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Chapter 1

Despite multidisciplinary treatment, the prognosis for diffuse glioma patients remains
poor with a two-year survival of 26% for the most malignant subtype (glioblastoma) and
70% to 85% for the least malignant subtypes (diffuse astrocytoma or oligodendroglioma).1
Diffuse glioma treatment consists of surgical resection, mostly followed by adjuvant
chemo- and/or radiotherapy, depending on clinical condition, age and subtype.2
Surgical resection aims to provide adequate tissue for histologic and molecular tumor
characterization, to relieve mass effect, to achieve cytoreduction and to reduce
symptoms. To achieve these goals, it is imperative to be able to reliably distinguish tumor
tissue from normal brain tissue, which can be quite difficult since diffuse gliomas grow
infiltratively into surrounding normal brain. Diffuse glioma infiltration can be visualized
using several imaging modalities, besides fluorescence guidance and intraoperative
probes, enabling tumor delineation. This visualization is used to guide not only the
surgical resection, but also the postoperative radiotherapy planning.
The imaging modality currently used for diffuse glioma delineation is magnetic
resonance imaging (MRI), especially the MRI sequences T1-weighted (T1w) after a
gadolinium-based contrast agent (T1G), and T2- (T2w) or Fluid-Attenuated Inversion
Recovery-weighted (FLAIR). It is clear, however, that the accuracy of these sequences
for identification of diffuse glioma infiltration is suboptimal, as diffuse gliomas recur
even after a so-called radiologically complete resection:3,4 over 80% of recurrences are
directly adjacent to the resection cavity and diffuse glioma cells have been detected
outside abnormalities on all of these MRI sequences.5-8 Identification of more accurate
imaging modalities or MRI sequences could lead to improved delineation of diffuse
glioma. Alternative advanced MRI sequences, like diffusion- and perfusion-weighted
MRI, magnetic resonance spectroscopy imaging (MRSI) and other imaging modalities
such as positron emission tomography (PET), are available and might be more accurate
for the identification of diffuse glioma infiltration. More accurate delineation will help to
guide resections beyond current MRI abnormalities, as well as to identify patients with
diffuse glioma infiltration beyond meaningful surgical therapy, to guide radiotherapy, to
evaluate treatment response and to detect tumor progression.
In order to answer the question: “Which MRI sequence, PET tracer, or combination of
MRI sequence(s) and/or PET tracer(s) is the most accurate for the detection of diffuse
glioma infiltration?”, the work in this thesis shows the current evidence for imaging
accuracy, the use of quantitative PET, the direct comparison of multiple MRI sequences
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and PET tracers and the quantification of diffuse glioma infiltration, using histology,
molecular biology and imaging. To appreciate the ensuing chapters, this introduction
first elaborates on diffuse glioma and several imaging techniques nowadays available for
the detection of diffuse glioma infiltration.

GLIOMA
Epidemiology
Diffuse gliomas are the most common primary brain tumors in adults.1 They account for
the majority (96%) of all gliomas, are all WHO grade II-IV, and show extensive infiltrative
growth into the surrounding CNS parenchyma.9,10 In this thesis the term “glioma” will
be used instead of “diffuse glioma’ to increase readability. Based on histopathological
assessment and molecular markers, gliomas are divided into subtypes.9 Glioblastoma
(WHO grade IV) is the most common, and most malignant, subtype and accounts for
about 59% of all diffuse gliomas.10
The incidence of glioma varies between countries, with the highest rates in Europe and
the lowest rates in Asia, and is higher in men than in women, with a ratio between 1.0
and 2.7. In the Netherlands the incidence (per 100,000 people, age ≥ 15, per year) of
glioma in men is 7.5 and in women 5.0 (ratio 1.5). Racial variation exists, with higher
incidences observed in the white population (8.3 in men and 6.0 in woman), compared
to the black population (4.4 in men and 3.6 in women).11 Age at primary diagnosis is
higher for glioblastoma (median age 65 years) than for grade II gliomas (median age
oligodendroglioma 43 and astrocytoma 48 years).10
The 10-years survival of glioma is 16-18%, placing it among the five cancer types with
the worst survival rate. The potential years of life lost, i.e. the number of years not lived
before a given reference age, is the highest of all cancer types, with an average of 16
life years lost. Glioma, together with pancreatic cancer, has the highest cancer-specific
contribution to the all-cause potential years of life lost.12
Biology
The three major categories of glial cells are astrocytes, oligodendrocytes and ependymal
cells.13 These cells normally support and protect the neurons, maintain homeostasis and
form myelin. Gliomas have been thought to arise from the precursors of glial cells: neural
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stem cells and glial progenitor cells. Neural stem cells are self-renewing, can differentiate
into both neural and glial cell types, and are found in specific parts of the brain, whereas
glial progenitor cells are also self-renewing, but can only divide into glial cell types and
are found throughout the brain.14
The transformation of these precursors into a diffuse glioma is thought to be the
result of an accumulation of molecular events, which determine the glioma subtype.
In about 50% of gliomas, the first event is mutation in the isocitrate dehydrogenase
1 (IDH1) gene, hence they are named IDH-mutant gliomas.15 The mutated IDH1 gene
drives oncogenesis by influencing the methylation of genes,16 a process that prevents
the gene to be transscripted by adding a methyl-group to a nucleotide at the start site
(promoter) of the gene.17 By adding methyl-groups to onco-repair genes and removing
them from oncogenes, cancer cells receive a growth advantage.16 The second event in
37% of these IDH-mutant tumors is the complete loss of chromosome arms 1p and 19q
(1p/19q co-deletion), resulting in the oligodendroglioma subtype (WHO grade II or III).
The remaining 63% without 1p/19q co-deletion become astrocytoma subtype (WHO
grade II or III). The diffuse gliomas without IDH1 gene mutations, so-called IDH-wildtype,
are now considered as belonging to the diffuse astrocytoma group. About 80% of these
tumors are histologically WHO grade IV (glioblastoma), and many of the remaining
tumors that would histologically be designated WHO grade II or III have molecular
features indicating WHO grade IV behavior as well.15,18,19 A schematic overview of this
classification is presented in Figure 1. Other molecular events have been studied and are
known to contribute to glioma oncogenesis, however, they fall outside the scope of this
introduction.20
Progression into higher WHO grades is a hallmark of glioma. This malignant progression
is based on histopathological features such as mitotic activity, microvascular proliferation
and necrosis. At a molecular level, there is a difference between malignant progression
of IDH-mutant and IDH-wildtype glioma. Progression of IDH-mutant glioma is driven
by specific oncogenic pathways, resulting in a clear genetic and epigenetic difference
between lower and higher grade IDH-mutant glioma.22 In IDH-wildtype glioma, as
described above, genetic differences between histologically lower and higher grade
glioma are minimal.23
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Figure 1 | World Health Organization 2016 Classification of diffuse gliomas. The hatched bars
with the numbers 1,2 and 3 represent tumors where adequate molecular testing cannot be
performed or the test results are inconclusive. The exclamation mark represents a group of
histologically lower grade astrocytic tumors that show molecular characteristics and behave
like glioblastoma. The orange bar with the letter “H” represents diffuse gliomas with a
histone H3 K27M mutation, a characteristic of diffuse midline gliomas that occur especially in
children. The letter “P” and “S” stand for primary and secondary, indicating if a tumor started
as glioblastoma (P) or originated as lower grade (S).21

Blood-brain barrier (BBB) disturbance is another hallmark of glioma, occurring in most
high- and some low-grade gliomas. The BBB is formed by, among others, endothelial
tight junctions induced by astrocytic endfeet that cover the entire cerebral vasculature.
These astrocytic endfeet are displaced by glioma cells, thereby causing a focal disruption
of the BBB.24 This disruption leads to vasogenic edema, which in its turn can lead to
increased cranial pressure.25
Glioma infiltration
Diffuse glioma are named ‘diffuse’ due to widespread infiltration of glioma cells in
the surrounding brain. This infiltration starts early in the oncogenesis by proliferating
tumor cells detaching from the tumor mass and becoming peritumoral migrating
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cells.26 Migration depends on, among others, cerebrospinal fluid, as well as anatomical
structures such as white matter tracts and blood vessels. Migrating glioma cells have
been reported far away from the tumor core, even into the contralateral hemisphere.4,27
The degree, defined as the percentage of tumor cells among non-tumor cells, and
extent, defined as distance from the tumor core, of glioma infiltration in the surrounding
brain are difficult to quantify. The degree of infiltration would ideally be quantified by
determining for each single cell if it is tumor or normal brain. Single cell transcriptional
analysis is promising for this purpose, however, very limited in the volume of tissue it
can process.27 Histopathological assessment of the degree of glioma infiltration has
long been the standard, with cellularity and Ki67-index as foremost metrics. Cellularity
can be assessed by counting the number of cells per mm2 on a histological slide. The
Ki67-index is the fraction of cells with the protein Ki-67 present in their nuclei, which
occurs during all active phases of the cell cycle. Therefore, Ki-67 can also occur in nontumor cells. Presence of Ki-67 is determined on histological slides after MIB-1 antibody
immunohistochemical staining. Both cellularity and Ki-67 index, however, are non-specific
markers, meaning that they can also be higher than normal without glioma infiltration.
Also, migrating glioma cells demonstrate lower proliferation rates and therefore a lower
Ki-67 index.26 An alternative is immunohistochemistry for IDH1 R132H mutant protein,
which allows identification of single glioma cells, yet only for gliomas with a IDH1 R132H
mutation. The 2007 WHO guideline for central nervous system tumors concluded that
all approaches for the identification of glioma infiltration have been limited by the fact
that single neoplastic glial tumor cells frequently cannot be distinguished from normal
or reactive cells on grounds of morphology or immunocytochemical profile.28
As with the degree, identification of the extent of glioma infiltration is problematic.
Most evidence comes from post-mortem studies, demonstrating a variation in the
extent of infiltration between gliomas. Limited invasion, defined as infiltrating cells less
than 1 cm from the edge of the gross tumor, was reported in 20–27%, extensive spread,
defined as infiltration more than 3cm from the gross tumor, in 20% and dissemination
in 8% of glioblastomas.29 The term “whole brain disease” or “systemic brain disease”
has been used to describe glioma,30 however, this is not applicable to all gliomas. Also,
post-mortem studies reflect the end-stage of the disease and do not represent the daily
practice of newly-diagnosed glioma.
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Clinical presentation
Symptoms at initial presentation vary according to growth speed and location. Growth
speed depends on the subtype of glioma, with the highest in glioblastoma and the lowest
in low-grade glioma.31,32 Fast-growing high-grade tumors typically result in signs of raised
intracranial pressure, such as progressive headaches worse at night, morning nausea
and vomiting, drowsiness, blurred vision from papilledema, and horizontal diplopia from
cranial nerve VI palsy. Focal symptoms, due to mass effect or tumor infiltration, often
develop early in the disease and depend on the location. Major categories of symptoms
are disturbances of language, weakness, numbness, visual field defects and cognitive
dysfunction. Epileptic seizures occur in 30–50% of patients with a glioblastoma. Slowergrowing low-grade gliomas typically present with epileptic seizures, occurring in 75% of
those patients,33 and focal symptoms develop later in the disease. The overall clinical
condition of a patient is assessed with the Karnofsky Performance Scale (KPS), ranging
from 0 to 100, with a higher score reflecting a better condition.34 This KPS is an important
prognostic and predictive marker in glioma treatment.35 Finally, 4–10% percent of
patients with a low-grade glioma is asymptomatic and the tumor is incidentally found
on imaging.36,37
Radiological diagnosis
Imaging is indispensable in the diagnosis, treatment and follow-up of glioma, with MRI
as standard modality. Different MRI sequences can visualize gliomas. The suggested
minimal MRI sequences for the radiological diagnosis of a glioma are T1w, T2w, FLAIR
and T1G MRI.38 A major radiological feature for glioma classification is the presence or
absence of contrast enhancement on T1G MRI. Gliomas with contrast enhancement
are called ‘enhancing’ and gliomas without contrast enhancement ‘non-enhancing’.
Non-enhancing gliomas are low-grade in 75%, with an increased risk of higher grade for
older patients. Enhancing gliomas are high-grade in 87%.39 Other imaging characteristics
also differ between subtypes as presented in Table1. Exemplary images of the different
subtypes are displayed in Figure 2.
Histopathological diagnosis
Gliomas are diagnosed using pathological assessment of biopsied or resected tumor
tissue. Historically, this diagnosis was purely histopathological, however, recent
advances in molecular biology have led to a combined histopathological and molecular
classification.9,21

1

16

Chapter 1

Introduction

17

1

Figure 2 | Examples of standard MRI for different glioma subtypes
Axial T1w (top row left), T2w (top row right), FLAIR (bottom row left) and T1G (bottom row
right) MRI images. Of A) patient with a right frontoparietal oligodendroglioma, IDH-mutant
and 1p/19q-codeleted, B) patient with a left temporal diffuse astrocytoma, IDH-mutant, and
C) patient with a right parieto-occipital glioblastoma, IDH-wildtype.

