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Humane Glioblastomer: Histopatologi, Tumorvekst og MGMT Status 

Studier på glioblastomers naturlige biologi med fokus på vekstmekanismer og MGMT status 

Glioblastomer er den vanligste og mest aggressive typen hjernesvulst som oppstår i hjernen hos 

voksne. Glioblastomene har en meget aggressiv og kompleks biologi, som medfører en dårlig 

prognose på omtrent 10 måneder etter diagnose. Svulstcellene infiltrerer også hjernevevet diffust, 

som gjør det umulig å fjerne hele svulsten under operasjon. Sammen med den aggressive biologien 

bidrar dette til at så godt som alle får tilbakefall etter behandling. Til tross for omfattende forskning 

har hverken overlevelsen eller standardbehandlingen endret seg i noen særlig grad de siste 15 årene. 

Likevel er det et håp om at bedre innsikt i tumorbiologien kan føre til bedre håndtering av 

pasientene gjennom identifisering av biologiske trekk som kan si noe om prognose, effekt av 

behandling, eller hva som kan være mulige angrepsmål for målrettet kreftbehandling.  

I denne doktorgradsavhandlingen har det overordnede målet vært å få bedre innsikt i den 

naturlige tumorbiologien i glioblastomer. Den naturlige biologien vil si at biologien er upåvirket 

av behandling. Dette har vi forsket på ved å undersøke biologiske mekanismer i vevspreparater og 

på MR-bilder som var tatt før pasientene fikk stråle- og/eller cellegiftbehandling. I alle de tre 

studiene i denne doktorgraden undersøkte vi en gruppe på 106 glioblastompasienter. Disse 

pasientene var valgt ut basert på om tumorveksthastigheten kunne beregnes utfra målinger av 

tumorvolum fra to MR bilder tatt før operasjon og tidsintervallet mellom dem. 

I Studie I og II var målet å se om det var sammenhenger mellom mikroskopiske 

vevsstrukturer sett i vevsprøver (histopatologiske trekk) og tumorveksthastighet beregnet fra MR 

bildene. Glioblastomene ble delt inn i to grupper basert på veksthastigheten: de som vokste raskere 

enn forventet og de som vokste saktere enn forventet. I Studie I undersøkte vi om tilstedeværelse 

av 27 ulike biologiske vevsstrukturer kunne si noe om veksthastighet, mens i Studie II så vi på om 

tetthet av kar i vevspreparatene hadde noen sammenheng med veksten. I begge studiene fant vi at 

tumorer med høy celletetthet og tumorer med blodpropper i tumorkar hadde en høyere 

sannsynlighet for å vokse raskere. Funnene våre tyder på at blodpropper i tumorkar kan utløse en 

mer aggressiv tumorbiologi ved at det blir et lavere oksygennivå i tumorvevet. I Studie II fant vi at 

kartetthet ikke var relatert til veksthastighet, som tyder på tumorvekst ikke nødvendigvis er 

avhengig av økt nydannelse av kar (angiogenese).  
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I Studie III endret vi fokus til MGMT status, eller MGMT promoter metylerings status, som 

er en viktig genetisk markør som sier noe om hvor effektiv cellegiftbehandling vil være hos 

glioblastompasienter. MGMT (O6-metylguanin-DNA metyltransferase) er et enzym som opphever 

effekten av cellegift når det er til stede i vevet (umetylert), mens når genet for MGMT er metylert, 

hindres dannelsen av enzymet og cellegift har bedre effekt. Målet i Studie III var å se om den 

naturlige biologien var forskjellig mellom MGMT metylerte og MGMT umetylerte glioblastomer. 

De biologiske trekkene vi undersøkte var 24 ulike mikroskopiske vevsstrukturer, 4 strukturer på 

MR-bilder og tumorveksthastigheten. Vi fant ingen forskjeller i fordelingen av disse trekkene 

mellom de MGMT metylerte og de MGMT umetylerte glioblastomerne. Funnene våre tyder på at 

den økte overlevelsen hos MGMT metylerte pasienter ikke kan forklares av en mindre aggressiv 

tumorbiologi. Videre tilsier funnene at det ikke er ulikheter i biologien annet enn MGMT status 

som forklarer den ulike responsen på cellegift. Disse funnene tyder også på at man ikke kan bruke 

utseendet på MR-bilder tatt før operasjon til å forutsi MGMT status.  

 Samlet sett har studiene i denne doktorgraden bidratt til økt innsikt i den naturlige 

tumorbiologien i glioblastomer hos pasienter. Likevel, så må funnene bekreftes i fremtidige studier 

før vi kan trekke endelige konklusjoner.  
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4 Summary 

Glioblastomas are the commonest and most malignant of the primary brain tumors found in adults. 

They are highly aggressive tumors with a dismal prognosis of only 10-14 months. Virtually all 

tumors recur, which is due to the diffuse infiltration of tumor cells and the extensively heterogenous 

biology. Despite extensive research, the patient outcomes have not been significantly improved, 

and the standard treatment has not been altered the past 15 years. The hope is that an increased 

understanding of tumor biology could lead to better patient outcomes through the identification of 

biological markers that associate with different risks or responses to therapies. Insights into the 

natural biology (i.e. unaffected by therapies) of human glioblastomas could potentially lead to the 

discovery of new biomarkers that are important for tumor aggressiveness and could be potential 

targets of therapies. When studying the natural tumor biology instead of links to overall survival, 

we avoid the confounding effects of clinical features that affect survival but not tumor biology. 

 The general aim of this thesis was to increase the understanding of the natural tumor biology 

of human glioblastomas. This was investigated by exploring if phenotypical biological features 

seen in glioblastoma tissue samples or at magnetic resonance imaging (MRI) scans were associated 

with radiological speed of tumor growth or with O6-methylguanine-DNA-transferase (MGMT) 

promoter methylation status. MGMT status is an important predictive marker of response to 

chemotherapy in glioblastomas. The tissue samples and the MRI scans were retrieved before 

radiochemotherapy treatment, which enabled investigations of inherent biology of human 

glioblastomas. 

 All the papers in this thesis were based on a selected population of 106 glioblastoma 

patients, where all had at least two preoperative MRI scans taken with at least 14 days apart in 

order to estimate radiological speed of tumor growth. Tumor growth was estimated from segmented 

tumor volumes on the two MRI scans and the time interval between them. Patients were 

dichotomized as having either ‘fast-growing’ or ‘slow-growing’ tumors, based on if the tumor had 

a larger or smaller volume increase than expected from a fitted Gompertzian growth curve. The 

fitted growth curve was calculated based on the volume data from all the included tumors. The 

second MRI scans were also assessed for several morphological characteristics. Tissue sections 

were microscopically assessed for 27 histopathological features and immunohistochemical 
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quantifications of the degree of angiogenesis quantified as microvessel densities (MVDs) using 

two endothelial markers (vWF and CD105). The proliferative index (PI) of Ki-67/MIB-1 was also 

quantified. In addition, the tissue was assessed for MGMT status using methylation-specific PCR.  

In Paper I and II, we investigated biological mechanisms behind preoperative tumor growth. 

We assessed possible associations between radiological tumor growth and 27 histological features 

(Paper I) and immunohistochemical MVDs (Paper II). The results showed that high cellular density 

and thromboses were significant independent predictors of faster tumor growth in both papers. 

Mitotic count and CD105-MVD were significant in the univariable analyses in Paper I and II, 

respectively, but neither were significant in the multivariable models. Our results suggest high 

cellular density might be a better measure of high proliferative activity than mitotic counts. Our 

findings are also in line with hypotheses describing thrombosis as an important inductor of hypoxia, 

which triggers more aggressive tumor biology. Also, the degree of angiogenesis was inadequate as 

a marker of faster tumor growth, which suggests angiogenesis-independent mechanisms, most 

likely facilitated by hypoxia, contribute to faster glioblastoma growth. 

In Paper III, we explored if MGMT status was associated with pretreatment tumor biology. 

In 85 isocitrate dehydrogenase (IDH) wildtype glioblastomas, MGMT status was assessed for 

associations with 22 histopathological features, CD105-MVD, Ki-67/MIB-1 PI, MRI 

characteristics, and radiological tumor growth. None of the above features were significantly 

associated with MGMT status, which suggests that the survival benefit of MGMT methylated 

glioblastomas is not due to an inherently less aggressive tumor biology. This further suggests 

methylated MGMT status is not in part a prognostic factor but merely a predictive marker. The 

results also indicate that the increased response to chemotherapy in MGMT methylated 

glioblastomas is not due to pretreatment differences in phenotypical tumor biology. The lack of 

pretreatment biological differences between MGMT methylated and unmethylated tumors, further 

suggests that MGMT status cannot be non-invasively predicted from MRI scans.  

The findings of our papers have increased the knowledge of the natural tumor biology of 

glioblastomas. However, the studies were explorative, and the findings need to be validated in 

future studies before firm conclusions can be drawn.
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5 Introduction 

5.1 Glioblastoma 

5.1.1 Classification 

Glioblastomas are the most aggressive and most common of the primary malignant brain tumors 

found in adults (1). The tumor cells of glioblastomas diffusely infiltrate the surrounding brain tissue 

(Figure 1), which makes complete surgical resection impossible. They are classified according to 

the World Health Organization’s (WHO) Classification of Tumors of the Central Nervous System 

(2), based on histopathological and molecular examinations of surgically excised tumor material. 

Histopathologically, glioblastomas are classified as diffusely infiltrating astrocytic gliomas 

(i.e. astrocytomas) WHO grade IV, which is the highest malignancy grade (2). The tumor cells of 

diffuse gliomas resemble glial cells (i.e. the supporting cells of the neurons). In glioblastomas, the 

tumor cells are predominantly of astrocytic differentiation (2), and the cell of origin is thought to 

be a neuroglial stem cell or progenitor cell (3, 4). Diffuse astrocytic tumors are graded based on 

the presence of the histopathological features nuclear atypia, high cellularity, high mitotic activity, 

necrosis, and microvascular proliferation (2). The presence of either necrosis or microvascular 

proliferation is mandatory for the grade IV (2) (Figure 1). The grading features portray biological 

mechanisms of aggressiveness, as they have been shown to associate with prognosis in diffuse 

astrocytic tumors (2). Glioblastomas are among the most histopathologically heterogenous tumors 

in humans (2), which reflects the extensive molecular heterogeneity of these tumors (5, 6).  

In the most recent 2016 WHO Classification, glioblastomas are diagnostically stratified into 

isocitrate dehydrogenase (IDH) mutant (mt) and IDH wildtype (wt) glioblastomas (2). IDH wt 

status is more commonly found in de novo glioblastomas (previously known as primary 

glioblastomas) (7-9), which typically originates in older patients (7, 8). On the other hand, IDH mt 

glioblastomas clinicopathologically correspond to tumors that have evolved from lower-grade 

diffuse astrocytomas (WHO grade II) or anaplastic astrocytomas (WHO grade III) (previously 

known as secondary glioblastomas) (9), which are more common in younger patients (8). Another 

important molecular marker is O6-methylguanine DNA methyltransferase (MGMT) promoter 

methylation status, because methylated MGMT status is a predictive marker of increased sensitivity 

to temozolomide – the chemotherapy of choice in glioblastomas (10-15).  
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Figure 1. Glioblastoma histopathology, hallmark features, HE stain at x50 magnification. The diffuse 
infiltration of tumor cells is illustrated by the gradual decrease in cellular density from the lower left to the 
upper right corner. A Micronecrosis with surrounding palisades (i.e. aggregated cells at the edge of the 
necroses, forming serpiginous structures). B Microvascular proliferation. Arrows indicate microvascular 
proliferation in the infiltration zone, where tumor cells are diffusely dispersed within normal brain tissue. 
Photo: Vilde E. Mikkelsen. 

 

5.1.2 Epidemiology 

Glioblastomas account for 14.6% of the primary brain tumors, which is the third most common 

tumor type (1). However, they are the commonest of the primary malignant brain tumors (48.3%) 

(1). Approximately 12% of all glioblastomas are IDH mt (16).  

Glioblastomas have the highest incidence rate of the primary malignant brain tumors (3.22 

per 100 000 population). The incidence increases with age and the median age at diagnosis is 65 

years (1). It is less common in children, where it accounts for only 3.0% of the primary brain tumors 

(1). Moreover, it is slightly more common in males (1.58 times) and in whites compared to blacks 

(1.95 times) (1). The Cancer Registry of Norway reports around 200 new cases of glioblastoma 

each year (17, 18). 
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The prognosis is dismal, and only 6.8% of glioblastoma patients are alive 5 years after 

diagnosis (1). The median overall survival is 10.1 months for unselected patients in Norway and 

may be increased to 14-16 months for patients undergoing standard treatment of surgical resection 

and radiochemotherapy (18, 19).  

5.1.3 Clinical presentation 

As glioblastomas grow rapid preoperatively (20, 21), symptoms may develop during weeks or 

months (17). In some cases, symptoms can present more abruptly and may be confused with strokes 

(22). Symptoms can be cognitive difficulties, personality changes, and focal neurological deficits, 

such as aphasia, hemiparesis, and visual field defects, depending on the location of the tumor (22). 

Also, 50% of patients have headaches at diagnosis and 20-40% have seizures as the presenting 

manifestation (22).  

5.1.4 Treatment 

To date, there are no curable treatment, and the standard treatment protocol has not been altered 

the past 15 years (3). Virtually all tumors recur, and the median time to recurrence is 7 months (3, 

19). The standard treatment is maximum safe resection and adjuvant concomitant radiation and 

chemotherapy (i.e. the Stupp protocol) (19, 22, 23). Surgery relieves mass effect, leads to 

cytoreduction, and is necessary for adequate diagnosis (2, 22). During surgery, a preliminary 

pathological diagnosis is often performed on frozen sections to guide surgical decision-making 

(17). The aim of the surgery is to achieve gross total resection (GTR), which is defined as removal 

of the contrast-enhancing compartment of the tumor on magnetic resonance imaging (MRI) scans 

(Figure 2A, page 5) (3, 24). Also, a smaller volume of the residual contrast-enhancing mass after 

surgery has been shown to associate with improved survival (25). However, the extent of resection 

must be balanced against preservation of neurologic functions (i.e. maximum safe resection) (3, 

26), as acquired deficits due to surgery are negatively associated with survival (27, 28). In patients 

with tumors in eloquent brain areas and/or poor clinical conditions, biopsies are often preferred (3, 

17, 23).  

Because there will always be left infiltrating tumor cells after surgical resection (29-31), 

patients with glioblastomas are treated with aggressive adjuvant treatment. Patients receive 

radiotherapy at a total dose of 60 gray (Gy) fractioned into 30 treatments of 2 Gy (3, 17, 22, 23). 

Concomitantly and following radiotherapy, the patients are given temozolomide, a DNA alkylating 

cytostatic agent (22, 23). The addition of temozolomide has been shown to increase survival with 
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a few months and increase long term survival when compared to radiotherapy alone (19). As 

MGMT promoter methylation predicts an increased response to temozolomide (10, 11), 

temozolomide treatment can be withheld in selected MGMT unmethylated patients with a higher 

risk of toxicity, such as in elderly patients (3, 32). Hence, although MGMT status is not used to 

guide treatment decisions in younger patients, it can be used for clinical decision making in elderly 

patients (23). Interestingly, the antiangiogenic agent bevacizumab (anti-vascular endothelial 

growth factor A (VEGFA)) was initially regarded as a promising targeted therapy in glioblastomas, 

as studies found a prolongation of the progression-free survival (33, 34). However, subsequent 

randomized controlled trials (RCTs) showed no effect on overall survival (35-37). Moreover, 

symptomatic treatment with corticosteroids is recommended in patients with symptoms due to 

peritumoral edema, and antiepileptic agents are given to patients with seizures (3, 22). 

5.1.5 Magnetic resonance imaging 

In patients with suspected brain tumors, the diagnostic modality of choice is T1-weighted MRI 

with contrast (3, 38). In addition, T2-weighted, Fluid-attenuated inversion recovery (FLAIR), and 

diffusion weighted imaging (DWI) sequences are recommended as parts of the standard protocol 

during the diagnostic investigation (39). The radiological diagnosis of glioblastoma can often be 

achieved with confidence when combined with clinical history (3). MRI has also an essential role 

in response assessments and the follow-up of glioblastoma patients (38, 40, 41). 

The morphology on the MRI scans reflect biological properties of the tumors. In 

glioblastomas, the morphology can be quite variable, but the typical look on postcontrast T1-

weighted scans is a contrast-enhancing rim surrounding a hypointense, central necrotic 

compartment (Figure 2A) (41, 42). In addition, glioblastomas are usually surrounded by 

peritumoral edema seen as hypointensity on T1-weighted scans (Figure 2A) and as hyperintensity 

on T2-weighted/FLAIR scans (Figure 2B) (22). In more atypical cases, glioblastomas can be 

multifocal or show faint contrast enhancement. In cases of IDH mt glioblastomas, parts of the 

tumor typically lack contrast enhancement. In glioblastomas, the contrast-enhancing areas 

represent highly cellular and proliferative tumor tissue with extensive vascularity with a breached 

blood-brain-barrier (29, 43, 44). High grade features such as necrosis, microvascular proliferation, 

and increased mitotic activity are more likely to be found in these contrast-enhancing areas (43). 

On the other hand, the peripheral non-contrast-enhancing areas represent infiltrating tumor cells 

(43), which contribute to the surrounding edema.  
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Figure 2. Typical glioblastoma morphology on MRI scans. A T1-weighted postcontrast scan with ring-
enhancement, central necrosis and peritumoral edema. B FLAIR scan with hyperintense peritumoral 
edema. Picture courtesy of Anne Line Stensjøen. 

 

Advanced MRI techniques can be used to more specifically quantify biological processes in vivo. 

For example, tumor vasculature can be assessed using dynamic contrast enhanced (DCE) MRI, 

which evaluates the diffusion of contrast through leaky blood vessels, and dynamic susceptibility 

contrast (DSC) MRI, which utilizes the spatial distribution of contrast agent to quantify the size of 

blood vessels (45). Perfusion-weighted imaging is based on the DSC technique, where serial 

imaging of the first passage of the contrast agent is used to generate maps of parameters such as 

the cerebral blood volume (CBV) and cerebral blood flow (CBF) (45). CBV has been shown to be 

a useful tool to differentiate glioblastoma from other tumor types and grades (3, 46, 47). DWI 

imaging does not require contrast agent, instead, it exploits the ability of water to diffuse within 

the tissue (45). From DWI imaging, apparent diffusion coefficient (ADC) maps can be calculated, 

where the ADC values inversely correlate with the cellular density (3, 45).  

Recently, ‘radiogenomics’ has been established as the study of relationships between non-

invasive radiological features and molecular alterations (48). For example, many studies have 

sought to non-invasively predict the MGMT status from MRI scans (48-59). However, the results 

have been conflicting and derived no expert consensus (53).   
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5.1.6 Molecular pathology 

The last 30 years, the development of high-throughput molecular profiling techniques, such as 

microarray and next-generation sequencing methods, has led to the discovery of several molecular 

alterations in glioblastomas (7, 60-64). In IDH wt glioblastoma, the following alterations are 

commonly found: TERT promoter mutations (about 80%), homozygous deletion of 

CDK2A/CDKN2B (about 60%), loss of chromosome 10p (about 50%) and 10q (about 70%), EGFR 

alterations (about 50%), PTEN mutations/deletions (about 40%), TP53 mutations (about 30%), and 

PI3K mutations (about 25%) (2, 7, 9, 60-62, 65, 66). However, among the molecular markers, only 

IDH status and MGMT status are established markers in the clinic (23). 

Based on comprehensive studies using molecular profiling of somatic mutations, gene 

expression analyses, and methylation patterns, three molecular subclasses of IDH wt glioblastomas 

have been proposed (3). These molecular subtypes are (i) the proneural/receptor tyrosine kinase 

(RTK) I type characterized by CDK4 and PDGFRα amplifications, which are typically found in 

younger patients; (ii) the classical type/RTK II, characterized by EGFR amplifications and 

CDKN2A/B loss; and (iii) the mesenchymal type characterized by NF1 loss and increased 

macrophage infiltration (3, 63, 67-69). However, the clinical utility of the molecular subclasses 

remains unclear, and they are not implemented in the WHO Classification (2, 3). Moreover, it has 

been shown that several glioblastoma subtypes can be detected within the same tumor (6, 70), 

illustrating the extensive intratumoral heterogeneity of this disease. However, in brain tumor 

diagnostics, DNA methylation profiling has been shown to be promising tool (63, 71). A major 

advantage with this methodology is that it avoids the limitations of the subjective histopathological 

typing and grading causing observer variability (72, 73). Interestingly, DNA methylation profiling 

has been shown to lead to a change the diagnosis in 12% of brain tumors (63) with a substantial 

clinical benefit in some of the patients (74).  

5.1.7 Prognostic and predictive markers 

The most established clinical prognostic factors in glioblastoma patients are age at diagnosis, 

preoperative performance status, and GTR (2, 3, 75). Other important clinical prognostic factors 

are radio- and chemotherapy treatment (12, 76). Of the many histopathological features 

encountered in glioblastomas, only necrosis and giant cell glioblastomas have been shown to 

associate with prognosis (2) (necrosis with an unfavorable outcome (77-79), and giant cell 

glioblastoma with a favorable outcome (80-82)). Regarding the prognostic value of MRI 
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characteristics, compelling evidence suggests that a larger preoperative total tumor volume 

(defined by the contrast-enhancing rim on T1-weighted scans) is a negative prognostic factor in 

glioblastomas (38). Studies also suggest that a larger extent of necrosis and an increased degree of 

contrast enhancement are negative prognostic factors (76, 83). Among the genetic alterations in 

glioblastomas, only IDH mutation status and MGMT status are established as a prognostic and a 

predictive marker, respectively (12, 16, 84).  

5.1.8 MGMT promoter methylation status 

As previously mentioned, the favorable outcome of MGMT promoter methylated glioblastoma 

patients is linked to an increased sensitivity to temozolomide. Temozolomide causes DNA damage 

through the alkylation of guanine residues (85), whereas MGMT is a DNA repair enzyme that 

counteracts this effect through removal of the alkylated guanine residues (10). In this way, MGMT 

inhibits the cytostatic effect of temozolomide when expressed (10). Hypermethylation of the 

MGMT promoter inactivates the expression of the enzyme (10, 86), so that the effect of 

temozolomide is no longer counteracted (i.e. an increased effect) (Figure 3). 

MGMT is methylated in 30-60% of newly diagnosed glioblastoma patients (10) and in as 

much as 74% of glioblastoma patients who survive more than 5 years (87). However, it is not 

established whether MGMT status is just a predictive marker or in part a prognostic marker, as 

previous studies have shown conflicting results regarding its association with survival among 

patients who were not treated with temozolomide (11, 13-15, 88-90) (see the Discussion, 

subsection ‘prognostic and predictive markers’, page 57-58). Although most data suggest that 

MGMT unmethylated patients have little benefit from the addition of temozolomide (11, 91), 

temozolomide is still a part of the standard treatment regime irrespective of MGMT status (23). 

This is due to the lack of effective treatment alternatives for MGMT unmethylated patients and that 

temozolomide generally has a favorable safety and tolerability profile (91, 92). Hence, as already 

mentioned, MGMT status can only be used to guide treatment decisions in elderly patients who 

cannot tolerate well the combined treatment (23). Also, a recent RCT showed a clinically 

meaningful effect (although not statistically significant) of the addition on temozolomide in MGMT 

unmethylated patients (15). However, some argue that the MGMT assay technique used in this 

study could explain the effect (93). This also illustrates how technical challenges regarding the 

testing of MGMT status are significant obstacles to the use of MGMT status for clinical decision 

making (69, 93-95). 
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Figure 3. MGMT promoter methylation and chemosensitivity in response to alkylating agents. The action of 
carmustine illustrates that of temozolomide. Reprinted from N Engl J Med, 2000, Vol 343, Esteller et al., 
Inactivation of the DNA-repair gene MGMT and the clinical response of gliomas to alkylating agents. Figure 
1 page no. 1351. Reproduced with permission from (96), Copyright Massachusetts Medical Society  

 

The methylation status of the MGMT promoter can be assessed using several different techniques; 

however, no gold standard has been established (93, 95). Immunohistochemistry (IHC) and mRNA 

extraction techniques have shown unreliable results (84). Instead, techniques that interrogate the 

methylation status of the promoter region, such as methylation specific PCR (MSP) and 

pyrosequencing, are the recommended techniques (23). During methylation, methyl groups are 

covalently bound to cytosine, primarily in regions with a high content of cytosine-phosphate-

guanine dinucleotides, known as CpG islands (10, 97, 98). CpG islands are often located in the 

gene promoters, where hypermethylation leads to inhibition of the gene expression (10, 97). The 

CpG island of MGMT promoter has 97 CpGs, which are all usually unmethylated in normal tissues 

(10, 94, 95). During MGMT methylation assays, the methylation statuses of only a few of the CpGs 

are interrogated to predict the activity of the MGMT enzyme (10).  
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Despite the clinical value of MGMT status, little is known about if it is linked to other 

biological processes in glioblastomas. It has been speculated that methylated MGMT status could 

potentially be a surrogate marker of undiscovered biological processes causing an inherently less 

aggressive tumor biology (88). The latter would also indicate that MGMT status is in part a true 

prognostic marker. Previous experimental in vitro studies have indicated that MGMT status could 

be linked to angiogenesis or hypoxia (99-102). However, such experimental models do not fully 

mimic the complex biology of human glioblastomas (103). Hence, it remains unclear if there are 

links between MGMT status and other biological process in human glioblastomas.  

5.2 Tumor growth 

5.2.1 Tumor growth biology 

Tumor growth and the ability to metastasize are the major malignant factors contributing to the 

death of cancer patients (104). Tumor growth is a result of a complex interplay of several different 

biological hallmark processes of cancer, such as proliferation, evasion of cell death and growth 

suppression, infiltration, neovascularization, metabolic changes, and microenvironmental 

interactions (104) (Figure 4). The molecular biology behind these hallmarks and which of these 

processes that are the most important to the growth of different tumor types have been subjects of 

extensive research (104). The goal of this research has been to discover new mechanism-based 

targets of therapy to effectively impede tumor growth and progression (104).  

