uptake and minimum mean diffusivity has not previ-
ously been reported (148, 149). Tumour diffusion as measured by diffusion 
MRI correlates with tumour cell density and is decreased in malignant glio-
mas due to a higher cellularity with decreased motion of water molecules in 
the extracellular space.  

In spite of generally lower minimum mean diffusivity in high-grade glio-
mas, diffusion MRI is not useful for preoperative grading due to the marked 
overlap in mean diffusivity between gliomas of different histological subtype 
and grade (150-152). Interestingly, a recent report showed that the infor-
mation from anisotropy provided by diffusion tensor imaging is more useful 
than minimum mean diffusivity for predicting tumour malignancy (152). 
Minimum mean diffusivity in tumours was equal to or higher than that in the 
contralateral normal-appearing white matter (149, 150).  

The present study has some limitations, apart from the small sample size. 
In two patients, the time interval between PET and MRI investigation ex-
ceeded 1 month. Considering the continuous growth pattern in low-grade 
gliomas, it is important to perform both imaging studies simultaneously if 
possible, and an integrated PET/MRI scanner would have evaded this prob-
lem (153). A more accurate molecular profiling might further characterise 
the tumours included in this study. 
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Paper II 
Perfusion MRI of gliomas has been studied with regard to pre-operative 
tumour grading (144, 154), and MR cerebral blood volume has been able to 
separate low-grade from high-grade astrocytomas (73, 155, 156). However, 
the separation of gliomas grade II from grade III is difficult due to overlap-
ping features. Studies using MRI perfusion of oligodendrogliomas and 
mixed gliomas have shown ambiguous results (73, 152, 154, 157, 158). 
There is a need for non-invasive parameters that can distinguish grade II 
from grade III tumours in patients with suspected low-grade gliomas on con-
ventional MRI to facilitate surgical treatment planning.  

In this study, we identified the histogram perfusion parameter from dy-
namic contrast-enhanced perfusion MRI and dynamic susceptibility contrast 
perfusion MRI that could most efficiently discriminate between glioma 
grades II and III in a preoperative situation when tumour cell type is un-
known. The area under the curve in receiver operating characteristic curve 
analyses that compared glioma grades II and III was highest for the skew-
ness of the histogram parameter of the transfer constant (dynamic contrast-
enhanced perfusion MRI) (area under the curve = 0.76) and the standard 
deviation of cerebral blood flow (dynamic susceptibility contrast perfusion 
MRI) (area under the curve = 0.80). 

Our results add new information to the few previously published reports 
in this field. Cha et al. 2006 showed that the transfer constant from MRI 
perfusion was superior to cerebral blood volume for predicting malignancy 
grade in a cohort of 20 gliomas grades I–IV (159). Compared to the work by 
Cha et al. 2006, we analysed a larger group of gliomas grades II and III (25 
patients compared to 9). 

Earlier MRI perfusion studies have used a small region of interest ap-
proach, analysing only a fraction of the whole tumour (73, 134, 144, 154). 
We propose that a whole tumour analysis as used in this study better reflects 
the visual evaluation performed by the neuroradiologist and increases the 
inter-individual reproducibility in clinical practice, where the complete tu-
mour area is assessed. Whole tumour analysis also evades the problematic 
interpretation of small areas of suspected aberrant perfusion that can be 
cumbersome to detect in perfusion MRI because of low spatial resolution, 
artefacts and partial volume effects. Such areas are especially difficult to 
assess correctly in low-grade gliomas with predominantly low perfusion. 
Whole tumour analysis therefore limits the inter-individual variations from 
interpretation and is probably a method that is easier to standardise and au-
tomatise.  

None of our data concerning highest area under the curve were mean or 
median values, and therefore a histogram analysis of perfusion data allows 
for a deeper analysis of the perfusion distribution in the tumour that exceeds 
that of mean values (160). For example, the skewness of the histogram tells 
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us how a data set is distributed to either the right or left when it deviates  
from a normal probability distribution. The kurtosis of the data tells us how 
the data deviates from a normal probability distribution with regard to sym-
metry of the curve (161).  