Histologically, oligodendroglioma consist of tumors cells with a prominent oligodendrocytic
phenotype, including a round nucleus with a clear halo of cytoplasm resulting in a ‘fried
egg’ appearance (Figure 3A). In contrast, astrocytoma generally show tumor cells with
variable eosinophilic cytoplasms and/or eosinophilic cell processes and more elongated
nuclei with variable nuclear atypia (Figure3B).40 Oligoastrocytoma harbor tumor cells
with both features, however, molecular insights have almost rendered this diagnosis
obsolete. Besides the type of tumor cell, histological characteristics of malignancy are
used to classify a glioma as WHO grade II, III or, in case of astrocytic gliomas, IV.

iso- or hypointense
mass-like T2w
T1w signal compared to hyperintense signal
white matter
with peritumoral
edema

calcifications in the
tumor

CT

often enhancement

generally more multifocal calcifications in the
enhancement than
tumor
oligodendroglioma

minimal to moderate
patchy, multifocal
enhancement in up to
50% of cases

T1G

mass-like FLAIR
typical ring enhancement
hyperintense signal
with central necrosis
with peritumoral edema

hypointense FLAIR
iso- or hypointense
mass-like T2w
signal with a rim
T1w signal compared to hyperintense signal,
white matter
following white matter hyperintensity
more prominent than
oligodendroglioma

Anaplastic
astrocytoma

Glioblastoma

hypointense FLAIR
iso- or hypointense
mass-like T2w
signal with a rim
T1w signal compared to hyperintense signal,
white matter
following white matter hyperintensity
more prominent than
oligodendroglioma

Diffuse astrocytoma

hyperintense signal
with generally more
heterogeneity than
oligodendroglioma,
peritumoral edema

lower signal intensity
than that of the grey
matter

Anaplastic
oligodendroglioma

hyperintense
signal with marked
heterogeneity

FLAIR

lower signal intensity
than that of the grey
matter

T2w

Oligodendroglioma

T1w

Table 1 | Typical imaging characteristics of standard MRI sequences and CT for the different glioma subtypes.41,42
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Figure 3 | Examples of histological slides of
different glioma subtypes.
HE stained slide of a biopsy sample of A) an
oligodendroglioma, IDH-mutant and 1p/19qcodeleted, B) diffuse astrocytoma, IDHmutant, and C) glioblastoma, IDH-wildtype.

For oligodendroglioma, these characteristics are cytological atypia, possible with limited
anaplasia, in WHO grade II and anaplasia and mitotic activity, possible with microvascular
proliferation and/or necrosis, in WHO grade III. For astrocytic gliomas, the characteristics
are cytological atypia alone in WHO grade II, anaplasia and mitotic activity in WHO grade
III and anaplasia and mitotic activity with microvascular proliferation and/or necrosis in
WHO grade IV, glioblastoma (Figure3C).28
As discussed above, molecular diagnostics include assessment of IDH- 1p/19q- status,
and based on combined ‘histomolecular’ analysis the following main groups of gliomas
are recognized; diffuse low grade or anaplastic astrocytoma, IDH-mutant (WHO grade
II or III); low grade or anaplastic oligodendroglioma, IDH-mutant and 1p/19q-codeleted
(WHO grade II or III); glioblastoma, IDH-mutant (WHO grade IV); diffuse, histologically
low grade or anaplastic astrocytoma, IDH-wildtype, in adults often showing molecular
characteristics of high-grade (WHO grade IV) malignancy; glioblastoma, IDH-wildtype
(Figure 1).9
This classification indeed holds important prognostic value and thereby allows for
identification of patients with a longer and shorter expected survival. Compared to IDHwildtype glioblastomas, life expectancy of patients with an IDH-mutant glioblastoma is
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somewhat less poor, with the best prognosis for diffuse IDH-mutant 1p/19q-codeleted
gliomas.9
Treatment
Current standard glioma treatment is multidisciplinary and consists of surgical resection,
radiotherapy and systemic chemotherapy. Surgical resection aims at a reliable tissue
diagnosis, reducing symptoms by relieving mass effect, and cytoreduction. It is the initial
treatment for patients in a good clinical condition or for patients for whom a resection is
expected to improve their clinical condition enough to undergo adjuvant treatment. An
alternative is a stereotactic biopsy to obtain solely a reliable tissue diagnosis. Complete
resection of the MR-imaging abnormalities, T2w or FLAIR in non-enhancing and T1G in
enhancing gliomas, is associated with longer overall survival.8,43
Radiotherapy is given to the majority of patients, except for low-grade diffuse
astrocytoma, IDH-mutant or oligodendroglioma, IDH-mutant and 1p/19q-codeleted
patients with favorable prognostic markers: complete resection, age <40 years and
without neurological deficits. Radiotherapy aims at local control and is administered in
fractions with a total dose of 40–60 Gy, depending on glioma subtype and grade. The
target for radiotherapy is based on three tumor volumes: gross (GTV), clinical (CTV) and
planning (PTV). For contrast-enhancing glioma, the GTV includes the resection cavity and
residual tumor on T1G MRI. By adding a uniform margin of 20mm to the GTV, to include
microscopic spread, the CTV is generated. If T2/FLAIR abnormalities extend beyond this
margin, they are to be added to the CTV. Finally, the PTV is generated by adding a 3-5mm
margin to the CTV to correct for planning uncertainties originating from patient setup and
fusion of the images.44 For non-enhancing glioma, the GTV includes the resection cavity
and abnormalities on T2 or FLAIR MRI. A 15–20mm margin is added for the CTV and
another 5–7mm margin for the PTV.45 Older patients and those with poor performance
status receive a hypo-fractionated scheme with a higher fraction dose and lower total
dose.43 Radiotherapy prolongs progression free survival in low-grade glioma patients
without favorable prognostic markers,46 and increases survival in glioblastoma.47
Systemic chemotherapy is also given to most glioma patients, except for the low-grade
diffuse astrocytoma, IDH-mutant or oligodendroglioma, IDH-mutant and 1p/19q-codeleted
patients with favorable prognostic markers. Cytotoxic chemotherapy is administrated
for six cycles, starting during radiotherapy, with the agent depending on the glioma
subtype. In diffuse and anaplastic oligodendroglioma, a combination of procarbazine,

Introduction

21

lomustine and vincristine (PCV) is given, while temozolomide is administrated in diffuse
and anaplastic astrocytoma, as well as glioblastoma. Chemotherapy prolongs survival in
low-grade glioma and increases survival in glioblastoma.48,49

DETECTION OF THE EXTENT OF GLIOMA
INFILTRATION
Detection of the extent of glioma infiltration is indispensable for the guidance of surgical
resection and radiotherapy. For neurosurgeons, identification of this extent during
surgery is difficult due to the diffuse infiltration of glioma into normal brain tissue.
The core of the tumor, consisting of densely packed tumor cells and necrosis, is fairly
recognizable under the operating microscope, but peripheral infiltration, extending
beyond tumor cavity margins and consisting of more preexisting brain tissue than tumor
cells, however, is virtually impossible as it looks and feels like normal brain. Recently,
fluorescence guidance has been introduced in glioma surgery to help identify the
tumor.50 Although a promising technique, a randomized clinical trial only demonstrated
its benefit to increase the resection percentage of the tumor core, as defined on imaging,
and not the infiltration outside the core.50 Also, multiple studies found imaging more
sensitive for the detection of glioma infiltration than fluorescence.51,52 Therefore, in daily
practice, both neurosurgeons and radiation oncologists use various imaging modalities
and MRI sequences to detect the extent of glioma infiltration.
Current standard MRI sequences for detection of glioma infiltration
Different imaging modalities are available for glioma imaging, with MRI currently being
recommended as standard. 38 T2w, FLAIR and T1G MRI are currently used in daily practice
for the delineation of gliomas.
In enhancing gliomas, T1G MRI is used to guide local treatment. The basic principle of
T1G MRI is the intravenous administration of a gadolinium-based contrast agent with
paramagnetic properties, which allows for clear visualization of vascular structures. Due
to the disruption of the BBB by a glioma, contrast will leak outside vascular structures
resulting in parenchymal enhancement. This enhancement allows for clear delineation
of the regions of the tumor with BBB breakdown. Other regions of the tumor, however,
do not display BBB breakdown and will therefore not enhance on T1G MRI. This has been
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confirmed by multiple studies that demonstrated the presence of glioma infiltration
outside regions with enhancement on T1G MRI.51-69
In non-enhancing gliomas, T2w or FLAIR MRI is used for treatment guidance. The
hyperintense T2w signal of a non-enhancing glioma depends on the increase of
extracellular fluid, which can be caused by edema, myelin loss and other damage to
central nervous system tissue.70 FLAIR is a T2-weighted sequence with suppression of
the hyperintense signal of the cerebrospinal fluid, resulting in improved identification of
signal changes in the periventricular regions and periphery of the hemispheres. As with
T1G MRI, glioma infiltration has been demonstrated outside imaging abnormalities on
both T2w and FLAIR MRI.4 Vice versa, samples from T2w hyperintense regions in patients
with non-enhancing glioma not necessarily show tumor presence.71
Alternative MRI sequences and imaging modalities for detection of glioma infiltration
Besides T2w, FLAIR and T1G MRI, other MRI sequences are available for the detection of
glioma infiltration. These include DWI, diffusion tensor imaging (DTI), perfusion-weighted
imaging (PWI) and magnetic resonance spectroscopy imaging (MRSI). Examples of these
sequences are presented in Figure 4A.
DWI is included in the standard MRI protocol, however, primarily to detect ischemia
after surgical resection instead of glioma infiltration detection. The basics of DWI is the
Brownian movement of hydrogen molecules in their surroundings, so-called diffusion,
where restricted diffusion results in a low and free diffusion in a high signal. Since
diffusion imaging also incorporates T2w signals, the Apparent Diffusion Coefficient
(ADC) is used to eliminate these T2w signals. ADC appears to correlate with cellularity in
glioma,72 although contradicting results have been reported.73

Figure 4 | Examples of alternative imaging.
A) Exemplary MRI sequences of a left parietal glioblastoma, IDH-wildtype. B) Left: CT of a left
parietal glioblastoma, IDH-wildtype , center: intraoperative ultrasound and right: [11C]choline
and [18F]FET PET of a left parietal glioblastoma, IDH-wildtype. ADC =Apparent Diffusion
Coefficient, FA =fractional anisotropy, ASL-CBF =Arterial Spin Labeling Cerebral Blood Flow,
DSC-CBV =Dynamic Susceptibility Contrast Cerebral Blood Volume, MRSI-CNI =Magnetic
Resonance Imaging Spectroscopy Cho to NAA index, CT =computational tomography,
PET =positron emission tomography and FET =O-(2-[18F]-fluoroethyl)-L-tyrosine
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DTI is another diffusion-based technique, which measures the direction, instead of the
magnitude, of diffusion. The strictness of the direction varies from completely rigid
to completely free and is assessed with the metric fractional anisotropy (FA). This is
especially useful for the visualization of the white matter tracts. Since glioma infiltration
tends to follow the white matter tracts, disruption of the FA signal in a tract is indicative
for tumor presence.74
PWI measures the perfusion of tissue by blood. The two most used metrics are cerebral
blood flow (CBF) and volume (CBV). CBF is defined as the volume of blood passing through
a given amount of brain tissue per unit of time and CBV as the volume of blood present in
a given amount of brain tissue.75 Three MRI perfusion techniques are available, of which
dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) are based
on the administration of contrast, while arterial spin labeling (ASL) uses hydrogen atoms
in the supplying arteries to the brain as a contrast agent and can only be used to assess
CBF. PWI metrics, especially CBV, are correlated with angiogenesis and histological WHO
grade in glioma.76
MRSI measures the biochemical components of a region of interest, providing information on the concentration of multiple metabolites. The metabolite N-acetyl aspartate
(NAA), synthesized by normal neurons and therefore decreased in gliomas,77 and totalcholine-containing metabolites (Cho), increased in gliomas due to the breakdown of cell
membranes,78 are used to calculate the Cho to NAA index (CNI). CNI-based volumes have
been used to guide glioma surgery in a single study.79
Next to MRI, other imaging modalities such as computed tomography (CT), ultrasound
and positron emission tomography (PET) have been used for glioma delineation.
Examples of these modalities are presented in Figure 4B.
CT combines multiple X-rays from different angles to produce an image. It was introduced
in the 1970s and was the first 3D imaging modality used for the resection of gliomas.80
It is still used in emergency settings but MRI has replaced it as the standard imaging
modality.
Ultrasound uses high frequency sound waves and the acoustic properties of tissue,
namely absorption, scattering or reflection, to visualize tissue. Since sound waves are
almost completely reflected by bone, in glioma patients ultrasound is generally used
intraoperatively after the craniotomy. A major advantage compared to other imaging
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techniques is that these images are real-time instead of pre-operative acquired. Glioma
tissue produces a hyperechoic signal due to the relative high mass density of the tissue.
This allows for discrimination with normal brain tissue, which is iso-echogenic, resulting
in a white tumor signal between gray normal brain.81
PET is an imaging technique that measures the radioactivity of intravenously
administrated radioactive tracers. These tracers are biological compounds with an
attached radioactive label. Different biological compounds and labels are available. The
compound, generally, determines the distribution of the traces in different tissues, while
the type of label determines the duration of the radioactive signal. Multiple tracers are
used in glioma imaging, of which glucose and the amino acids O-(2-[18F]-fluoroethyl)L-tyrosine ([18F]FET) and L-[methyl-11C]methionine ([11C]MET) are most widely used
and studied.82 Recently, the Response Assessment in Neuro Oncology workgroup has
recommended the use of amino acid PET as standard for the delineation of glioma.83,84
Neuronavigation
Once glioma infiltration is detected on imaging, accurate localization in the patient during
treatment is realized with neuronavigation, a technique that uses a high-resolution
image, CT or MRI, to produce a 3D model of the patient’s head. In the operation or
radiotherapy room a virtual 3D environment is created using a reference star indirectly
attached to the patient. With an optical or electromagnetic tracking system, anatomical
landmarks on the patient’s head are spatially registered in the 3D environment to
match the 3D model of the patient’s head.85 After this registration, the position of a
probe, surgical tool, microscope or radiation device in relation to the reference star can
be determined in the 3D model. By correlating imaging sequences to the one used for
the 3D model, the 3D position is translated to all imaging sequences. An example of a
neuronavigation setup is presented in Figure 5.
A limitation of this technique is the possible inaccuracy in spatial registration that can
occur at the different steps of the process. Imperfect correlation of image sequences, a
noisy 3D imaging model of the head, inaccurate identification of anatomical landmarks
and the movement of the reference point in relation to the patient can all lower the
registration accuracy.86 Another limitation is the brain shift that occurs after opening of
the dura and resection of tissue. Since the 3D model was based on preoperative imaging,
this shift cannot be incorporated into the navigation, thus resulting in lower accuracies
during the progress of the surgical resection.
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Figure 5 | Example of a frameless neuro-navigation setup.
1) Patient fixated in a head clamp. 2) Reference star attached to the head clamp.
3) Neurosurgeon identifying anatomical landmarks on patient with navigated pointer. 4)
Optical tracking system aimed at the patient’s face and reference star. 5) Neuronavigation
station.