 

Figure 4. The Hallmarks of cancer. The complex interplay of these factors contributes to the growth and 
metastases of cancers. A The original hallmarks of cancer (from 2000). B Emerging hallmarks and enabling 
characteristics of cancer (added to the hallmarks in 2011). Reprinted from The Cell, 2011, Vol 144, Hanahan 
and Weinberg, Hallmarks of Cancer, The Next Generation (104), Figure 1 page no. 647 and Figure 3 page 
no. 658, with permission from Elsevier (licence no. 4904331277964) 
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The biology and dynamics behind tumor growth have been extensively studied in in vitro and in 

vivo animal models (103, 105-107). However, such models will never truly mimic the biology of 

in vivo human tumors (103). To adequately study the in vivo growth of human tumors, repeated, 

non-invasive, volumetric imaging assessments are necessary to estimate tumor growth rates. To 

estimate the tumor volumes, the borders of the tumors can be delineated on radiological imaging 

scans and volumes calculated form the delineated region of interest (108). This process is known 

as segmentation. In this way, growth rates can be estimated from segmented tumor volumes from 

≥two imaging scans and the time interval between them. Also, to study the mechanisms behind the 

natural growth, the assessed tumors should be unexposed to therapies that could affect the biology 

and tumor size. However, with today’s standard of care, patients are treated rapidly after diagnosis. 

Hence, the acquisition of repeated image analyses separated by sufficient time intervals prior to 

treatment is challenging. In all the papers in this thesis, the natural tumor growth of human 

glioblastomas was estimated from two preoperative MRI scans and was investigated for 

associations with different biological features.  

5.2.2 Tumor growth models 

In addition to reveal insights into tumor biology, tumor growth models assessed from imaging 

scans in patients can potentially be used to guide optimal treatment logistics and improve 

prognostication (20). Throughout history, several different growth patterns for human tumors have 

been suggested (Figure 5), with exponential and Gompertzian growth being the most commonly 

assumed patterns (109). Exponential growth is characterized by a constant growth rate (i.e. volume 

doubling time) (109) (Figure 5B), whereas Gompertzian growth is characterized by an initial 

exponential growth phase followed by a progressively decreasing growth rate and a final plateau 

phase (105, 109) (Figure 5C). However, despite being widely accepted, both models have been 

criticized (110, 111). Another suggested growth pattern is linear growth (Figure 5A), which is the 

simplest growth pattern. Here, the tumor volume increases with the same volume for each time 

interval (i.e. absolute growth per day) (Figure 5A). Furthermore, linear radial growth has been 

suggested for glioma growth (Figure 2D), which is characterized by a linear increase in the radius 

of the tumor measured as mm/year (112, 113).  
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Figure 5. Examples of different growth patterns. A Linear growth. B Exponential growth. C 
Gompertzian growth. D Linear radial growth. Plots are made using GeoGebra by Anne Line 
Stensjøen, using arbitrary parameters. 

 
 

5.2.3 Glioblastoma growth dynamics 

In contrast to many other tumor entities, the growth dynamics of glioblastomas have been sparsely 

studied. This is mainly because of the difficulties of acquiring repeated imaging scans prior to 

treatment. To date, there are mainly three published studies that have explored the preoperative 

growth dynamics in a larger number of glioblastoma patients (20, 21, 114). A few smaller studies 

(10-32 patients) have also investigated the glioblastoma growth dynamics (113, 115-120); 

however, only one of them investigated the preoperative growth (113). In the three larger studies, 

Stensjøen et al. (106 patients) (20), Ellingson et al. (95 patients) (21) and Fan et al. (54 patients) 

(114) defined the tumor volumes as the combined volume of the contrast-enhancing rim and the 

necrotic core on contrast enhancing T1-weighted MRI scans (Figure 2A, page 5). All three studies 

showed that glioblastomas grew fast preoperatively, and that there was a large variability of growth 

rates among the patients. Stensjøen et al. (20) also explored the fitness of three different growth 
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patterns (exponential, Gompertzian, and linear radial growth (Figure 5)) with the observed volume 

changes. They found that exponential growth showed a poor fit, whereas Gompertzian and linear 

radial growth showed a good fit (20).  

5.2.4 Glioblastoma growth biology 

As previously mentioned, there are several biological hallmark processes that contribute to 

increased tumor growth and metastasis of tumors. Interestingly, glioblastomas rarely metastasize 

extracranially (121). Instead, the death of patients has been found to be mostly caused by mass 

effect, invasion of vital brain areas, subarachnoid and ventricular implantation, and/or 

complications to therapy (122, 123). Hence, it is mainly the local impacts that contribute to the 

death of glioblastoma patients (122, 123). Modeling of tumor growth in glioblastomas is therefore 

likely to have greater clinical implications than in extracranial tumors (124). Hence, a better 

understanding of the biology behind increased tumor growth in glioblastomas could potentially 

reveal new biomarkers or targets of therapies.  

A major challenge in studying the biology of glioblastoma is the extensive genetic and 

histopathological heterogeneity observed both between and within tumors (125-127). Generally, 

glioblastomas are known for being highly proliferative (128), highly infiltrative (29, 30), highly 

angiogenic (129, 130), highly hypoxic (131, 132), and highly prothrombotic (133-135). However, 

due to the vast biological heterogeneity, there will always be cases of glioblastoma that are not in 

accordance with these characterizations. 

Among the previous studies on growth rates in glioblastoma patients (20, 21, 113-120), 

only three investigated associations between tumor growth rates and biological factors (113, 114, 

117). Blankenberg et al. (117) found a tendency of faster growth in aneuploid or multiclonal 

glioblastomas compared to diploid. However, they assessed only 7 patients that had received 

treatment. Wang et al. (113) used a biomathematical model that estimated the net proliferation and 

net invasion rates based on serial pretreatment MRI scans and the tumor growth rate (linear radial 

growth, Figure 5D) (112, 113, 136). They found that net proliferation and net proliferation/net 

invasion ratio independently predicted survival in the 32 included patients (113). Other studies 

using the same biomathematical model have shown promising results in predicting future growth 

and response to treatment for individual glioblastoma patients (136). Fan et al. (114) investigated 

associations between several molecular markers and the preoperative speed of tumor growth. They 

found that TERT promoter mutations and unmethylated MGMT status were significantly associated 
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with faster tumor growth in univariable analyses, but neither were significant in the multivariable 

analyses (114). They also found that in a subgroup of tumors with determined IDH and MGMT 

status (37 patients), IDH1 wt and MGMT unmethylated tumors grew significantly faster 

(multivariable analysis) (114). Moreover, they also found that a low expression of Ki67 staining 

showed a marginally significant association with decreased tumor growth; however, this was only 

significant in the univariable analysis (114). Due to the limited number of previous studies with 

few included patients, a lot remains unclear about which biological processes that are the most 

important for the growth of human glioblastomas.   

5.2.5 Experimental models of glioblastoma growth  

The biology of glioblastoma growth has been extensively studied using in vitro and in vivo animal 

models. These experimental models enable detailed studies on molecular mechanisms and genetics 

behind the different biological processes (103, 104). Even though these processes can be modelled 

to some extent in in vitro models, only in vivo models account for tumor-host interactions (103). 

This is because the in vivo models include host components such as anatomical barriers, 

extracellular matrix, cytokines and growth factors, and the presence of endothelial cells and tissue-

specific progenitor cells (103). However, the biology of these host factors and their interaction with 

the tumor cells (i.e. the micro-environment) differ between animals and humans (103). This causes 

dissimilar selection pressures and thus evolutional advantages for different tumor clones (103). 

These dissimilarities are illustrated by a comprehensive genomic study that found considerable 

differences between the mRNA expression profiles and DNA methylation profiles between 

glioblastoma patient material and experimental in vitro and in vivo models derived from it (137). 

Hence, in vitro and in vivo animal models will never truly mimic the vastly complex biology of 

human glioblastomas (103).  

Nevertheless, there are several advantages with these experimental models. In contrast to 

in vivo human studies on tumor growth, in vivo animal models enable more frequent measurements 

of tumor volumes, and thus more precise estimates of growth rates and growth patterns (138). In 

vitro and in vivo models have also revealed important insights into the molecular events 

contributing to brain tumor initiation and progression (103, 107). In addition, such models are 

frequently used for evaluation of new treatment strategies and investigations of resistance 

mechanisms (103, 107). 
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5.3 Histopathological features 

5.3.1 General histopathology 

Histopathology is the study of the microscopical structure of diseased or abnormal tissue. Hence, 

histopathological features represent biological processes within the assessed tissue material. The 

histopathology of excised tissue material is most commonly assessed on routine stained 

hematoxylin-eosin (HE) tissue sections from formalin-fixed paraffin-embedded (FFPE) tissue 

blocks. Since the early days of glioma research, the prognostic value of different histopathological 

features within diffuse astrocytic tumors have been extensively studied. This research eventually 

led to the histological grading scheme of today’s WHO Classification (2), where the different 

grades predict prognosis and response to therapy (2, 75). This demonstrates how the hallmark 

features of glioblastomas, necrosis and microvascular proliferation, illustrate aggressive biological 

mechanisms in diffuse astrocytic tumors.  

5.3.2 Histopathological features of glioblastoma 

As previously mentioned, glioblastomas are one of the most histopathologically heterogeneous 

neoplasms seen in humans (2), and the histopathology can vary extensively both between and 

within tumors (125, 126). Neoplastic cells of astrocytic differentiation are often recognized (i.e. 

cells with angulated nuclei and irregular chromatin), but they can be difficult to identify in poorly 

differentiated glioblastomas (2). In addition to the grading features (necrosis, microvascular 

proliferation, cellular density, mitotic activity, and atypia), there are several other histopathological 

features that can be observed in glioblastomas (2, 139). These features are perinecrotic palisades 

(characteristically accumulated neoplastic cells at the edge of necrotic areas), apoptosis, 

hemorrhages (extravascular erythrocytes), thrombosed vessels (vessels occluded with fibrin), 

pseudorosettes (characteristic structures of circumferentially oriented neoplastic cells around 

vessels), different types of immune cells (lymphocytes, macrophages, neutrophilic granulocytes), 

desmoplasia (fibrovascular tissue), different patterns of invasion, and several different cellular 

patterns. The invasion patterns illustrate the preferred infiltration paths of tumor cells into normal 

brain tissue, which are known as the secondary structures of Scherer (140). These structures are 

perineuronal satellitosis (infiltration along neurons), angiocentric structures (infiltration in the 

perivascular space), and subependymal and subpial clustering (infiltration beneath the meninges). 

The different cellular patterns seen in glioblastomas are small cells, giant cells, gemistocytes 

(abundant eosinophilic cytoplasm and eccentric nuclei), sarcomatous cells (fusiform, bipolar cells 
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forming bundles), myxomatoid cells, oligodendroglioma-like cells (perinuclear haloes), primitive 

neuronal cells (undifferentiated cells), granular cells (abundant granulated cytoplasm), lipidized 

cells (foamy cytoplasm), and different types of metaplasia (adenoid, squamous, and mesenchymal). 

Pictures and more specific descriptions of the abovementioned histopathological features (except 

apoptosis, subependymal clustering, lipidized and granular cells, and epithelial metaplasia), can be 

found in the Material and methods section, subsection ‘Histopathological features’ (page 28-37) of 

this thesis.  

 In the 2016 WHO Classification, glioblastomas are subclassified into three variants that are 

different from classic glioblastoma in the dominant tissue pattern, outcome and/or clinical 

progression (2). These variants are gliosarcoma (biphasic pattern of mesenchymal and glial 

differentiation), giant cell glioblastoma, and epithelioid glioblastoma (epithelioid, rhabdoid and 

gemistocytic cells, associated with BRAFV600E mutations). In the 2007 Classification, epithelioid 

glioblastoma was not yet an established glioblastoma variant (141).   

5.4 Neovascularization 

5.4.1 Tumor neovascularization 

Neovascularization – the ability to induce additional vascular supply – is a hallmark feature of 

cancer (Figure 4A, page 9) that is fundamental for sustaining the supply of nutrients and assure 

evacuation of metabolic waste products as tumors grow larger (104). The most important 

mechanism of tumor neovascularization is thought to be angiogenesis, which is the process where 

new capillaries sprout from already present vasculature (142). Angiogenesis is a highly complex 

process that involves a spectrum of events, from the breakdown of already occurring vessels, 

migration and proliferation of endothelial cells, and the recruitment of pericytes (142).  

In 1971, Judah Folkman established the hypothesis that all tumor growth is dependent upon 

a gradual increase in new capillaries (i.e. angiogenesis-dependent) – today known as the Folkman 

hypothesis (143, 144). This hypothesis has led to many studies on pro-angiogenic molecules and 

angiogenic inhibitors (144), and it has been the rationale behind the development of antiangiogenic 

therapies (145). Although Folkman acknowledged that the initial tumor growth could be 

angiogenesis-independent (144), he stated that an “angiogenic switch” was necessary for tumor 

growth beyond a few mm3 (143, 144). In diffuse gliomas, this initial ‘prevascular’ phase has later 

been shown to rely on adoption of preexisting vasculature, known as vascular co-option (142, 146). 
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Vascular co-option can be seen as an accumulation of tumor cells around normal vasculature 

(corresponding to the previously mentioned perivascular accumulation) (Figure 6A and Figure 19B 

at page 33) (142). During the last 10-20 years, several neovascularization processes other than 

angiogenesis have been discovered, such as vasculogenesis (i.e. homing of circulating endothelial 

progenitor cells (147, 148)), vascular mimicry (i.e. tumor cells forming functional vascular 

networks (149, 150)), and tumor-to-endothelial cell transdifferentiation (i.e. tumor cells that 

transdifferentiate into an endothelial phenotype (151, 152)) (Figure 6). However, the contribution 

of these processes to the overall tumor vasculature and how they interact remains to be unveiled 

(142). Especially the role of tumor-to-endothelial cell transdifferentiation is debated (142, 153). 

Nevertheless, these other mechanisms of neovascularization represent exceptions to the Folkman 

hypothesis.   

 

 

Figure 6. Mechanisms of glioma-associated neovascularization. A Vascular co-option. B Angiogenesis. C 
Vasculogenesis. D Vascular mimicry. E Glioblastoma-endothelial cell transdifferentiation. Reprinted from 
Am J Pathol, 2012, Vol 181, Hardee, M. E. and Zagzag, D., Mechanisms of glioma-associated 
neovascularization (142), Figure 6 page no. 1137, DOI: 10.1016/j.ajpath.2012.06.030, with permission from 
Elsevier, License: CC BY-NC-ND 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0/).  
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5.4.2 Neovascularization in diffuse astrocytic tumors 

High grade diffuse gliomas (WHO grade III and IV) have been shown to have among the highest 

degrees of vascularity of all solid tumors (2) and secrete high levels of pro-angiogenic factors (154). 

Moreover, the fact that microvascular proliferation is a hallmark feature of glioblastoma (2), 

illustrates the link between aberrant angiogenesis and a more aggressive tumor biology of diffuse 

astrocytic tumors. Microvascular proliferation is an exuberant form of angiogenesis characterized 

by multilayering of the vascular walls and occasional tufting (Figure 13, page 30) (155). In addition 

to microvascular proliferation, there is often a diffuse increase in the density of small capillaries in 

glioblastomas, which may be inconspicuous on routine HE sections (140). However, the 

microvessels can be visualized using IHC markers of endothelial cells (140) and quantified with 

microvessel density (MVD) measurements. Increasing MVDs of the endothelial marker von 

Willebrand factor (vWF) have been shown to associate with higher tumor grade and shorter 

survival in diffuse astrocytic tumors (156). Furthermore, the newly formed vasculature in 

glioblastomas has a defective blood-brain-barrier, which causes the excessive leakiness seen as 

contrast enhancement and peritumoral edema on MRI scans (Figure 2, page 5) (140, 142, 157, 

158). The contrast enhancement on MRI scans is more frequent and intense in glioblastomas than 

in anaplastic astrocytomas (WHO grade III) (158, 159). In addition, these newly formed vessels 

are associated with an increased risk of intracerebral hemorrhages (160) and prothrombogenisity 

(133, 135). 

5.4.3 Angiogenesis and growth of glioblastomas 

Enhanced angiogenesis due to an increased secretion of VEGF has been shown to stimulate tumor 

growth in in vivo animal models of glioblastomas and gliomas (161-163). VEGF is a proangiogenic 

factor found in high concentrations in glioblastomas (130, 164), and it is believed to be the main 

proangiogenic factor secreted by these tumors (162, 163). A major trigger of angiogenesis is 

hypoxia (i.e. hypoxia-induced angiogenesis) (131, 142, 165). Hypoxia is thought to mainly induce 

angiogenesis through activation of the transcription factor hypoxia inducible factor 1α (HIF-1α), 

which mediates a metabolic adaptation to tumor hypoxia through increased expression of VEGF 

and glycolytic enzymes, among other effects (131, 153, 166, 167). HIF-1α has been shown to 

increase angiogenesis and tumor growth in animal models (161, 167-170). In human glioblastomas, 

the expression of HIF-1α and VEGF is enhanced in perinecrotic areas with or without palisades 

(131, 164, 165). The observed vicinity of microvascular proliferation and necrosis is therefore 
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believed to be caused by the paracrine secretion of VEGF due to hypoxia (155, 164, 171). 

Nevertheless, evidence suggests angiogenesis can also be stimulated by oncogenic mutations (i.e. 

hypoxia-independent angiogenesis) (142), such as the observed increased secretion of VEGF in 

tumors with TP53 loss (169).   

5.5 Immunohistochemistry 

5.5.1 General immunohistochemistry 

Immunohistochemistry (IHC) visualizes proteins (antigens) of interest in tissue sections by means 

of antibodies reactive against the protein. In general, IHC methods use antibodies that bind the 

protein of interest (primary antibodies) and use different detection techniques to visualize this 

binding (172). Two frequently used detection techniques are polymer-based detection (e.g. 

EnVision) and Labeled Streptavidin Biotin (LSAB) detection (Figure 7). In tissue sections from 

FFPE tissue blocks, antigen retrieval is first necessary to enable binding between the protein of 

interest and the primary antibody. During antigen retrieval, cross-links of the tissue antigens 

induced by formalin are broken to expose “masked” epitopes of the antigens (173). Antigen 

retrieval usually involves heating (heat induced epitope retrieval (HIER)) or application of 

proteolytic enzymes (173). Of the different detection techniques, the polymer-based technique is 

the most commonly used. Here, several secondary antibodies and horseradish peroxidase (HRP) 

enzymes are bound to a large dextran backbone (Figure 7A) (172). The secondary antibodies bind 

the primary antibodies, and subsequently added chromogene 3,3’-diaminobenzidine (DAB) is 

converted into color by HRP (172). In contrast to the polymer-based technique, the LSAB 

technique involves more steps, where a biotinylated secondary antibody is added first, and 

streptavidin bound to HRP is added later (Figure 7B) (172). 

Figure 7. Immunohistochemical detection methods. A Polymer-based detection (e.g. EnVision). B LSAB 
detection. Illustration by Sonja Sarah Porter. 



19 

 

5.5.2 GFAP 

Glial fibrillary acidic protein (GFAP) is the most specific marker of cells of the astrocytic origin. 

Hence, GFAP can be used in diagnostically challenging brain tumor cases, such as in distinguishing 

glioblastomas from metastatic tumors (174-177). GFAP is the principal intermediate filament of 

astrocytes (175, 178, 179). GFAP is therefore also expressed in normal astrocytes and gliosis (174-

176). The expression can be less intense and found in fewer tumor cells in higher tumor grades due 

to dedifferentiation (174, 175, 179, 180). 

5.5.3 IDH1 

As previously mentioned, glioblastomas are divided into IDH wt and IDH mt in the 2016 WHO 

Classification, and about 90-95% of newly diagnosed glioblastomas are IDH wt (3). IDH is an 

enzyme of the Krebs cycle, which converts isocitrate to α-ketogluterate (181). It exists in 3 

isoforms, but only IDH1 and IDH2 have shown oncogenic mutations (8). Upon mutation, IDH 

produce D-2-hydroxyglutarate (8), which is an oncometabolite that induce epigenetic changes 

within the tumor (182). The mutation is believed to happen early in gliomagenesis, because it is 

detected in both diffuse astrocytomas (grade II) and oligodendrogliomas, and clinical and genetical 

findings have been shown to differ between IDH mt and IDH wt gliomas (8, 16).  

As a part of the daily routine at most pathology departments, the IDH mutation status is 

assessed using IHC. However, IHC only detects the specific mutation R132H of the IDH1 enzyme. 

Hence, other IDH1 mutations and IDH2 mutations can only be detected using IDH1/2 sequencing. 

Fortunately, more than 90% of IDH mt gliomas have the IDH1 R132H mutation (8), and other IDH 

mutations are very uncommon in older patients with newly diagnosed tumors, which makes 

additional sequencing excessive in these patients (2, 183). Still, there is no established age cut-off 

for when sequencing is necessary, but a cut-off of <55 years is commonly used in clinical practice 

(184).  

5.5.4 vWF 

von Willebrand factor (vWF, previously known as factor VIII-related antigen) is a plasma 

glycoprotein which is synthetized by endothelial cells and megakaryocytes (185, 186). vWF is 

stored in secretory vesicles of endothelial cells (186), and can therefore be used as an endothelial 

marker of both normal and neoplastic vasculature (i.e. a panendothelial marker) (185, 187). In 

addition, it stains megakaryocytes, platelets, and endothelial cells of lymphatic vessels (188). vWF 

acts by forming a bridge between platelets and exposed collagen of damaged vasculature, which 
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initiates the thrombus formation (186). The staining is cytoplasmic, and may show a discontinuous, 

granular staining of the endothelial cells (187) (Figure 24, page 40).  

5.5.5 CD105 

Endoglin (CD105) is a transmembrane glycoprotein of the transforming growth factor β (TGFβ) 

receptor complex on endothelial cells (189). In contrast to vWF, CD105 has been found to 

predominantly stain proliferating (i.e. angiogenically active) endothelial cells (151, 189-197). As 

vWF, the CD105 staining is cytoplasmic (Figure 24, page 40). 

5.5.6 Ki-67/MIB-1 

Ki-67 is a DNA binding protein found in the nucleus which is expressed during all phases of the 

cell cycle (G1, S, G2 and mitosis), but not during quiescence (G0) (198). Hence, it is used as a 

marker of proliferating cells (Figure 25, page 41), which is widely used for the grading of tumors 

by quantifications of the proportion of dividing cells (i.e. the proliferative index (PI)) (199, 200). 

MIB-1 is the antibody that is most commonly used to detect Ki-67 (201). Recent discoveries 

indicate that Ki-67 have different functions during the cell cycle, where it is important for the 

structure of chromosomes and heterochromatin (200).  
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6 Aims 

This thesis is based on the work by Stensjøen et al. (20) that examined the pretreatment tumor 

growth dynamics in glioblastoma patients. Our general aim was to investigate the natural tumor 

biology of human glioblastomas by exploring if phenotypical biological features were associated 

with speed of tumor growth or with MGMT promoter methylation status. In the long term, the hope 

is that a better understanding of the inherent biology of glioblastoma will pave the way for 

improved patient outcomes. 

In Paper I and II, the general aim was to explore biological mechanisms behind the large 

variations in pretreatment speed of glioblastoma growth shown by Stensjøen et al. (20). The 

underlying hypothesis was that biological processes seen as histopathological or IHC features 

might explain the growth rate variability. This could increase our understanding of which biological 

mechanisms that are the most important for the natural growth of glioblastomas. Despite extensive 

research on growth mechanisms in experimental models, few studies have addressed this in human 

patients. This is mainly due to the difficulties in acquiring serial preoperative imaging scans to 

calculate the tumor growth rates. The aim of Paper II was based on the findings in Paper I where 

thromboses were found to independently predict faster growth. In Paper II we wanted to assess if 

the degree of angiogenesis was associated with growth, as it has been hypothesized that thromboses 

stimulate tumor growth through increased angiogenesis stimulated by hypoxia. 

In Paper III we aimed to investigate if MGMT status could be a surrogate marker of the 

phenotypical tumor biology of glioblastomas before treatment. Methylated MGMT status is an 

important predictive marker of increased response to chemotherapy in glioblastomas, and it can be 

used to guide treatment decisions. The investigation of potential links between pretreatment 

biology and MGMT status could possibly disclose differences in aggressiveness, explain 

differences in response to chemotherapy, and reveal if MGMT status can be non-invasively 

predicted from MRI scans.  

The specific aims of each paper were: 

I) To explore if the presence of 27 different histopathological features in glioblastomas 

could explain the observed variation in speed of preoperative tumor growth assessed 

from serial MRI scans.  
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II) To investigate the association between degree of angiogenesis and speed of tumor 

growth. The degree of angiogenesis was assessed using microvessel density (MVD) 

counts by means of two endothelial IHC markers, vWF and CD105.  

III) To explore if MGMT status was associated with phenotypical tumor biology, assessed 

by 22 histopathological features, immunohistochemical proliferative index (PI) and 

MVD measurements, conventional MRI characteristics, or preoperative speed of tumor 

growth.  
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7 Material and methods 

7.1 Patient selection 

Patients were retrospectively selected from all patients ≥18 years with newly diagnosed (i.e. de 

novo) glioblastomas operated at St Olavs University Hospital in Trondheim between January 2004 

and May 2014 (262 patients) (20). The selection was mainly based on if the pretreatment growth 

dynamics could be estimated from the preoperative MRI scans of the tumors (Figure 8). The 

included patients needed to have ≥two preoperative contrast-enhancing T1-weighted MRI scans 

taken ≥14 days apart. The interval of ≥14 days was established to reduce the uncertainty of the 

growth estimates (202). Patients with non-contrast-enhancing tumors and gliomatosis cerebri 

according to radiologic criteria (203) were excluded, because such tumors are inherently 

challenging to segment for tumor volumes. 

Before inclusion, the patients were histopathologically revised by V.E.M. and S.H.T. 

according to the 2007 WHO Classification (141). One case was excluded due the lack of necrosis 

and microvascular proliferation. Altogether, 106 patients (40.8%) were included in Paper I, where 

all patients had sufficient tumor material for evaluation of histopathological features. In Paper II, 

four additional patients were excluded due to insufficient morphology and amount of material for 

the MVD assessments, which left 102 patients eligible for inclusion (Figure 8). 

In Paper III, the 106 patients from Paper I were investigated for MGMT promoter 

methylation status. However, 18 cases (17%) were excluded due to inconclusive results on the 

MGMT assay. The material was also updated to be in accordance with the 2016 WHO 

Classification (2). Therefore, all patients <55 years that were negative on the IHC analysis of IDH1 

status (IDH1 R132H) were additionally sequenced for IDH1/2 mutation status using Sanger 

sequencing. In one case, we found a rare mutation in IDH2 (c.434G>A, p.G145E). We excluded 

the three IDH mt patients from Paper III due the differences in tumor biology between IDH mt and 

wt glioblastomas (204). This left 85 patients to be included. In five of these patients, IDH2 was not 

conclusive on sequencing but all were wildtype on the IDH1 sequencing. Due to the very low 

frequency of IDH2 mutations in glioblastomas (8, 60), these were categorized as IDH wt and 

included.   
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Figure 8: Flowchart of the selection of patients 

 

7.2 Estimation of tumor growth  

As already mentioned, the speed of tumor growth was estimated from two preoperative tumor 

volumes and the time interval between them. We also had to assume an underlying growth pattern 

to be able to compute the growth rates.  