Apart from the limited number of included patients, possible limitations 
in the present study are the risk of classification errors in the histopathologi-
cal diagnose of tumour samples derived from biopsies (162), and the risk of 
partial volume effect influencing the data retained from the regions of inter-
est (163). The sample size in this study does not permit us to draw any firm 
conclusions about those perfusion parameters that were unable to separate 
between glioma grades II and III. These parameters could still be valuable to 
investigate in a larger cohort. Since the dynamic contrast-enhanced perfusion 
MRI sequence included four slices over the central part of the tumour, the 
peripheral zones were incompletely covered in 18 out of 25 patients, possi-
bly explaining why the result of the area under the curve analysis for the 
dynamic contrast-enhanced perfusion MRI was slightly lower (0.76) than for 
the dynamic susceptibility contrast perfusion MRI (0.80). The temporal reso-
lution for dynamic contrast-enhanced perfusion MRI was set to not over- or 
underestimate the perfusion parameters and hence only four slices could be 
retained. An absolute quantification of perfusion parameters was prioritised 
with regard to whole brain coverage, and for this reason the images were 
positioned to cover as much of the tumours as possible (164). A limitation to 
the dynamic contrast-enhanced perfusion MRI method as applied in this 
study would thus be the risk of excluding glioma areas of importance for 
diagnosis. To be able to assess dynamic contrast-enhanced perfusion MRI 
and dynamic susceptibility contrast perfusion MRI without compromising 
either of the perfusion methods, we chose to include the four tumour slices 
in dynamic contrast-enhanced perfusion MRI and all available tumour data 
on dynamic susceptibility contrast perfusion MRI.  

In summary, the results of this study yield further insight into pre-
operative tumour evaluation through histogram analysis of perfusion param-
eters from dynamic contrast-enhanced perfusion MRI and dynamic suscepti-
bility contrast perfusion MRI, and present parameters that potentially can be 
used for the grading of suspected low-grade gliomas. 

Paper III 
We performed preoperative diffusion kurtosis imaging in a prospective co-
hort of patients with suspected low-grade gliomas that comprised astrocyto-
mas and oligodendrogliomas grades II and III. The aim of this paper was to 
investigate whether mean diffusivity, fractional anisotropy and mean kurto-
sis could differentiate between the histological subtypes and malignancy 
grades. A secondary objective was to compare these parameters in the glio-
ma perilesional area to those in the contralateral normal-appearing white 
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matter. We found that mean fractional anisotropy in tumour regions of inter-
est was significantly higher in astrocytomas than in oligodendrogliomas. In 
the perilesional normal-appearing white matter, all three diffusion parame-
ters were significantly different from those in the contralateral normal ap-
pearing white matter. 

Astrocytomas and oligodendrogliomas:  
The mean fractional anisotropy in astrocytomas was higher than in oli-
godendrogliomas, which may be attributed to a higher proportion of pre-
served fibre tracts within the tumour area of astrocytomas compared to oli-
godendrogliomas (165). This may be explained by the different microscopic 
appearance of these two tumour subtypes, with oligodendrogliomas being 
more cell dense than their counterpart – astrocytomas. This finding needs to 
be confirmed in larger cohorts using the same methodology. We propose that 
fractional anisotropy may be useful in the pre-operative assessment of sus-
pected low-grade glioma. Patients with astrocytic or oligodendrocytic tu-
mours have different outcomes, and preoperative assessment of fractional 
anisotropy can be helpful in the clinical management of these tumours (53, 
165, 166). 

Earlier studies have evaluated the use of diffusion imaging in glioma sub-
type assessment. In 2007, Tozer and colleagues differentiated glioma sub-
types in a cohort of 27 gliomas grade II by mean diffusivity histogram analy-
sis (167). They performed the MRI post-biopsy, and mean diffusivity could 
not alone separate the different subtypes. In 2009 Bian and colleagues as-
sessed 56 gliomas grade II by applying mean diffusivity histogram analysis 
in non-enhancing tumour regions and found significant differences between 
oligodendrogliomas and astrocytomas (168). In 2002, Lam and colleagues 
studied 17 glioma patients and reported no difference in mean diffusivity 
between oligodendrogliomas and non-oligodendrogliomas on comparing 
groups of non-enhancing and enhancing gliomas using small regions of in-
terest in the analysis (169). In contrast to these earlier studies, we analysed 
the whole tumour area seen as high signal intensity on T2 FLAIR and uti-
lised a strategy for region of interest delineation that can easily be repeated 
or automatized. There may be a risk of misclassification if small, and per-
haps not representative, portions of the tumour are included in the region of 
interest analysis. In addition, analysing small regions of interest may result 
in large inter-observer variations. 