Assessment of the accuracy of imaging to detect glioma infiltration
In order to compare the different imaging techniques for their ability to detect glioma
infiltration, an objective quantitative metric is necessary. Diagnostic accuracy is the ability
of an index test to classify an element into one of two conditions. In order to compare the
index test with the ‘truth’, a reference test, preferably the current gold standard, is used
to classify an element as with or without the condition. The classification of the index
test is subsequently compared with the classification of the reference test. In this thesis,
the index test is an imaging technique, while the reference test is the histopathological
assessment of tumor presence in a sample from a glioma patient. The comparison of the
index and reference test results in a two-by-two table (Table 2).
Table 2 | Diagnostic accuracy two-by-two table.
Condition present

Condition absent

Index test positive

True Positive (TP)

False Positive (FP)

Index test negative

False Negative (FN)

True Negative (FN)
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Different diagnostic accuracy metrics are available, of which we will discuss sensitivity
and specificity. Sensitivity is the ratio between the true positives and the total number
of samples with the condition, which are the true positives and false negatives together
(TP/(TP+FN)). An index test with a high sensitivity is good in determining if the condition
is present in a sample with the condition. In this thesis, this would result in few samples
with tumor presence being classified as normal. Specificity is the ratio between the true
negatives and the total number of elements without the condition, which are the true
negatives and false positives together (TN/(TN+FP)). An index test with a high specificity
is good in determining if the condition is not present in an element without condition.
In this thesis, this would result in few samples without tumor presence being classified
as tumor.
The index test’s discrimination between the two conditions can depend on the
interpreter of the index test in case of a qualitative test or the threshold in a quantitative
test. For each interpreter or threshold, a new two-by-two table can be conducted with
a corresponding sensitivity and specificity. These sensitivities and specificities can be
plotted in a graph with 1-specificity on the x-axis and sensitivity on the y-axis. This graph
is called a receiver operating characteristic (ROC) curve (Figure 6). If using a toss coin,
the curve would be a diagonal line from the bottom left to the top right. For a perfect
test, the curve would follow the left and top border. The ROC curve can be used to
determine the optimal threshold, depending on the definition of optimal, such as the
highest sum of sensitivity and specificity. The area under the ROC curve (AUC) is a metric
that represents the overall performance, also called diagnostic accuracy, of an index test,
with an AUC of 0.5 for the toss coin and 1.0 for the perfect test.
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CURRENT PROBLEM
As discussed above, the accuracy of current standard MRI for the detection of extent
of glioma infiltration is quite limited. More accurate MRI sequences and/or imaging
modalities are necessary to improve glioma delineation so local treatment can be
guided beyond the current MRI abnormalities, as well as to identify patients with glioma
infiltration beyond meaningful local treatment to avoid futile treatment.

AIMS OF THIS THESIS
The studies in this thesis aim to identify the optimal MRI sequence, PET tracer, or
combination of MRI sequence(s) and/or PET tracer(s) for the detection of glioma
infiltration. The overall objectives were the following:
– To discuss the current literature concerning imaging for the detection of extent of
glioma infiltration
– To develop quantitative [18F]FET PET parametric maps
– To compare the accuracy of different MRI sequences, PET tracers and combinations of
MRI sequence(s) and/or PET tracer(s) for the detection of extent of glioma infiltration
– To quantify glioma infiltration using histological, molecular and imaging techniques
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OUTLINE OF THIS THESIS
1
Chapter 2 presents a meta-analysis concerning studies that addressed the diagnostic
accuracy of pre-operative imaging to delineate gliomas using direct comparison with
histopathology. In Chapter 3 the literature is reviewed for imaging techniques used for
glioma delineation and localization of brain functions. The way in which these techniques
can be used to achieve a maximal safe resection is discussed. In Chapter 4 the accuracy
of the frameless stereotactic drilling technique is assessed, by comparing post-operative
depth-electrode position with pre-operative planning. This biopsy technique is used
in chapters 8-10. Chapter 5 describes the protocol of the prospective study described
in chapters 6-10. In Chapter 6 the optimal metabolite-corrected plasma input model
is identified for the quantification of [18F]FET kinetics. Reference tissue input models
and simplified methods are validated with the full kinetic analysis results. Using these
models, the accuracy of parametric images and tumor-to-normal maps for quantifying
[18F]FET uptake is determined in Chapter 7. With these parametric images and tumorto-normal maps, the diagnostic accuracy of [11C]choline and [18F]FET PET to detect the
extent of glioma infiltration is directly compared in Chapter 8. Chapter 9 presents the
results of the direct comparison of diagnostic accuracy of multiple MRI sequences, PET
tracers and combinations of MRI sequence(s) and/or PET tracer(s) for the detection of
extent of glioma infiltration. Chapter 10 describes the quantitative analysis of tumor
purity using histological, molecular and imaging techniques and the influence of tumor
purity on intratumoral genetic heterogeneity. Finally, the general discussion is presented
in Chapter 11 and remaining challenges and future directions in the field are discussed.
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ABSTRACT
Background: Brain imaging in diffuse glioma is used for diagnosis, treatment planning,
and follow-up.
Purpose: In this meta-analysis, we address the diagnostic accuracy of imaging to
delineate diffuse glioma.
Data Sources: We systematically searched studies in adults with diffuse glioma and
correlation of imaging with histopathology.
Study selection: Study inclusion was based on quality criteria. Individual patient data
was used, if available.
Data analysis: A hierarchical summary ROC method was applied. Low- and high-grade
gliomas were analyzed in subgroups.
Data Synthesis: 61 studies described 3,532 samples in 1,309 patients. The mean STARD
score (13/25) indicated suboptimal reporting quality. For diffuse glioma as a whole, the
diagnostic accuracy was best using T2-weighted MRI, measured as area under the curve,
false positive rate, true positive rate and diagnostic odd ratio of 95.6%, 3.3%, 82%, and
152. For low-grade glioma, the diagnostic accuracy of T2-weighted MRI as reference was
89.0%, 0.4%, 44.7%, and 205; and for high-grade glioma of T1-weighted gadoliniumenhanced MRI as reference: 80.7%, 16.8%, 73.3%, and 14.8. In high-grade gliomas, MR
spectroscopy (85.7%, 35.0%, 85.7%, and 12.4) and MET PET (85.1%, 38.7%, 93.7%, and
26.6) performed better than reference imaging.
Limitations: True negative samples were underrepresented in this data, so that false
positive rates are probably less reliable than true positive rates. Multimodality imaging
data was unavailable.
Conclusion: The diagnostic accuracy of commonly-used imaging for delineation is better
for low-grade glioma than for high-grade glioma based on limited evidence. Improvement
is indicated from advanced techniques, such as MR-spectroscopy and PET.
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INTRODUCTION
Diffuse gliomas are the most common primary brain tumors in adults with an
annual incidence of approximately 6 per 100,000. Despite advances in neurosurgery,
radiotherapy, and chemotherapy, gliomas are fatal.87 Brain imaging is indispensable
for the diagnosis, treatment planning and evaluation, and follow-up. Although imaging
standards to plan resection and radiotherapy vary between institutions and specialists,
conventional imaging is in common use, typically consisting of T1-weighted MRI before
and after gadolinium and T2/FLAIR-weighted MRI for gliomas. Of these conventional
sequences, T2/FLAIR-weighted MRI is often considered as reference for low-grade
gliomas, and T1-weighted gadolinium-enhanced MRI for high-grade gliomas in neurosurgical planning, combined with T2-weighted MRI in radiotherapy planning.88,89
Compared to other cancer types, accurate delineation of glioma within the brain for
treatment planning is particularly important due to the proximity of eloquent brain
structures, that are vulnerable to surgery and radiotherapy.90 Conversely, more extensive
resections and boosted radiotherapy correlate with longer survival.91-93 At the same time,
clinical observations challenge the diagnostic accuracy of current imaging protocols:
gliomas recur even after a radiologically complete resection8,94 and glioma cells were
detected outside MRI abnormalities3,54 Brain imaging techniques, such as multivoxel
spectroscopy and PET were developed to improve tumor grading and delineation.95,96
Inherent to any regional treatment, such as surgery and radiotherapy, is the need to
delineate a target volume, which mandates a dichotomous classification into tumor and
normal tissue. Low-grade and high-grade gliomas have different treatment strategies
and prognosis, while both are characterized by diffuse tumor infiltration. This grounds
our pooled analysis for diffuse glioma in addition to subgroup analysis by glioma grade.
More accurate glioma delineation may improve the consistency between treatment
results and survival. For instance, more accurate delineation may serve to identify
patients eligible for more aggressive surgery than would have been considered based
on conventional imaging, as well as to identify patients with glioma infiltration beyond
meaningful surgical therapy, so that useless, and possibly harmful, resections can be
avoided.
The diagnostic accuracy of imaging techniques to delineate gliomas has not been
systematically addressed. In this meta-analysis we estimate and compare the diagnostic
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accuracies of conventional imaging techniques and advanced MRI and PET to delineate
newly-diagnosed diffuse glioma within brain tissue in adults.

MATERIALS AND METHODS
Search strategy
We aimed to identify all publications reporting glioma imaging correlated with
histopathology for the sampled locations. Our data sources were the National Library
of Medicine (PubMed/MEDLINE, beginning in 1966) and the Excerpta Medica Database
(EMBASE, beginning in 1947), accessed on February 29, 2016, searching MESH and
EMTREE subject headings (Supplemental Methods 1). The publication language was
restricted to western languages; the publication date was restricted until January 1,
2016. References of identified studies were reviewed for further eligible publications in
adherence with the PRISMA statement guidelines (Supplemental Table 1).
Study selection criteria
Studies were eligible for further analysis based on five inclusion criteria. First, an adult
(sub-)population was required with patients at least 18 years of age. Second, only newlydiagnosed diffuse glioma of World Health Organization (WHO) grade II-IV was included
to avoid imaging artifacts from previous treatment. Third, brain imaging of any technique
was allowed as diagnostic test. Fourth, histopathology of tissue samples was required as
reference test. Fifth, the histopathology of samples and imaging test measurements had
to be directly correlated by surgical navigation using 3D-coordinates. When duplicate
reports on the same population were retrieved, only the report with the most complete
data was used for analysis. Studies also including patients of pediatric age or pathology
other than diffuse glioma were included if the population of interest could be extracted
from the data. Postmortem studies were excluded to avoid bias from end-stage disease.
For interobserver agreement on study inclusion, a kappa statistic was used.97
Quality and outcome measures
Any study reporting glioma imaging correlated with histopathology was independently
assessed in full-text for quality criteria by two observers (NV and FH, with three and
eight years of experience in clinical neurosurgery) using the Standard for Reporting of
Diagnostic Accuracy (STARD) guidelines, a 25 item checklist to explore reporting quality.98
Disagreements were resolved through adjudication by a third observer (PWH, with 15
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years of experience in clinical neurosurgery). For interobserver agreement on quality
assessment, the intra-class correlation coefficient was calculated. One observer extracted
the study data (NV) on the imaging techniques, the histopathological examination
method, the co-localization method between imaging and histopathology, and the
number of patients and samples categorized by glioma grades. The extracted data was
verified by another observer (PWH). Biopsy sample locations were categorized for each
imaging technique as normal or abnormal signal according to the authors’ test positivity
criteria, and as glioma or normal brain in correlated histopathological examination
according to the authors’ definitions. We aimed to include individual sample data as
much as possible, either by availability from the publication, by request for original data
to corresponding authors (up to three times in case of non-response), or by estimation of
data points from plots of image measurements versus tumor characteristics. If individual
sample data was unavailable, we included the aggregated data as summaries of true
positive (TP), true negative (TN), false positive (FP), and false negative (FN) samples.
Accordingly, each imaging technique in every study provided at least one estimate of
diagnostic accuracy.
Statistical analysis
We used hierarchical summary receiver operating characteristic (hsROC) curve analysis
with random-effects for within-study and between-studies variation to summarize
estimates of the diagnostic accuracy for each imaging technique with more than one
study available (Supplemental Methods 2).99 The available data allowed for hierarchical
analysis of samples within techniques. The estimates with 95% credibility intervals (CI)
consisted of the summary true positive rate (sensitivity: TP/[TP+FN]), the summary
false positive rate (1-specificity: FP/[FP+TN]), the diagnostic odds ratio ([TP/FN]/[FP/
TN]),100 and the summary area under the ROC curve. Differences in estimates between
imaging techniques in relation to reference imaging were also calculated and considered
significant when the CI excluded zero. A Bayesian Markov Chain Monte Carlo algorithm
using three chains modeled the hsROC curve with CI for each imaging technique based
on five parameters: the accuracy and its precision, the cutpoint and its precision, and the
scale parameter.101 The accuracy and the cutpoint were allowed to vary between studies;
the scale was allowed to vary between imaging techniques. These parameters provide
an hsROC curve with an operating point on the curve representing the summary true
positive rate and summary false positive rate. A Bayesian hsROC analysis was used for
the following reasons. First, this approach is considered the standard for meta-analysis
of diagnostic accuracy taking into account the correlation between the true positive
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rate and false positive rate.101,102 Second, individual sample data and aggregated data,
if individual data is unavailable, can be analyzed together per imaging technique to
estimate its diagnostic accuracy.103,104 Third, varying test positivity criteria for imaging
in studies can be accommodated.105 Fourth, partly missing data can be handled using
this model. For the meta-analysis, vague priors were chosen for the prior distributions,
so that the results primarily reflect inference from the presented data without prior
knowledge. Normal distributions with mean 0 and variance 10,000 represented the
accuracy, cutpoint and scale parameters, and inverse gamma distributions with a
shape and rate of 0.01 represented the precisions. Uniform distributions were used as
alternative vague priors. Summary estimates consisted of the median values with CI of
the posterior distributions. For the analysis we used JAGS software, version 4.0.1 (Jags
Software, Newark, DE; http://mcmc-jags.sourceforge.net) called from the rjags package
(version 4-3) for R (version 3.2.2; R Foundation for Statistical Computing, Vienna, Austria;
http://www.R-project.org). Sampling traces and distributions, and Gelman-Rubin
diagnostics were evaluated for evidence against convergence using the coda package
(version 0.17.1). Statistical tests for heterogeneity between studies are unavailable
for diagnostic accuracy meta-analysis, therefore heterogeneity was explored using
subgroup analysis.106 Sensitivity analysis included analysis of (a) the subset of higherquality studies, considered those with a prospective design, including quantified sample
data in at least 15 patients, and qualifying for the methodological description of both
neuro-imaging and histopathology,107 (b) the subset of studies with individual patient
data, and (c) alternative vague prior distributions. Subgroups of low-grade (WHO grade
II) and high-grade glioma (WHO grade III or IV) were reported separately. Publication
bias was explored graphically.