Tumor volume segmentation 

In each patient, the tumor volumes were manually segmented on the two preoperative contrast-

enhancing T1-weighted MRI scans taken ≥14 days apart. The tumor volumes from the first scans 

were from the MRIs taken for the diagnostic work-up, and the volumes from the second scans were 

from MRIs taken before surgery for intraoperative imaging. Tumor volume was defined as the 

combined volume of the contrast-enhancing rim and non-contrast-enhancing parts enclosed by it 

(Figure 9). In cases showing multifocal contrast enhancement, all enhancing lesions were 

segmented and added to the total volume. Contrast enhancement from adjacent blood vessels and 

meninges were not segmented.   
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The tumor volume segmentations were performed by A.L.S. and verified by E.M.B. using 

the software BrainVoyager QX, version 1.2.6 (Brain Innovation, Maastricht, the Netherlands) in a 

previous study (20). The segmentations were performed manually with help from a used-defined 

range-algorithm. The algorithm was first applied to enclose the contrast-enhancing compartment, 

which was then manually adjusted. The volume of the contrast-enhancing region was merged with 

the manually delineated volume of the non-contrast-enhancing compartment (i.e. necrosis) (Figure 

9). When the tumor borders in all MRI planes were delineated, the tumor volume was computed 

from the following formula: Tumor volume = number of voxels segmented × voxel area × (slice 

thickness + gap thickness). The voxels are the 3D pixels of MRI scans, which dimensions are given 

by the voxel area and the slice thickness. In higher resolution scans (higher Tesla (T)), the area of 

each voxel is smaller (i.e. a higher in-plane resolution), slice thickness thinner, and gap thickness 

smaller. The diagnostic scans were taken from 15 different radiology clinics with MRI scanners of 

different resolutions (8 from 1T, 85 from 1.5T, and 13 from 3T). All preoperative scans except one 

were taken at St Olavs Hospital using 1.5T or 3T scanners.  

In Paper III, characteristics on the second MRI scans were used for analyses. Here, the MRI 

characteristics were the total tumor volumes, volumes of the contrast-enhancing compartment and 

the non-contrast-enhancing compartment, and the percentage of necrosis (i.e. volume of the non-

contrast-enhancing volume divided by the total tumor volume).  

Growth pattern 

As already mentioned, we must assume an underlying growth pattern to be able to compute growth 

estimates from the two tumor volumes and the time interval between them. Stensjøen et al. (20) 

explored the fitness of three different growth patterns (exponential, Gompertzian, and linear radial 

growth (Figure 5, page 11)) with the observed volume changes in the 106 included patients. They 

found that exponential growth showed a poor fit, whereas Gompertzian and linear radial growth 

showed a good fit (20). They also found that larger tumors grew significantly slower than smaller 

and that the volume of the necrotic core grew relatively faster in larger tumors (20). These findings 

were in accordance with the Gompertzian growth pattern, which is characterized by a progressively 

decreasing growth rate and a final plateau phase due to a lack of nutrition as the tumor grows larger 

(Figure 10 and 5C at page 11) (20, 21). The final plateau phase is also in line with the confined 

space in the human cranium. The Gompertzian growth pattern was therefore concluded as the most 

biologically plausible pattern (20). 
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Figure 9. Manual segmentation of tumor volumes using the software BrainVoyager QX. The segmented 
contrast-enhancing compartment is marked in red, and the non-contrast-enhancing compartment (i.e. 
necrosis) in blue. Total tumor volume was the combined volume of both compartments. Panel A The 
segmented tumor area in all 3D planes. Panel B Segmented areas together with the original image. Panel 
C Original T1-weighted contrast-enhancing images. Picture courtesy of Anne Line Stensjøen 

 

Growth estimates 

The Gompertzian growth pattern was therefore assumed to be the underlying pattern for all the 

tumors in the papers of this thesis. However, the establishment of growth estimates based on a 

Gompertzian growth pattern is challenging, because it assumes that the growth rate is progressively 

decreasing as the tumors grow larger. Hence, a point estimate of growth (such as volume doubling 

time) would be a wrong representation of tumor biology. This is because the same point estimate 

would not be comparable in tumors of different sizes. For instance, in two tumors with the same 

growth rate (volume doubling time) but of different sizes, the Gompertzian model implies that the 

largest tumor grows more aggressively than the smallest. To account for this issue, we calculated 
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an expected Gompertzian growth curve based on the volume data and time intervals from the 106 

included patients (Figure 10). This fitted growth curve shows how the volume is expected to 

increase throughout the average glioblastoma’s life. The observed volumes at the second MRI 

scans are also plotted relative to the curve. Their positions on the x-axis are determined by the 

volume of the first MRI scan and the time interval to the second MRI scan. In this way, the tumors 

with an observed volume increase that is larger than expected from the curve (i.e. a positive 

residual) were categorized as ‘fast-growing’, and tumors with a smaller increase than expected (i.e. 

a negative residual) were categorized as ‘slow-growing’ (Figure 10). This dichotomization into 

‘fast-growing’ and ‘slow-growing’ tumors was used for analyses in all the papers of this thesis. 

The mathematical formula used for calculation of expected growth curve was developed by 

Chignola et al. (138). Moreover, we have previously investigated associations between the growth 

groups and clinical parameters (205). In the same study, we found that slower growth was a 

significant independent predictor of improved survival beyond 12 months of follow-up.   

Figure 10: The expected Gompertzian growth curve based on the volume data and interval between the 
MRI scans from the 106 glioblastoma patients. The curve illustrates how the tumor volume is expected to 
increase throughout the average tumor’s life span. The curve can be used to predict the future expected 
volume in tumors with one known volume. The squares are the observed tumor volumes from the second 
scans. The black squares are tumors with a larger volume increase than expected from the volume on the 
first scan (i.e. ‘fast-growing’), while the red have smaller volume increases than expected (i.e. ‘slow-
growing’). The curve was drawn from an arbitrary volume of 0.135 mL at day 0. Illustration by Anne Line 
Stensjøen 
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7.3 Histopathological features 

In Paper I, we assembled all available HE sections in each patient from surgical resections (89 

patients) and biopsies (17 patients) for the evaluation of histopathological features. We controlled 

that the sections were retrieved from the first surgical intervention. HE slides from both routine 

FFPE tissue and previously frozen FFPE tissue were collected. However, one patient had no 

sections from routine FFPE tissue, and 9 patients had no sections from FFPE frozen tissue.  

 The presence or degree of 27 different histopathological features were recorded in each 

case. The features were defined according to the 2007 WHO Classification (206) and Greenfield’s 

Neuropathology (9th edition) (139). The features were first assessed by V.E.M. and controlled by 

S.H.T., and only conspicuous features were recorded to reduce observer variability. During the 

evaluation, the tissue material from each case was assessed for the presence of central tumor areas 

(i.e. solid tumor tissue and/or necrosis without the presence of any normal brain tissue), peripheral 

tumor (i.e. tumor cells intermingled with normal brain tissue), infiltration into grey matter (i.e. 

peripheral tumor tissue with neurons), and areas of infiltration into gray matter with present outer 

brain surface (i.e. present leptomeninges or, alternatively, cases containing ≥two of the following 

features: molecular cortical layer, corpora amylacea, or glia limitans) (Figure 11). In the following 

text, the 27 features and their definitions are presented. 

Figure 11. Infiltration zone into gray matter with outer brain surface. HE stain at x50 magnification. A gradual 
decrease in the cellular density illustrates the diffuse infiltration from a more central tumor area. 
Leptomeninges are seen in the lower left corner. Photo: Vilde E. Mikkelsen.  
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Necroses and perinecrotic palisades 

Necrosis was defined as areas of cellular debris with absent or faded nuclei, often with remaining 

thrombotic and necrotic vessels (Figure 12). Necrotic areas were categorized as either large 

necrosis (ischemic tumor necrosis) (Figure 12A) or micronecrosis (small foci of necrosis, often 

with perinecrotic palisades) (Figure 12B). Palisades were defined as radially oriented, densely 

packed, small, fusiform glioma cell present at the rim of either large necroses or micronecroses 

(Figure 12B). Palisades were only assessed in in tumors with central tumor morphology. 

Figure 12. Necroses, HE stains at x200 magnification. A Large, ischemic necrosis with coagulative necrosis, 
cellular debris and faded nuclei. In the lower left-hand corner, a necrotic, dilated vessel occluded by a 
thrombus. B Micronecrosis with surrounding palisades. Radially oriented, accumulated cells form a 
serpiginous palisade around a small necrotic focus. Photos: Vilde E. Mikkelsen 

 

Microvascular proliferation 

Microvascular proliferation was defined as vascular structures with more than two layers of cells 

in the vascular wall (Figure 13). Vascular structures with connective tissue in the vascular walls 

were not registered. Glomeruloid tufts were also registered as microvascular proliferation. 

Moreover, microvascular proliferation was recorded as being present in either central tumor areas 

(Figure 13A) or in the infiltration zones into grey or white matter (Figure 13B). 
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Figure 13. Microvascular proliferation. A Central microvascular proliferation. HE stain at x200 magnification. 
Arrows indicate microvascular proliferation structures in a central tumor area, which show a conspicuous 
multilayering of the vascular walls necessary for the categorization microvascular proliferation. B Peripheral 
microvascular proliferation. HE stain at x100 magnification. Microvascular proliferation seen in an infiltration 
zone. Photos: Vilde E. Mikkelsen 

 

Cellular density 

Cellular density was subjectively categorized as low, intermediate, or high (Figure 14). The 

categorization was based on the observed number of cells per area based on all viable tumor 

material. Cellular density was assessed in central tumor areas when present. 

Figure 14. Cellular density, HE stains at x200 magnification. A Low cellular density. B Moderate cellular 
density. C High cellular density. Photos: Vilde E. Mikkelsen 
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Atypia 

Atypia was subjectively categorized as mild, moderate, or severe (Figure 15). The categorization 

was based on the degree of variability of cellular and nuclear shapes and sizes.  

Figure 15. Atypia, HE stains at x200 magnification. A Mild atypia. B Moderate atypia. C Severe atypia. 
Photos: Vilde E. Mikkelsen 

 

Mitotic count 

Mitotic figures were counted using a Nikon DS-Fi2 microscope in 10 high power fields (HPFs) at 

x400 magnification in areas of the highest density of mitotic figures (i.e. hotspots) (Figure 16A). 

Hotspots were typically found in HPFs in central tumor tissue with higher cellular densities. Mitotic 

figures of vascular cells and leukocytes were not counted. The counting was preferably performed 

in sections from FFPE tissue that had not previously been frozen. In addition, cases with low quality 

of the nuclear morphology were not assessed.  

Figure 16. A Mitotic figures. HE stain at x400 magnification. Arrows highlight mitotic figures in an area with 
small cell differentiation. Most of the mitotic figures are in the metaphase of the mitosis. B Thrombosis. HE 
stain at x200 magnification. A partly occluded vessel with fibrin and adhered leukocytes. Photos: Vilde E. 
Mikkelsen 
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Thromboses 

Thromboses were defined as vascular structures having their lumen partly or completely occluded 

with fibrin that adhered to the vascular wall (Figure 16B). Thromboses in both viable and necrotic 

areas were recorded. 

Hemorrhages 

Hemorrhages were defined as the presence of abundant extravascular erythrocytes and fibrin, often 

with perivascular neutrophils, damaged vascular walls, or cellular debris (Figure 17A). The mere 

presence of hemosiderin-containing macrophages was also sufficient for the categorization. The 

presence of extravascular erythrocytes alone did not satisfy the criteria, as their presence could 

have been caused by the surgical intervention.  

Pseudorosettes 

Pseudorosettes were defined as the presence of ordered perivascular tumor cells surrounding 

smaller vessels with sparse amount of vascular connective tissue with a distinct anucleate 

perivascular area (Figure 17B). Pseudorosettes could only be assessed in viable, central tumor 

areas, and not in sections from FFPE frozen tissue.  

 

Figure 17. Vascular features, HE stains at x200 magnification. A Hemorrhage. Extravascular erythrocytes 
and neutrophilic granulocytes suggest a non-iatrogenic hemorrhage. B Pseudorosettes. Characteristic 
pseudorosettes with perivascular anucleated areas, a typical feature seen in ependymomas (2). Photos: 
Vilde E. Mikkelsen 
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Vascular density 

The vascular density was subjectively categorized as low, intermediate, or high (Figure 18). The 

categorization was based on the mean distances between separate blood vessels in all the viable 

tumor material.  

Figure 18. Vascular density, HE stains at x200 magnification. A Low vascular density. B Moderate vascular 
density. C High vascular density. Photos: Vilde E. Mikkelsen 

 

Secondary structures of Scherer 

The secondary structures of Scherer were only assessed in cases containing infiltration zones into 

gray matter. Perineuronal satellitosis was recorded when distinct tumor cells surrounded neurons 

(Figure 19A). Angiocentric structures were defined as neoplastic cells located adjacent to 

capillaries or smaller vessels (Figure 19B). Subpial clustering was only assessed in cases with 

present outer brain surface in the infiltration zone, and it was defined as densely packed neoplastic 

cells just below the meninges (Figure 19C).  

Figure 19. Secondary structures of Scherer, HE stains at x200 magnification. A Perineuronal satellitosis. 
Arrows indicate tumor cells surrounding neurons in an infiltration zone into grey matter. B Angiocentric 
structures. Arrows indicate perivascular accumulation of neoplastic cells in an infiltration zone into grey 
matter. C Subpial clustering. Accumulated neoplastic cells are seen beneath the leptomeningeal layer in 
the lower right-hand corner. The higher cellularity beneath the leptomeninges relative to the deeper parts of 
the cortex illustrates the preferred subpial path of neoplastic migration. Photos: Sverre H. Torp (A) and Vilde 
E. Mikkelsen 
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Desmoplasia 

Desmoplasia was defined as distinct fibrovascular tissue and collagen deposits (Figure 20). 

Desmoplasia was distinguished from vascular structures with abundant connective tissue walls and 

leptomeningeal infiltration (i.e. it was not recorded in the presence of leptomeninges). 

Figure 20. Desmoplasia. HE stain at x200 magnification. Arrows indicate vascular proliferations associated 
with a typical fibrovascular structure. Photo: Vilde E. Mikkelsen 

 

Leukocytes 

Two types of leukocytes were recorded: macrophages and lymphocytes. Macrophages were 

defined as large cells with a round contour, eccentric nuclei, and a spongy and sharply demarcated 

cytoplasm (Figure 21A). Sometimes, they were filled with hemosiderin from previous 

hemorrhages. Macrophages were often observed in the periphery of large necrotic areas. 

Lymphocytes were defined as the accumulation of small cells with a high nucleocytoplasmic ratio 

and a hyperchromatic and sometimes angular nuclei (Figure 21B). Lymphocytes were only 

recorded when found as larger infiltrates in viable tumor tissue or as perivascular infiltrates.  
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Figure 21. Leukocytes, HE stains at x200 magnification. A Macrophages. Multiple spongy macrophages 
with large, sharply demarcated cytoplasms and eccentric nuclei, seen in a necrotic area. B Perivascular 
lymphocytes. Small, hyperchromatic lymphocytes accumulated around vessels in a fibrovascular structure. 
Photos: Sverre H. Torp (A) and Vilde E. Mikkelsen (B) 

 

Glioblastoma subtypes 

In the 2007 WHO Classification, two established glioblastoma variants were defined: giant cell 

glioblastomas and gliosarcomas (141). Giant cell glioblastomas were defined as tumors dominated 

by multinucleated, bizarre giant cells (Figure 22A). Gliosarcomas were defined as tumors showing 

a biphasic pattern with a sarcomatous and a gliomathous component; the sarcomatous component 

was composed of neoplastic spindle cells (Figure 23D) and was clearly demarcated from the glial 

component (Figure 22B) and negatively stained for GFAP. Although not an established variant in 

the WHO Classifications, small cell glioblastoma is a well-recognized subset of glioblastoma with 

predominant small cells (2, 141). In this study, small cell glioblastomas were defined as tumors 

where the viable tumor tissue contained >75% small cells (round to slightly elongated 

monomorphic cells with high nucleocytoplasmic ratios, mildly hyperchromatic nuclei, often with 

frequent mitotic figures) (Figure 23A).  



36 

Figure 22. Glioblastoma subtypes. A Giant cell glioblastoma. HE stain at x200 magnification. Multiple bizarre 
and multinucleated giant cells. B Gliosarcoma. HE stain at x100 magnification. The characteristic, sharply 
demarcated biphasic pattern of gliosarcoma, with a gliomatous and sarcomatous component. Photos: Vilde 
E. Mikkelsen 

 

Cellular patterns 

Seven different cellular patterns recognized in glioblastoma were recorded. Small cells were 

defined as above (Figure 23A), and the presence of <75% small cells was defined as a cellar pattern. 

Gemistocytes were defined as tumor cells with large, glassy eosinophilic cytoplasms and eccentric 

nuclei (Figure 23B). Tumors with myxomatoid components showed a loosely woven tissue with 

elongated cells surrounded by a mucinous extracellular substance (Figure 23C). Sarcomatous cells 

were defined as the spindle shaped cells, sometimes with nuclear atypia (Figure 23D), as seen in 

gliosarcomas. Giant cells were defined as described for giant cell glioblastomas (Figure 22A); 

however, when focally present, they were recorded as cellular pattern. Tumors with primitive 

neuronal components showed sharply demarcated, densely packed small, hyperchromatic cells 

with high nucleocytoplasmic ratio that lack distinctive architectural or cytological features 

(undifferentiated) (Figure 23E). Tumors with oligodendroglial components displayed small, 

monotonous, hyperchromatic cells with perinuclear haloes, often with associated chicken wire 

vasculature and/or microcalcifications (Figure 23F). 
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Figure 23. Cellular patterns, HE stains at x200 magnification. A Small cells. Typical small cells with round 
to oval, mildly hyperchromatic nuclei and high nucleocytoplasmic ratios. B Gemistocytes. Large, eosinophilic 
cytoplasm, eccentric nuclei. C Myxomatoid component. Loosely woven tissue with elongated cells and 
extensive mucinous extracellular substance. D Sarcomatous cells. Neoplastic spindle cells forming bundles. 
E Primitive neuronal component. Undifferentiated, densely packed small, hyperchromatic cells, with high 
nucleocytoplasmic ratios. F Oligodendroglial component. Small, monotonous, oligodendroglial cells with 
high nucleocytoplasmic ratios and perinuclear haloes. Characteristic chickenwire vasculature can also be 
seen. Photos Vilde E. Mikkelsen and Sverre H. Torp (C)  
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7.4 Immunohistochemistry 

The most representative FFPE tissue block was selected for IHC analyses based on an assessment 

of all available HE slides in each patient. The most representative HE section should preferably 

show both central tumor areas and infiltration zones. In cases showing only one of these areas, the 

tissue block with central tumor was selected. In cases of multiple sections with representative 

morphology, tissue blocks with less hemorrhages and less blood cell infiltrates were preferred. All 

cases were checked up in the pathology database SymPathy (Tieto, Sweden) and results from 

previous IHC analyses retrieved. In cases with previously performed IHC, the previously used 

FFPE block was preferred. In some cases, the preferred FFPE tissue block was unavailable due to 

overlapping research projects. In such cases, FFPE from frozen tissue was often used for IHC 

instead. Altogether, 12 cases (11%) had IHC analyses performed on sections from FFPE blocks of 

previously frozen tissue. The selected FFPE tissue blocks were cut at 4µm, pretreated, and stained 

according to Table 1.  

 All immunohistochemical analyses except for CD105 were carried out on a Dako 

Autostainer (Dako Denmark AS, Glostrup, Denmark). For GFAP, IDH1, and Ki-67/MIB-1, the 

IHC analyses were previously performed in 40 cases (38%), 18 cases (17%), and 44 cases (42%), 

respectively. The antibodies used for the previously performed IHC stains were the same as 

reported in Table 1. The only difference was the dilution of 1:10000 and 1:800 for the cases 

previously stained for GFAP and Ki-67/MIB-1, respectively. In Paper II, all cases were stained for 

vWF and CD105 as described in Table 1. For the endothelial markers, a glioblastoma FFPE tissue 

block with extensive vascularity, present necrosis and hemorrhages was used for titration of the 

optimal antibody dilutions. In all the IHC analyses, both positive and negative controls were 

included. In the negative controls, we used the same tissue as for the positive controls but with 

omitted primary antibodies (Table 1).  
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Table 1. Antibodies and IHC procedures 

Antibodies GFAP IDH1 vWF CD105 Ki-67/MIB-1 

Type Rabbit, 

polyclonal 

Mouse, 

monoclonal 

Rabbit, 

polyclonal 

Mouse, 

monoclonal 

Mouse, 

monoclonal 

Source and 

code number 

Dako, 

Glostrup, 

Denmark 

Z0334 

Dianova,  

Hamburg, 

Germany 

R123H/DIA-

H09 

Dako, 

Glostrup, 

Denmark 

A0082 

Dako, 

Glostrup, 

Denmark 

M3527 

Dako, 

Glostrup, 

Denmark 

M7240 

Clone  H09  SN6h MIB-1 

Pretreatment 

in PT Link* 

pH 9 pH 9 pH 6 None pH 6 

Additional 

pretreatment  

None None None Proteinase K None 

Dilution 1:2000 1:100 1:2000 1:50 1:50 

Antibody 

incubation 

time 

40 min 

room 

temperature 

40 min 

room 

temperature 

40 min 

room 

temperature 

Overnight 

incubation 

4°C 

40 min 

room 

temperature 

Detection 

system 

EnVision  

Rabbit-HRP 

EnVision  

Mouse-HRP 

EnVision  

Rabbit-HRP 

LSAB-HRP EnVision  

Rabbit-HRP 

Chromogene DAB DAB DAB DAB DAB 

Positive 

control 

Medulloblast

oma and 

gliosis 

Oligodendro

glioma WHO 

grade II 

Glioblastoma 

and tonsil 

Glioblastoma Medulloblast

oma 

*PT Link is a pretreatment module for tissue specimens which allows the pretreatment processes of 
deparaffination, rehydration, and heat induced antigen retrieval (HIER). DAB 3,3'-Diaminobenzidine, HRP 
Horseradish peroxidase, LSAB Labeled Streptavidin Biotin. Table courtesy of Unn Sophie Granli  

 

7.4.1 Microvessel density measurements 

In Paper II, the degree of vascularity on vWF and CD105 stained sections was assessed using 

microvessel density (MVD) measurements (Figure 24). V.E.M. performed the MVD assessments 

without knowledge of the growth data. MVD was assessed according to the method described by 
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Weidner et al. (207) with modifications. MVD was quantified as the mean number of vascular units 

in hotspots for three HPFs at x400 magnification using an ocular grid (Nikon CFI 10x/22) and a 

Nikon Eclipse 80i microscope (area within the grid equal to 0.059mm2). A vascular unit was 

defined as any individually stained endothelial cell or vessel within or in contact with the grid. 

Only positive cells with an endothelial morphology were counted. In cases of long, branched 

vessels and glomeruloid tufts, each lumen was counted as described by Kraby et al. (208). In 

addition, separate units of ≥two staining endothelial cells within the same vascular structure were 

counted as one vascular unit. Areas with glomeruloid tufting were rarely regarded as hotspots.  

Hotspots were identified using x40 and x100 magnification on vWF sections, and 

corresponding hotspots were identified on CD105 sections. Only HPFs with >50% of viable tumor 

tissue were selected and tissue edges were avoided. HE sections were assessed to control that the 

selected hotspots were not in necrotic, desmoplastic, or infiltrating tumor areas. However, HPFs 

close to necrosis and in infiltration zones dominated by tumor cells were counted if it was the only 

hotspot. In cases with higher background staining, the morphological requirements for what was 

regarded a vascular unit were stricter. In cases with sparse amount of viable tumor tissue, three 

HPFs were counted regardless of the degree of vascularity, but no overlapping HPFs were counted. 

Of the 102 assessed cases, one case was not assessed for vWF-MVD due to a high background 

staining, and another case was not evaluated for CD105-MVD due to non-existent antigenicity. 

Figure 24. Endothelial immunohistochemical markers. Pictures taken from the same tumor in corresponding 
areas. A-C x200 magnification. D-E x400 magnification. A and D HE stain. B and E vWF. C and F CD105. 
Photos: Vilde E. Mikkelsen 
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7.4.2 Proliferative activity 

The Ki-67/MIB-1 proliferative index (PI) had previously been quantified as a part of our paper 

investigating radiological growth and survival (205). The PI data was included in Paper III. The 

Ki-67/MIB-1 PI was calculated as a percentage of distinct immune-positive tumor cell nuclei for 

three HPFs (x400 magnification) in hotspots using an eye-piece grid (Figure 25). Cells resembling 

endothelial cells, lymphocytes, macrophages, or fibroblasts were not counted. Tissue edges were 

avoided due to the risk of unspecific staining. 

Figure 25. Immunohistochemical Ki-67/MIB-1 staining in a glioblastoma at x400 magnification. Nuclear 
staining of proliferating cells. The PI of this tumor was 15.4 %, which is considered to be moderate. Photo: 
Vilde E. Mikkelsen 

 

7.5 Molecular techniques 

7.5.1 Methylation specific PCR 

In Paper III, all 106 patients from Paper I were assessed for MGMT promoter methylation status 

using methylation specific PCR (MSP). We used the conventional gel-based MSP technique based 

on the methods described by Esteller et al. (96).  
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DNA extraction 

To analyze the methylation status of the CpGs of the MGMT promoter, tumor DNA was first 

isolated from the FFPE tissue blocks. Representative HE sections from FFPE blocks were analyzed 

under the microscope by V.E.M., and areas with visually 100% tumor cell content were manually 

marked on the tissue slide and selected for DNA isolation. Necrotic areas, hemorrhages, and 

infiltration zones were avoided. However, it was not always possible to avoid small necrotic foci, 

and incipient necrosis can be hard to determine on HE slides. Moreover, in 4 cases, DNA was 

isolated from infiltration zones due to sparse amounts of material. In these cases, the tumor cell 

content was visually estimated to be 40% for one case, 60% for two cases, and 70% for one case. 

In 16 cases, DNA was isolated from FFPE blocks from previously frozen tissue. Moreover, the 

marked areas on the HE slides were manually dissected form the FFPE blocks, and the DNA was 

isolated using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). A QIAcube 

(Qiagen) device was used for automated DNA purification. After the DNA isolation, the DNA 

concentrations were measured using a Qubit Fluorometer (Invitrogen).  