Glioma grades II and III:  
Mean diffusivity, fractional anisotropy, or mean kurtosis in tumour and per-
ilesional regions of interest did not differentiate between gliomas grade II 
and gliomas grade III. This is in agreement with the results from Raab and 
colleagues, who found no difference in fraction anisotropy between astrocy-
tomas grades II and III (170). However, they reported different average 
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mean kurtosis between glioma grades II and III, a finding that was not con-
firmed in our study. Our mixed glioma population may explain this discrep-
ancy, while Raab and colleagues included only astrocytomas. In addition, the 
authors placed regions of interest in tumour areas with low T2-signal intensi-
ty, whereas we included larger areas with high signal intensity on T2 
FLAIR. Our methodology strives to assess the major diffusional properties 
of gliomas and minimise the risk of selection bias that may be introduced 
when small regions of interest are selected. In addition, we analysed a pro-
spectively included patient population of suspected low-grade gliomas that 
consisted of both astrocytomas and oligodendrogliomas. 

Our results are in line with the report by Murakami et al. in 2009, who did 
not find significant differences in mean diffusivity between astrocytomas 
grades II and III (150). Also, Van Cauter et al. 2012 failed to detect signifi-
cant differences in non-normalised fractional anisotropy and mean diffusivi-
ty between high-grade and low-grade gliomas.  Van Cauter et al. also in-
cluded gliomas grade IV in their analysis, in contrast to our study, but still 
their observations are in line with our results, namely that low-grade and 
high-grade gliomas can show similar diffusional properties (171). They 
showed, however, significantly different mean kurtosis in solid parts of low-
grade gliomas compared with high-grade gliomas. Since only two of the 17 
gliomas included in their sample were grade III, they mainly compared gli-
oma grade II with glioblastomas, whereas our study described the differ-
ences between grade II and grade III gliomas, which more closely reflects 
the true challenge in the clinical setting.  

In contrast to our results, Goebell and colleagues were able to differenti-
ate between gliomas grade II and grade III by measuring median fractional 
anisotropy values in the tumour periphery (172). One reason for the conflict-
ing results may be that they analysed a small part of the tumour periphery by 
placing a region of interest of 120–180 voxels, while we consistently ana-
lysed the outer half of the tumours. Our results showing that mean diffusivi-
ty, fractional anisotropy and mean kurtosis were unable to separate between 
glioma grades II and III reflect the difficulty of reliable preoperative grading 
of these tumours by diffusion MRI. 

Perilesional and normal appearing white matter:  
Mean diffusivity, fractional anisotropy and mean kurtosis in perilesional 
normal appearing white matter differed significantly from mean diffusivity, 
fractional anisotropy and mean kurtosis in contralateral normal appearing 
white matter. These findings outside the increased T2 FLAIR signal may 
represent microscopic tumour infiltration, a notion that is supported by earli-
er MRI histology studies (173, 174). Increased knowledge about the true 
tumour extent is important for the planning of both surgery and radiation 
therapy (174). 
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The main limitation of our study is the small sample size, and the results 
presented here are to be interpreted with caution and need confirmation in 
larger studies. In addition, the regions of interest were delineated manually, 
which possibly introduced a bias. However, the placement of regions of in-
terest was chosen so that the method could easily be standardised between 
subjects. Also, the regions of interest were all re-assessed by a specialist in 
neuroradiology with extensive clinical experience. 

In summary, we investigated the diffusional properties in a prospectively 
gathered cohort of suspected low-grade gliomas through the use of diffusion 
kurtosis imaging. We assessed the potential for preoperative glioma classifi-
cation of histological subtypes and grades of gliomas. Differences in diffu-
sional properties were found between astrocytic and oligodendroglial tu-
mours and between perilesional normal appearing white matter compared to 
contralateral normal appearing white matter. 

Paper IV 
Gliomas are tumours known for their infiltrative growth pattern in white 
matter tracts (175). We systematically evaluated major associative, projec-
tion and commissural bundles and compared quantitative analysis of tract 
segments with visual tract evaluation and neuropathological diagnosis in 
patients with suspected low-grade gliomas. Our hypothesis was that objec-
tive systematic quantitative analysis of diffusion parameters in tract seg-
ments can replace subjective visual evaluation to confirm tract involvement 
caused by low-grade gliomas. We also performed an exploratory analysis of 
quantitative diffusional changes in ipsilateral tract segments compared with 
corresponding contralateral tract segments in all patients. We studied seg-
ments of tract in order to better detect local tract segment infiltration. 