RESULTS
The search strategy identified 8,558 unique citations (Figure 1), of which 272 full-text
publications were assessed for eligibility. Subsequently, 61 articles were included for
meta-analysis based on the five selection criteria. The interobserver agreement for
inclusion was moderate (kappa 0.47, 95%CI: 0.37–0.57). A total of 3,532 samples with
correlated histopathological examination and imaging were included from 1,309 patients
with a glioma. For subgroup analysis by glioma grade, data could be extracted for 907
samples in 421 patients with low-grade glioma, and for 1,380 samples in 814 patients
with high-grade glioma. Glioma subtypes, such as astrocytoma or oligodendroglioma,
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could not be analyzed in subgroups, because data for these subgroups could usually not
be extracted. Individual sample data were available from 19 studies. The higher-quality
subset consisted of 29 studies.
The mean STARD score of the included studies was 13 (s.d. 2.8). The interobserver
agreement for STARD quality assessment was substantial (intra-class coefficient: 0.66,
95%CI: 0.49–0.78).
10438 cita!ons inden!fied
by search strategy
6308 MEDLINE
4130 EMBASE
1880 duplicates removed
8558 unique
cita!ons evaluated
7592 not relevant on the basis of !tle
966 studies screened

238 full-text ar!cles
assessed for eligibility
23 addi!onal
records
inden!fied
through
other sources

751 studies excluded on the basis of abstract
395 without correla!on between imaging and histopathology
194 without direct correla!on betweem imaging and
histopathology
64 reviews, editorials, etc.
31 no humans
24 no abstract available
16 ex vivo
14 post treatment
13 post morten

177 full-text ar!cles excluded
165 Excluded on primary quality criteria
103* without direct correla!on between imaging and
histopathology
69* without newly diagnosed glioma
54* without histopathological verifica!on
47* without adult popula!on
11 studies not accessible
1 report with duplicate data

61 studies included in
meta-analysis

Figure 1 | Flow chart of publication selection. * Multiple exclusion criteria could apply to
studies.
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The included studies reported on 16 imaging techniques, including T1-weighted MRI
before and after gadolinium, T2-, T2/FLAIR-, perfusion-, diffusion-weighted MRI
(apparent diffusion coefficient), MRI spectroscopy (choline to N-acetyl aspartate ratio),
MR diffusion tensor imaging (fractional anisotropy), and PET imaging with these tracers:
[18F-]fluorodeoxyglucose (FDG), [11C-]methionine (MET), [18F-]fluoroethyltyrosine
(FET), [18F-]fluorthymidine (FLT), or [18F- or 11C-]choline (CHO). Imaging protocols
varied widely, for instance 22 studies used 1.5-T MRI field strength, 15 used 3.0-T, one
used 0.15-T, and field strength was unspecified in 11 studies. The number of studies,
patients, and samples for each imaging technique categorized by glioma grades is
plotted in Figure 2.
The reference standard to distinguish tumor and normal brain in tissue samples
for all studies was microscopic examination using hematoxylin/eosin staining and
immunohistochemical analysis. Nine studies reported the reference standard as
labeling index of proliferating cells, six studies reported the reference standard as tumor
infiltration index and two studies as cellularity index. We followed the authors’ definition
to differentiate normal brain and glioma.
The method to correlate the histopathology with imaging was frameless stereotactic
needle biopsies in 27 studies, frame-based stereotactic needle biopsies in 14,
neuronavigated resection biopsies in 12, and unspecified stereotactic needle biopsies
in eight.
The hsROC curves of imaging techniques for diffuse glioma as a whole are plotted in
Figure 3A, and for the subgroups of low- and high-grade glioma in Figures 3B and 3C,
respectively. The characteristics of these hsROC curves are listed in Figure 4.
Estimated summary ROC curves are plotted by imaging technique in ROC space for
diffuse glioma as a whole, i.e. low- and high-grade glioma combined, in 3A, low-grade
glioma in 3B, and high-grade glioma in 3C. The operating points of curves represent the
estimated summary true positive and false positive rates as indicated by solid squares.
Solid squares are missing when convergence was not reached. Color coding as in the
legend, with conventional MRI in black, advanced MRI in shades of blue, PET imaging in
shades of red, and CT and ultrasound imaging in shades of green.

Figure 3 | Summary hierarchical ROC curves of imaging techniques.

Figure 2 | Number of publications, patients and samples for imaging techniques categorized by glioma grade
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Figure 4 | Diagnostic accuracy characteristics of imaging techniques.
Diagnostic performance of imaging techniques expressed as area under the curve, summary
false positive rate, summary true positive rate, and diagnostic odds ratio for diffuse glioma as
a whole, i.e. low- and high-grade glioma combined, in 4A, low-grade glioma in 4B, and highgrade glioma in 4C. The medians of posterior distributions is plotted as squares proportional
to the number of observations with 95% credibility intervals. The most common clinically
utilized imaging technique is printed in blue as reference. n.a. represents non-available
data because either less than three studies were available or the posterior samples did not
converge.

In particular the estimates of false positive rates need to be interpreted with significant
caution due to relative lack of data on true negative samples (Supplemental data).
This “underrepresentation” of true negatives and consequently bias in false positive
rates may be unbalanced across imaging techniques, creating additional biases when
comparing the ROC curves.
All gliomas considered, the area under the curve was highest for T2-weighted MRI
(95.6%), followed by MRI spectroscopy (93.3%). The false positive rate was lowest in
T2-weighted MRI (3.3%), followed by CT (16.0%), and the true positive rate was highest
for MRI spectroscopy (95.0%), followed by ultrasound (93.3%). The diagnostic odds ratio
was highest for T2-weighted MRI (152), followed by MRI spectroscopy (39.2).
For low-grade gliomas, the area under the curve was highest for T2-weighted MRI (89.0%),
followed by MRI spectroscopy (78.1%) and T2/FLAIR-weighted MRI (77.4%). The false
positive rate was lowest in T2-weighted MRI (0.4%), followed by T2/FLAIR-weighted MRI
(22.1%), and the true positive rate was highest for MRI spectroscopy (87.3%), followed by
T2/FLAIR-weighted MRI (65.8%). The diagnostic odds ratio was highest for T2-weighted
MRI (205), followed by MRI spectroscopy (15.7). Unsurprisingly, the area under the curve
was statistically significantly lower for T1-weighted gadolinium-enhanced MRI compared
with T2-weighted MRI (difference of 54.4%, CI: 8.4–80.8%), and for perfusion-weighted
MRI (difference of 54.1%, CI: 7.8–78.2%). Of note, T2-weighted MRI had a higher area
under the curve, false positive ratio and diagnostic odds ratio in comparison with T2/
FLAIR-weighted MRI, the other common clinically utilized MRI sequence.
For high-grade gliomas, the area under the curve was highest for MRI spectroscopy
(85.7%), followed by MET-PET (85.1%). The false positive rate was lowest in CT (14.0%),
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followed by T1-weighted gadolinium-enhanced MRI (16.8%), and the true positive rate
was highest for MET-PET (93.7%), followed by MRI spectroscopy (85.7%). The diagnostic
odds ratio was highest for MET-PET (26.6), followed by T1-weighted gadoliniumenhanced MRI (14.8). MET-PET and MR spectroscopy had a higher area under the curve
and true positive rate in comparison with the common clinically utilized T1-weighted
gadolinium-enhanced MRI (respectively 80.7% and 73.3%). This came at the expense
of higher false positive rates for MET-PET and MR spectroscopy, respectively 38.7% and
35.0%. Remarkably, CT with contrast had an area under the curve (80.0%) similar to
T1-weighted gadolinium-enhanced MRI.
Sensitivity analysis demonstrated robustness against publication quality, individual
sample data, and alternative vague priors (Supplemental Figure 1). As statistical tests for
heterogeneity are unavailable to take the association between sensitivity and specificity
into account,106 we inspected the plots of study data and hsROC curve for each technique
(Supplemental Figure 2), demonstrating considerable heterogeneity between studies,
resulting in relatively large CI. For many imaging techniques the number of publications
is too small to exclude publication bias (Supplemental Figure 3). Small studies with
small areas under the curve or low false positive rates may be missing for T1-weighted
gadolinium-enhanced MRI and T2-weighted MRI.