Bisulfite conversion 

The isolated DNA was treated with the EpiTect Fast Bisulfite Conversion kit (Qiagen) to convert 

unmethylated cytosines to uracil. The conversion enables the discrimination of methylated from 

unmethylated DNA. If the DNA concentration was <40 ng/mL, two samples from each case were 

treated with bisulfite. In addition, a known MGMT methylated sample (i.e. a positive control) was 

treated with bisulfite and included in the following steps. The bisulfite solution and a DNA protect 

buffer with a pH indicator were added before thermal cycling to optimize cytosine conversion. The 

product was purified in a series of steps to reduce bisulfite salts and chemicals that might inhibit 

the PCR. DNA concentrations were measured after the bisulfite treatment. 

PCR 

The next step was to amplify the bisulfite treated DNA with PCR. We used a 25µL PCR protocol 

with MGMT methylated and unmethylated specific primers (CpG sites 74-78) as used by Esteller 

et al. (96). The primers covered the MGMT promoter and exon 1 region and had the following 

sequences: methylated primers (81bp) 5’-TTTCGACGTTCGTAGGTTTTCGC-3’ and 5’-GCACT 

CTTCCGAAAACGAAACG-3’, and unmethylated primers (93bp) 5’-TTTGTGTTTTGATGTTT 

GTAGGTTTTTGT-3’ and 5’-AACTCCACACTCTTCCAAAAACAAAACA-3’. Two samples 
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from each patient were therefore run through the PCR: one with the methylated primers and one 

with the unmethylated primers. In addition to the positive control from the bisulfite treatment, an 

extra positive control sample (which was methylated on the previous PCR run), a negative control 

(unmethylated), and a blind control (water sample) were included in the PCR and the following 

gel-electrophoresis (Figure 26).  

Gel-electrophoresis 

For detection on the gel-electrophoresis, 10µL PCR product was loaded onto E-gel 4% agarose gel 

(Invitrogen) for 20 minutes. An experienced molecular biologist (H.Y.D.), who was blinded to the 

clinical data, interpreted the gel-electrophoresis and determined the MGMT methylation status. 

Cases with both methylated and unmethylated bands were categorized as MGMT methylated, 

because normal cells are mostly unmethylated (10, 94, 95). Cases with only an unmethylated band 

were determined as MGMT unmethylated. Cases showing only a weak unmethylated band were 

categorized as inconclusive and were repeated. 

Figure 26. Detection of the MGMT status using gel-electrophoresis during the MSP analyses. There were 
two samples from each patient or control: one sample with methylated primers (M) and the other sample 
with unmethylated (UM) primers. All samples show an unmethylated band because there will always be 
some normal cells in the sample. Hence, it is the presence of a methylated band that determines if a sample 
is methylated or not. In this example, case 1, 2, and 5 were MGMT methylated, and case 3 and 4 were 
MGMT unmethylated.  ‘pos 1’ was the positive control from the bisulfite treatment, and ‘pos 2’ was the 
positive control from a previous PCR and gel-run, ‘NEG’ was the unmethylated control, and ‘Blank’ was a 
water sample to control for unspecific binding. 
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7.5.2 Sanger sequencing of IDH mutation status 

Of the 106 patients included in Paper I, 21 were <55 years and immunonegative on IHC for the 

IDH1 R132H mutation. In Paper III, these 21 patients were therefore additionally sequenced using 

Sanger sequencing for the mutation status of codon 132 of IDH1 and codon 172 of IDH2. DNA 

isolation was performed in the same manner as described for the MSP assay. A 25µL PCR protocol 

was also used, with the primers for IDH1 ex4 (129bp) 5’-CGGTCTTCAGAGAAGCCATT-3’ and 

5’-GCAAAATCACATTATTGCCAAC-3’, and for IDH2 ex6 (236bp) 5’-GCTGCAGTGGGACC 

ACTATT-3´ and 5´-GTGCCCAGGTCAGTGGAT-3´. Also, a universal primer pair 5´-CACGAC 

GTTGTAAAACGAC-3´ and 5´-CAGGAAACAGCTATGACC- 3´was attached to the IDH1 and 

IDH2 primers, respectively. For sequencing, the BigDye Terminator v3.1 cycle sequencing kit and 

the 3130 genetic analyzer (Applied Biosystems, Foster City, CA) were used. The sequence 

chromatogram was interpreted by H.Y.D. who was blinded to other data.  

7.6 Clinical variables 

The clinical variables age, sex, performance status, treatment, and overall survival were collected 

in our previous publication (205). The data were mostly recorded from a prospectively collected 

research database. However, in 25 patients, the Karnofsky performance status (KPS) was estimated 

after retrospective review of hospital records. Patients were categorized as having a GTR (i.e. 

complete resection) when the residual volume was calculated to be <0.175mL on the postoperative 

MRI control (using an ellipsoid formula) (209). Patients that were categorized as temozolomide 

treated had received temozolomide within the first 6 months after surgery, and radiotherapy treated 

had received radiotherapy in any regime during follow-up. Patients who received corticosteroids 

before surgery were categorized as corticosteroid treated. Overall survival was defined as the time 

from the first operation to death of the patient. The end of follow up was 24.5 months after the 

surgery of the last included patient (June 2016). Patients alive at the end of follow-up were 

censored. 

7.7 Statistical analyses 

The computation of the expected Gompertzian growth curve was performed by A.L.S. and Ø.S. 

using R version 2.13.1 (R Foundation for Statistical Computing, Vienna, Austria). The remaining 

statistical analyses were performed using IBM SPSS Statistics version 21 (Paper I) and version 24 

(Paper II) (IBM Corp., Armonk, New Jersey, USA), and in Paper III using Stata (version 16, 
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StataCorp LLC, College Station, TX). The significance limit was set to p<0.05 without corrections 

for multiple testing in any of the papers.  

In Paper I, the presence of the 27 histopathological features was assessed for associations 

with faster tumor growth using univariable and multivariable binary logistic regression analyses. 

Before conduction of the statistical analyses, the three ordinal variables (cellular density, atypia, 

and vascular density) were dichotomized by merging the two lowest categories, because few cases 

were assigned to the lowest of these. The histopathological features that were significantly 

associated in the univariable analyses were included in the multivariable analysis. The 

multivariable model with the highest number of significant independent predictors was selected. 

We also examined associations between the features that were significantly associated in the 

univariable analyses using Chi Square (categorical vs categorical variables) and Mann-Whitney U 

(continuous vs categorical variables) tests.  

In Paper II, we first assessed the correlation between vWF-MVD and CD105-MVD using 

the Spearman rank correlation test. Then, we assessed associations between both MVDs and 

histopathological features using Mann-Whitney U tests (categorical vs continuous variables) and 

Spearman rank correlation tests (continuous vs continuous variables). The included 

histopathological features in Paper II were the features in Paper I that significantly associated with 

growth in the univariable analyses and the subjectively assessed vascular densities on HE slides. 

Furthermore, vWF-MVD and CD105-MVD were investigated for univariable associations with 

fast-growing tumors using Mann-Whitney U tests. The significantly associated MVD in the 

univariable analyses was further included in a multivariable binary logistic regression analysis with 

the significantly associated histopathological features in the univariable analyses from Paper I. 

However, mitotic count was not included in the multivariable model due to significant associations 

with all other features included.  

In Paper III, MGMT status was assessed for associations with 22 histopathological features, 

CD105-MVD, Ki-67/MIB-1 PI, MRI characteristics at the second scan, speed of tumor growth, 

overall survival, and clinical factors. Associations between MGMT status and categorical variables 

were assessed using Chi square/Fisher’s exact tests, and associations with continuous variables 

were assessed using Mann-Whitney U analyses. For the survival analyses, we used a Kaplan-Meier 

plot and the Log-Rank test for the univariable analysis and a Cox proportional hazard model for 

the multivariable analysis. The selection of variables in the multivariable model has previously 
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been accounted for (205). The proportional hazard assumption was tested using Schoenfeld 

residuals.  

7.8 Ethics 

The study was approved by the Regional Ethics Committee (Central) as part of a larger project 

(references 2011/974 and 2013/1348) and adhered with the Declaration of Helsinki. Most patients 

had provided informed consent to be included in a related glioma outcome study (reference 

2011/974). The regional ethics committee waived informed consent for retrospective evaluation of 

patient data for the remaining patients.  
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8 Summary of papers 

8.1 Paper I 

Histopathologic Features in Relation to Pretreatment Tumor Growth in Patients with 

Glioblastoma 

Mikkelsen VE, Stensjøen AL, Erik Magnus Berntsen EM, Nordrum IS, Salvesen Ø, Solheim O, 

Torp SH. 

World Neurosurgery, 109, e50-e58, 2018 

The aim of the study was to explore if the presence of 27 histopathological features could explain 

the observed variation in speed of preoperative tumor growth in glioblastoma patients.  

In the 106 included patients, speed tumor growth was estimated from segmented tumor 

volumes at two preoperative MRI scans and the interval between them. A fitted Gompertzian 

growth curve based on the volume data was used to dichotomize the tumors into two groups: faster 

or slower tumor growth than expected from the initial volume. These two groups were assessed for 

associations with the presence of the histopathological features using univariable and multivariable 

logistic regression analyses.  

In the univariable analyses, high cellular density (odds ratio (OR) 3.05, p=0.013), thromboses 

(OR 4.40, p=0.015), and mitotic count (OR 1.03, p=0.026) were significantly associated with faster 

than expected tumor growth. In the multivariable model, both high cellular density (OR 2.98, 95% 

confidence interval (CI) 1.2-7.4, p=0.018) and thromboses (OR 4.3, 95% CI 1.3-14.5, p=0.019) 

were significant independent predictors of faster tumor growth when corrected for each other. 

Mitotic count was not significant in the multivariable models and was not included in the final 

multivariable model.  

To investigate why mitotic counts did not reach statistical significance in the multivariable 

models, we examined associations between the three significant features in the univariable 

analyses. Thromboses and cellular density were not significantly associated (Chi-square test, 

p=0.419). However, increasing mitotic counts were significantly associated with both high cellular 

density (Mann-Whitney U test, p<0.001) and with the presence of thromboses (Mann-Whitney U 

test, p=0.006).  
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8.2 Paper II 

Angiogenesis and radiological tumor growth in patients with glioblastoma 

Mikkelsen VM, Stensjøen AL, Granli US, Berntsen EM, Salvesen Ø, Solheim O, Torp SH.  

BMC Cancer, 18, 862, 2018 

In this paper, we aimed to assess if the degree of angiogenesis was associated with preoperative 

radiological speed of tumor growth.  

 Radiological tumor growth was estimated in the same manner as in Paper I, using the 

Gompertzian growth curve to dichotomize the patients into ‘fast-growing’ and ‘slow-growing’ 

tumors. In the 102 included patients, MVD counts of the IHC markers vWF (a pan-endothelial 

marker) and CD105 (marker of proliferating endothelial cells) were assessed. The MVDs were 

assessed for univariable and multivariable associations with ‘fast-growing’ tumors using Mann-

Whitney U tests and a binary logistic regression analysis, respectively.  

In the descriptive analyses, the median vWF-MVD was 15.5 per field (range, 0.7-62.0) and 

median CD105-MVD was 12.7 (range, 0.7-50.0). vWF-MVD and CD105-MVD were significantly 

correlated (ρ=0.92, p<0.001). Before the analyses of the MVDs in relation to growth, both MVDs 

were assessed for associations with high cellular density, thromboses, mitotic count, and high 

vascular density. Here, higher mitotic counts and high vascular density were significantly 

associated with both MVDs (CD105-MVD p=0.001 and p=0.004, respectively; vWF-MVD 

p=0.004 and p=0.016, respectively). Despite being non-significant associations, there was a 

tendency towards higher CD105-MVDs in cases with present thromboses or high cellular density. 

A similar tendency was observed for vWF-MVD and thromboses.  

Only CD105-MVD was significantly associated with faster growth in the univariable 

analyses (p=0.049), but it explained only 3% of the variance in speed of growth. CD105-MVD was 

no longer significant when corrected for the presence of thromboses and high cellular density in a 

multivariable model. In this model, thromboses (OR 4.2, 95% CI 1.2-14.3, p=0.021) and high 

cellular density (OR 2.6, 95% CI 1.0-6.5, p=0.048) were significant independent predictors of 

faster growth.  
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8.3 Paper III 

 

MGMT Promoter Methylation Status Is Not Related to Histological or Radiological Features 

in IDH Wild-type Glioblastomas 

Mikkelsen VM, Dai HY, Stensjøen AL, Berntsen EM, Salvesen Ø, Solheim O, Torp SH. 

J Neuropathol Exp Neurol, 79, 855-862, 2020 

The aim of this paper was to investigate if MGMT promoter methylation status was associated with 

pretreatment phenotypical tumor biology of human IDH wt glioblastomas.  

 The MGMT status was determined by methylation-specific PCR in 85 IDH wt 

glioblastomas. The MGMT status was assessed for associations with the following biological 

features: 22 histopathological features, Ki-67/MIB-1 PI, CD105-MVD, conventional MRI 

characteristics, and preoperative speed of tumor growth (Chi square/Fisher’s exact tests and Mann-

Whitney U analyses). MGMT status was also assessed for associations with clinical factors and 

overall survival.  

 None of the investigated histological or radiological features were significantly associated 

with MGMT status. Methylated MGMT status was significantly associated with survival in the 

univariable analysis (p=0.048, Log-Rank test). Methylated MGMT status was also a significant 

independent predictor of improved overall survival (hazard ratio 0.60, 95% CI 0.37-0.97, p=0.038, 

Cox proportional hazard model) when adjusted for age, KPS, preoperative tumor volume, complete 

resection, chemotherapy, and radiation. MGMT status was not significantly associated with any of 

the clinical variables. 
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9 Discussion 

Glioblastomas are known for being highly malignant, extremely heterogenous, and fast-growing 

tumors. Interestingly, despite extensive research on tumor biology and experimental treatments, 

the patient outcomes have not been significantly improved and the standard treatment-regime has 

not been altered the past 15 years (3). However, there is still hope that insights into the biology can 

improve patient care through the use of biomarkers to guide clinical management or the discovery 

of new targets of therapy. In this thesis, we have aimed to increase the understanding of the natural 

biology of human glioblastomas by investigating if biological features in tumor tissue and at MRI 

scans acquired before treatment were related to tumor growth or MGMT status. 

9.1 Main findings 

9.1.1 Biology and tumor growth 

Paper I and II are among few studies that have examined relationships between biological features 

and pretreatment tumor growth rates of human glioblastomas. The sparse amount of studies is 

probably due to the challenges in obtaining sufficient preoperative imaging scans to estimate tumor 

growth rates. Of the previously mentioned studies on glioblastoma growth dynamics (see the 

‘Introduction’, page 11-13), only two investigated the biology behind the preoperative tumor 

growth (113, 114). However, these studies included few glioblastoma patients (32-50 patients) 

(113, 114) and focused on molecular markers (114). Still, both studies indicated a role of increased 

proliferation in faster tumor growth (113, 114), which is in line with our findings that high cellular 

density was associated with faster tumor growth.  

 In Paper I and II, high cellular density and the presence of thromboses were significant 

independent predictors of faster tumor growth in the multivariable analyses. In Paper I, these 

features were corrected for each other, and in Paper II they were also corrected for CD105-MVD 

(which was not significant). We speculated high cellular density might be a better marker of high 

proliferative activity than mitotic counts and PIs, because of the limitations of these proliferative 

quantifications (see ‘Methodological considerations’, page 62). The cellularity is also affected by 

both cell cycle time and cell loss, which are factors that are not captured by mitotic count and PI 

(109, 210). In this way, the link between high cellularity and aggressiveness supports high cellular 

density as an important feature in glioma grading.  
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The results in Paper I led to the speculation that thromboses promoted tumor growth 

through the induction of hypoxia (155, 211). Interestingly, thrombosis has previously been 

suggested as a diagnostic criterion of glioblastoma (135, 212, 213). This is supported by our 

findings, which indicates that thrombosis is related to a more aggressive tumor biology. 

Thrombosis has also been linked to IDH wt status in diffuse astrocytic tumors (212), which further 

substantiates the link with an aggressive tumor biology. Unruh et al. (212) further speculated that 

thrombosis could be a surrogate marker of IDH wt status (212). Moreover, mechanisms associated 

with thrombus formation have been suggested as a potential target of therapy in glioblastomas 

(214). 

In Paper II, the finding that CD105-MVD was not associated with faster growth when 

corrected for thrombosis and high cellular density, indicates that thromboses facilitate faster growth 

through angiogenesis-independent processes. Such angiogenesis-independent growth might 

happen through the other mechanisms of glioma-associated vascularization (i.e. co-option, 

vasculogenesis, vascular mimicry, and glioblastoma-endothelial cell transdifferentiation (142, 

153), see the ‘Introduction’, page 15-16 and Figure 6), enhanced proliferation (215, 216), and 

increased invasion (215, 216). These hypoxia-induced mechanisms are some of the proposed 

mechanisms for resistance to anti-angiogenic therapy in glioblastomas (106, 153, 216-218), which 

can explain why bevacizumab (anti-VEGF treatment) has not been shown to improve survival in 

RCTs (35-37). The inadequacy of CD105-MVD as a marker of glioblastoma growth was also 

illustrated by the wide ranges of CD105-MVD counts within both growth groups and that CD105-

MVD explained very little of the variance in growth. This could also potentially be explained by 

methodological limitations (see ‘Methodological considerations’, page 61-62) and/or the 

compensatory mechanisms mentioned above. In summary, our findings are not in accordance with 

the Folkman hypothesis (144), which states that tumor growth is angiogenesis-dependent (see the 

‘Introduction’, page 15-16). 

9.1.2 Biology and MGMT status 

Despite extensive research on the predictive marker MGMT promoter methylation status, there are 

few studies that have investigated if MGMT status is linked to the pretreatment biology of human 

glioblastomas. However, many studies have been conducted with the aim to predict MGMT status 

non-invasively from MRI scans, but the results have been conflicting and derived no expert 

consensus (53).  
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 In Paper III, MGMT status was not significantly associated with any of the biological 

features assessed as 22 histopathological features, Ki-67/MIB-1 PI, CD105-MVD, conventional 

MRI characteristics, and preoperative speed of tumor growth. These findings seen together with 

previous studies (see a more detailed discussion in Paper III), suggest the survival benefit of MGMT 

methylated glioblastomas is not due to an inherently less aggressive tumor biology. This further 

suggests that methylated MGMT status is not in part a prognostic factor, but merely a predictive 

marker (see the ‘Prognostic and predictive markers’ subsection for definitions, page 57-58).  

The lack of pretreatment biological differences further suggests that MGMT status cannot be 

non-invasively predicted from MRI scans. There has been huge research interest into the non-

invasive prediction of MGMT status (48-59, 219-221). Interestingly, the rationale behind such 

radiological studies is that there are pretreatment biological differences between MGMT 

methylated and unmethylated patients that can be measured on MRI scans. However, it is our 

impression that many of these studies might not have considered that MGMT status quite possibly 

is not a prognostic marker in itself. This would mean that the difference in biological 

aggressiveness between MGMT methylated and unmethylated tumors mainly occur after treatment. 

The latter also suggests that the increased response to chemotherapy in MGMT methylated 

glioblastomas is not due to other pretreatment biological differences than the MGMT status. 

In contrast to our findings, the study by Fan et al (114) found that IDH1 wt and MGMT 

unmethylated tumors were significantly associated with a faster preoperative tumor growth when 

corrected for WHO grade, TERT mutations, and Ki-67 expression. However, this was investigated 

in a subgroup of tumors with determined IDH and MGMT status (only 37 patients) (114). Although 

this study included 109 high grade tumors, only 50 were glioblastomas and only 19 were IDH wt 

glioblastomas. Interestingly, most IDH mt diffuse gliomas are MGMT methylated and MGMT 

status is only a prognostic and not a predictive marker in these tumors (69, 222). Hence, the 

inclusion of only IDH wt glioblastomas is a strength of Paper III.  

9.2 Clinical considerations 

Research is the cornerstone of medical practice, where the goal is ultimately to improve patient 

outcomes. Evidence-based medicine has been proposed as a paradigm shift in modern medicine, 

where the aim is to enable better identification of the best available research evidence to improve 

clinical practice (223). Scales of evidence levels based on the type of study design have been 

proposed as guides to assess the quality and validity of medical studies, such as the one proposed 
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by the Cochrane collaboration (Figure 27A) (223). Pathology, however, has been a latecomer in 

evidence-based medicine, but the interest in evidence-based pathology has increased the last years 

(223). As the RCT design is inappropriate for pathological studies, alternative evidence levels for 

pathological studies have been suggested (Figure 27B) (223).    

 

Figure 27. Evidence levels. A Evidence levels as proposed by the Cochrane collaboration, modified by 
Marchevsky et al. (223). B Evidence levels for evaluation of pathology literature. Inspired by evidence levels 
presented by Marchevsky et al. (223). RCT: Randomized controlled trial. 

 

Considering the evidence levels suggested for pathology literature (Figure 27B), the papers in this 

thesis represent Level 4 evidence (i.e. case-control studies without validation). The low evidence 

levels indicate that few clinical implications can be drawn from the studies, and that the findings 

need to be validated. The retrospective design is a major limitation of our studies. However, a 

strength is that most of the clinical data were prospectively collected. In a prospective setting, a 

standardization of the MRI protocol for all patients (39) could have led to the inclusion of more 

patients, and it would probably have decreased the variability of the growth estimates. Also, 

prospective tissue sampling would probably have led to the collection of more tissue, which would 

have decreased the risk of sampling errors. Validation of the results in Paper III should be feasible. 

However, the validation of the results in Paper I and II is more difficult due to the challenges of 

acquiring preoperative tumor volumes to compute the growth data. Also, shorter time intervals 

between the preoperative MRI scans would lead to more uncertain growth estimates. In addition, 

other institutions would probably be reluctant to publish data showing long time intervals before 

surgery. However, Ellingson et al. (21) found that that only 6% of the patients had decreasing or 
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stable growth when patients with as short as 7-day intervals between the preoperative MRI scans 

were included. This suggests that shorter time intervals could be used in future studies.  

 As a part of evidence-based pathology, the Reporting recommendation for tumor MARKer 

prognostic studies (REMARK) guideline (224) was published to encourage transparent and 

complete reporting. Although the papers in this thesis are not prognostic studies (except the 

survival analysis in Paper III), the studies adhered to most of the guidelines. However, we realize 

that more attention should have been given to sample size and power (see ‘Methodological 

considerations’, page 63-64), and an effect size for the univariable associations between MVDs 

and tumor growth in Paper II should have been reported.  

Despite the lack of direct clinical consequences of the findings of the papers in this thesis, 

the knowledge of the pretreatment tumor biology of glioblastomas has been increased. The use of 

biological markers to identify patients with different risks and responses to therapies is an important 

aspect of ‘personalized medicine’ (225). The goal is that more precise stratifications of patients 

based on biological characteristics could in turn guide a more informed and effective clinical 

management (225). Hence, ‘personalized medicine’ aims to bridge the gap from biological insights 

to clinical practice (i.e. ‘translational research’) (225). As an example, our finding that thrombosis 

predicted faster glioblastoma growth, might suggest that thrombosis could be a promising marker 

to identify patients in need of more aggressive treatment, or it could be a potential target of therapy. 

Although further research is needed and the findings in our papers must be validated, our studies 

complement previous research and could serve as fundaments for future research. The hope is that 

better understanding of the tumor biology of glioblastomas will eventually lead to improved patient 

outcomes. 

9.3 Biological considerations 

In this work, we studied the phenotypical tumor biology of human glioblastomas by means of 

histopathological features seen in HE and IHC stained tissue sections and MRI characteristics on 

T1-weighted contrast-enhancing scans. An advantage with MRI is that it portrays the whole tumor 

in vivo. Histology, on the other hand, enables a more detailed assessment of the biology; however, 

only parts of the tumors are assessed, and it requires surgery. Even though experimental in vitro 

and in vivo models enable even more detailed studies of biological mechanisms (103), such models 

will never fully represent the vast intratumoral genetic and phenotypic heterogeneity of human 

glioblastomas (103) (see the subsection ‘Experimental models of glioblastoma growth’, page 13).  
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In the papers of this thesis, the histology sections represent the biology at the time of the 

second MRI scans (i.e. the scans taken right before surgery). The analyzed tissue was retrieved 

from the first surgical intervention in these patients, which means that the biology was unaffected 

by radiochemotherapy. Hence, the tissue sections and MRI scans reflected the natural biology of 

human glioblastomas. Unfortunately, we cannot entirely exclude an effect of preoperative 

corticosteroid treatment on the biology, as about 80% of the patients received such treatment. Still, 

in a previous analysis of the same patients, the steroid treatment was not significantly associated 

with growth when adjusted for the diagnostic tumor volume (20). Moreover, both histology and 

MRI are limited by that they only assess the biology at one time point, whereas tumor biology is a 

dynamic process in constant evolution (103, 226). Radiological tumor growth, on the other hand, 

is probably a biological marker that better reflects the net result of the different biological 

mechanisms over time. 

Tumor growth was the end point in Paper I and II. Although we believe tumor growth more 

precisely reflects the underlying tumor biology than overall survival, it is an auxiliary end point 

and not a hard clinical end point. Overall survival is considered “the gold standard” end point (227) 

because associations with overall survival reflect a clinically meaningful effect. However, when 

the aim is to study tumor biology, overall survival is confounded by clinical factors that do not 

reflect tumor biology (44). Such clinical factors are for example the patient’s overall health, extent 

of resection, given treatments, and second-line therapies. Hence, these confounding factors may 

hide the effect of potential biomarkers when overall survival is the end point. Therefore, the use of 

tumor growth as the end point has the potential to discover new biomarkers associated with the 

aggressiveness of glioblastomas. Tumor growth as the endpoint is further supported by the fact that 

it is mainly the local impacts that lead to the death of glioblastoma patients (122, 123). In a previous 

study, we found that slower preoperative tumor growth was associated with improved survival 12 

months after follow-up (205). The finding might indicate that other clinical factors affect survival 

more than tumor biology during the first 12 months, whereas the inherent biology is important for 

survival beyond 12 months. 

As part of ‘personalized medicine’, extensive research interest has been devoted to the 

discovery of new treatment targets and the conduction of clinical trials on the effects of such 

targeted therapies. However, because glioblastomas are highly heterogenous and that tumor 

biology is in constant evolution, it has been speculated that compensatory mechanisms virtually 
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always will lead to treatment resistance of targeted therapies (228, 229). In glioblastomas, the lack 

of effect of targeted therapies is thought to be caused by the vast tumor heterogeneity, decreased 

penetration of the blood-brain barrier, and dose-limiting toxicities (3, 69). As seen with the 

bevacizumab-trials, compensatory mechanisms for the lack of angiogenesis are induced and drive 

treatment resistance (153). Hence, it has been suggested that combined drug treatment is needed to 

reduce drug resistance, but such treatment has been associated with an increased risk of toxicity (3, 

228). An intriguing speculation is that it might be more effective to target more abundant cellular 

pathways, such as the proteasome (e.g. marizomib (230)). This is because the inhibition of more 

common cellular pathways is more likely to limit compensatory mechanisms that cause treatment 

resistance. 