Previous studies have dealt with the usefulness of tractography for pre-
operative assessment of glioma infiltration in tracts with regard to surgical 
planning (60, 176). Retrospective evaluation of gliomas has shown longer 
survival in patients with non-infiltrative gliomas (177, 178). In our study, 
radiological suspicion of glioma infiltration on visual evaluation was con-
firmed by significantly reduced relative fractional anisotropy in 89% (16/18) 
of the evaluated tract segments. In general, relative fractional anisotropy and 
relative mean diffusivity in tract segments showed a poor association with 
glioma grade and type. Gliomas grades II and III had an equal distribution of 
visual tract segment infiltration, highlighting the intrinsic propensity for 
infiltrative growth in these tumours. Our findings of equal propensity for 
infiltrative growth in tract segments between grade II and grade III gliomas 
may be affected by our inclusion of suspected low-grade gliomas in the 
study. Gliomas classified as grade III might have only small areas of higher-
grade appearance in a mainly grade II tumour. Dislocated tracts had mainly 
no alterations of relative fractional anisotropy or mean diffusivity (94%). 



 55 

In consistency with earlier reports on glioma infiltration and dislocation 
of tracts, several patients had both infiltration of some tracts and dislocation 
of others (177). Why gliomas infiltrate some tracts and dislocate others has 
still to be elucidated. The vulnerability of specific white matter tracts, tu-
mour location, neuropathological glioma characteristics, progressive disease 
or tumour volume could all play a part in the processes that influence glio-
mas growth. 

Earlier reports have shown that   asymmetries exist between hemispheres 
(130, 131). In consistency with earlier reports, we found tract segment 
asymmetry between hemispheres. Relative fractional anisotropy differed 
between groups of tumours located in the left compared to the right hemi-
sphere in 18% of the segments (7/18) (Supplementary Table 2). This is an 
interesting finding, but it also contributes to the heterogeneity of DTI results 
related to tumour evaluation.  

Reduced fractional anisotropy in tumour-infiltrated white matter regions 
is the most studied finding related to DTI tumour evaluation. Findings from 
our exploratory analysis between ipsilateral tract segments and contralateral 
tract segments showed reduced fractional anisotropy in 44% of investigated 
tract segments, indicating glioma growth (179).  

The strengths of this study are attributed to the extensive analysis of 19 
segments in nine white matter pathways in a prospectively gathered cohort 
of patients with suspected low-grade gliomas. Segment-wise tractography 
rather than averaging across a whole tract increases the regional specificity 
of the results. All patients included in the analysis had a confirmed neuropa-
thological diagnosis of astrocytoma or oligodendroglioma grade II or grade 
III, which were independently re-evaluated for the purpose of this study.  

Preoperative knowledge about suspected tumour tract infiltration and tu-
mour tract dislocation can aid pre-operative surgical planning, and therefore 
there is a need for an extended pre-operative evaluation that also includes a 
neurophysiological assessment. It might also be a help when informing the 
patient about the expected neurological outcome after surgery, which may 
depend on the extent of tract involvement. 

Based on our findings, future studies evaluating quantitative measurement 
of multiple tract segments may provide new important information about the 
extent of glioma infiltration. Future applications of this method might also 
give insight into tract segment infiltration related to different histological 
subtypes of gliomas. 