DISCUSSION
The main findings of this meta-analysis are that the diagnostic accuracy of neuroimaging to delineate diffuse glioma a) is best using T2-weighted MRI, followed by MR
spectroscopy, b) is better for low-grade glioma using T2-weighted MRI, than for highgrade glioma using T1-weighted gadolinium-enhanced MRI, considering the area-underthe-curve (89.0% versus 80.7%) and the diagnostic odds ratio (205 versus 14.8), c) may
be improved in high-grade glioma by MR spectroscopy or MET-PET, d) is not superior
using T2/FLAIR-weighted MRI for low-grade glioma, e) is not inferior by CT with contrast
for high-grade glioma, and f) varies considerably between imaging techniques and shows
heterogeneity between studies.
Thresholds for acceptable diagnostic accuracy of tumor imaging are undetermined.
The accuracy of imaging for glioma delineation by MRI is, for instance, less than lesion
detection in hepatocellular carcinoma by ultrasound, CT or MRI.108 It is comparable with
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detection of metastatic lymph nodes in non-small cell lung cancer by CT or MRI, but less
than PET.109,110 And, it is less than the diagnosis of breast cancer by MRI.111 These studies,
however, rather address the radiological diagnosis of cancer by imaging, and not the
delineation of infiltrative cancer within normal tissue. The identification of cancer cells
within normal appearing imaging regions seems to be specific for glioma.4,112 We did not
find meta-analyses of tumor delineation in other solid cancers.
The variation in diagnostic performance may be explained by the notoriously difficult
diagnostic problem to delineate glioma cells which gradually infiltrate into brain tissue.
Therefore, the concept to delineate a tumor by presence or absence of cancer cells, on
which ROC analysis is based, may oversimplify gradual glioma infiltration. Nevertheless,
treatment target volumes are required for patient care.
Several factors may contribute to the observed variation in diagnostic performance.
First, the scan protocols have not been standardized for any of these sequences. For the
diagnostic standard of MRI, for instance, variation exists in scanner equipment, quality
assessment and control, acquisition protocols, image processing, quantification, and
interpretation by radiologists. Second, histopathological examination may vary due to
incomplete sampling of heterogeneous tumors, and due to interpretation differences
between neuropathologists.113-115 Third, the correlation between imaging measurements
and histopathological examination may be another source of variation. This co-localization
depends on the precision of the navigated locations of tissue samples. Navigation
precision has been found to be within several millimeters,116,117 whereas tissue may be
heterogeneous at smaller distances.118
Improvement of diagnostic accuracy to delineate glioma for regional therapy requires
an offset between increasing the true positive rate and decreasing the false positive
rate. Increasing the true positive rate may be preferable for tumor control, whereas
decreasing the false positive rate may be preferable for preservation of functional
integrity. From the perspective of tumor control the overestimation of diffuse glioma, i.e.
the inadvertent declaration of normal brain as diffuse glioma, would be more acceptable
than underestimation. But this is only acceptable when at the same time surgery
aims to minimize neurological deficits from removal of critical brain regions whether
or not infiltrated by tumor. This is usually done by brain mapping of functions under
local anesthesia to push the resection to the functional limits.90 In other words, a more
sensitive imaging delineation would even more so require functional brain mapping as
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a safeguard against removal of critical brain regions, that are potentially infiltrated by
tumor. In this perspective, MR-spectroscopy and PET-imaging might hold potential to
increase the true positive rate of glioma delineation for surgical strategies. However, a
more sensitive tumor delineation should probably not prompt larger high-dose radiation
fields, because a similar safeguard against cognitive decline from radiation therapy is
unavailable. Perhaps high-dose radiotherapy should rather focus on regions at high-risk
for tumor progression, whereas lower dose could be acceptable on regions with low-risk
for tumor progression.
Our observations may challenge current care standards. First, T2/FLAIR-weighted
MRI has been proposed as the standard for radiological response measurements
in low-grade glioma,88 whereas our data indicates T2-weighted MRI to have better
diagnostic performance before treatment than T2/FLAIR-weighted MRI. Second, MRI,
including T1-weighted gadolinium-enhanced and T2-weighted images, is considered
the standard for treatment planning and radiological response measurements in highgrade glioma,89 whereas our data indicates that the diagnostic performance of CT with
contrast to delineate high-grade glioma before treatment is not necessarily inferior.
Clearly, anatomy is better visualized with MRI than CT, another prerequisite to regional
treatment planning. Furthermore, the detection of subtle areas of disease progression
which may be outside the main tumor mass are better identified on MRI than on CT.
Third, in particular for high-grade glioma there is room for improvement in tumor
delineation. For instance, radiation oncology guidelines are heterogeneous with regards
to target delineation.44,119,120 MR spectroscopy and PET hold promise to be additive to the
current standard, but availability and standardization are limitations to more widespread
use. For a detailed discussion of these techniques we refer to recent reviews.84,121-124
Furthermore, T2-weighted MRI performed best for diffuse gliomas as a whole and for
low-grade-glioma, but could not be estimated for high-grade glioma in this data because
quantitative information was only available from two studies. Nevertheless, T2-weighted
MRI may contribute to better delineation of high-grade glioma as well.
Strengths of this meta-analysis include a scrutinous search strategy, assessment of
reporting quality by STARD criteria, and analysis using the hsROC method, whenever
available with individual sample data.
Our results should be interpreted within the limits of the quality of observational data
that were retrieved with limited numbers of patients and samples from publications
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with suboptimal reporting quality. Due to obvious reluctance to sample tissue outside
of imaging abnormalities, true negative samples are underrepresented in this data,
rendering the estimates of false positive rates probably less reliable than true positive
rates. Furthermore, the available data only allowed indirect comparison of imaging
techniques, because only two studies were identified with quantitative head-to-head
comparison of techniques.54,59 Lastly, several potential biases in this meta-analysis
should be considered.125 Methodological heterogeneity is likely to exist. Publication
bias was suggested. Population bias is unlikely to be present, because all patients were
required to have a glioma, control cases were excluded, and all samples from patients
were examined with the same reference standard of histopathological examination.
Nevertheless, verification bias may be present, because imaging characteristics have
probably guided biopsy sampling strategies. The studies may be biased by patient
selection and we cannot exclude heterogeneity from subjective interpretation of image
measurements. Furthermore, clinical heterogeneity is likely to exist, because in addition
to unstandardized imaging and pathology protocols, positivity criteria of diagnostic and
reference tests may have varied between studies.
The implication of our findings is that planning of surgery or radiotherapy for diffuse
gliomas using current imaging protocols should be done with caution, because these
have only moderate accuracy for glioma delineation based on limited evidence. The
sensitivity of imaging to delineate all regions of existing tumor infiltration seems to
be less than the specificity to rule out tumor from normal brain. The true positive rate
of conventional imaging for high-grade glioma may be improved by MR-spectroscopy
and PET-imaging. Furthermore, future efforts to quantify and improve this accuracy
may aim at combinations of imaging and head-to-head comparison with molecular
characterization as gold standard.

CONCLUSIONS
In this meta-analysis, the diagnostic accuracy of imaging for delineation of diffuse glioma
(low- and high-grade glioma combined) is best using T2-weighted MRI, followed by
MR spectroscopy. The diagnostic accuracy of the common clinically utilized imaging is
better for low-grade glioma using T2-weighted MRI than for high-grade glioma using
T1-weighted gadolinium-enhanced MRI. Improvement is indicated for high-grade glioma
using advanced imaging techniques, such as MR-spectroscopy and PET. Current imaging
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protocols are based on limited evidence from heterogeneous studies and future studies
with head-to-head comparison and combinations of imaging techniques are required to
improve glioma delineation.
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Supplemental Methods 1 | Search strategy to identify publications in mesh and emtree terms

MESH subject heading search: “glioma”[mesh] AND (“Diagnostic Imaging”[mesh] OR
“Magnetic Resonance Spectroscopy”[mesh]) AND (“Brain Neoplasms/pathology”[Mesh]
OR “Brain/pathology”[Mesh])
EMTREE subject heading search: ‘glioma’ and (‘positron emission tomography’ or
‘nuclear magnetic resonance imaging’) and (‘pathology’ or ‘histopathology’)
Supplemental Methods 2 | Example Bayesian code (jags) for hierarchical summary ROC
model

### EXAMPLE DATA
# STUDY 1 as use case for 2x2 aggregated study data
# STUDY 2 as use case for individual data with 7 ordinal categories/levels
# N1/2 : number of observations
# ncat1/2 : number of test categories/levels
# Y1/2 : test category level for each observation [1 to ncat]
# D1/2 : disease status for each observation [0=non-diseased; 1=diseased]
N1=15,
ncat1=2,
Y1=c(1, 1, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2),
D1=c(0, 0, 1, 0, 1, 1, 1, 1, 1, 1, 1, 0, 1, 1, 1),
N2=52,
ncat2=7,
Y2=c(1, 2, 2, 2, 2, 2, 3, 3, 3, 3, 3, 3, 3, 3, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4, 5, 5,
5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 6, 6, 6, 6, 6, 6, 7),
D2=c(1, 0, 0, 0, 1, 1, 0, 1, 1, 1, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1, 1),
### PRIORS
# example for one neuro-imaging modality, here CT
# b_ : beta (scale parameter)
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# a_ : alpha (accuracy parameter)
# ta_ : precision of the accuracy parameter (tau of alpha)
# t_ : theta (cutpoint parameter)
# tt_ : precision of the cut point parameter (tau of theta)
b_CT ~ dnorm(0.0,1.0E-4)T(-10,10)
a_CT ~ dnorm(0.0,1.0E-4)
ta_CT ~ dgamma(0.01,0.01)
t_CT ~ dnorm(0.0,1.0E-4)
tt_CT ~ dgamma(0.01,0.01)
### SUMMARY ESTIMATES
# stpr_ : summary true positive rate
# sfpr_ : summary false positive rate
# dor_ : summary diagnostic odds ratio
# auc_ : summary area under the ROC curve
stpr_CT <- 1 / (1 + exp(-( (t_CT + a_CT/2) * exp(-b_CT/2) )) )
sfpr_CT <- 1 / (1 + exp(-( (t_CT - a_CT/2) * exp( b_CT/2) )) )
dor_CT <- ( stpr * (1 - sfpr) ) / ( (1 - stpr) * sfpr )
for (i in 1:100) { tfpr[i] <- (i - 1) * 0.01 }
for (i in 1:100) { ttpr_CT[i] <- 1 / (1 + exp(-(a_CT * exp(-b_CT/2) + exp(-b_CT) * log(tfpr[i]/
(1-tfpr[i])) ))) }
ttpr_CT[101] <- 1
auc_CT <- 0.01*(ttpr_CT[1]/2 + sum(ttpr_CT[2:100]) + ttpr_CT[101]/2)
### MODEL
#---Study 1--- example of aggregated 2x2 study data
# model the cumulative probabilities (Q)
for (i in 1:N1) {
Q1[i] <- 1 / (1 + exp(-( (theta1 - alpha1 * (D1[i]-0.5)) * exp(-beta1 * (D1[i]-0.5)) )))
# Create P from cumulative P (i.e., Q)
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P1[i, 1] <- min(max(Q1[i], 0), 1)
P1[i, ncat1] <- min(max(1-Q1[i], 0), 1)
# Discretize P to create Y
Y1[i] ~ dcat(P1[i, 1: ncat1])
}
# Distribution for alpha1 (accuracy) and beta1 (scale) and theta1 (cutpoint/positivity)
beta1 <- b_CT
alpha1 ~ dnorm(a_CT,ta_CT)
theta1 ~ dnorm(t_CT,tt_CT)
#---Study 2--- example of multilevel individual data
# model the cumulative probabilities (Q)
for (i in 1:N2) {
for (j in 1:(ncat2-1)) { Q2[i,j] <- 1 / (1 + exp(-( (theta2[j] - alpha2 * (D2[i]-0.5)) * exp(beta2 * (D2[i]-0.5)) ))) }
# Create P from cumulative P (i.e., Q)
P2[i,1] <- min(max(Q2[i,1], 0), 1)
for (r in 2:(ncat2-1)) { P2[i, r] <- Q2[i,r] - Q2[i,(r-1)] }
P2[i, ncat2] <- min(max(1-Q2[i, ncat2-1], 0), 1)
# Discretize P to create Y
Y2[i] ~ dcat(P2[i, 1: ncat2])
}
# Distribution for alpha2 (accuracy) and beta2 (scale) and theta2 (cutpoint/positivity)
beta2 <- b_CT
alpha2 ~ dnorm(a_CT,ta_CT)
for(t in 1:6) {theta2_0[t] ~ dnorm(t_CT,tt_CT)}
theta2[1:6] <- sort(theta2_0)
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Supplemental Figure 1 | Sensitivity analysis with results from subset of high-quality studies,
individual patient data studies, and alternative vague priors.
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Supplemental Figure 2 | Summary hierarchical ROC curves of imaging techniques with
individual study data. A) legend of imaging techniques, B) diffuse glioma studies, C) lowgrade glioma studies, D) high-grade glioma studies. Envelopes of 95%CIs for hsROC curves
are plotted in thinner lines. Operating points for summary false positive and summary true
positive rates are shown with 95%CIs. The size of circles corresponds with study sample size.
Circles connected by lines represent a ROC curve for individual studies based on individual
patient data.
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Supplemental Figure 3 | Exploration of publication bias plotted by sample size versus
outcome measures (area under the curve, false positive rate, true positive rate, and
diagnostic odds ratio) per imaging technique. Points correspond with individual studies.
Crosses indicate diagnostic odds ratios, truncated at 1,000. Horizontal dotted lines
represent summary estimates of outcome measures. Most imaging modalities have
insufficient numbers of studies to evaluate publication bias, but there is an indication that
small studies with small areas under the curve or low false positive rates may be missing
for T1-weighted gadolinium-enhanced MRI and T2-weighted MRI.
Supplementary Table 1 | PRISMA Checklist
Section/topic

#

Checklist item

Page

1

Identify the report as a systematic review, meta-analysis,
or both.

Title page

2

Provide a structured summary including, as applicable:
background; objectives; data sources; study eligibility
criteria, participants, and interventions; study appraisal
and synthesis methods; results; limitations; conclusions
and implications of key findings; systematic review
registration number.

p.1/2

Rationale

3

Describe the rationale for the review in the context of
what is already known.

p.4/5

Objectives

4

Provide an explicit statement of questions being addressed p.5
with reference to participants, interventions, comparisons,
outcomes, and study design (PICOS).

Protocol and
registration

5

Indicate if a review protocol exists, if and where it can be
accessed (e.g., Web address), and, if available, provide
registration information including registration number.

NA

Eligibility criteria

6

Specify study characteristics (e.g., PICOS, length of
follow-up) and report characteristics (e.g., years
considered, language, publication status) used as criteria
for eligibility, giving rationale.

p.6/7

Information
sources

7

Describe all information sources (e.g., databases with
dates of coverage, contact with study authors to identify
additional studies) in the search and date last searched.

p.5

TITLE
Title
ABSTRACT
Structured
summary

INTRODUCTION

METHODS
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Section/topic

#

Checklist item

Page

Search

8

Present full electronic search strategy for at least one
database, including any limits used, such that it could
be repeated.

Supp
methods 1

Study selection

9

State the process for selecting studies (i.e., screening,
eligibility, included in systematic review, and, if applicable,
included in the meta-analysis).

p.6

Data collection
process

10 Describe method of data extraction from reports
(e.g., piloted forms, independently, in duplicate) and
any processes for obtaining and confirming data from
investigators.

p.6/7

Data items

11 List and define all variables for which data were sought
(e.g., PICOS, funding sources) and any assumptions and
simplifications made.

p.6/7

Risk of bias in
individual
studies

12 Describe methods used for assessing risk of bias of
individual studies (including specification of whether this
was done at the study or outcome level), and how this
information is to be used in any data synthesis.

p.9

Summary
measures

13 State the principal summary measures (e.g., risk ratio,
difference in means).

p.8/9

Synthesis of
results

14 Describe the methods of handling data and combining
results of studies, if done, including measures of
consistency (e.g., I2) for each meta-analysis.

p.8/9

Risk of bias
across studies

15 Specify any assessment of risk of bias that may affect
the cumulative evidence (e.g., publication bias, selective
reporting within studies).

p.9

Additional
analyses

16 Describe methods of additional analyses (e.g., sensitivity
p.9
or subgroup analyses, meta-regression), if done, indicating
which were pre-specified.