9.4 Prognostic and predictive markers 

As previously mentioned, the finding that MGMT status was not associated with the pretreatment 

phenotypical tumor biology in Paper III, suggests that it is purely a predictive marker and not in 

part prognostic. MGMT status is often referred to as a prognostic marker, because it has been 

associated with overall survival in several studies (11, 12, 231). However, it is often confusing 

what the authors actually mean when they call a tumor marker prognostic, as the terms ‘prognostic’ 

and ‘predictive’ are sometimes used interchangeably (232). A prognostic marker is defined as a 

biomarker of the natural history of the disease that is associated with outcome (232). This means 

that its association with outcome is regardless of the therapy given, and that it reflects the inherent 

aggressiveness of the disease. In glioblastomas, it is not established if the prolonged survival in 

MGMT methylated patients is only due to the predictive effect of increased chemosensitivity, or if 

the marker is also in part prognostic. The best way to study if a marker is purely prognostic, is in 

cohorts where the patients do not receive any treatment (i.e. ‘pure’ prognostic studies) (224). 

However, this is seldom realistic for glioblastoma patients, and the closest we get is to study the 

survival effect of MGMT status in patients that have only received radiotherapy. The results from 

such analyses have been conflicting (11, 13-15, 88-90). However, as mentioned above, overall 

survival is also affected by second-line therapies. Second-line treatment with temozolomide is 

believed to have caused the seemingly prognostic effect in the radiotherapy-only treated patients 

in the Stupp-trial (11, 233). This is further substantiated by the lack of difference in progression-

free survival in the same study (11). A predictive marker, on the other hand, implies a different 

benefit from treatment depending on the status of the biomarker (232). To confirm the predictive 
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significance of a biomarker, the RCT study design is necessary, because a control group is needed 

to confirm a statistical interaction between the treatment effect and the biomarker (232). The 

predictive value of MGMT status has been substantiated by many previous publications (11, 13-

15, 91, 233). Interestingly, none of the RCTs were able to show a significant interaction between 

MGMT status and treatment, however, trends were established and the lack of significance is 

believed to be caused by underpowering (11, 13, 14).  

 The descriptions above emphasize that the design of the survival analysis in Paper III is 

inadequate to determine if MGMT status is either a true prognostic or true predictive marker. This 

is because the independent association between MGMT status and overall survival is still 

potentially affected by second-line treatment with temozolomide. This is because we only corrected 

for chemotherapy treatment that was received 6 months after surgery in the multivariable model. 

Nevertheless, the aim of the survival analysis was to check the external validity of our material. 

Instead, we used phenotypical pretreatment biology as a surrogate end point of a true prognostic 

value, because a true prognostic factor should theoretically reflect the inherent aggressiveness of 

the tumor.  

9.5 Methodological considerations 

9.5.1 External validity 

A considerable strength of work is that the included patients were selected from all patients 

operated for glioblastoma at the same neurosurgical center within the given time interval (262 

patients). All patients with suspected brain tumors within the central health region in Norway are 

referred to this neurosurgical center, which means the original population of 262 patients probably 

had a minimal amount of selection biases. However, there might still be some fragile patients that 

were not referred to surgical evaluation. Most of the excluded patients were due to inadequate 

imaging data: 79 patients had <two preoperative scans and 70 had <14 days between the scans 

(Figure 8, page 24). Still, the distributions of sex and age of the included patients were not 

significantly different from the excluded, and the mean age was comparable to glioblastoma 

patients in Norway (20). Also, the median overall survival of the 106 included patients (12.6 

months) (205) was comparable to 10.1 months for unselected patients in Norway (18). In addition, 

the range and median of the KPS scores (205) were comparable to population-based studies (234, 

235). The patients included were diagnosed between 2004 and 2014, which means that some of the 

patients diagnosed around 2004 did not receive the Stupp-protocol, as this protocol was introduced 
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around 2005 (19). However, this only affects the generalizability of the survival analysis in Paper 

III.  

 Before inclusion in Paper I, all tumors were histopathologically reviewed for diagnosis 

according to the 2007 WHO Classification (141) and the IDH1 R132H status determined using 

IHC. However, due to the subjective nature of pathology, we cannot entirely exclude the 

occurrence of differential diagnoses in our material (73). This potential bias is illustrated in a 

central review of the 360 glioblastoma patients from the Stupp-trial (19, 236), where 15 cases (4%) 

did not fulfill the criteria for glioblastoma. These cases were mostly re-diagnosed as lower-grade 

diffuse gliomas, but also re-diagnosed as other tumor types (236). However, because the diagnostic 

revision and the presence of contrast enhancement were requirements for inclusion in our papers, 

we believe the proportion of potentially misdiagnosed cases is probably quite low. Still, an 

independent assessment by another expert pathologist would have further increased the diagnostic 

validity. In 2016, the WHO Classification was updated, and the glioblastomas were diagnostically 

stratified into IDH mt and wt. As IDH1 status was only determined with IHC, we had to preform 

additional IDH1/2 sequencing to be in accordance with the 2016 Classification in Paper III. Also, 

the epithelioid glioblastoma subtype and diffuse midline glioma could have been considered more 

closely, as these were new types in the 2016 Classification. However, as both types are rare and 

occur predominately in children and young adults (237, 238), it is unlikely that they would have 

affected on the results. The finding of 3% IDH mt in our material, is in accordance with the 

frequency of 5% found in primary (i.e. de novo) glioblastomas (8). Due to the differences in 

biological behavior between IDH wt and mt tumors (184, 204), we excluded the IDH mt patients 

from Paper III.  

9.5.2 Growth estimates 

The precision of the growth estimates is affected by the quality of the volume segmentations. 

Substantial strengths of this project were that all volume segmentations were controlled by an 

experienced neuroradiologist (E.M.B.), the agreement of the volume segmentations were shown to 

be quite good (20), and the interobserver agreement was found to be acceptable (239). Still, the 

amount of contrast enhancement might have been affected by the timing and administration of the 

contrast agent and other factors such as infarctions (40). Importantly, there will always be diffusely 

infiltrating tumor cells beyond the contrast-enhancing rim of glioblastomas (29, 30). Therefore, it 

was only the bulk tumor growth that was estimated in this project. Hence, tumors with a more 
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diffuse growth pattern would not be captured as tumor growth, unless there occurs a subsequent 

induction of angiogenesis that breaches the blood-brain barrier (217, 226). A more diffuse growth 

pattern could have been measured using T2-weighted or FLAIR sequences. However, these 

sequences are also affected by corticosteroid treatment (41). In our previous study, we could not 

observe any significant growth of the T2/FLAIR compartments without co-occurring growth of the 

contrast-enhancing compartments (measured by visual inspection) (205). 

 Tumor growth was estimated as faster and slower growth than expected, based on the 

assumption that all tumors followed a Gompertzian growth pattern. This contrasts to most previous 

studies that have used volume doubling times (i.e. they assumed exponential growth). However, as 

described previously, exponential growth showed a poor fit, whereas Gompertzian growth and  

linear radial growth pattern showed a good fit with the volume data (20). However, there were not 

enough data on larger tumors to determine whether a final plateau phase took place (i.e. 

Gompertzian growth) or not (i.e. radial linear growth) (20). Nevertheless, in our previous study, 

the assumption of linear radial growth instead of Gompertzian growth led to the same conclusions 

(205). Individual growth curves from each patient could not be estimated, as this would require 

more than two preoperative tumor volumes.  

9.5.3 Histopathological features  

The assessment of histopathological features is limited by its subjective nature causing 

interobserver variability (73). This is especially challenging for features that are gradual processes, 

such as the degree of cellular density and atypia (73). To reduce observer variability, we strived to 

establish clear cut definitions and only record conspicuous features. The definitions of the features 

were in accordance with established literature (139, 141). However, in retrospect, we have realized 

that some of the definitions should have been more clearly defined beforehand, and some of the 

features had to be revised due to altered definitions (such as thrombosis and mitotic count). The 

assessments of the histopathological features by the two observers were not entirely independent, 

and interobserver agreement could therefore not be investigated. Still, we attempted to keep the 

second observer blinded when possible. The addition on an external observer, preferably an 

experienced pathologist, would have increased the reliability of the histopathological assessment 

and enabled computation of interobserver agreement.  

Whereas high interobserver variability will lead to reduced reliability, sampling errors due 

to small tissue samples will lead to reduced validity of the assessments. Studies have found a that 
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glioblastomas can be undergraded on stereotactic biopsies (240-248). It is especially the 

histopathological features with large regional heterogeneity, such as mitotic figures (249), that are 

more prone to sampling errors.  

9.5.4 Microvessel density 

MVD measurements are also hampered by sampling errors and interobserver variability, and the 

latter has been shown to be high for MVD assessments in glioblastomas (250). Like the 

histopathological assessment, the reliability of the MVD assessment would have increased if we 

had included another independent observer.  

Most previous studies have used the methods according to Weidner et al. (207) with 

modifications. Such modifications can be differences in the choice of endothelial antibodies, the 

definition of immunoreactive blood vessels, the use of eye-piece grids, which objective used, which 

magnification used, the number of HPFs counted, the definition of representative areas for 

counting, and the handling of glomeruloid tufts and longer vessels (156, 195, 196, 208, 251-256). 

Most studies define single positive cells as one vascular unit and avoid areas of sclerosis, necrosis, 

and non-neoplastic tissue. Yet, few have specified their handling of glumeruloid tufts and longer 

vessels. We believe as Leon et al. (156) that counting such tufts as one vascular unit will 

underestimate the angiogenic potential of glioblastomas. We have therefore as Kraby et al. (208) 

counted the lumens of these structures. Regarding the number of HPFs and the magnification, a 

study on MVDs in breast cancer showed that an increased field area led to a dilution of MVD 

counts and loss of prognostic informativeness (257). However, they recommended a field area that 

was twice as large as the area we assessed in Paper II (257). The differences in methodology 

between studies cause decreased validity of the findings and make results less comparable. In this 

respect, we realize that we should have been more restrictive with modifications of the 

methodology. Also, the counts should have been divided by the field area to increase comparability. 

Due to the different methodologies, a consensus guideline was published in 2002 (258). In this 

guideline, the Chalkley method with the CD34 antibody was recommended. However, the 

guideline has been criticized (259), and a new guideline has not been published since. Today, MVD 

is the most frequently used method and new antibodies and technologies have emerged.  

There are several pan-endothelial antibodies to choose from, such as CD31, CD34, and 

vWF. We chose vWF as the pan-endothelial marker, because CD31 and CD34 have been found to 

stain different inflammatory cells (260). However, Wang et al. (197) has shown that vWF 
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sometimes does not stain microvessels. Although CD105 has predominately been found to stain 

proliferative endothelial cells  (151, 189-197, 260), a few studies have shown that it can be positive 

in non-proliferating endothelial cells as well (261, 262). Hence, this marker needs to be further 

validated. The finding that vWF-MVD was not significantly associated with tumor growth in the 

univariable analysis of Paper II could perhaps be explained by its additional staining of pre-

existing, not angiogenically active vasculature (263).  

9.5.5 Proliferation assessments 

As previously mentioned, there are several limitations to mitotic count and Ki-67/MIB-1 

proliferative index (PI) assessments. Such limitations are heterogeneity of mitotic figures and 

positively stained cells both between and within glioblastomas (140, 177, 249, 264), sampling 

errors (177, 249, 264, 265), differences in fixation (249) and staining methodology (177, 249, 264), 

and the large interobserver variability (266). Such methodological errors are thought to be some of 

the reasons why Ki-67/MIB-1 PI has shown conflicting results as a prognostic marker in 

glioblastomas (2, 177, 265, 267, 268). 

9.5.6 Immunohistochemistry 

All fixations and IHC stains were performed at the same laboratory, which eliminates 

interlaboratory differences. Potential errors during IHC can be divided into reaction biases (e.g. 

related to tissue fixation, antigen retrieval, and detection systems) and interpretation biases (e.g. 

the selection of antibody types and protocols and interpretation of the results) (269). As an example 

of reaction biases, the antigenicity of FFPE material has been shown to decrease after only 12 

months of storage (270). In the same study, vWF was one of the markers that showed decreased 

staining (breast cancer specimens) (270). Regarding interpretation biases, these are affected by the 

experience of both the lab personal and the examiner. Inter- and interobserver variability in 

determining what is regarded as a positive structure is also relevant. Adequate titration of the 

antibody dilution is necessary to avoid false positive of false negative staining. Factors such as 

hemorrhages, necrosis, and tissue edges can lead to false positive staining. To account for this in 

Paper II, we used a glioblastoma with focally present hemorrhages and necroses for optimal 

antibody titrations of the endothelial markers. Different types of antibodies (polyclonal vs 

monoclonal) affect the sensitivity and specificity of the staining. Polyclonal antibodies (e.g. GFAP 

and vWF) react with several epitopes that lead to a higher detection sensitivity, whereas 

monoclonal antibodies (e.g. IDH1 and CD105) only bind one epitope and are thus more specific 
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(269). To assure the validity of the findings, all the applied IHC protocols (Table 1, page 39) had 

external controls that were processed under the same condition as the assessed cases, and all had 

negative controls were the primary antibodies were omitted. Moreover, the staining procedure for 

CD105 with overnight incubation with cover glass may dispose to air bubbles and excessive drying, 

which also could lead to aggregated staining at tissue edges. 

9.5.7 Methylation specific PCR 

There is currently no consensus regarding the preferred assay to detect the MGMT promoter 

methylation status, and several different techniques are used (93, 95). We used methylation specific 

PCR (MSP), which is the technique routinely used at the pathology department at St. Olavs 

Hospital in Trondheim. MGMT status determined with MSP has been shown to associate with 

overall survival in several pivotal clinical studies (10, 11, 95, 96). Our finding of 36% methylated 

cases corresponds to the 30-60% found in previous studies (10). Unfortunately, intratumoral 

heterogeneity in MGMT status has also been reported (70, 271). Another important technical 

limitation of the MSP assay, is poor DNA quality that may be caused by bisulfite treatment, tissue 

fixation, necrosis, and sparse tumor material (10, 94). Some argues that quantitative MSP (real-

time PCR) and pyrosequencing are superior to gel-based MSP, as they enable detection of 

‘intermediate’ methylation (94) (i.e. ‘weakly methylated’ cases) and quantitatively state the degree 

of methylation as a percentage (93). However, in both assays, the cutoff-value for what is 

determined as a methylated sample is controversial (93-95). Nevertheless, the primers used in 

Paper III correspond to an area of the promoter found to best correlate with prognosis and MGMT 

expression in patients with glioblastoma (272, 273). Further technical limitations are discussed in 

more detail in previous publications (93-95). 

9.5.8 Statistics 

The statistical analyses in this thesis were explorative, meaning that not all statistical tests were 

preplanned. This led to a relatively high number of statistical tests, which is especially relevant for 

Paper I and III. We did not correct for multiple testing despite the increased risk of type I errors 

(i.e. false positive findings). This was because a correction would lead to decreased power and a 

higher risk of type II errors (i.e. not detecting associations that are true). To decrease the risk of 

type I errors, we could have included only features with the most biologically plausible 

relationships with tumor growth in Paper I. This approach would have been less fit for Paper III, 

where the knowledge of biological associations with MGMT status is more limited. In Paper I, 30 
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univariable significance tests were performed. Out of these, three (10%) were significant (p<0.05), 

which suggests that some of the findings are not significant just by chance (i.e. type I error). In 

Paper III, none of the 29 performed statistical tests were significant. Hence, type II errors were 

suspected. To calculate the power in Paper III, we assumed a standardized effect size of 0.8, and 

estimated the power to be >90% for each of the analyses. We realize that a similar approach could 

have been made to estimate the power in Paper I and II. Altogether, the results must be interpreted 

with caution and need to be validated. 

 The grouping of variables causes a loss of information, such as the dichotomization of the 

growth estimates and the grouping of the two lowest categories of atypia, cellular density, and 

vascular density (274). The latter could have been avoided by using alternative statistical tests, 

such as the Kruskal-Wallis analysis. Possible consequences of the dichotomization of the growth 

data are loss of statistical power, underestimation of the extent of variation, and tumors close to the 

average (the cut-off) are at risk of being regarded as very different even though they might actually 

be quite similar (274). We considered other approaches than the dichotomization of the growth 

data, such as using the magnitude of the residual of the observed volume from the curve (Figure 

10, page 27) or compensate for the dependency on tumor volume by using statistical transformation 

or interaction terms. However, such approaches would have made our data less interpretable.  
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10 Main conclusions 

In this thesis, we have investigated potential relationships between pretreatment biological features 

and radiological speed of tumor growth or MGMT promoter methylation status.  

In Paper I and II, only high cellular density and thromboses were significant independent 

predictors of faster tumor growth. Mitotic count and CD105-MVD were significantly associated 

with faster growth in univariable analyses of Paper I and II, respectively, but not in the 

multivariable analyses. Accordingly, these results suggest: 

• High cellular density might better reflect a high proliferative activity than quantifications 

of mitotic count and Ki-67/MIB-1 PI 

• Our findings are in line with hypotheses describing thrombosis as an important inductor of 

hypoxia, which triggers more aggressive tumor biology 

• Thrombosis could potentially be used as a histopathological feature of glioblastoma. Hence, 

it could be considered to be implemented in tumor grading 

• Thrombus formation might be a potential target of therapy 

• Immunohistochemical quantification of the degree of angiogenesis (i.e. MVD 

measurement) is inadequate as markers of faster tumor growth 

• Tumor growth is not necessarily angiogenesis-dependent (i.e. not in accordance with the 

Folkman hypothesis) 

• It is possible that hypoxia-induced, angiogenesis-independent mechanisms contribute to 

faster glioblastoma growth 

• The findings are in line with that anti-angiogenetic therapy has not been shown to improve 

survival in glioblastomas due to the development of hypoxia-induced resistance 

mechanisms 

In Paper III, we found no significant associations between MGMT status and pretreatment 

phenotypical tumor biology. Methylated MGMT status was an independent predictor for improved 

survival when adjusted for several clinical factors. Our findings suggest: 

• The survival benefit of MGMT methylated glioblastomas is not due to a less aggressive 

inherent tumor biology. This further suggests methylated MGMT status is not in part a 

prognostic factor by itself, but merely a predictive marker 
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• The increased response to chemotherapy in MGMT methylated glioblastomas is not due to 

pretreatment differences in phenotypical tumor biology 

• MGMT status cannot be non-invasively predicted from preoperative MRI scans 

The major strengths of the papers are the preoperative growth estimates in a relatively large number 

of patients from one center with a population-based referral, and that the analyzed tissue material 

and MRI images were obtained before radiochemotherapy treatment. However, our studies were 

explorative, and the findings need to be validated in future studies. Before that, we cannot draw 

any firm conclusions.  
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11 Future perspectives 

Despite the explorative study design that increases the need for validation, the findings of our 

studies can be used to generate hypotheses for future research. For example, such as the findings 

in Paper I were the basis for the aim of Paper II. Because the findings in Paper I and II point to 

hypoxia and thromboses, we are currently conducting a study with the markers HIF-1α and tissue 

factor (TF) with the aim to investigate if these factors are associated with tumor growth. HIF-1α 

indicates the degree of hypoxia, whereas upregulation of TF is thought to be important for thrombus 

formation in glioblastomas (212). TF has also been linked to IDH wt status and increased tumor 

aggressiveness (212). Interestingly, TF has been speculated as an attractive therapeutic target in 

IDH wt glioblastomas (214).  

 The extensive research on the molecular biology of brain tumors is making an increasing 

impact on the classification of brain tumors. In this regard, methylation profiling has been shown 

to be a powerful tool (63, 74). However, the use of methylation profiling is today limited by 

unresolved methodology, regulatory issues, and that it is unavailable to most institutions (71, 275, 

276). Recently, an expert consortium of neuropathologists (277) has recommended substantial 

changes in the next WHO Classification regarding the typing and grading of diffuse astrocytic 

tumors (276). They recommend that glioblastoma, IDH mt should no longer be called 

“glioblastoma”, but instead “astrocytoma, IDH mt, WHO grade IV”, and that lower-grade IDH wt 

diffuse astrocytomas with molecular features as glioblastoma should be diagnosed as 

“glioblastomas, IDH wt” (276). The main purpose of the WHO Classification is to improve the 

clinical management of patients through precise communication, being a solid basis for research, 

improve prognostication, and guide treatment and follow-up (2). However, such substantial 

changes would make previous research based on the former definitions less valid. We also 

speculate that such substantial changes might cause confusion due to changes in nomenclature and 

the increased complexity. Thus, we are worried that this in turn could impede the clinical 

management of patients. Especially in hospitals and countries where the clinicians and pathologists 

are generalists (and not e.g. specialized neuropathologists), it is probably harder to keep up with 

such complex updates. Also, the extended need for molecular testing poses a challenge, particularly 

in less developed countries with less available resources. In sum, it will be very interesting to see 

if these recommendations will be incorporated, and especially, what the consequences will be for 

the clinical management of brain tumor patients in different countries. 
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Advancements in technology introduce exiting new methodologies and possibilities in 

glioblastoma research. For example, sequencing of circulating tumor DNA (ctDNA) in 

cerebrospinal fluid (CSF) is a potential future technique to study the glioma genome without the 

need for surgery (3, 278). With advances in technology, ctDNA could potentially be evaluated from 

blood plasma as well (3). Moreover, the introduction of advanced imaging techniques enable 

increased biological information of human glioblastomas in vivo, such as magnetic resonance 

spectroscopy (MRS) (279) and positron emission tomography (PET) (280). Moreover, the 

development of biomathematical models enable studies of the dynamic tumor biology, which could 

potentially model the constant evolution and be used to predict responses to therapies (228). Huge 

attention has recently been dedicated to artificial intelligence (AI). AI has the potential to discover 

features, patterns and relationships in large, complex datasets without the limitation of human 

subjectivity causing observer variability. AI has been shown to accurately perform automatic image 

segmentation of high-grade gliomas (281), and there is a huge potential in digital pathology where 

AI can potentially be used for automated tissue diagnosis and feature recognition (282, 283). In our 

ongoing study about HIF-1α, TF and tumor growth, we plan to use digital pathology, and 

potentially AI, to quantitate the immunostainings.  

We find ourselves in an exciting time in glioblastoma research, and it will be very 

interesting to see if the extensive research on glioblastoma biology eventually will lead to improved 

patient outcomes. Hopefully, new technologies along with high-quality research will enable the 

discovery of effective treatments of this extremely heterogenous and aggressive disease. As said 

by the oncologist Robert Gatenby when explaining the challenges of treatment development and 

treatment resistance in cancers (228): 

“Instead of whack-a-mole, we need to be playing chess” 
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12 Errata 

• In Paper III, we state that 30 histopathological features were assessed for associations with 

tumor growth. However, it was 30 statistical tests that were performed, and 27 

histopathological features were assessed. This was because microvascular proliferation 

irrespective of location, one or more of the secondary structures of Scherer, and all three of 

the structures were also tested for associations.   
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Histopathologic Features in Relation to Pretreatment Tumor Growth in Patients
with Glioblastoma

Vilde Elisabeth Mikkelsen1, Anne Line Stensjøen2,3, Erik Magnus Berntsen2,3, Ivar Skjåk Nordrum1,7, Øyvind Salvesen1,

Ole Solheim4-6, Sverre Helge Torp1,7

-BACKGROUND: Rapid growth is a well-known property
of glioblastoma (GBM); however, growth rates vary among
patients. Mechanisms behind such variation have not been
widely studied in human patients. We sought to investigate
relationships between histopathologic features and tumor
growth estimated from pretreatment magnetic resonance
imaging scans.

-METHODS: In 106 patients with GBM, 2 preoperative T1-
weighted magnetic resonance imaging scans obtained at
least 14 days apart were segmented to assess tumor
growth. A fitted Gompertzian growth curve based on the
segmented volumes divided the tumors into 2 groups: faster
and slower growth than expected based on the initial tu-
mor volume. Histopathologic features were investigated for
associations with these groups, using univariable and
multivariable logistic regression analyses.

-RESULTS: The presence of high cellular density and
thromboses was significantly associated with radiologic
growth in the multivariable analysis (P [ 0.018 and 0.019,
respectively), with respective odds ratios of 3.0 (95%
confidence interval, 1.2e7.4) and 4.3 (95% confidence in-
terval, 1.3e14.5) for faster growing tumors.

-CONCLUSIONS: Our findings show that high cellular
density and thromboses are significant independent pre-
dictors of faster growth in human GBM. This finding
underlines the importance of hypercellularity as a criterion

in glioma grading. Furthermore, our findings are concordant
with hypotheses suggesting hypoxia triggered by throm-
boses to be relevant for growth of GBM.

INTRODUCTION

Human glioblastomas (GBMs) are known for their rapid
growth,1,2 short overall survival,3 lack of effective
therapies,4 and vast intertumoral and intratumoral

heterogeneity both genetically and histologically.5

Because GBMs are highly aggressive, patients with GBM are
often operated on rapidly after being detected with computed
tomography or magnetic resonance imaging (MRI). This factor
makes it difficult to obtain pretreatment growth data necessary for
studying unaffected growth mechanisms of human GBM. We have
recently examined the pretreatment growth dynamics of 106
patients with GBM based on volume segmentation acquired from
preoperative MRI scans.1 The results showed a median daily
volumetric growth of 1.4% and an equivalent volume doubling
time of 49.6 days. However, there was considerable variation in
growth rates across the patients examined. Large tumors grew
significantly slower than their smaller counterparts, and our
findings supported the assumption that GBMs follow a
Gompertzian growth pattern (Figure 1).1 This growth pattern is
characterized by a progressive decrease in speed of growth
because of lack of nutrients as the tumor volume increases,
leading to a final plateau phase.6
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Few studies have explored the growth dynamics of human
GBM,1,2,7-13 and even fewer have examined the biological pro-
cesses behind growth rate variability.9,13 We aimed to investigate
possible associations between histopathologic features and pre-
operative tumor growth, to clarify whether variations in tumor
growth can be explained by such features.

METHODS

Inclusion and Exclusion Criteria
All patients �18 years old with assumed primary GBMs (without
clinical evidence of a previous lower-grade lesion) operated on
between January 2004 and May 2014 at St. Olavs Hospitale
Trondheim University Hospital, Norway (262 patients) were
retrospectively evaluated for inclusion. Here, patients had to have
at least 2 preoperative contrast-enhanced T1-weighted MRIs,
separated by a minimum gap of 14 days (i.e., initially the diag-
nostic scan and subsequently the preoperative scan). The median
time interval between the 2 MRIs was 23.5 days (range, 14e98
days). Patients with tumors lacking contrast enhancement and/or
gliomatosis cerebri according to radiologic criteria14 were
excluded. All cases were microscopically revised for diagnosis by
V.E.M. (a medical student) and controlled by S.H.T. (an
experienced pathologist), using the 2007 World Health
Organization classification system.15 One case was rediagnosed
as an anaplastic astrocytoma grade III and excluded. This action

left a total of 106 patients eligible for further analyses. The study
was approved by the regional committee for medical and health
research ethics and adhered to the Declaration of Helsinki.