We acknowledge four major limitations of the present study. First, the 
limited number of patients included in this study is a disadvantage in a study 
of heterogeneous tumours with different locations in the brain. Small differ-
ences in subgroups can be missed, and our findings need to be interpreted 
with care and need confirmation in larger cohorts (180). From a clinical 
point of view, the patient cohort represents the majority of patients referred 
to one clinical centre over the course of several years and is thus presumed 
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to be representative of the clinical situation at our hospital with about 
2,000,000 residents in its catchment area. The relatively low incidence of 
low-grade gliomas in the population highlights the need for more multi-
centre glioma studies. Second, infiltrated tracts were visually classified 
based on T2 FLAIR and fractional anisotropy colour maps; however, this 
study lacks neuropathological verifications of these findings. To evaluate the 
visual assessment of tract segments infiltration, we compared the results 
from visual analysis with quantitative data from tract segments. In support of 
our findings regarding lower relative mean fractional anisotropy in infiltrated 
tract segments, Stadlbaur et al. 2007 showed an association between lower 
fractional anisotropy values and increasing tumour cell numbers (181).  
Third, the inconsistency of diffusion changes between ipsilateral and contra-
lateral hemispheres depending on tumour location in the right or left hemi-
sphere hampers the biological interpretation. Since tumour growth in white 
matter tracts has been shown to be associated with reduced fractional anisot-
ropy and possibly with increased mean diffusivity, the interpretation of dif-
fusional changes inconsistent with these earlier results must be made with 
care. The fractional anisotropy is affected by both white matter integrity and 
orientation dispersion, and methods to separate the two have been devised 
recently but require high b-value data (182) The fourth limitation concerns 
the tractography methods. A weakness of the diffusion tensor tractography 
technique is the difficulty of successful tractography in regions with crossing 
fibres (183, 184). We strove to minimise this influence by avoiding tracts 
and segments with known difficulties when deterministic tractography was 
used. In the segmentation of the tracts, we balanced segment length and trac-
tography quality, and thus, a majority of investigated tracts (7/9) comprised 
two segments.  This limited the possibility to study variation in fractional 
anisotropy and mean diffusivity along tracts and at different distances from 
the tumour.  

Methodological considerations and constraints 
Sample size 
This thesis evaluates a cohort of prospectively included patients with sus-
pected low-grade gliomas. These tumours are not as frequently occurring as 
high-grade gliomas, grade IV, and thus a consecutive cohort of a maximum 
48 patients was included through the years 2010–2014 from one referral 
centre with an uptake population of approximately 2,000,000.  

A sample size of 48 individuals with suspected low-grade gliomas and 
separate neuropathological diagnoses limits the possibility to discriminate 
between different neuropathological subgroups with small or overlapping 
differences in imaging findings. From a clinical point of view, such small or 
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overlapping imaging findings do not play a large role, since the chances of a 
correct discrimination at the individual level would be low. Thus the thesis 
sample size could be sufficient to identify imaging findings that would clear-
ly differentiate between tumours with different neuropathological criteria in 
a clinical setting, but would be too low to find small or overlapping differ-
ences between such tumour groups. 

A way of overcoming this constraint might have been to perform a multi-
centre study in, for example, Sweden or the Nordic countries. Another way 
could be to perform a retrospective analysis of available data in one referral 
centre, including all patients with gliomas grade II and grade III. 

Comparing against a gold standard 
Neuropathological evaluation of tissue specimen is the current gold standard 
for gliomas (4). Neuropathological evaluation of suspected low-grade glio-
mas is known for its difficulties in correctly classifying these tumours (4, 34, 
185). Insecurity is thus embedded in studies comparing a diagnostic test 
against a gold standard with known inter-observer variability (10, 186, 187). 
Further, a risk of sampling error exists when diagnostic specimens are de-
rived from biopsies. A possible way to overcome these difficulties would be 
to perform an exploratory data analysis of clustering based on imaging, in-
stead of classifying imaging findings against the already defined gold stand-
ard. 

Role of funding 
This thesis is funded by grants from the Swedish Cancer society and Uppsala 
County Council. No industry sponsors. No conflicts of interest exist.  

Risk of biases 
Selection bias 
Gliomas in this cohort were suspected low-grade gliomas. Gliomas can con-
sist mainly of low-grade areas with focal lesions of higher grade. Thus the 
included patients with grade III tumours might be different from other co-
horts of grade III gliomas. This might limit the generalizability of our results 
regarding the patients with grade III gliomas. It might also be an explanation 
for the similarities between grade II and grade III gliomas on physiological 
MRI and PET that we observed in the studies. 
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Conclusions and clinical implications 

Overall conclusions paper I–IV 
11C-methionine PET hot spot regions in suspected low-grade gliomas corre-
spond spatially to regions of maximum relative cerebral blood volume. In 
perfusion MRI, the skewness of the transfer constant (dynamic contrast-
enhanced perfusion MRI) and the standard deviation of relative cerebral 
blood flow (dynamic susceptibility contrast perfusion MRI) can most effi-
ciently discriminate between glioma grades II and III. In diffusion MRI, the 
tumour fractional anisotropy differs between suspected low-grade gliomas of 
different neuropathological types, and tract segment infiltration can be quan-
titatively measured with diffusion tensor tractography. 