RESULTS
Study selection

17 Give numbers of studies screened, assessed for eligibility,
and included in the review, with reasons for exclusions at
each stage, ideally with a flow diagram.

p.9 & fig.1

Study
characteristics

18 For each study, present characteristics for which data
were extracted (e.g., study size, PICOS, follow-up period)
and provide the citations.

p.9/10,
fig 2 &
Supp Data

Risk of bias
within studies

19 Present data on risk of bias of each study and, if available,
any outcome level assessment (see item 12).

p.10 &
Supp Data

Results of
individual
studies

20 For all outcomes considered (benefits or harms), present,
for each study: (a) simple summary data for each
intervention group (b) effect estimates and confidence
intervals, ideally with a forest plot.

Supp Data
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Section/topic

#

Page

Synthesis of
results

21 Present results of each meta-analysis done, including
confidence intervals and measures of consistency.

p.11/12,
fig 3 & fig 4

Risk of bias
across studies

22 Present results of any assessment of risk of bias across
studies (see Item 15).

p.12 &
Supp
fig 2 & 3

Additional
analysis

23 Give results of additional analyses, if done (e.g., sensitivity
or subgroup analyses, meta-regression [see Item 16]).

p.12 &
Supp fig 1

Summary of
evidence

24 Summarize the main findings including the strength of
evidence for each main outcome; consider their relevance
to key groups (e.g., healthcare providers, users, and policy
makers).

p.13

Limitations

25 Discuss limitations at study and outcome level (e.g., risk
of bias), and at review-level (e.g., incomplete retrieval of
identified research, reporting bias).

p.16/17

Conclusions

26 Provide a general interpretation of the results in the
context of other evidence, and implications for future
research.

p.17

27 Describe sources of funding for the systematic review and
other support (e.g., supply of data); role of funders for the
systematic review.

Title page

DISCUSSION

FUNDING
Funding

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred
Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement.
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ABSTRACT
Diffuse gliomas are infiltrative primary brain tumors with a poor prognosis despite
multimodal treatment. Maximum safe resection is recommended whenever feasible.
The extent of resection (EOR) is positively correlated with survival. Identification of
glioma tissue during surgery is difficult due to its diffuse nature. Therefore, glioma
resection is imaging-guided, making the choice for imaging technique an important
aspect of glioma surgery. The current standard for resection guidance in non-enhancing
gliomas is T2 weighted or T2w- fluid attenuation inversion recovery magnetic resonance
imaging (MRI), and in enhancing gliomas T1 weighted MRI with a gadolinium-based
contrast agent. Other MRI sequences, like magnetic resonance spectroscopy, imaging
modalities, such as positron emission tomography, as well as intraoperative imaging
techniques are also available for the guidance of glioma resection. The neurosurgeon’s
goal is to find the balance between maximizing the EOR and preserving brain functions
since surgery induced neurological deficits result in lower quality of life and shortened
survival. This requires localization of important brain functions and white matter tracts
to aid the pre-operative planning and surgical decision-making. Visualization of brain
functions and white matter tracts is possible with functional MRI, diffusion tensor
imaging, magnetoencephalography and navigated transcranial magnetic stimulation.
In this review we discuss the current available imaging techniques for the guidance of
glioma resection and the localization of brain functions and white matter tracts.
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INTRODUCTION
Surgical resection is the first treatment in the majority of patients with a diffuse glioma.
Surgery aims at providing adequate tissue for diagnosis, relieving mass effect and
achieving cytoreduction. To achieve maximal cytoreduction, pursued to improve patient’s
survival,8,43 the neurosurgeon needs to identify glioma infiltration during surgery. This
is difficult due to the diffuse dissemination of glioma cells in the normal brain. The
most widely used aid for the detection of glioma infiltration during surgery is imaging.
Standard magnetic resonance imaging (MRI), T1-weighted gadolinium-enhanced (T1G)
for enhancing gliomas (Figure 1A) and T2 (T2w) or fluid attenuation inversion recovery
(FLAIR) weighted for non-enhancing gliomas (Figure 1B), is recommended.38
These standard MRI sequences, however, are less accurate for the detection of glioma
infiltration than advanced MRI sequences and imaging modalities.126 Therefore,
advanced imaging holds the potential to expand the resection beyond the standard MRI
abnormalities, which may improve patient’s outcome.7,127-130
When expanding the resection, one must be aware of the potential loss of brain function
due to the infiltration of tumor cells in normal functioning brain. Important brain
functions, such as motor function, language, and neurocognitive functioning, need to
be preserved since severe morbidity is not only associated with a decline in quality of
life but also with survival.131 The current standard to identify brain functions and whitematter tracts is intraoperative direct cortical stimulation (DCS), a technique that provides
an electrical stimulation to accomplish local excitation or inhibition in the cortex or white
matter tracts that will result in a functional response.90 Multiple techniques are available
for the localization of brain functions or white-matter tracts.
The neurosurgeon’s goal is to find the balance between the optimal oncological
outcome by maximizing the resection and preventing severe morbidity by loss of brain
functionality. Here we discuss the state-of-the-art imaging techniques to guide glioma
resection and imaging techniques to localize functions and white matter tracts, in order
to achieve a maximal safe resection.
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IMAGING TECHNIQUES FOR THE GUIDANCE OF
GLIOMA RESECTION
Pre-operative imaging
Standard MRI. The current standard MRI sequences for the guidance of glioma resection
have historically grown into use since their widespread availability. Clinical trials
supporting the use of standard MRI for the guidance of glioma resection are lacking.
Therefore, we discuss the indirect evidence for these sequences. This evidence comes
from studies that investigated the effect of the extent of image-guided glioma resection
on survival.
In enhancing glioma, the strongest evidence for the use of T1G MRI comes from a
post-hoc analysis of 243 patients from a randomized controlled trial (RCT), comparing
fluorescence-guided surgery with standard neuronavigation.50,94 In this study – after
correction for tumor size, edema, midline shift, location, age, Karnofsky Performance
Scale and National Institutes of Health Stroke Scale – complete resection of contrast
enhancement on post-operative T1G MRI, compared to incomplete resection, resulted
in longer OS (16.7 versus 11.8 months, p<0.01).94
In non-enhancing glioma, the choice for T2w or FLAIR MRI aided surgery depends on
the surgeon’s preference, since direct comparison is lacking, which is reflected in the
used imaging sequences in a recent review,132 where T2w, FLAIR and T2w or FLAIR MRI
were respectively used in 36%, 46% and 18% of the studies. A possible benefit of FLAIR
MRI is the suppression of the water signal intensity, which allows for better contrast of
tumor in periventricular areas. Both T2w and FLAIR MRI aided resections are supported
by retrospective studies.8,133 These studies prove the goal of complete resection of the
standard MRI abnormalities in both enhancing and non-enhancing gliomas. The lack
of studies directly comparing standard MRI- versus other imaging-guided resection,
however, makes it impossible to judge if standard MRI is the best option for the guidance
of glioma resection. Considering the evidence of diagnostic accuracy studies,126 more is
to be expected from other MRI sequences or imaging modalities.
FLAIR MRI in enhancing glioma. In the majority of enhancing glioma, FLAIR abnormalities
expand beyond the regions with contrast enhancement (Figure 1A).134 These surrounding
FLAIR abnormalities are sometimes addressed as peritumoral edema, however, many
studies have proven the presence of glioma cells within these regions.3,53,64,66,135 Extending
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the resection beyond contrast-enhanced regions using FLAIR has shown great potential.
A large (n=643) retrospective study found an improved OS for a more extensive (≥53%)
resection of the surrounding FLAIR abnormalities after complete resection of contrastenhanced regions, compared to less extensive resections (median OS 20.7 and 15.5
months, respectively; p<0.01). Remarkably, a more extensive resection resulted in
a lower complication rate (18% versus 26%, p=0.04), which reflects, according to the
authors, the increased use of DCS and imaging to visualize brain functions and white
matter tracts. These promising results are a bit tempered by the fact that an extensive
resection was only achieved in 25% of the patients.7 Both FLAIR resection threshold,
number of patients receiving extensive resection and the lower complication rate with
more extensive resection were confirmed in another study with 282 patients.128 These
are the largest studies comparing, although not randomized and prospective, different
MRI sequences to aid glioma resection, therefore providing the strongest evidence for
the use of other sequences than the current standard.
Magnetic Resonance Spectroscopy Imaging. Magnetic Resonance Spectroscopy Imaging
(MRSI) measures biochemical components of a region of interest, which can be used
to calculate, among others, the choline-N-acetyl aspartate index (CNI) to detect glioma
(Figure 1A and B). The only study describing MRS aided surgery reported an extended
resection beyond contrast enhancement in 86% of seven enhancing gliomas and beyond
FLAIR MRI abnormalities in 88% of eight non-enhancing gliomas. The target volume for
resection was based on the lowest CNI threshold that allowed a safe resection, defined
by functional imaging and anatomy. The survival benefit in this study is not clear due to
the limited follow-up of one year, in which one enhancing glioma and none of the nonenhancing gliomas recurred.79 A limitation of MRSI is the technical difficulty of obtaining
a good quality 3D MRS image due to the artifacts of non-brain tissue.136 The concept
of different threshold based target volumes, as well as the possibility to aid resections
beyond FLAIR abnormalities, makes MRSI an interesting technique that deserves further
research.
Positron emission tomography. Positron emission tomography (PET) is a nuclear
imaging technique that uses radioactive tracers to visualize perfusion, proliferation,
metabolism and neurotransmitters (Figure 1A and B). Multiple tracers are available for
glioma imaging of which only the amino acid L-[methyl-11C]methionine (MET) is used to
aid glioma resection. The only group reporting MET PET aided resection selected gliomas
with ill-defined borders or enhancing gliomas with T2w or FLAIR abnormalities beyond
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Figure 1 | Exemplary standard and advanced imaging
A) Patient with a right parietal enhancing glioblastoma, IDH-wildtype. Upper left: T1 weighted
MRI with a gadolinium-based contrast agent, Upper right: FLAIR MRI, Lower left: multivoxel
MRSI CNI projected on the FLAIR MRI. Lower right: amino acid ([18F]FET) PET. B) Patient with
a left temporal non-enhancing diffuse astrocytoma, IDH-mutant. The crosshair is projected
to indicate the region with MRSI CNI and PET abnormalities just outside the FLAIR MRI
abnormalities. Upper left: T2 weighted MRI, Upper right: FLAIR MRI, Lower left: multivoxel
MRSI CNI projected on the FLAIR MRI, Lower right: amino acid ([18F]FET) PET.

the contrast enhancement. Two strategies were used for these gliomas: 1) to extent
the resection beyond standard MRI abnormalities or 2) a focused resection of the most
metabolic active parts of the tumor if a complete resection of MRI abnormalities was
not possible. In enhancing gliomas, each strategy was achieved in one-third of patients,
while PET was not contributive in the remaining one-third of patients. In non-enhancing
gliomas, the first strategy was achieved in 74%, the second strategy in 14% and 12% of
patients did not have a contributive MET PET. OS in enhancing gliomas was predicted by
complete resection of MET uptake, achieved in 56% of patients, while complete resection
of contrast-enhancement, achieved in 35% of patients, did not.129 Unfortunately, survival
data was not collected. Limitations of PET imaging are the costs, estimated 1600–2100
dollar for one scan,137 although a cost-effectiveness analysis showed that use of MRI and
PET is cost-effective.138 Other limitations are the necessity of an on-site cyclotron for
tracers with a short half time and one-third of the non-enhancing gliomas are amino acid
PET negative.139 Although these retrospective results are biased by the specific inclusion
criteria and the low percentage of complete resection of contrast enhancement, they
show the potential of PET aided glioma surgery.
Limitations pre-operative imaging. Three limitations of all pre-operative imaging are
interobserver variation for tumor delineation, image fusion and registration setup
inaccuracy, and inability to compensate for intraoperative surgery induced changes.
Interobserver variation for the delineation of gliomas is the difference in tumor volumes,
as assessed on imaging, between different interpreters. In enhancing gliomas, this in
only a minor issue since observer agreements are good (range 0.97–0.99).140,141 In nonenhancing gliomas, however, agreements are considerable lower (range 0.48–0.77)
for both T2w and FLAIR MRI.141,142 Possible causes for this lower agreement are the
interpretation of the hyperintense T2w and FLAIR signal as edema or glioma infiltration
and the less well-defined borders of the T2w and FLAIR abnormalities.141 MRSI and PET
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are less limited by inter-observer variability due to their quantitative analysis and the
use of a threshold. Image fusion and registration setup inaccuracy occurs due to the
translation of post-operative images to the intra-operative situation. Since the intraoperative navigation is based on the 3D model of one MRI sequence, mostly 3D T1G or
3D FLAIR MRI, all other images that are used for the delineation need to be fused with
this 3D sequence. This fusion is mostly performed with a linear method and inaccuracies
of 1.0 to 3.0 mm have been reported.143 Registration inaccuracy occurs due to the
translation of the 3D MRI model to the actual patient. Depending on setup, inaccuracy
varies between 1.59 and 3.86 mm.144 The last but foremost limitation is the inability of
pre-operative imaging to adjust to the new situation after surgical induces changes such
as brain shift, tissue deformation and tissue removal. Shifts between 7mm inward and
8mm outward were found after dura opening, and 9.7mm inward and 15mm outward
(mean 2.7–5.4mm) after tumor resection.145,146 The influence of these effects on the
resection can be limited by circumscribing the tumor, instead of piecemeal removal,
thereby limiting the brain shift.
Intra-operative imaging
Intra-operative MRI. Intra-operative MRI (iMRI) has the advantage over pre-operative
MRI that it can overcome its above-mentioned limitations. Since the images are acquired
in the same position as the surgery, registration inaccuracy is lower for iMRI than preoperative MRI.147 Even more important, iMRI can visualize the altered anatomy due to
intra-operative changes, which reduces their influence on navigation inaccuracy (Figure
2A).148
Besides these advantages in navigation accuracy, iMRI allows for the detection of residual
tumor after a first attempt for a maximal resection. In enhancing glioma, a RCT with 49
patients found a higher percentage of complete resections of contrast enhancement
in the iMRI group (96% versus 68%, p<0.01),149 although the effect on survival is still
awaited for. In non-enhancing glioma, multiple retrospective studies report improved
complete resection rates (14 to 19%) of T2w or FLAIR abnormalities using iMRI.150-152
Two major drawbacks of iMRI are the high initial costs, 3.8 million dollar for the ultra
low-field model in 2011 and the prolonged duration of the surgery, up to 2 hours, due to
scan time.153,154 Although iMRI has proven its value for the purpose of complete resection
of standard MRI abnormalities, studies using iMRI to extend the resection beyond these
standard imaging abnormalities are lacking. Even if this is possible, alternatives could be
considered due to the high cost and prolonged surgical time of iMRI.
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Figure 2 | Examples of intra-operative imaging.
A) Intra-operative MRI of an enhancing right frontal glioblastoma with clockwise images of
the progression of the resection with clear brain shift. Image courtesy of dr. P Kubben.155
B) Intra-operative ultrasound of a left parietal glioblastoma.