Histopathologic Evaluation
Histologic sections from surgical specimens (89 cases) and
biopsies (17 cases) were examined on all available hematoxylin-
eosinestained formalin-fixed paraffin-embedded sections
(including formalin-fixed paraffin-embedded frozen sections) for
30 histopathologic features possibly affecting tumor growth (listed
in Table 1). The assessment of histopathologic features was
performed by V.E.M. and controlled by S.H.T. All cases except 1
had available paraffin sections for the evaluation, and almost all
cases (except 9) had additional formalin-fixed paraffin-
embedded frozen sections. Moreover, all cases were recorded for
histologic presence of central tumor areas (105 cases), infiltration
zones (i.e., presence of normal brain tissue intermingled with
tumor cells) (78 cases), infiltration zones into gray matter (i.e.,
presence of neurons) (66 cases), and outer brain surface
(45 cases).
Most histopathologic features were registered as either present

or absent, and only conspicuous features were recorded to reduce
observer variability. Cellular density, atypia, and vascular density
were semiquantitatively graded. Mitoses were counted in hotspots
from 10 high power fields, preferably in paraffin sections with
adequate morphology for identification and counting of mitotic
figures. However, 3 cases were counted on formalin-fixed paraffin-
embedded frozen sections because of insufficient morphology on
the paraffin sections, and 1 case could not be counted because of
inadequate morphology on all paraffin and frozen sections. The
amount of tumor tissue varied across cases, and 49 contained
small amounts of viable tissue material as a result of extensive
necrosis or small biopsies. Nonetheless, the amount of material in
these cases was still sufficient for evaluation of the histopathologic
features.

Immunohistochemical Analyses
All cases underwent standard immunohistochemical analyses
carried out on a Dako Autostainer (Dako Denmark AS, Glostrup,
Denmark). Visualization of immunoreactivity was performed with
the Dako Envision system. Paraffin sections, 4 mm thick, were
incubated with antibodies against glial fibrillary acidic protein
(rabbit, polyclonal, dilution 1:2000 for 65 cases and 1:10 000 for
the others [Dako Denmark AS]) and isocitrate dehydrogenase 1
mutation (IDH1 R132H, monoclonal, dilution 1:100 [Dianova,
Hamburg, Germany]) using standard procedures as described
earlier.16

Tumor Volume Segmentation and Growth Estimates
A.L.S. performed the manual segmentation of tumor volumes
using the software BrainVoyager QX (Brain Innovation, Maas-
tricht, The Netherlands), and a neuroradiologist, E.M.B., validated
the segmentations. Total tumor volume was defined as the
combined volume of contrast-enhancing and central none
contrast-enhancing compartments (i.e., necrosis). In cases with
multiple lesions per patient, all were segmented and combined in
the total tumor volume. A more elaborate description of the
segmentation procedure was reported previously.1

Figure 1. Gompertzian growth curve estimated from segmented
magnetic resonance imaging volumes. The Gompertzian growth curve
fitted from the growth of the tumors, assuming all tumors followed the
same growth pattern. This curve can be used to estimate the predicted
future growth of a tumor. The squares represent tumor volumes from the
second magnetic resonance imaging scans. Tumors above the curve had
grown faster than expected from the Gompertzian growth curve (black
squares), whereas tumors beneath had grown slower than expected (red
squares).1 The curve was drawn from a tumor with an arbitrary size of
0.135 mL at day 0.
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Table 1. Frequencies of Histopathologic Features and Criteria for Categorization

Histopathologic Features % (n), n [ 106 Comments and Criteria for Categorization

Necroses

Large 90 (95) Large areas of infarct-like tumor necrosis

Small 83 (88) Smaller areas of necrotic tissue, with or without pseudopalisades

Both 73 (77)

Microvascular proliferation 76 (81) Two or more layers of cells in the vascular wall

Central 69 (73/105*)

Peripheral 41 (32/78y)
Pseudopalisades 70 (74/105*) Accumulated cells present at the rim of either large or small necrotic areas

Cellular density Categorization based on a subjective assessment of the mean distances between neoplastic cells for
all available viable tumor material, preferably in central tumor areas. See Figure 2AeC, for examples
of each of the respective categories

Low 5 (5)

Intermediate 65 (69)

High 30 (32)

Atypia Subjective assessment of the variability in cellular and nuclear size and shape of all available viable
tumor material. See Figure 2E, B, and D for examples of each of the respective categoriesMild 3 (3)

Moderate 76 (81)

Severe 21 (22)

Mitotic count Median count: 11
Range, 0e65

Number of cases with 0 mitoses: 6
Total number of cases: 105z
Mitotic figures counted in 10 high power fields with the highest density of mitotic figures (hot spots)

Vascular features

Thromboses 83 (88) Vessels either partly or completely occluded with fibrin. See Figure 2D, as an example

Hemorrhage 79 (84) Extravascular erythrocytes and fibrin, often co-occurring with perivascular neutrophils, damaged
vascular walls, or cellular debris. Also, the mere presence of hemosiderin-containing macrophages was
sufficient for the categorization

Pseudorosettes 21 (22/103x) Perivascular tumor cells forming rosettes surrounding smaller vessels with sparse amounts of vascular
connective tissue. Distinct eosinophilic area between the vascular wall and the nuclei of the
surrounding cells

Vascular density Subjective assessment of the mean distances between separate blood vessels for all available viable
tumor material, preferably in central tumor areas. See Figure 2F, B, and C, for examples of each of
the respective categories

Low 6 (6)

Intermediate 59 (62)

High 36 (38)

Secondary structures of Scherer These phenomena were assessed solely in cases containing infiltration zones into gray matter (n ¼ 66)

Perineuronal satellitosis 50 (33/66) Neoplastic cells surrounding neurons

Angiocentric structures 41 (27/66) Neoplastic cells located adjacent to capillaries or smaller vessels

Subpial clustering 27 (12/45k) Densely packed neoplastic cells just below the pial layer of the meninges

One or more feature 67 (45/66)

All 3 features 12 (8/66)

Desmoplasia 63 (67) Areas of distinct fibrovascular tissue with extracellular collagen deposits

Leukocytes

Macrophages 93 (99) Cells with distinct and characteristic morphology of microglia/macrophages

Lymphocytic infiltration 64 (68) Perivascular accumulation or larger infiltrates in viable tumor tissue

Glioblastoma subtypes

Continues
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Because growth rates were correlated with tumor volume for
these 106 patients,1 a point estimate of growth is likely a poor
representation of tumor biology. In our previous study,1 we
concluded that the growth of untreated GBMs was best
described by a Gompertzian growth curve, as shown in Figure 1.
In the current study, the Gompertzian growth curve, with
growth parameters estimated as described previously,1 was used
to separate the patients into 2 groups: patients with tumors
growing faster than expected from their initial volume (volumes
above the curve) and patients with tumors growing slower than
expected (volumes beneath the curve) (Figure 1). These growth
groups have previously been shown to be associated with patient
survival.17 In the current study, these groups formed the basis
for the investigation of relations to histopathologic features.

Statistical Analyses
Statistical analyses regarding growth estimates and fitted growth
patterns were computed using R version 2.13.1 (R Foundation for
Statistical Computing, Vienna, Austria), whereas analyses inves-
tigating relations between histopathology and speed of growth
were conducted using SPSS Statistics version 21 (IBM Corp.,
Armonk, New Jersey, USA). The significance level was set to
P < 0.05. Before the logistic regression analyses were conducted,
the 3 ordinal variables (cellular density, atypia, and vascular
density) were dichotomized by merging the 2 lower categories; few
cases were assigned to the lowest of these. Possible associations
between the group of faster growing tumors and the histopatho-
logic features were examined using univariable and multivariable

binary logistic regression analyses. The multivariable analysis with
the highest number of significant independent predictors was
selected.

RESULTS

Patient Characteristics
The age and sex distributions of the 106 patients included, with 72
men (68%) and a mean age of 63 years (range, 26e83 years), were
not significantly different from the excluded patients.1 Eighty-six
patients (81%) received corticosteroids before surgery, and the
median tumor volume was 17.7 mL (range, 0.05e146.5 mL) in the
first MRI scans and 27.5 mL (range, 0.98e243.5 mL) in the second
MRI scans.

Immunohistochemical Analyses
All cases were immunoreactive for glial fibrillary acidic protein
and 2 for IDH1 R132H.

Histopathology
Frequencies of the recorded histopathologic features are listed in
Table 1. Necroses were present in all cases, and perinecrotic
pseudopalisades were observed in relation to both large and
small necroses. Microvascular proliferation was frequently
encountered, most commonly in central tumor areas. The
secondary structures of Scherer were possible to assess in most
of the cases, and 1 or more of these phenomena appeared
frequently (most commonly, perineuronal satellitosis).

Table 1. Continued

Histopathologic Features % (n), n [ 106 Comments and Criteria for Categorization

Small cell glioblastoma 15 (16) Tumor tissue containing >75% small cells with high nucleocytoplasmic ratio and round, oval, or
angular shapes

Giant cell glioblastoma 1 (1) Tumor tissue dominated by giant cells (see definition below)

Gliosarcoma 1 (1) Biphasic pattern of sarcomatous and classic glioblastoma morphology. Sarcomatous component clearly
demarcated and negatively stained for glial fibrillary acidic protein

Cell types

Gemistocytes 22 (23) Tumor cells with large eosinophilic cytoplasm and eccentric nuclei

Small cell component 20 (21) Focal areas with small cells (see above)

Sarcomatous cells 18 (19) Elongated spindle cells, often in bundles

Myxomatoid component 13 (14) Loosely woven tissue of elongated cells with mucinous extracellular substance

Giant cells 9 (10) Abnormally large and bizarre cells with irregular nuclei

Primitive neuronal component 8 (8) Densely packed small hyperchromatic neuroblast-like cells with high nucleocytoplasmic ratio

Oligodendroglial component 7 (7) Smaller, monotonous hyperchromatic cells with perinuclear haloes, chicken wire vasculature, and/or
microcalcifications

*Assessed only in tumors with central tumor morphology (n ¼ 105).
yAssessed only in cases with present infiltration zones into either gray or white matter (n ¼ 78).
zAssessed only in cases with adequate morphology for counting of mitoses (n ¼ 105).
xAssessed only in cases with paraffin sections with viable central tumor areas (n ¼ 103).
kAssessed only in cases containing outer brain surface (i.e., cases containing leptomeninges or, alternatively, cases containing �2 of the following features: molecular cortical layer, corpora

amylacea, or glia limitans [n ¼ 45]).
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Associations Between Histopathology and Growth Groups
Of all histopathologic features listed in Table 1, only mitotic
count, high cellular density, and thromboses were significantly
associated with tumor growth in the univariable analyses
(Tables 2 and 3). In the multivariable analysis with the highest
number of significant independent predictors, only high cellular
density and thromboses remained significant, and were
positively associated with faster growing tumors (Table 3).

Associations Between Histopathologic Features
To investigate why mitotic count did not reach statistical signifi-
cance in the multivariable models, we examined associations be-
tween the 3 significant features in the univariable analyses.
Thromboses and high cellular density were not significantly
associated (c2 test, P ¼ 0.419). Increasing mitotic counts were
significantly associated both with high cellular density (Mann-
Whitney U test, P < 0.001) and with the presence of thromboses
(Mann-Whitney U test, P ¼ 0.006).

DISCUSSION

In the present study, we found that high cellular density and
thromboses were histopathologic features significantly associated
with faster radiologic growth of human GBM in a multivariable
analysis.
This relatively large set of pretreatment growth data from patients

with GBM enables us to study virtually unaffected growth

Table 2. Proportions of Histologic Features in the Two Groups
of Growth with P Values from Univariable Binary Logistic
Regression Analyses

Histopathologic
Features

Tumors Growing
Slower Than
Expected

(n [ 53), n (%)

Tumors Growing
Faster Than
Expected

(n [ 53), n (%)
P

Values*

Necroses

Large 87 (46) 93 (49) 0.345

Small 83 (44) 83 (44) 1.000

Microvascular
proliferation

79 (42) 74 (39) 0.493

Central (n ¼ 105z) 69 (36/52) 70 (37) 0.948

Peripheral
(n ¼ 78x)

50 (20/40) 32 (12/38) 0.101

Pseudopalisade
(n ¼ 105z)

71 (37/52) 70 (37) 0.880

High cellular density 19 (10) 42 (22) 0.013y
Severe atypia 21 (11) 21 (11) 1.000

Mitotic count
(n ¼ 105k)

Median count: 7
Range, 0e64

Median count: 15
Range, 0e65

0.026y

Vascular features

Thromboses 74 (39) 93 (49) 0.015y
Hemorrhage 81 (43) 77 (41) 0.632

Pseudorosettes
(n¼103{)

18 (9/51) 25 (13/52) 0.365

High vascular density 36 (19) 36 (19) 1.000

Secondary structures of Scherer

One or more
feature (n¼66#)

65 (22/34) 69 (22/32) 0.728

Perineuronal
satellitosis (n¼66#)

44 (15/34) 56 (18/32) 0.326

Angiocentric
structures
(n¼66#)

35 (12/34) 47 (15/32) 0.340

Subpial clustering
(n¼45**)

25 (6/24) 29 (6/21) 0.787

Desmoplasia 72 (38) 55 (29) 0.072

Leukocytes

Macrophages 93 (49) 94 (50) 0.697

Lymphocytes 68 (36) 60 (32) 0.419

Glioblastoma subtypes

Small cell
glioblastoma

9 (5) 21 (11) 0.111

Giant cell
glioblastoma

2 (1) 0 (0) 1.000

Gliosarcoma 2 (1) 0 (0) 1.000

Continues

Table 2. Continued

Histopathologic
Features

Tumors Growing
Slower Than
Expected

(n [ 53), n (%)

Tumors Growing
Faster Than
Expected

(n [ 53), n (%)
P

Values*

Cell types

Gemistocytes 23 (12) 21 (11) 0.814

Small cells 26 (14) 13 (7) 0.093

Sarcomatous cells 23 (12) 13 (7) 0.210

Myxomatoid areas 17 (9) 9 (5) 0.257

Giant cells 8 (4) 11 (6) 0.509

Primitive
neuronal-like cells

4 (2) 11 (6) 0.161

Oligodendroglial
areas

9 (5) 4 (2) 0.256

*P values obtained from univariable binary logistic regression analyses.
yStatistically significant features, P < 0.05.
zAssessed only in tumors with central tumor morphology (n ¼ 105).
xAssessed only in cases with present infiltration zones into either gray or white matter

(n ¼ 78).
kAssessed only in cases with adequate morphology for counting of mitoses (n ¼ 105).
{Assessed only in cases with paraffin sections with viable central tumor areas (n ¼ 103).
#Assessed only in cases containing infiltration zones into gray matter (n ¼ 66).
**Assessed only in cases containing outer brain surface (i.e., cases containing lep-

tomeninges or, alternatively, cases containing �2 of the following features: molecular
cortical layer, corpora amylacea, or glia limitans [n ¼ 45]).
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mechanisms in human GBMs. Growth mechanisms of GBM have
been studied extensively in both in vitro and in vivo animal studies,
but such models can never fully mimic the unique intratumoral
genetic and phenotypic heterogeneity of human GBM, because of
microenvironmental dissimilarities.18 Although preoperative
corticosteroids (received by 81% of the patients in our study)
could affect the microenvironment, it did not affect radiologic
speed of growth.1 Moreover, because it is unethical to withhold
symptomatic corticosteroid treatment, the biology of these tumors
is as unaffected as can be ethically justified. To better assess the
impact of steroids, we performed the same statistical analyses as
previously described for this steroid-treated subgroup. Here, we
found the same results as for all patients (data not shown).
Although speed of growth is not a hard clinical end point such as

overall survival, we believe it might better capture the biology of the
disease because of the numerous factors affecting survival. Such
factors are age and tumor size at diagnosis, tumor location, extent of
surgical resection, adjuvant therapy, neurologic deficits, and
comorbidity, which all might introduce bias in search of markers
associated with GBM biology. Such potential interfering parameters
could explain why many molecular biomarkers have failed to be
associated with survival of grade IV gliomas in numerous large
studies.19-21 By assessing relations between histopathologic features
andpretreatment growth,we could investigate tumor biologywithout
significant interference of these clinical factors.

High Cellular Density Is a Significant Independent Predictor of
Faster Growth
High cellular density was significantly associated with faster
growing tumors in the multivariable analysis. The cellularity of tu-
mors is believed to increase along with higher proliferation rates,
and these 2 features were significantly associated in our study.
However, mitotic count was not a significantly independent pre-
dictor of tumor growth. Studies investigating the prognostic value of
Ki-67 proliferative index (PI) have shown diverging results, and the
importance of proliferation assessments inGBM is not clarified.22-26

In addition, the method of evaluating Ki-67 PI has been shown to
have a large interobserver variability.27 In a recently published study
of the same patients, we foundKi-67 PI to be significantly associated
neither with faster growth nor with prognosis,17 which further
substantiates a possible inadequacy of histopathologic evaluation
of proliferative activity in GBM. Mitotic activity is known to be
highly heterogeneously distributed, both between and within
different GBMs.28 This factor presents challenges in selecting and
counting hot spots representative of the true proliferative value of

the tumor. We therefore speculate that high cellular density may
be more representative of the true proliferation rate of the tumor
than is histopathologically evaluated proliferative activity. In any
case, these findings support hypercellularity as an important
criterion in glioma grading.28

Intravascular Thrombosis Is a Significant Independent Predictor
of Faster Growth
Intravascular thrombosis is a frequent and well-known macro-
scopic and microscopic feature of GBM.29,30 In the current study,
thromboses were associated independently with faster growing
tumors. Thromboses are observed more frequently in GBMs than
in lower-grade astrocytomas, and it has been hypothesized that
thromboses trigger more aggressive tumor behavior.29 It has been
proposed that thromboses initiate tumor hypoxia,31,32 which leads
to upregulation of the transcription factor HIF-1a (hypoxia
inducible factor 1a), stimulating invasion and angiogenesis.33,34 It
is plausible that increased angiogenesis promotes a more
aggressive tumor phenotype and tumor expansion.31,32 However,
antiangiogenetic treatment with the vascular endothelial growth
factor antagonist bevacizumab has not been shown to increase
survival in phase 3 clinical trials,35 with the possible exception of
the proneural subtype.36 In animal models, bevacizumab
treatment reduces tumor blood supply and increases hypoxia
(induction of HIF-1a) and glycolysis (through activation of the
phosphatidylinositide 3-kinase/Akt pathway), leading to
increased tumor invasion.37 Thus, the increase of hypoxia after
bevacizumab treatment might explain the lack of therapeutic
benefit, and it has been speculated that adding drugs targeting
HIF-1a and phosphatidylinositide 3-kinase/Akt pathways could
circumvent this issue.37

Hypoxia quantitated from positron emission tomography scans
has been found to correlate with a radiologic index of aggres-
siveness in human GBMs.38 This index is computed from a
biomathematical model based on preoperative MRI scans, which
estimates net proliferation and dispersal rates of glioma cells.39

Szeto et al.38 argue that high proliferation rates might cause the
observed hypoxia. However, reverse causation may also be
possible, (i.e., hypoxia could cause higher proliferation by
acquisition of a more aggressive phenotype). Both causal chains
may contribute to the aggressive biology of the highly
heterogeneous GBM.
The pathogenesis underlying the formation of intravascular

thromboses in GBM is not fully comprehended.28 Tissue factor is
expressed in higher levels in GBMs than in lower-grade

Table 3. Univariable and Multivariable Odds Ratios from Binary Logistic Regression Analyses

Histopathologic Feature
Univariable Odds Ratio (95%

Confidence Interval)
Multivariable Odds Ratio (95%

Confidence Interval)
P Values from Multivariable

Analysis

High cellular density 3.05 (1.27e7.35) 2.98 (1.21e7.39) 0.018*

Thromboses 4.40 (1.34e14.43) 4.28 (1.27e14.47) 0.019*

Mitotic count (n ¼ 105) 1.03 (1.00e1.06)

*Significant features, P < 0.05. Features with odds ratio >1 were positively associated with faster tumor growth.
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gliomas,40,41 and upregulation of tissue factor has been sug-
gested to be important for thrombus formation in GBM. Another
possible explanation is that the co-option of native vasculature by
tumor cells leads to destabilization of the vessels and thereby
promotes vaso-occlusion.42 A third possible mechanism is that a
breached blood-brain barrier leads to activation of the coagula-
tion cascade and thereby formation of thromboses.31 Although
several mechanisms for increased coagulability have been
proposed, it is unclear why some tumors are more
procoagulant than others.

Histopathologic Features Linked to Slower Growth
The presence of desmoplasia and small cell compartments
showed increased proportions in slower growing tumors, with
near-significant P values in the univariable analyses (Table 2).
However, their role remains unclear, because there is a lack of
studies covering how they could impede the growth of GBM.

Other Relevant Histopathologic Features
Other relevant histopathologic features did not achieve statistical
significance in the univariable analyses. As previously described,
thrombosis has been postulated as an initiator of hypoxia, which in
turn leads to increased neovascular stimuli, facilitating outward tu-
mor expansion. Still, neither vascular features nor necroses showed
any significant associations with tumor growth in this study. With
regard to vascularization, it is difficult to fully recognize all vessels in
routine sections of GBM tissue.43 Therefore, immunohistochemical
analyses with endothelial markers can aid in developing more

definite documentation on this issue. Regarding necroses, random
tissue samples of GBMs may not be representative of the necrotic
part. It might thus be better to quantify the degree of necrosis on
MRI scans to study its role in GBM growth. Radiologic necrosis in
histopathologic grade III tumors harbors the same prognosis as
GBMs.44 To better understand the roles of neovascularization and
necroses in human GBM growth, future studies are required.

Strengths and Limitations
The main strength of the study is the repeated preoperative MRI
assessments in a relatively large number of patients, all treated at 1
neurosurgical center with a population-based referral. Distribu-
tions of both age and gender were nonsignificantly different from
the excluded patients, and the distribution of age was similar to all
patients with GBM in Norway.1 The exclusion of patients with
serial images separated by less than 14 days can be a source of
selection biases. Although 81% of the patients received
symptomatic corticosteroid treatment before surgery, the steroid
intervention did not show a significant impact on tumor growth
when adjusted for diagnostic tumor volume.1

Errors in obtaining reliable growth estimates may have occurred
because of the variability of MRI scanners performing the diag-
nostic scans (performed in 15 different radiology clinics), the
timing of administration of the contrast agent, and other factors
that could have altered the contrast enhancement (such as
infarctions).45 To minimize such errors, the segmentations were
controlled by a neuroradiologist (E.B.M.), and the
reproducibility of the MRI segmentations assessed using

Figure 2. Histopathologic features. Hematoxylin-eosin stains from
glioblastoma tissue on 200� magnification. (AeC) Low, moderate, and
high cellular density, respectively. (B, C) Moderate and high vascular
density, respectively. In addition, (B) shows moderate atypia, whereas (C)

shows an area with small cell morphology. (D) A partly thrombosed vessel
surrounded by severely atypical neoplastic cells. (E, F) Mild atypia and low
vascular density, respectively.
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measures suggested by Bland and Altman.46 The reproducibility
assessment showed good reliability of the volume estimates.1

GBMs show a pronounced infiltrative growth, and tumor cells
are present far outside the contrast-enhancing rim.47,48 Never-
theless, bulk tumor volume as seen on contrast-enhanced
T1-weighted MRI scans is used for evaluation of resection
grades and treatment responses.49,50

Regarding the histopathologic examination, all cases had
adequate material for evaluating histologic features, although 49
had sparse amounts of viable tumor material. Variation in the
amount of tissue pertaining to each case and the vast intratumor
and intertumor heterogeneity of GBM histopathology5,30 could
decrease the representability, especially in cases with sparse tissue
amount. Nevertheless, representability probably increases because
of the large number of cases reviewed. Despite stringent criteria
for recognizing histopathologic features, all recognition was
carried out subjectively and thus with varying degrees of intra-
observer variability. In this regard, we found thromboses to be
fairly conspicuous on routine hematoxylin-eosin slides
(Figure 2D), plausibly minimizing the intraobserver variability for
this particular feature. Regarding the mitotic count, the
assessment has many potential sources of errors.51 Moreover,
the second observer (S.H.T.) was not completely blinded
because he was more experienced and therefore controlled the
first observer’s (V.E.M.) histopathologic findings. However, we
were well aware of this issue and strived to maximize blinding
when possible.
In our data set, only 2% (2/106) were immunopositive for IDH1,

which is concordant with the 5% observed in de novo occurring

GBMs in a literature review.52 According to the 2016 World Health
Organization classification, IDH1 R132Henegative patients
younger than 55 years should be sequenced in addition for
adequate determination of IDH status.28 However, additional
gene sequencing was unavailable for the 22 patients (21%)
negative for IDH1 R132H and younger than 55 years in our study.
Multiple significance tests were performed because of the

exploratory design of our study, thus increasing the chance of false
findings. Also, the novel approach has made it impossible to
calculate statistical power upfront. Our findings should therefore
be validated in future studies. However, we believe this study can
form a basis for future studies on growth mechanisms in patients
with GBM.

CONCLUSIONS

In this explorative study, we found that high cellular density and
thromboses were significant independent predictors of faster
tumor growth in a multivariable analysis. Furthermore, our results
are in accordance with hypotheses describing thrombosis as a
main initiator of hypoxia, which triggers more aggressive tumor
biology.
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Abstract

Background: The preoperative growth of human glioblastomas (GBMs) has been shown to vary among patients.
In animal studies, angiogenesis has been linked to hypoxia and faster growth of GBM, however, its relation to the
growth of human GBMs is sparsely studied. We have therefore aimed to look for associations between radiological
speed of growth and microvessel density (MVD) counts of the endothelial markers vWF (Factor VIII related antigen)
and CD105 (endoglin).

Methods: Preoperative growth was estimated from segmented tumor volumes of two preoperative T1-weighted
postcontrast magnetic resonance imaging scans taken ≥14 days apart in patients with newly diagnosed GBMs. A
Gompertzian growth curve was computed from the volume data and separated the patients into two groups of
either faster or slower tumor growth than expected. MVD counts of the immunohistochemical markers von
Willebrand factor (vWF) (a pan-endothelial marker) and CD105 (a marker of proliferating endothelial cells) were
assessed for associations with fast-growing tumors using Mann-Whitney U tests
and a multivariable binary logistic regression analysis.