Specific conclusions papers I–IV 
Paper I 
Hot spot regions on 11C-methionine PET corresponded with maximum tu-
mour perfusion and mainly with low diffusion in non- or minimally enhanc-
ing gliomas. 11C-methionine PET facilitated the detection of representative 
tumour regions with perfusion abnormalities prior to surgery, and combined 
perfusion MRI/PET may prove useful as a baseline investigation for the 
long-term follow-up of low-grade gliomas. 
Paper II 
In perfusion MRI with dynamic contrast-enhanced and dynamic susceptibil-
ity contrast technique, the skewness of the transfer constant (dynamic con-
trast-enhanced perfusion MRI) and the standard deviation of relative cerebral 
blood flow (dynamic susceptibility contrast perfusion MRI) could most effi-
ciently discriminate between grade II and grade III gliomas. 
Paper III 
Fractional anisotropy in gliomas differs between astrocytic and oligoden-
droglial subtypes of tumours but not between grade II and grade III tumours. 
Diffusion parameters are altered in the perilesional normal appearing white 
matter, which may represent microscopic tumour infiltration. 
Paper IV 
Our results indicate that objective quantitative analysis of tract segments can 
replace visual evaluation of preoperative tractography.   



 59 

Future perspectives 

General aspects 
Continued work with the cohort of low-grade gliomas at Uppsala Akad-
emiska University Hospital is planned. Future studies will concern the eval-
uation of clinical symptoms and their relation to diffusion-MRI in patients 
with low-grade gliomas.  

Further, a review board approved, retrospective study of patients investi-
gated with 11C-methionine PET and perfusion MRI at Karolinska University 
Hospital is currently being undertaken. 

Meta-analyses of imaging techniques applied in this thesis are planned, 
and a prospective study with the Neuroradiological and the Neurophysiolog-
ical Departments at Karolinska University Hospital is under evaluation.  

Specific works 

Thesis papers  
Paper III 
Neuropathological diagnoses are re-assessed according to the new neuropa-
thological guidelines. The cohort is expanded and diffusion data recalculat-
ed. Axial and radial kurtosis have been added to the analysis and a histogram 
analysis is undertaken. On-going 

Retrospective studies 
11C-methionine PET and MRI in gliomas 
Retrospective observational study with institutional review board approval. 
Analysis of 11C-methionine PET and MRI imaging findings in patients with 
brain tumours from a cohort at Karolinska University Hospital. On-going 

Prospective studies 
Preoperative diffusion tensor tractography and intraoperative neuro-
physiological monitoring in glioma surgery 
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Pre- and intraoperative neurophysiological examination of hand motor func-
tion combined with preoperative diffusion tensor tractography in patients 
with gliomas in eloquent areas. Evaluation of motor function and extent of 
resection. 

Meta-analyses 
Physiological MRI and 11C-methionine PET in gliomas – a meta-analysis 
Systematic review and meta-analysis of published studies concerning physi-
ological MRI and 11C-methionine PET in gliomas. The study is planned to 
include peer-reviewed English articles published on-line up until 2015.  
 
Improved clinical outcome 3 months after endovascular treatment in-
cluding thrombectomy, in patients with acute ischemic stroke – A meta-
analysis 
Falk-Delgado, A.* Kuntze Söderqvist Å. Fransén, J. Falk-Delgado, A.* 
Journal of Neurointerventional Surgery, 2015, doi:10.1136/neurointsurg-
2015-011835 
 
Endovascular coiling and surgical clipping of cerebral aneurysms – a 
meta-analysis 
Falk-Delgado, A. Falk Delgado A. 
Submitted 
 
Long-term follow up of neurointerventional treatment in acute ischemic 
stroke 
A meta-analysis of randomized controlled trials comparing endovascular 
treatment and intravenous thrombolysis with intravenous thrombolysis 
alone. 
 
A Short Report on Ruptured Carotid-Ophthalmic Aneurysm Treatment 
comparing Endovascular Coiling and Surgical Clipping: A Meta-
Analysis of Observational Studies 
Falk Delgado A. Falk Delgado A. 
Manuscript 
 
Orbital fractures 
Meta-analysis evaluating surgical management of orbital fractures. Collabo-
ration with the plastic and reconstructive surgical department of Akademiska 
Hospital, Uppsala, Sweden.  
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