Ultrasound. The visualization of returning sound waves can be used to detect glioma
by direct application of the ultrasound (US) probe on the tissue (Figure 2B). Like with
iMRI, this results in real-time imaging that is not influenced by navigation inaccuracy
or intra-operative changes. US guided resection achieved a complete resection of US
abnormalities in 67% of the 61 enhancing and 61% of the 51 non-enhancing glioma
patients. This resulted in an improved two-year OS compared to a random selected
control group (32.8% versus 13.3% and 88.2% versus 53.3%, both p<0.05, respectively
enhancing and non-enhancing glioma).156 New US techniques like high frequency linear
probes and ultrasonic contrast are introduced and hold potential to maximize resections
compared to standard US.157,158 Direct comparison of high frequency US with iMRI,
using biopsies from residual tumor and normal control sites after resection, resulted
in a significant higher sensitivity for US (sensitivity 76% versus 55%, p=0.021) and not
significant difference in specificity (specificity 74% versus 58%).159 Besides detection of
glioma tissue, US can be used to update the pre-operative MRI based neuronavigation.160
Limitations of US are the training necessary to create a good quality image; problems
with artifacts due to blood, hemostatic material, bone and other structures material;
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and the 2D aspect of US. This makes the acquisition and interpretation of US for glioma
delineation challenging.81 Still, US can serve as a good and cheaper alternative for iMRI.

IMAGING FOR LOCALIZATION OF BRAIN
FUNCTIONS AND WHITE-MATTER TRACTS
Pre-operative imaging
Functional MRI. BOLD-Functional MRI (fMRI) measures the blood oxygenation level
changes caused by perfusion, which is a surrogate for neuronal activity. This allows
for visualization of specific tasks-related activity such as motor function or language
(Figure 3A).161 Applying fMRI to localize language areas resulted in a 59–100% sensitivity
and 0-97% specificity in a systematic review, with the wide ranges attributed to the
heterogeneity in language tasks and imaging protocols. The authors conclude that
fMRI is not an alternative for DCS language mapping.162 Accuracy for motor function
localization, compared to DCS, varies between studies, with smaller studies reporting
higher accuracies (up to 100%) than the larger studies (66–72%).163-166 In the largest
study, 210 cortical sites were tested in 29 patients, resulting in a 83% sensitivity and
82% specificity. In patients with glioblastoma, however, sensitivity was only 65%, which
is, according to the authors, a possible effect of the neurovascular uncoupling.167 The
limitations of fMRI have been recently described extensively and include: statistical
power, flexibility in data-analysis, multiple comparisons, software errors, insufficient
study reporting and lack of independent replications.168,169 Taken together, fMRI is not
accurate enough to aid in the surgical planning, let alone replace DCS.
Diffusion Tensor Imaging. Diffusion Tensor Imaging (DTI) is a technique that relies on
Brownian movement of water molecules in tissue. The direction of these movements
is restrained in white matter fibers, which can be used to visualize the anatomical
location of white matter tracts, so-called DTI tractography (Figure 3B).170 This technique
solemnly visualizes anatomy and does localize brain functionality. Studies comparing
DTI tractography with the gold standard DCS reported mean distances between DTI
tractography and positive stimulations of 5.2 to 8.7mm.77,171,172 Therefore a minimum
safe distance of 10mm from a tract has been recommended. In a RCT comparing
resection with and without pre-operative DTI in 214 patients with diffuse glioma
involving the pyramidal tract, the use of DTI in patients with enhancing glioma resulted
in a higher complete resection rate (74.4% versus 33.3%, p<0.001), 6-months good
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clinical condition (70.0% versus 36.8%, p=0.001) and improved OS (0.570, 95%CI,
0.325–1.003; p=0.05). In non-enhancing glioma patients, complete resection rate did
not significantly differ, yet 6-months good clinical condition was higher in the DTI group
(93.4% versus 79.1%, p=0.013).173 Although this study clearly shows the benefit of DTI
tractography in glioma resection, one must take into account that 63% of patients
in the control group had a poor clinical condition 6-months after surgery, which is
remarkably high and would exclude these patients from adjuvant therapy in most
neuro-oncology centers. High angular resolution diffusion-weighted imaging (HARDI)
with q-ball algorithms is a new tractography technique with improved fiber tracking
resolution at voxels with crossing fiber populations.174,175 One study reported that an
intact left arcuate fasciculus and temporal part of the superior longitudinal fasciculus
on post-operative HARDI tractography was associated with intact language, whereas
an alteration or damaging of these structures resulted in respectively, temporary or
long-term language deficits.176 Limitations of DTI are the variability of tracking algorithm
settings and region-of-interest (ROI) placement. Tracking algorithm settings can lead to
under-, but mostly overestimation of white-matter tracts. Still, 90% of the ground truth
fibers are present in most of the algorithms.177 ROI placement is subject to moderate
to substantial interobserver variability, but can be improved with protocols for ROI
positioning.178 Also, for HARDI DTI considerable technical expertise is required, making
it not yet available for standard practice. The high sensitivity and proven clinical value
make DTI an indispensable technique for glioma surgery.
Magnetoencephalography. Magnetoencephalography (MEG) detects magnetic fields as
result of the electric currents from neuronal activity.179 Although this is not an imaging
technique, registration of the MEG with a 3D MRI sequence allows for visualization
(Figure 3C). Like fMRI, MEG can be used for the assessment of task-based activity in the
pre-operative phase. Two small studies found MEG predicted motor function areas at 4
to 17mm from DCS sites.180,181 A direct comparison of MEG en fMRI for the localization
of the motor cortex showed an overlap with DCS in, respectively, 100% and 73% of the
patients,182 demonstrating the higher accuracy of MEG. Indirect evidence shows that
MEG predicted functional areas within or at the margin the tumor resulted in a partial
resection in 88% and complete resection in 12%, with neurological deterioration in 36%
and 100%, respectively.183 On the other hand, using sensorimotor, visual and speech
MEG as a risk assessment for operation feasibility resulted in 46% of patients not to
be considered for surgery due to glioma invasion of functional cortex, with only 6% of
the patients who were operated suffering from neurological deterioration.184 A major
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limitation of MEG is the availability, mostly in dedicated academic centers, and technical
expertise needed to interpret the results. Therefore, although accuracy is considerable
and clinical application proven, MEG is not likely to become a standard modality in
glioma treatment.

Figure 3 | Examples of imaging for localization of brain functions and white-matter tracts.
A) Functional MRI of a patient with a language located in the right hemisphere, which was
confirmed with a WADA test. B) Visualization of the left corticospinal tract (green), fasciculate
arcuatus (orange) and inferior fronto-occipital fasciculus (yellow) using DTI in a patient with a
left temporal diffuse astrocytoma, IDH-mutant. C) Localization of the left motor cortex using
MEG in a patient with a diffuse astrocytoma, IDH-mutant.

Transcranial Magnetic Stimulation. Transcranial Magnetic Stimulation (TMS), like
MEG, is not an imaging technique. Due to the integration with neuronavigation (nTMS),
however, it can be used to locate and visualize brain functions in the pre-operative
phase. By stimulating or inhibiting cortical activity with directed magnetic fields, specific
functional tasks can be localized.185 The accuracy of nTMS, compared with DCS, for
localization of the motor cortex is between 3.4–6.2 mm.186,187 Another function of nTMS
is the combination with DTI tractography, where nTMS regions, instead of user-selected
regions of interest (ROI), are used to guide the tractography. In a study comparing ROIbased with nTMS-based tractography for language pathways, respectively, 40% and 76%
of the tracts were detected with DSC.188 Using nTMS for pre-operative planning, multiple
studies found a minimum distance (range 8–12mm) from nTMS motor function or nTMSfiber tracking that prevented any neurological deterioration.188-190 Clinical implementation
of nTMS in a large (n=250) cohort of patients with brain tumors in motor eloquent
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locations, in comparison with a historical case-matched non-nTMS cohort, resulted a
significantly increased complete resection rate (59% versus 42%, p=0.05; respectively)
and increased PFS for patients with non-enhancing glioma (15.4 months versus 22.4
months, p=0.05; respectively). Planned biopsies or non-surgical strategies were changed
into resections in 68.5% and overall postoperative deficit rate did not significantly differ
between the groups (6.1% versus 8.5%; respectively). 191 One must realize that DCS was
still used in 66% of the patients and that the authors conclude that nTMS is crucial for
preoperative planning.
Only one small (n=4) study used nTMS and nTMS tractography instead of DCS in patients
not suitable for awake surgery with left sided perisylvian lesions. This resulted in a GTR in
all patients without any new neurological deficit with only one patient needing a second
nTMS based resection within days to achieve the GTR.192 Overall, nTMS is a promising
new technique that, combined with DTI, can overcome the ROI selection limitation of
DTI and has proven is usefulness for surgical planning.
Intra-operative imaging
Intra-operative MRI. Both fMRI and DTI can be acquired intra-operatively using iMRI.
Intra-operative fMRI (ifMRI) can successfully localize the motor cortex during awake
procedures using the task-based fMRI technique.193 More interesting is the use of
ifMRI resting-state that allows for the localization of the motor cortex in patients under
general anesthesia.194,195 Comparison of this technique with DCS in 14 patients resulted
in a 62% sensitivity and 94% specificity.195 Intra-operative DTI (iDTI) tractography
has a high accuracy (100% sensitivity and 72% specificity) for the localization of the
corticospinal tract, as demonstrated in a study with twenty glioma patients.196 Another
study replaced DCS with iDTI tractography for the localization of white-matter tracts
involved in language, resulting in a GTR in 78% and PR in 22% of the patients without any
postoperative neurological deterioration.197 The limitations of iMRI have been described
above. Although ifMRI is not likely to replace DCS, iDTI has the potential to increase the
safety of non-awake surgery.
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DISCUSSION
How can imaging aid glioma surgery? We know glioma are widespread in the brain by
the time of diagnosis, so a curative resection is not possible.198 Still, there is accumulating
evidence that removing more of the tumor improves PFS and OS.8,43 Since glioma is an
infiltrative disease, macroscopic recognition of the tumor within the normal brain can
be very difficult. Imaging has the possibility to visualize the tumor and thus overcoming
the macroscopic problems. Ideally an imaging modality would not miss any tumor, 100%
sensitivity, and only show tumor, 100% specificity.
Unfortunately current available imaging is not that accurate.126 Still, using the current
standard MRI to guide glioma resection has a positive impact on the treatment.
Intraoperative MRI and ultrasound can aid in achieving a complete resection of these
standard MRI abnormalities. Since we know that gliomas extend beyond the current
standard imaging abnormalities,3,4 the next logical step is to extend the resection beyond
these abnormalities. Evidence is starting to accumulate that other modalities like PET and
MRSI, or FLAIR MRI in case of enhancing tumors, could guide these extended resections.
A different approach is the use of functional boundaries instead of imaging to guide a
resection, whereas intraoperative mapping during awake-surgery defines the limits of
resection. This strategy postpones malignant transformation in LGG.199,200 The pitfall of
functional boundaries is the choice of functions to test; removing more of the brain will
lead to more deficits depending on how thoroughly the functions are tested. Translating
this strategy into accuracy gives a high sensitivity, little residual tumor, but low specificity,
not all resected tissue is tumor. A combination of image-guided extended resection
and intraoperative stimulation mapping could improve the specificity by removing less
normal brain, while keeping a high sensitivity.