Results: We found that only CD105-MVD was significantly associated with faster growth in a univariable analysis
(p = 0.049). However, CD105-MVD was no longer significant when corrected for the presence of thromboses and
high cellular density in a multivariable model, where the latter features were significant independent predictors of
faster growth with respective odds ratios 4.2 (95% confidence interval, 1.2, 14.3), p = 0.021 and 2.6 (95% confidence
interval, 1.0, 6.5), p = 0.048.

Conclusions: MVDs of neither endothelial marker were independently associated with faster growth, suggesting
angiogenesis-independent processes contribute to faster glioblastoma growth.

Keywords: Angiogenesis, Glioblastoma, Histopathology, Magnetic resonance imaging, Microvessel density, Tumor
growth, Tumor biology, Tumor hypoxia

Background
Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in adults [1], with a median overall sur-
vival of only 10 months in unselected patients [2]. GBMs
are characterized by a highly heterogenous histopathology
[3–5], a high secretion of pro-angiogenic factors [6, 7], ex-
tensive vascularity [8, 9], and rapid pretreatment growth
[10, 11]. The pretreatment growth has been shown to vary
considerably among patients [10] and slower growth to be

an independent predictor of long term survival in patients
with GBM [12].
It is of major interest to understand biological processes

behind the variations in speed of growth observed in
human GBMs, which in turn could reveal future targets of
therapies hampering growth. We have recently studied re-
lations between histopathological features and radiological
speed of pretreatment tumor growth [13]. We found that
thromboses and high cellular density were significant in-
dependent predictors of faster preoperative tumor growth
[13]. These findings are in line with hypotheses suggesting
thrombosis as an initiator of hypoxia facilitating outward
tumor expansion, plausibly through stimulation of
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angiogenesis [9, 14]. Neovascularization is fundamental
for the survival and expansion of tumors [15], and angio-
genesis has been extensively linked to hypoxia and growth
of GBM in animal studies [16–19]. However, in random-
ized trials, antiangiogenic therapy has not shown any sig-
nificant survival benefit in GBMs [20, 21]. Still, the degree
of angiogenesis has not been assessed for relations with
radiological speed of pretreatment growth in human
GBMs.
In a cohort of 102 GBMs previously assessed for radio-

logical speed of growth [10], we sought to investigate pos-
sible associations between pretreatment speed of tumor
growth and the degree of angiogenesis quantified by
microvessel density (MVD) measurements. The MVDs
were immunohistochemically assessed by means of two
endothelial markers: von Willebrand factor (vWF or
FVIII related antigen), a pan-endothelial marker [22],
which illustrates the metabolic demand of the tumor [23];
and endoglin (CD105), a marker of proliferating endothe-
lial cells [24], which reflects the degree of angiogenesis
[23]. In addition, we investigated the correlation between
the MVDs and their associations with the histopatho-
logical features thromboses, high cellular density, high vas-
cular density, and mitotic count.

Methods
Inclusion and exclusion criteria
As previously described, patients were retrospectively se-
lected from all newly diagnosed GBM patients ≥18 years
of age operated at St Olavs Hospital – Trondheim Uni-
versity Hospital, Norway between January 2004 and May
2014 (262 patients) [10]. Selection criteria were ≥ 2 pre-
treatment T1-weighted postcontrast magnetic resonance
imaging (MRI) scans separated by ≥14 days and histo-
pathologically verified GBMs according to the 2007 World
Health Organization (WHO) Classification [25]. Exclusion
criteria were non-contrast-enhancing tumors and glioma-
tosis cerebri (defined by radiological criteria [26]). In
addition, four cases were excluded because of insufficient
tissue amount or morphology for the MVD assessments,
which left 102 patients eligible for further analyses.

Volume segmentation and growth rates
The segmentation of tumor volumes and establish-
ment of growth rates have previously been described
in detail [10]. The volume segmentation was per-
formed by ALS and controlled by EMB (a neuroradiol-
ogist) using the software BrainVoyager QX (Brain
Innovation, Maastricht, The Netherlands). Both preopera-
tive MRI scans were segmented for total tumor volumes,
defined as the combined volume of the
non-contrast-enhancing central part (i. e. necrosis)
and the contrast-enhancing rim. In addition, the

reproducibility of the tumor volume assessments has
been assessed and concluded as satisfactory [10].
The fitness of different growth patterns based on the

segmented tumor volumes and the time intervals be-
tween the scans, have previously been assessed [10]. The
Gompertzian growth pattern (Fig. 1) was concluded as
the most biologically reasonable growth pattern [10],
and all tumors were assumed to follow this growth pat-
tern. Since growth rates were highly dependent upon
tumor volume [10], a point estimate (such as doubling
time) would be a wrong representation of tumor growth.
To account for this issue, we calculated an expected
Gompertzian growth curve based on the volume data
from 106 patients [10]. The curve dichotomized the pa-
tients into having tumors with a larger or smaller volume
increase than expected from the curve (i.e. fast-growing or
slow-growing tumors) (Fig. 1) [10]. These two groups have
previously been shown to associate with survival of GBM
patients [12]. In the current study, these groups were
assessed for associations with the MVDs.

Histopathology
All routine hematoxylin-eosin (HE) sections for each
case have previously been microscopically assessed by
VEM (a medical research student) and controlled by
SHT (an experienced neuropathologist) for the presence
of 30 different histopathological features, which have
previously been described in detail [13]. These features
were assessed for associations with the same groups of
growth, and thromboses, high cellular density, vascular
density, and mitotic count were of interest to this study.
Thromboses were defined as vascular structures partly
or completely occluded with fibrin. The general cellular
and vascular densities of viable tumor areas were sub-
jectively graded as low, moderate, or high. For statistical
analyses, the 2 lowest categories were merged, because
very few cases were graded as low in both variables. Mi-
toses were counted in 10 high-power fields (HPFs) in
areas of highest mitotic counts (hotspots).

Immunohistochemistry
From each patient, one representative tumor sample
from formalin-fixed paraffin-embedded (FFPE) tissue
were cut at 4 μm, dried, deparaffinized, and rehydrated.
Of the 102 cases, 11 cases had sections from FFPE fro-
zen tissue. We applied vWF (vWF, 1:2000, polyclonal
rabbit, EnV+/HRP, Dako Denmark AS, Glostrup,
Denmark) and CD105 (CD105, SN6h, 1:50, monoclonal
mouse, LSAB/HRP, Dako Denmark AS, Glostrup,
Denmark). Optimum antibody concentrations were de-
termined by titrations. For CD105, antigen retrieval was
achieved with proteolytic enzymes, endogenous perox-
idase activity was quenched with peroxidase block, and
sections were incubated with the primary antibody for
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24 h at 4 °C with cover glass after pretreatment with
serumfree proteinblock. Both endothelial markers had
negative controls and positive internal controls.

Quantification of microvessel densities
MVDs of vWF and CD105 were assessed by VEM, who
was blinded to the growth data. A Nikon Eclipse 80i
microscope and a Nikon CFI 10×/22 grid at × 400 mag-
nification (area within the grid equal to 0.059 mm2) were
used for the MVD assessments. MVDs were assessed
after the methods of Weider et al. [27] with some modi-
fications. MVDs were computed as the mean count of
vessels within the grid for three HPFs of highest vascular
densities (i. e. hotspots). Hotspots were identified by
scanning using × 4 and × 10 objectives on vWF sections;
corresponding hotspots were identified on CD105 sec-
tions. Only areas with ≥50% of viable central tumor tis-
sue were counted. Tissue edges and areas with excessive
hemorrhage and/or desmoplasia were avoided. Any indi-
vidually stained endothelial cell or vessel within or in
contact with the grid were counted. Moreover, because
of the heterogeneous morphology of GBM vessels [28],
each lumen was counted for long branched vessels and
glomeruloid tufts as described by Kraby et al. [29]. In
addition, separate units of ≥2 staining endothelial cells

within the same vascular structure were counted as one
vascular unit. Altogether, one case was not assessed for
vWF-MVD due to high background staining, and an-
other case was not evaluated for CD105-MVD due to
non-existent antigenicity.

Statistical analyses
The estimation of growth rates and curves were computed
using R version 2.13.1 [10] and analyses involving histo-
pathology and MVDs were performed using IBM SPSS
Statistics 24. Statistical significance was defined as p < 0.05
without corrections for multiple testing. The correlation
between vWF-MVD and CD105-MVD was assessed using
the Spearman rank correlation test. Associations between
both MVDs and histopathological features were assessed
using Mann-Whitney U tests (categorical vs continuous)
and Spearman rank correlation tests (continuous vs con-
tinuous). vWF-MVD and CD105-MVD were further in-
vestigated for associations with fast-growing tumors using
Mann-Whitney U tests. Finally, CD105-MVD was in-
cluded in a multivariable binary logistic regression model
with the histopathological features previously found to be
significantly associated with faster growth in the same pa-
tients (thromboses, high cellular density, and mitotic

Fig. 1 Gompertzian growth pattern. The expected Gompertzian growth curve computed from segmented tumor volumes of two preoperative
MRI scans and the interval between them in 106 patients [10]. Time is presented as a logarithmic scale. The squares represent tumor volumes at
the second MRI scans: the black squares are tumor volumes with a larger increase in size than expected from their initial volume (fast-growing
tumors), while the red squares are tumors with a smaller volume increase than expected from the curve (slow-growing tumors). For illustration
purposes, the curve was drawn from a tumor with an arbitrary size of 0.135 mL at day 0
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count) [13]. Mitotic count was excluded from the model
due to significant associations with all other features in-
cluded [13].

Results
Patient characteristics
Of the 102 included patients, 69% (70 patients) were
male. The mean age was 63 years, range 26–83 years
old. All cases were immunopositive for glial fibrillary
acidic protein (GFAP) and two for isocitrate dehydrogen-
ase mutation (IDH1-R132H) [12]. Eighty-two patients
(80%) were preoperatively treated with corticosteroids.
The median tumor volume was 17.7 mL (range 0.05–
146.45 mL) from the first MRI scans and 27.5 mL (range
0.98–243.52 mL) from the second MRI scans. The median
interval between the scans was 22.5 days, range 14–98 days.
Overall, 52 patients (51%) had fast-growing tumors, and pa-
tient characteristics within the growth groups have previ-
ously been reported [12].

Descriptive data
We observed that both markers stained endothelial
cells quite specifically. vWF had a strong and granular
cytoplasmic staining pattern, whereas CD105 had a
more even and occasionally weaker cytoplasmic stain
(Fig. 2). Generally, little background staining was ob-
served, except in a few vWF sections. The distributions
of both vWF-MVD and CD105-MVD were skewed, and
the median vWF-MVD was 15.5 per field (range 0.7–
62.0) and the median CD105-MVD was 12.7 (range
0.7–50.0).

Relationships between MVDs of the endothelial markers
vWF-MVDs and CD105-MVDs were significantly corre-
lated (p < 0.001, ρ = 0.92). A scatterplot showing the rela-
tionship is found in Fig. 3. The median CD105-MVD/
vWF-MVD ratio was 0.91 with 95% confidence interval
(0.87, 0.95).

MVD and histopathology
Of the features previously found to significantly associate
with faster growth in univariable analyses (thromboses,
high cellular density, and mitotic count) [13], only mitotic
count was significantly associated with any MVD in this
study (Table 1). However, CD105-MVD tended to be
higher in cases with present thromboses or high cellular
density despite the non-significant associations. The same
tendency was observed for vWF-MVD and thromboses
(Table 1). Interestingly, both MVDs were significantly as-
sociated with subjectively evaluated high vascular densities
on HE sections.

MVD and growth
In this study, only CD105-MVD was significantly asso-
ciated with faster tumor growth in the univariable ana-
lyses (Table 2). However, the ranges of both MVDs
were quite wide within both fast and slow-growing tu-
mors (Table 2, Fig. 4). Nevertheless, CD105-MVD was
no longer significant in a multivariable model including
thromboses and high cellular density, where the two
latter features were significant independent predictors
of faster growth (Table 3).

Discussion
In this study, CD105-MVD, and not vWF-MVD, was
significantly associated with faster growth in the univari-
able analyses. However, the relation was lost when
adjusted for the presence of thromboses and high cellu-
lar density in a multivariable model, where these two
latter features were significant independent predictors of
faster growth. Both MVDs associated significantly with
mitotic count, but neither with the presence of throm-
boses nor high cellular density.
Biological reasons for why some GBMs grow faster

than others are sparsely studied in human patients,
which is mainly due to difficulties in acquiring in vivo
pretreatment growth estimates [10, 11]. In addition,
most research on growth processes have been conducted

Fig. 2 Vascular structures at HE, vWF, and CD105 stains. Pictures are taken from corresponding HPFs in the same tumor of an area of high vascular
density at × 400 magnification. a HE stain. Plenty of visible small vascular structures in an area of central tumor with small cell morphology. b vWF
stain. Granular cytoplasmic staining. c CD105 stain. More even cytoplasmic staining
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on in vitro or animal models which fail to accurately
imitate the unique micro-milieu of the human GBM
[30]. Moreover, by having preoperative growth as an
outcome variable instead of overall survival, we avoid
the effects of clinical factors found to be influential on
survival, such as age at diagnosis, tumor size at diagno-
sis, Karnofsky performance status, comorbidity, and
effects of treatment. Corticosteroid treatment was the
only preoperative treatment received by our patients (82

patients); however, it was not significantly associated with
tumor growth when corrected for tumor volume [10], and
associations between histopathology and growth were in-
dependent of such treatment [13]. Altogether, these as-
pects of the study made it possible to study the biology of
GBM growth as unaffected as clinically justifiable.

Endothelial markers and angiogenesis
The prognostic role of MVD measurements in glioblast-
omas is unclarified [31–35]. However, a few studies have
reported that vWF-MVD and CD105-MVD may predict
the malignancy grade and prognosis of gliomas [36, 37].
The finding that only CD105-MVD was significantly asso-
ciated with growth in the univariable analyses, is in line
with other univariable studies which have found more
promising results for CD105-MVD than for CD31-MVD
(a pan-endothelial marker) as prognostic markers of GBM
[33, 34]. These studies speculated the potential prognostic
inferiority of pan-endothelial markers (i.e vWF, CD31,
CD34) was caused by the additional staining of
pre-existing angiogenically inactive vessels [23]. In con-
trast, many studies have shown that CD105 predomin-
antly stain proliferating endothelial cells [22, 33, 38–46].
However, a few studies have observed CD105-positive ves-
sels in normal [47] and GBM-adjacent brain tissue [48],
and the marker needs further validation. Moreover, it has
been shown that vWF sometimes fail to stain microvessels
in both normal and neoplastic tissue [46].
vWF-MVD and CD105-MVD were highly correlated

(Fig. 3), with a higher median and upper range for
vWF-MVD. In addition, the high CD105-MVD/vWF-MVD

Fig. 3 Scatterplot of vWF-MVD and CD105-MVD. The scatterplot shows the close correlation between the markers, with dots forming a close-to
linear pattern in line with the high correlation coefficient (ρ = 0.92). However, the spread increases for higher MVD counts

Table 1 Associations between MVDs and histopathological
features

Histopathological
featuresa

vWF-MVD
(Median, 95% CI, ρ)

CD105-MVD
(Median, 95% CI, ρ)

Thromboses p = 0.160 p = 0.125

- Not present 12.0 (8.0, 21.8) 9.3 (7.2, 17.2)

- Present 15.7 (15.5, 20.2) 13.3 (13.9, 18.4)

High cellular density p = 0.345 p = 0.082

- Not present 14.7 (14.0, 19.3) 12.0 (12.1, 16.8)

- Present 17.3 (14.6, 23.2) 16.3 (13.9, 21.9)

Mitotic countb p = 0.004* p = 0.001*

ρ = 0.29 ρ = 0.33

High vascular density p = 0.016* p = 0.004*

- Not present 13.5 (12.9, 18.5) 11.3 (11.3, 15.8)

- Present 17.5 (16.5, 24.0) 16.5 (15.2, 22.9)

vWF-MVD Microvessel density count of von Willebrand factor. CD105-MVD
Microvessel density count of CD105. CI Confidence interval. p: p-value. ρ
Spearman correlation coefficient. a Subjectively assessed on hematoxylin-eosin
sections. b Counted in hotspots for 10 high-power fields. *Statistically
significant associations, p < 0.05
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ratio suggests most vasculature of GBM are angiogenically
active. Because the markers were counted in corresponding
HPFs, a high correlation coefficient was expected. However,
some of the differences in the MVDs could be caused by
random variations in vascular densities of different sections
and the granular staining of vWF (Fig. 2), which sometimes
made it more difficult to distinguish separate vascular units
than in CD105 sections.

Neovasculature and tumor growth
CD105-MVD was no longer significantly associated with
preoperative tumor growth in a multivariable model
with thromboses and high cellular density, where both
latter features were significant independent predictors of
faster growth (Table 3). However, reverse causation may
also be possible: faster growth could lead to thromboses
and high cellular density. Furthermore, we observed that
fast-growing tumors could have quite low CD105-MVD
scores and slow-growing quite high (Table 2, Fig. 4),
which was in line with the finding that CD105-MVD ex-
plained very little of the variance in speed of growth
(3%) in the univariable analysis (data not shown). Similar
ranges of CD105-MVD were observed within the growth
groups when patients with sparse tissue amounts (46
cases) were excluded (Additional file 1), and the weak
association was thus unlikely a result of sampling errors.

Altogether, our results suggest that vWF-MVD and
CD105-MVD are not predictive of faster GBM growth.
There are several biological mechanisms which could

potentially explain the inferiority of CD105-MVD as an
independent predictor of tumor growth. One reason could
be that tumors can create a surplus of or ineffective vascu-
lature due to excessive angiogenic stimuli [23], potentially
leading to an overrepresentation of MVD counts. Exces-
sive angiogenic stimuli may be caused by oncogenic muta-
tions (known as hypoxia-independent angiogenesis [49]).
Other explanations could be that other mechanisms of
glioma-associated neovascularization account for add-
itionally needed vasculature in fast-growing tumors [49],
such as vascular co-option [50], vasculogenesis [51, 52],
vascular mimicry (non-endothelial vasculature) [53], and
glioblastoma-endothelial cell transdifferentiation [42].
Vascular mimicry is the process most likely to be over-
looked by our methodology due to the lack of endothelial
cells. In addition, the presence of vascular mimicry has
been found to significantly predict higher glioma grades
and worse prognosis [53]. However, it is uncertain to
which degree and how the different processes of neovas-
cularization interact, and further studies are needed [49].
In our previous study, we speculated that hypoxia initi-

ated by thromboses facilitated growth through an induc-
tion of angiogenesis [13]. However, the finding that the
presence of thromboses was still a significant independent

Table 2 Univariable analyses of associations between MVDs and tumor growth, Mann-Whitney U tests

Slow-growing tumors Fast-growing tumors p-values

vWF-MVD Median: 13.7 95% CI (12.9, 18.2) Median: 17.3 95% CI (15.5, 22.7) p = 0.211

Range: 2.7–44.7 Range: 0.7–62.0

N = 49 N = 52

CD105-MVD Median: 11.7 95% CI (11.0, 16.2) Median: 16.3 95% CI (14.2, 20.5) p = 0.049*

Range: 1.0–42.7 Range: 0.7–50.0

N = 50a N = 51a

vWF-MVD Microvessel density count of von Willebrand factor. CD105-MVD Microvessel density count of CD105. CI Confidence interval. N Number of cases.
* Statistically significant associations, p < 0.05. a One case was excluded from the vWF-MVD assessment, and another from the CD105-MVD assessment. These two
cases were in different growth groups, which caused the change in number of cases for each group

Fig. 4 Boxplots of vWF-MVD and CD105-MVD in slow and fast-growing tumors. Both MVDs show tendencies towards higher counts in fast-growing
tumors, however, the spreads are large within both growth groups
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predictor of faster tumor growth when the degree of
angiogenesis was not, suggests angiogenesis-independent
mechanisms driven by hypoxia contribute to faster
GBM growth. Such hypoxia induced mechanisms may
act through other mechanisms of glioma-associated
vascularization [49], augmentation of proliferation [54,
55], and initiation of invasiveness [19, 55]. Increased in-
vasiveness is one of the proposed mechanisms of resist-
ance to anti-VEGF (bevacizumab) treatment [55–59],
and thus the lack of survival benefit in randomized tri-
als [20, 21]. Some studies even suggest GBM growth is
possible without an induction of angiogenesis [19, 60].
Such angiogenesis-independent growth may be described
by the “go-or-grow” hypothesis, where tumor cells switch
between two mutually exclusive phenotypes of either pro-
liferative or invasive characteristics [61, 62]. Hypoxia has
been proposed to induce the switch to the invasive pheno-
type [62]. In this way, hypoxic tumor cells migrate away
from hypoxic areas and switch back to a proliferative
phenotype when nutrients are adequate without an induc-
tion of angiogenesis [60]. In addition, Sakariassen et al.
[19], discovered that xenotransplanted GBMs in nude rats
could present as fatal diseases without signs of angio-
genesis. Nevertheless, invading cells are unlikely to be
captured as contrast enhancement without an induc-
tion of angiogenesis [19, 59, 63], and are therefore un-
likely to have been measured in our study. Additionally,
the non-significant multivariable association for
CD105-MVD could perhaps be caused by the nearly sig-
nificant associations between CD105-MVD and throm-
boses and high cellularity (Table 1). Collectively, our
findings support that angiogenesis-independent mecha-
nisms driven by hypoxia contribute to faster GBM growth,
which might explain the lack of survival benefit of
anti-VEGF treatment.
As thromboses, high cellular density maintained its

role as a significant independent predictor of faster
growth in our study (Table 3). This finding substanti-
ates our previous speculation that it is a better marker
of high proliferation rates than high mitotic counts, because
mitotic count has many potential sources of errors [64],
and higher counts were significantly associated with the

presence of thromboses [13] and increasing CD105-MVD
counts (Table 1).

Microvessel methodology
So far, there is no standard method for quantification of
MVD, however, initiatives on international standardiza-
tions have been made [65]. Like in our study, most stud-
ies are based on the methods described by Weidner et
al. [27] with modifications: they count single positive
cells and avoid areas of sclerosis, necrosis, and
non-neoplastic tissue. However, few have specified their
handling of glumeruloid tufts and longer vessels. We be-
lieve as Leon et al. [36], that counting a glomeruloid tuft
as one vascular unit might underestimate the angiogenic
stimuli of the tumor. Furthermore, the subjective assess-
ment of hotspots and interpretation of positive immuno-
staining give rise to problematic inter-observer
variability, which has been reported as quite high for
MVD assessments in GBMs [66].
Even though we found significant associations with

both MVDs and subjectively assessed high vascular
densities on HE slides, the spreads of the MVDs were
wide within and overlapping between the categories of
vascular density (Table 1). These findings were in line
with the fact that capillaries is known to be inconspicu-
ous on HE slides [28].

Strengths and limitations
Limitations of the assessments of tumor volumes on MRI
scans, growth rates, and histopathological features have
previously been described in detail [10, 13]. The main
strengths are the relatively large number of patients with a
population based referral and the reproducibility assess-
ment of tumor volumes [10]. Potential biases are selection
biases, preoperative steroid treatment, differences in diag-
nostic MRI scanners, different timing and administration
of the contrast agent, tumor cells existing beyond the con-
trast enhancing rim [67, 68], and sampling errors and
inter-observer variability of the histopathological assess-
ments. Additionally, our analyses were exploratory and
should be validated in future studies.

Conclusions
Our results showed that MVD assessments of vWF and
CD105 were not independent predictors of radio-
logical speed of growth, although CD105-MVD was sig-
nificantly associated with faster growth in the
univariable analysis. In contrast, thromboses and high cel-
lular density were significant independent predictors of fas-
ter growth. In summary, our findings suggest
angiogenesis-independent mechanisms contribute to faster
GBM growth.

Table 3 Multivariable binary logistic regression analysis of
morphologic features and faster growth

Morphological features Multivariable odds
ratio (95% CI)

Multivariable
p-values

High cellular densitya 2.55 (1.007, 6.475) 0.048*

Thrombosesa 4.21 (1.245, 14.253) 0.021*

CD105-MVD 1.03 (0.982, 1.070) 0.255

CI Confidence interval. CD105-MVD Microvessel density count of CD105.
aSubjectively assessed on hematoxylin-eosin sections. *Statistically significant
associations,
p < 0.05
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Additional files

Additional file 1: Univariable analysis of associations between CD105-
MVD and tumor growth when cases with sparse tissue amount are
excluded (46 cases). Mann-Whitney U tests. CD105-MVD: Microvessel
density count of CD105. CI: Confidence interval. N: Number of cases.
(DOCX 12 kb)

Additional file 2: Dataset supporting conclusions. The minimal dataset
necessary to replicate the findings reported in the article. Microvessel
densities (MVDs) of both markers are presented as mean counts for 3
high-power fields (HPFs). Regarding the categorical histopathological
features (thromboses, high cellular density, and high vascular density), “1”
indicates that features are present, while “0” indicates that they are not.
Mitotic counts are counted in 10 HPFs. Tumors growing faster than
expected are indicated by “1”, whereas slow-growing tumors are
indicated by “0”. Patients preoperatively treated with corticosteroids or
having sparse amount of tissue available for the histopathological
evaluation are indicated by “1” in the respective variables. (XLSX 15 kb)
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MGMT Promoter Methylation Status Is Not Related to
Histological or Radiological Features in IDH Wild-type

Glioblastomas
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Abstract
O6-methylguanine DNA methyltransferase (MGMT) promoter

methylation is an important favorable predictive marker in patients

with glioblastoma (GBM). We hypothesized that MGMT status

could be a surrogate marker of pretreatment tumor biology observed

as histopathological and radiological features. Apart from some ra-

diological studies aiming to noninvasively predict theMGMT status,

few studies have investigated relationships between MGMT status

and phenotypical tumor biology. We have therefore aimed to inves-

tigate such relationships in 85 isocitrate dehydrogenase (IDH) wild-
type GBMs. MGMT status was determined by methylation-specific

PCR and was assessed for associations with 22 histopathological

features, immunohistochemical proliferative index and microvessel

density measurements, conventional magnetic resonance imaging

characteristics, preoperative speed of tumor growth, and overall sur-

vival. None of the investigated histological or radiological features

were significantly associated withMGMT status. MethylatedMGMT
status was a significant independent predictor of improved overall

survival. In conclusion, our results suggest that MGMT status is not

related to the pretreatment phenotypical biology in IDH wild-type

GBMs. Furthermore, our findings suggest the survival benefit of

MGMT methylated GBMs is not due to an inherently less aggressive

tumor biology, and that conventional magnetic resonance imaging

features cannot be used to noninvasively predict theMGMT status.

Key Words: Angiogenesis, Glioblastoma, Histopathology, Mag-

netic resonance imaging, MGMT promoter methylation, Tumor

growth.

INTRODUCTION
Glioblastomas (GBMs) are the most common of the pri-

mary malignant brain tumors in adults (1). The overall sur-
vival is only 14–16months despite standard treatment of
surgical resection and adjuvant concomitant radiation and che-
motherapy (temozolomide) (2, 3). GBMs are biologically
highly complex and aggressive tumors, illustrated by their
rapid growth (4) and heterogeneous histological and molecular
pathology (5–7).

O6-methylguanine DNA methyltransferase (MGMT)
promoter methylation is an important predictive biomarker of
improved response to temozolomide in GBMs (8, 9). MGMT
is a DNA-repair enzyme that removes alkylated guanine resi-
dues on DNA, and hence counteracts the effect of alkylating
agents, such as temozolomide (10). Methylation of theMGMT
promoter leads to inactivation of the enzyme, which is be-
lieved to cause the predictive effect (10). However, it is not
yet established whether it is purely a predictive marker or in
part prognostic by itself, as previous studies have shown con-
flicting results regarding its prognostic value among patients
who did not receive chemotherapy (8, 11–15). AsMGMT pro-
moter methylation status guides treatment decisions regarding
chemotherapy (9), several radiological studies have sought to
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noninvasively predict the methylation status. However, results
from these studies have also been conflicting (16).

We hypothesized thatMGMT promoter methylation sta-
tus could be a surrogate marker of pretreatment phenotypical
tumor biology assessed by histopathology and magnetic reso-
nance imaging (MRI) in GBMs. Apart from some radiological
studies, few studies have investigated such relationships. By
exploring these potential relationships using tissue material
and MRI scans collected before treatment, we aimed to dis-
cover if there are differences in the inherent aggressiveness
between MGMT methylated and unmethylated patients (i.e. a
prognostic value). Moreover, such potential biological differ-
ences may also partially explain the different responses to che-
motherapy. Our study could also further elucidate whether
MGMT status can be predicted from preoperative MRI scans.
In a cohort of treatment-naı̈ve, isocitrate dehydrogenase (IDH)
wild-type (wt) GBMs previously assessed for preoperative
growth characteristics (4), we have therefore aimed to investi-
gate whether MGMT status was associated with histological
and radiological features.

MATERIALS AND METHODS

Patients and Samples
The selection of patients was based on the previous

work by Stensjøen et al in which the preoperative growth dy-
namics of GBMs were investigated (4). Patients were retro-
spectively selected from all patients >18 years operated for
newly diagnosed GBMs at St. Olav’s University Hospital,
Trondheim, Norway between January 2004 and May 2014
(n¼ 262) (4). Patients with �2 preoperative contrast-
enhancing T1-weighted (T1wGd) MRI scans taken �14 days
apart were eligible, and patients without contrast enhancement
and/or gliomatosis cerebri were excluded (4). All cases were
microscopically revised and IDH mutation status assessed
according to the 2016 World Health Organization (WHO)
Classification of Tumors of the Central Nervous System (17).
IDH mutation status was first assessed using immunohisto-
chemistry (18), and all immune-negative patients <55 years
(18 patients) were additionally sequenced using Sanger se-
quencing according to previously described methods (using
the BigDye Terminator v3.1 cycle sequencing kit and the
3130 genetic analyzer from Applied Biosystems, Foster City,
CA) (19). Three patients were IDH mutated and were there-
fore excluded from the study. In 5 patients, IDH2 could not be
sequenced; however, these were all IDH1 wt on sequencing.
Due to the very low frequency of IDH2mutations in newly di-
agnosed GBMs (20, 21), these were categorized as IDH wt
and included in the study. The collection of clinical data re-
garding survival, treatment, sex, age at diagnosis, and Karnof-
sky performance status have previously been accounted for
(18). Furthermore, of the 106 patients (4) analyzed forMGMT
promoter methylation status, 18 were excluded (17%) due to
inconclusive results. Hence, 85 patients were included in the
current study.

DNA Extraction and MGMT Methylation-Specific
PCR

For DNA isolation, an area of central tumor morphology
(visually 100% tumor cells) was marked on hematoxylin and
eosin (H&E) slides from formalin-fixed paraffin-embedded
(FFPE) tissue blocks for each patient. Necrotic areas were
avoided. Due to a lack of tumor material, 4 cases had a tumor
cell content of 40%–70% in the marked areas. The marked
areas were manually dissected, and tumor DNA then extracted
using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). QIAcube (Qiagen) was used for automated spin
column process of DNA purification following the manufac-
turer’s instructions.

Methylation-specific PCR (MSP) was performed fol-
lowing bisulfite treatment of the isolated DNA using the Epi-
Tect Fast Bisulfite Conversion kit (Qiagen). According to the
method by Esteller et al (22), PCR amplification was per-
formed using specific primers covering methylation of the
MGMT promoter and exon 1 region. Methylated and unmethy-
lated PCR products were detected with 4% agarose gel. An
MGMT methylation-positive and a negative tissue control
were applied during the whole process. The investigator who
analyzed and interpreted the MSP data was blinded to other
data.

Histopathology and Immunohistochemistry
All available H&E-stained FFPE sections from each

case were assessed for the presence of 22 histopathological
features. Definitions of each feature can be found in our previ-
ous publication (23). Most features were defined as either pre-
sent or absent, while cellular density and atypia were
semiquantitatively graded. Mitoses were counted in 10 high-
power fields in hotspots. In 32 cases (38%), the amount of tis-
sue on H&E slides has previously been subjectively catego-
rized as sparse (23). This semiquantitative categorization was
based on the collective area of viable (i.e. nonnecrotic) tumor
tissue on all available H&E slides from each patient. Sparse
tissue amount was often due to the patient being biopsied or
having extensive necrosis in the resected material (23).

The immunohistochemical examinations of IDH1
R132H (monoclonal, IDH1 R132H/H09, 1:100, Dianova,
Hamburg, Germany) (18), Ki-67/MIB-1 (monoclonal, Ki-67/
MIB-1, 1:800 or 1:50, Dako, Glostrup, Denmark) (18), and
CD105/endoglin (monoclonal, CD105/endoglin/SN6h, 1:50,
Dako) (24) have previously been done and described in detail.
The proliferative index (PI) of Ki-67/MIB-1 was quantified as
described in our previous publication (18). The degree of an-
giogenesis has previously been quantified using microvessel
density measurements of endoglin/CD105 (24). In short, the
microvessel density was computed as the mean count of the
number of vascular structures within a grid for 3 high-power
fields in hotspots at�400 magnification.

MRI Characteristics and Preoperative Tumor
Growth

The MRI segmentations of total tumor volumes, vol-
umes of the contrast enhancing and noncontrast enhancing

Mikkelsen et al J Neuropathol Exp Neurol • Volume 79, Number 8, August 2020

856

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/79/8/855/5874024 by N

orges Teknisk-N
aturvitenskapelige U

niversitet user on 08 O
ctober 2020



compartments, and estimation of speed of tumor growth have
previously been accounted for (4, 18). The software Brain-
Voyager QX (Brain Innovation, Maastricht, the Netherlands)
was used for the volume segmentations (4). The tumor vol-
umes were segmented from 2 preoperative T1wGd MRI scans
from each patient (first scan taken at radiological diagnosis
and the second preoperative scan for neuronavigation). The
MRI characteristics assessed for associations withMGMT sta-
tus were segmented from the second, preoperative scan. Total
tumor volume was defined as the combined volume of the
contrast enhancing rim and the noncontrast enhancing (ne-
crotic) core. Preoperative speed of growth was estimated from
the total tumor volumes at both scans and the interval between
them (4, 18). A fitted Gompertzian growth curve from 106
patients was used to dichotomize the patients into having
tumors growing faster or slower than expected, as previously
described (18).

Statistical Analyses
Statistical analyses were performed using Stata version

16 (StataCorp LLC, College Station, TX). Statistical signifi-
cance was set at p� 0.05. Associations betweenMGMT status
and categorical variables were analyzed using Chi-square/
Fisher’s exact tests, while associations between MGMT status
and continuous variables were assessed using Mann-Whitney
U analyses. A Kaplan-Meier plot and the log-rank test were
used for the univariable analyses between MGMT status and
overall survival and a Cox proportional hazard model was
used for multivariable survival analyses. The selection of vari-
ables in the multivariable model has previously been
accounted for (18). All included variables followed the pro-
portional hazard assumption, which was tested using Schoen-
feld residuals in Stata.

Ethics
This study was approved by the Regional Ethics Com-

mittee (Central) as part of a larger project (reference numbers
2011/974 and 2013/1348) in accordance with the 1964 Hel-
sinki declaration and later amendments. Most of the patients
had provided written informed consent to be included (refer-
ence 2011/974), and the Regional Ethics Committee waived
informed consent for retrospective evaluation of patient data
for the remaining patients.

RESULTS

MGMT and Clinical and Radiological Factors
In the 85 included patients, the distributions of age, sex,

Karnofsky performance status, Ki-67/MIB-1 PI, and micro-
vessel density of CD105 corresponded to previous reports (18,
24). The relationships between MGMT status and clinical and
radiological factors are shown in Table 1. MGMT status was
not significantly associated with any of the clinical factors or
MRI volumetrics (Table 1). There was no significant associa-
tion between MGMT status and MRI assessed preoperative
speed of growth (Table 1).

MGMT and Histological Features
Distributions of the 22 histopathological features and

the immunohistochemical markers (Ki-67/MIB-1 PI and
microvessel density of CD105) in the MGMT methylated and
unmethylated groups are presented in Table 2. There were no
significant associations between MGMT status and any of the
histological features assessed (Table 2). The difference in the
presence of microvascular proliferation in theMGMT methyl-
ated and unmethylated groups was likely confounded by
sparse tissue amount. In our previous work, we found that mi-
crovascular proliferation was significantly less present in

TABLE 1. MGMT and Clinical and Radiological Factors. Distributions of Clinical and Radiological Parameters Within the MGMT
Methylated and Unmethylated Patient Groups

Methylated MGMT

(n¼ 31)

UnmethylatedMGMT

(n¼ 54)

p Value Test Performed

Mean age (SD) 65 (10.4) 63 (11.2) 0.230 Two-sample t-test

Male 71% 69% 0.814 Chi-square

Median preoperative total tumor volume (range) 28.8 mL (1.0–243.5) 31.6 mL (1.0–153.0) 0.777 Mann-Whitney U

Median preoperative contrast enhancing volume (range) 16.6 mL (1.0–215.4) 18.3 mL (0.9–63.9) 0.913 Mann-Whitney U

Median preoperative necrotic core volume (range) 9.7 mL (0.0–89.9) 8.1 mL (0.1–106.5) 0.695 Mann-Whitney U

Median preoperative percentage necrosis (range) 27.8% (1.4–78.6) 34.9% (3.5–69.9) 0.204 Mann-Whitney U

Fast-growing tumorsa 48% 50% 0.886 Chi-square

Median KPS (range) 7.5 (4–10) 8 (5–10) 0.552 Mann-Whitney U

GTR 35% 26% 0.352 Chi-square

Chemotherapy 81% 81% 0.924 Chi-square

Radiotherapy 90% 94% 0.664 Fisher’s exact

Median survival 15.9 months

95% CI (12.5–26.2)

10.2 months

95% CI (8.6–13.7)

0.048* Log-rank

MGMT, O6-methylguanine DNA methyltransferase; SD, standard deviation; KPS, Karnofsky performance status; GTR, gross total resection; CI, confidence interval.
aSpeed of tumor growth was estimated from segmented tumor volumes from 2 preoperative MRI scans and the interval between them. A fitted Gompertzian growth curve based

on the volume data was used to dichotomize the tumors into growing faster or slower than expected from the curve (18).
*Statistically significant, p� 0.05.
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cases with sparse tissue amount (p< 0.001, Chi-square test,
unpublished student thesis). In addition, there was a near-
significant trend of more MGMT unmethylated cases in cases
with sparse tissue material (p¼ 0.088, Chi-square test) in the
current study. To avoid this confounding effect, microvascular
proliferation was redefined to only include well-sampled cases
(Table 2). Microvascular proliferation was significantly asso-
ciated with methylated MGMT status when not corrected for
tissue amount (p¼ 0.018, Chi-square test).

MGMT and Survival
The median overall survival was 13.3months (95% con-

fidence interval [CI] 9.9–15.7). Methylated MGMT status was

significantly associated with overall survival both in the uni-
variable analysis (Table 1; Fig. 1) and in the multivariable
Cox model (Table 3).

DISCUSSION
MGMT promoter methylation is a pivotal predictive

marker in IDH wt GBMs. However, we did not find any
significant associations between the MGMT promoter
methylation status and several biological parameters in treat-
ment-naı̈ve patients. These parameters included 22 histopatho-
logical features, proliferative activity, degree of angiogenesis,
quantitative MRI volumetrics, and preoperative speed of ra-
diological tumor growth. Altogether, these findings suggest

TABLE 2. MGMT and Histological Features. Distributions of the Histological Features Within the MGMTMethylated and Unme-
thylated Patient Groups

Methylated

MGMT (n¼ 31)

Unmethylated

MGMT (n¼ 54)

p Value Test Performed

Necrosis

Small 84% 81% 0.781 Chi-square

Large 94% 89% 0.705 Fisher’s exact

Palisadesa 84% 72% 0.206 Chi-square

Microvascular proliferationb 100% 90% 0.249 Fisher’s exact

High cellular density 42% 33% 0.428 Chi-square

Severe atypia 16% 26% 0.297 Chi-square

Median mitotic count (range) 16.0 11.5 0.109 Mann-Whitney U

(0–43) (0–65)

Vascular features

Thrombosis 81% 87% 0.534 Fisher’s exact

Hemorrhage 87% 78% 0.290 Chi-square

Pseudorosettesc 29% 25% 0.726 Chi-square

Secondary structures of Schererd 70% 71% 0.911 Chi-square

Desmoplasia 65% 67% 0.840 Chi-square

Leukocytes

Macrophages 97% 91% 0.409 Fisher’s exact

Lymphocytic infiltrates 58% 76% 0.085 Chi-square

Small cell glioblastoma 23% 17% 0.502 Chi-square

Cell types

Gemistocytes 29% 19% 0.263 Chi-square

Small cells 29% 22% 0.483 Chi-square

Sarcomatous cells 13% 20% 0.385 Chi-square

Myxomatoid 6% 17% 0.314 Fisher’s exact

Giant cells 6% 11% 0.705 Fisher’s exact

Primitive neuronal component 6% 11% 0.705 Fisher’s exact

Oligodendroglial cells 10% 6% 0.664 Fisher’s exact

Median Ki-67/MIB-1 PI (range) 17.5% 13.2% 0.333 Mann-Whitney U

(4.3–40.7) (1.4–57.3)

Median microvessel density count of CD105e (range) 15.2 11.8 0.216 Mann-Whitney U

(4–42.7) (0.7–50)

MGMT, O6-methylguanine DNA methyltransferase; PI, proliferative index.
aIncludes only tumors with central tumor morphology in the analysis (n¼ 84) (23).
bTumors with sparse tissue amount were excluded from the analysis (53 included cases), because sparse tissue amount was likely a confounder of the association between micro-

vascular proliferation and MGMT status.
cIncludes only tumors with paraffin sections with viable central tumor morphology (n¼ 82) (23).
dRecorded as present when �1 of the following features were observed: Perineuronal satellitosis, angiocentric structures, or subpial clustering, as previously defined (23). Only

recorded in tumors containing infiltration zones into gray matter (n¼ 55).
eIncludes only tumors with enough tissue amount or adequate morphology for the microvessel density assessment (n¼ 82) (24).
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that MGMT status is not a surrogate marker of the pretreat-
ment phenotypical biology of IDHwt GBMs.

Tumor biology has been extensively studied using ex-
perimental models; however, these models will never fully
mimic the unique micro-environment of human GBMs (25).
In this study, tissue samples were obtained from the first sur-
gical intervention and only preoperative MRI scans were
assessed. Hence, the assessed biological features were unaf-
fected by radiochemotherapy. Nevertheless, 82% (n¼ 70)
were preoperatively treated with corticosteroids, and there
was a nonsignificant trend (p¼ 0.144) of more corticoste-
roid use in MGMT methylated tumors (data not shown).
Therefore, we cannot entirely exclude corticosteroid use as a
confounding factor. In summary, our study enabled us to
study links between the phenotypical biology and MGMT
status occurring during the natural history of human IDH wt
GBMs.

MGMT and Histology
We could not find any significant associations between

MGMT status and the histopathological features or immuno-
histochemically assessed degree of proliferation and angio-
genesis (Table 2). Few previous studies have investigated
relationships between MGMT status and histological features.
However, Hegi et al investigated such relationships by looking
at 13 morphological features in newly diagnosed GBM
patients (26). Yet, they only found a significant association be-
tween methylated MGMT status and higher Ki-67/MIB-1 PI.
However, this association is limited by various aspects of the
assessments of Ki-67/MIB-1 PI (23, 27, 28). Pistollato et al
found a higherMGMT expression (corresponding to unmethy-
lated tumors) in the hypoxic, inner core of GBMs (29). They
also found that cells derived from these areas were more resis-
tant to temozolomide, which was further related to the higher
MGMT expression (29). In our previous studies, we found that

FIGURE 1. Kaplan-Meier plot of overall survival of MGMT methylated (blue line) and MGMT unmethylated (red line) patients.
MGMT methylated patients survived significantly longer than unmethylated (p¼0.048, log-rank test). MGMT, O6-
methylguanine DNA methyltransferase.

TABLE 3. Survival Analyses. Univariable and Multivariable Cox Analyses

Univariable HR (95% CI) p Value Multivariable HR (95% CI) p Value

Age 1.01 (0.99–1.03) 0.332 1.00 (0.98–1.03) 0.790

KPS 0.68 (0.57–0.82) <0.001* 0.75 (0.60–0.95) 0.017*

Preoperative tumor volume 1.01 (1.00–1.01) 0.042* 1.00 (0.99–1.01) 0.956

GTR 0.69 (0.42–1.14) 0.150 0.66 (0.37–1.18) 0.162

Chemotherapy 0.17 (0.09–0.32) <0.001* 0.27 (0.13–0.58) 0.001*

Radiation 0.05 (0.02–0.14) <0.001* 0.12 (0.04–0.38) <0.001*

MethylatedMGMT status 0.62 (0.39–1.00) 0.051 0.60 (0.37–0.97) 0.038*

HR, hazard ratio; CI, confidence interval; KPS, Karnofsky performance status; GTR, gross total resection; MGMT, O6-methylguanine DNA methyltransferase.
*Statistically significant, p� 0.05.
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thromboses independently predicted faster tumor growth,
which indicated that hypoxia drives faster tumor growth (23,
24). Because our previous publications included IDH mutant
tumors and that thromboses have been found to associate with
IDH1 wt status (30), we reanalyzed the data from our previous
publications while including only IDHwt GMBs. The reanaly-
sis showed similar results, suggesting that thromboses pro-
mote aggressiveness also among IDH wt GBMs. Interestingly,
neither thromboses nor faster preoperative growth were asso-
ciated withMGMT status in the current study (Tables 1 and 2).

Previous experimental studies have also linked MGMT
expression to increased hypoxia (31–33) and decreased angio-
genesis (34) in GBM cell lines. However, these results are
conflicting, as hypoxia is known to be an important inductor
of angiogenesis (35). Furthermore, a recent comprehensive ge-
nomic study showed considerable differences in mRNA ex-
pression profiles and DNA methylation profiles between
GBM patient material and the in vitro and in vivo models de-
rived from it (36). These findings illustrate challenges in ex-
trapolating findings from experimental models on MGMT
methylation status and expression. Altogether, the inconsistent
results from previous pathological and experimental studies
are in line with our findings, which suggest MGMT methyla-
tion status is not linked to pretreatment histology in GBMs.

MGMT and MRI
We found no significant associations between MGMT

status and total tumor volumes, contrast enhancing volumes,
necrotic volumes, the percentage of necrosis, or preoperative
speed of growth (Table 1). As mentioned, previous radiologi-
cal studies have aimed to noninvasively predict MGMT status
using conventional and advanced MRI characteristics. How-
ever, results have been conflicting and derived no expert con-
sensus (16). Still, most studies have found significant
associations between unmethylated MGMT status and MRI
parameters indicating increased aggressiveness, such as more
necrosis (37) and higher vascularity. Higher vascularity was in
these studies measured as (i) ring enhancement (37, 38), (ii)
higher normalized relative cerebral blood volume (39), (iii)
higher relative cerebral blood flow (16), (iv) more edema (40),
and (v) lower apparent diffusion coefficient (also indicating
increased cellularity) (16, 41). On the contrary, others have
found methylatedMGMT status to significantly associate with
necrosis (16), lower apparent diffusion coefficient (42), and
higher relative cerebral blood volume (43). In line with our
study, others found no significant associations between
MGMT status and conventional MRI features (44–47). Never-
theless, machine learning approaches might be a way to ad-
vance and have thus far shown both promising (47–50) and
negative results (45). In summary, our results along with the
previous conflicting studies indicate thatMGMT status cannot
yet be noninvasively predicted fromMRI scans.

MGMT and Survival
MGMT promoter methylation was an independent pre-

dictor for improved survival when adjusted for several clinical
factors in the multivariable analyses (Table 3). However, this

does not necessarily mean that methylated MGMT status is an
independent prognostic factor, as MGMT status may have af-
fected the temozolomide use in the studied patients. As de-
fined by Clark, a prognostic factor is “associated with clinical
outcome in the absence of therapy or with the application of a
standard therapy that patients are likely to receive” (51).
Hence, it is a feature of the natural history of the disease. A
predictive factor is “associated with response or lack of re-
sponse to a particular therapy” (51). Ideally, predictive factors
should be studied in randomized controlled trials (RCTs), iso-
lating the effect of the potential biomarker related to treat-
ment. Prognostic factors are better studied in cohort studies
where treatment is not dependent on the studied biomarker. In
our study, most patients received chemotherapy regardless of
the MGMT status (Table 1). However, among elderly GBM
patients, the Stupp protocol is more seldom given and patients
with MGMT methylated tumors may be selected for chemo-
therapy alone (12). Second-line chemotherapy is also more
likely to be given to patients with MGMT methylated lesions.
Thus, since MGMT status is to some extent used for treatment
decisions, the seemingly independent effect of MGMT status
on survival in the multivariable analyses may be colored by
the use ofMGMT status for treatment selection.

Our finding that MGMT status was not related to pre-
treatment phenotypical tumor biology indicates that methyl-
ated MGMT status is not associated with an intrinsically less
aggressive tumor biology. This further suggests methylated
MGMT status is not a prognostic factor by itself but merely a
predictive marker. As mentioned, previous studies have shown
conflicting results regarding the prognostic value of MGMT
status among patients who were not treated with chemother-
apy. Three RCTs on elderly patients (11–13) and a retrospec-
tive cohort from the preStupp area (14) did not find a
significant difference in overall survival according to MGMT
status in the radiotherapy-only treated group. Conversely, the
EORTC-NCIC RCT on younger patients (8, 52) and a retro-
spective study by Rivera et al (15) found a prognostic value of
MGMT status within the same patient group. However,
second-line therapy with temozolomide was given to a higher
percentage of the radiotherapy-only patients in the EORTC-
NCIC trial (�60%) than in the 3 other RCTs (�30% in all)
(11–13). Furthermore, in the EORTC-NCIC trial, they argue
that the survival benefit is probably due to an effect of second-
line chemotherapy, as the progression-free survival was short
and the overall survival relatively long in the MGMT methyl-
ated cases in the radiotherapy-only group (8, 52). Moreover,
Rivera et al found that methylatedMGMT status also predicted
an increased response to radiotherapy (15). They further spec-
ulated whether methylated MGMT status could represent a
surrogate marker of improved treatment response in general or
of undiscovered processes causing an inherently less aggres-
sive tumor biology (15). However, our study suggests the lat-
ter speculation is not the case in IDH wt GBMs. Moreover,
our results also indicate that the increased response to chemo-
therapy in MGMT methylated GBMs is not due to pretreat-
ment differences in phenotypical tumor biology. Altogether,
our findings along with previous studies indicate the increased
survival of MGMT promoter methylated patients is due to an
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increased response to therapy, and not due to an intrinsically
less aggressive tumor biology.

Methodological Aspects
To date there is no consensus regarding the best assay

for detecting the MGMT methylation status (53, 54). We used
MSP, which has been related to survival in several pivotal
clinical studies (8, 10, 22, 53). The finding of 36% MGMT
methylated cases corresponds to the 30%–60% in previous
studies (10). Interestingly, there was a near-significant trend
of more MGMT unmethylated tumors when tumor material
was sparse (p¼ 0.088). This association is perhaps due to the
assay’s propensity toward more false negatives when the
amount of isolated DNA is low. Intratumoral heterogeneity in
MGMT status has also been reported (55, 56), which may con-
tribute to a higher risk of false negative results in cases with
sparse tissue. Further technical limitations of the MSP assay
have been elaborated elsewhere (10, 54, 57). Still, the primers
used in this study correspond to an area of the promoter found
to best correlate with survival and MGMT expression in
patients with GBM (58, 59).

Limitations regarding the collection of clinical data, the
histopathological and immunohistochemical assessments, the
segmentation of tumor volumes and different tumor compart-
ments, and the estimation of growth rates have previously
been described in detail (4, 18, 23, 24). The relatively large
population of treatment-naı̈ve patients with a population-
based referral and the preoperative MRI assessments are the
main strengths of the study. Important limitations are potential
selection biases, preoperative corticosteroid treatment, sam-
pling errors and interobserver variability of the histological
assessments, and the explorative nature of the statistical analy-
ses. We chose not to correct for multiple statistical testing de-
spite the increased risk of false positive findings. Interestingly,
based on the set p value of �0.05, one would expect at least
one false positive finding of the 29 performed statistical tests
betweenMGMT status and biological features. Hence, the fact
that none of these tests were significant further supports our
conclusion that MGMT status is not related to pretreatment
phenotypical tumor biology. Assuming a standardized effect
size of 0.8, the power was estimated to be�90% for each anal-
ysis between MGMT status and the biological features. The
results should be validated in future studies.

Conclusion
In conclusion, we did not find any significant associa-

tions between MGMT promoter methylation status and histo-
logical or MRI features in treatment-naı̈ve IDH wt GBM
patients. These findings suggestMGMT status is not related to
the pretreatment phenotypical biology in IDH wt GBMs,
which indicate that the increased survival of MGMT methyl-
ated patients is not due to an inherently less aggressive tumor
biology. Also, our findings suggest that preoperative conven-
tional MRI characteristics cannot be used for noninvasive pre-
diction of theMGMT status.
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