FUTURE DIRECTIONS
Randomized clinical trials are needed to compare the influence of image-guided glioma
resection based on standard MRI versus the most optimal imaging. In order to determine
the most optimal imaging for the detection of glioma infiltration, studies directly
comparing different imaging modalities, MRI sequences and combinations of imaging,
such as the FRONTIER study,201 have to be conducted. Besides pre-operative imaging,
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intraoperative ultrasound has demonstrated great potential and the results of the
randomized US-GLIOMA trial (NCT03531333) are awaited for. Extending the resection
implies that more frequently functional areas will be encountered. DCS remains the
gold standard for the localization of important brain functions and white-matter tracts.
Imaging, however, is indispensable for surgical planning, including the choice of awake
versus non-awake surgery. DTI has proven its clinical value in a RCT and studies exploring
the increased accuracy of HARDI DTI, possibly in combination with nTMS, are needed.
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ABSTRACT
Background: Accurate frameless neuronavigation is highly important in cranial
neurosurgery. The accuracy demonstrated in phantom models may not be representative
for results in patients. Few studies describe the in vivo quantitative accuracy of
neuronavigation in patients. The use of a frameless stereotactic drilling technique for
stereoelectroencephalography (SEEG) depth electrode implantation in epilepsy patients,
as well as diagnostic biopsies, provides a unique opportunity to assess the accuracy with
postoperative imaging of preoperatively planned trajectories.
Methods: In seven patients with refractory epilepsy 89 depth electrodes were implanted
using a frameless stereotactic drilling technique. Each electrode was planned on a
preoperative MR- and CT-scan, and verified on postoperative CT-scan. Following fusion
of pre- and postoperative imaging, the accuracy for each electrode was calculated as
the Euclidean distance between the planned and observed position of the electrode tip.
Results: The median Euclidean distance between planned and observed electrode
implantations was 3.5 mm (95%CI 2.9– .9 mm) with a range of 1.2–13.7 mm.
Conclusion: In this study we showed that the in vivo accuracy of our frameless stereotactic
drilling technique, suitable for SEEG depth electrode placement and diagnostic brain
biopsies, was 3.5 mm.
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INTRODUCTION
Neuronavigation is widely used for diagnostic biopsies, implantation of stereoelectroencephalography (SEEG) depth electrodes and electrodes for deep brain stimulation (DBS),
brachytherapy, convection-enhanced delivery and the aspiration of cysts, abscesses
and hematomas.202-207 Frame-based neuronavigation has frequently been replaced by
frameless techniques.208 Advantages of frameless over frame-based techniques are ease
of use, more flexible pre-operative planning and less patient discomfort.86
The quantitative accuracy of frameless neuronavigation is mostly reported in phantom
models.86 However, these results are not completely representative for clinical accuracy.209

4
Only three studies address the quantitative accuracy of frameless neuronavigation for
brain biopsies in patients, with an accuracy varying from 2mm to 4.8mm.202,210,211 However, multiple publications describe the in vivo accuracy of frameless neuronavigation for
implantation of electrodes for DBS, SEEG depth electrodes and Ommaya placement with
reported accuracies of respectively 1.7–3.4mm, 2–3.1mm and 4.1mm.116,203,204,207,212-219
Recently two studies described a frameless stereotactic drilling technique for implantation
of SEEG depth electrodes.220,221 We use a comparable technique for diagnostic biopsies,
as well as SEEG depth electrodes implantation. A comparison of planned and observed
depth electrode implantation on postoperative imaging provides the unique opportunity
for assessing the quantitative evaluation of the accuracy in clinical practice.

METHODS
Patients
Seven patients, 4 males and 3 females with a median age of 34 years (range, 6–58
years), with medically refractory epilepsy had depth electrode implanted for electroencephalography registration of seizure foci between December 2011 and October
2012 in the VU University Medical Center (VUMC), Amsterdam. All patients underwent
extensive preoperative workup including electroencephalography (EEG), computer
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography and
magnetic encephalography. Indications were therapy resistant epilepsy with discordant
neurophysiologic and semiologic findings in all patients.
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Approval of the study protocol by the institutional review board (VU University Medical
Center, Medical Ethical Research Committee, Amsterdam, The Netherlands) and
informed consent were not required according to the Dutch health law of February 26,
1998 (amended March 1, 2006), i.e. Wet Medisch-wetenschappelijk Onderzoek met
mensen (WMO; Medical Research Involving Human Subjects Act), Division 1, Section
1.2, because the subjects were not subjected to procedures and were not required
to follow rules of behavior outside routine clinical care. Furthermore, the data were
analyzed anonymously.
Depth electrode planning
Depth electrode targets were defined by a clinical neurophysiologist of the Epilepsy
Institutes of the Netherlands Foundation (SEIN), in conjunction with the department
of Neurosurgery of the VU University Medical Center, after evaluating the preoperative
workup. Target and entry sites were selected on pre-operative MRI, taking eloquent
cortical, subcortical and vascular structures into account. Trajectories were planned
using navigation software (iPlanTM, BrainLAB AG, Feldkirchen, Germany).
Imaging
Pre-operative imaging included MRI (MAGNETOM Sonata 1.5T or Avanto 1.5T, Siemens;
T1-weighted magnetization prepared rapid gradient echo sequence; 1 or 1.5 millimeter
(mm) slice thickness; 0.5–1 mm squared pixel size; 265x265 and 512x512 matrix) and
navigation CT (SOMATOM Sensation 64, Siemens; 2 mm slice thickness or CT iCT 256,
Philips; 1mm slice thickness; 0.4–0.5 mm squared pixel size; 512x512 matrix). The
postoperative CT scan, similar to the pre-operative scan protocol, was performed within
4 hours after surgery and fused with the pre-operative CT scan through the navigation
software automatic fusion algorithm and manually verified using anatomical landmarks.
Procedure
The complete procedure was executed following a standardized protocol. After general
anesthesia the patient was fixed in a head-holder (MAYFIELD, OMI Surgical Products,
Cincinnati, USA). Image to patient registration was performed by laser surface matching
and manually verified through anatomical landmarks including nasal bridge and tragus.
If the surgeon detected registration inaccuracy, the laser registration was repeated
or improved by adding extra registration points using a navigated electronic pointer.
Subsequently two skin fiducial markers, attached to the patient’s forehead and headholder, were also registered.
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The navigated aiming device (VarioGuideTM, BrainLAB AG, Feldkirchen, Germany),
attached to the head-holder, was adjusted to align the planned trajectory by guidance
of the navigation software. The skin, bone and dura were opened using a 3mm drill,
stabilized with a guiding channel fixated in the bone. During this procedure the calculated
accuracy of the system, as well as the skin fiducials position were monitored for shifts.
After inserting a working channel in the guiding channel the tract for the depth electrode
was made using a navigated stylet. A bolt was fixated in the burr hole and the bolt-totarget distance was obtained using the navigation software. Finally the depth electrode
with guidewire was inserted in the tract up to the marked distance and, after removing
the guidewire, fixated by tightening of the bolt (Figure 1).

4
For diagnostic biopsies the procedure is similar until the dura is opened. Hereafter a
working channel, designed for the biopsy needle, is inserted in the guiding channel and
the biopsy is performed following the standard procedure.222
Assessment of depth electrode position
Electrode tip position was defined as the last hyperdense signal on the postoperative CT
scan. The 3D xyz- DICOM coordinates of the target side and electrode tip were obtained
using the navigation planning software (Figure 2).
Statistics
The accuracy was defined as the Euclidean distance between the pre-operative target
and electrode tip. This was calculated using the xyz-coordinates and the formula
√((xa – xb)2 +(ya – yb)2 + (za – zb)2 ), where a is the planned and b is the postoperative
coordinate.
Since the data were not normally distributed accuracy was reported as median distance
with 95% confidence intervals (CI). After ranking the measurements from low to high, the
ranking position of the measurements was adjusted for the number of measurements
per patient. The median was derived from the adjusted 44th and 45th measurement
due to the total of 89 measurements. Confidence intervals were assessed using a
distribution-free estimation, which requires less assumptions and is more appropriate
for smaller data sets.223 Variation was evaluated by plotting the distance per electrode
and calculating the coefficient of variation ((interquartile range/median) x 100) per
patient. Finally the median distance with 95%CI per patient was reported.
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Figure 1 | SEEG depth electrode operation set-up.
A) positioning navigation aiming device. B) fixating guiding channel in the bone of the skull.
C) Opening skin, bone and dura with drill. D) Creating tract with stylet through working
channel inside guiding channel. E) Fixation of bolt in the burr hole. F) Bolt fixated in the burr
hole. G) End of procedure with electrodes placed in tract and fixated in bolt.
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Figure 2 | Illustration of the assessment of a depth electrode position.
A) planned trajectory on pre-operative CT. B) example of depth electrode with the black
contact points. C) electrode position on postoperative CT with contact points visible as
hyperdense signals and the pre-operative trajectory projected as well.

RESULTS
Eighty-nine depth electrodes were placed (median number of electrodes per patient 12,
range 11–15) with temporal (42), frontal (30), occipital (7), insular (5) and parietal (5)
localizations of which 56 were left- and 33 right-sided. All onset zones were localized,
except for one patient with a temporal regional onset and one patient with focal parietal
dysplasia, leading to resective surgery in 3 patients. Two patients were not eligible for
surgery; one due to bitemporal onset zones and the other due to worsening of clinical
condition due to an intracerebral hemorrhage, after removal of the electrodes, requiring
decompressive surgery (Table 1).
The median accuracy was 3.5mm (95%CI 2.9–3.9mm) with a minimum of 1.2 and
maximum of 13.7mm (Figure 3). The 13.7mm error occurred in patient 1 due to a
temporal located bolt that could only be fixated with extra stiches. Postoperative imaging
showed a direct bending of the electrode after entering the cranium.
The coefficient of variation per patient ranged from 28% to 84% (Table 1). The median
accuracy per patient ranged from 2.7 to 4.1mm without significant difference between
patients (Figure 4).
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Table 1 | Patient characteristics.
Patient

Gender

Age

Side*

Location*

DE (n)

Surgery Accuracy (mm) CV

1

M

27

R&L

Temporal

15

No

3.7

34%

2

F

6

R

Parietal†

11

No

3.4

84%

3

M

58

L

Temporal‡

12

No

4.1

43%

4

F

34

L

Temporal

15

Yes

3.8

28%

5

F

42

L

Temporal

13

No

2.7

35%

6

M

48

L

Temporal

12

Yes

2.8

55%

7

M

21

R

Frontal

11

Yes

4.0

44%

DE =depth electrodes; CV =coefficient of variation; M =male; F = female; R =right; L =Left * Side and
localization of epileptic onset zone. † Onset zone not localized. ‡ Temporal regional onset without
distinct onset zone.

Figure 3 | Euclidean distance of all electrodes plotted per patient.
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4
Figure 4 | Median Euclidean distance with 95% confidence intervals per patient with the
median Euclidean distance for the group as a red line.

DISCUSSION
In this study we show that our frameless stereotactic drilling technique, used for
diagnostic biopsies and SEEG depth electrode placement, has a median accuracy of
3.5mm.
Frameless stereotactic drilling is a modification of the widely used standard stereotactic
technique. Recently two different groups published this technique for the first time, with
both techniques very comparable to the one used in this study. Dorfer et al. reported a
mean Euclidean distance of 3.0mm (maximum 9.4mm) in 26 electrodes.220 Nowell et al.
reported the lateral shift of the electrode compared with planned trajectory, which was
3.6mm (maximum 6.8mm) in 187 electrodes.221 The mean accuracy of both studies is
comparable with this study, although Nowell et al used a different type of error. However
the maximum error in both studies is remarkably lower. One outliner in our study, an
electrode that diverted directly after entering the cranium, explains this. By excluding
this outliner the maximum error is 7.9mm and thus comparable.
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In phantom models the mean accuracy of frameless neuronavigation varies between
0.4 and 5.2mm, although the majority is less than 3mm.209 This is slightly better than
the accuracy in this study, which could be explained by patient related variables such
as the patient’s motion during preoperative screening, inaccuracies in skin fiducial or
surface registration, loss of cerebrospinal fluid with possible brain shift or disposition of
the head in the head holder.209
Four studies describe the quantitative accuracy of frameless neuronavigation for SEEG
depth electrodes implantation varying between 2.0 and 3.1mm. Mehta et al. reported
21 patients with 41 electrodes with a mean positioning error of 3.1mm (maximum 7mm)
using the frameless StealthStation (Medtronic, Louisville, Colorado, USA).203 Since the
Euclidean distance is the sum of the mean error in three directions it is always larger
than the mean positioning error. Taking this into account their results are comparable
with ours. Mascott et al. implanted 42 electrodes in seven patients with a mean
Euclidean distance of 3.0mm (maximum error 6mm), also using the StealthStation.224
The major difference with our protocol is the use of skull-based fiducial markers, a
variable that was found to improve registration accuracy by the same group.217 Because
of the physical burden for the patient and reasonable minimal improvement of accuracy,
we would still advocate surface registration. In the study of Ortler et al. the frameless
procedure, using the Treon workstation (Medtronic, Minneapolis, Minnesota, USA), had
a mean Euclidian distance of 2.4mm (maximum error 4mm) in 60 electrodes.218 All of
their electrodes were targeted at the hippocampus and placed in the same direction.
Our variance in targets and directions and their use of a mouthpiece-based technique
could account for difference in mean and maximum accuracy. Finally the robotic system
in Cardinale et al. had a median Euclidean distance of 2.0mm (maximum error 15.4mm)
in 1567 electrodes.219 The use of a custom designed robotic arm could explain their
superior accuracy, although the maximum error was larger than in the present study.
An explanation could be the difference between a surgeon and the robotic feedback
system during the operation. Due to the necessary customized setup and high costs this
technique is not easily available for other institutions.
Four studies describe the quantitative accuracy of frameless neuronavigation for
diagnostic biopsies varying between 2.0 and 4.8mm. Dorward et al. used the EasyGuide
Neuro system (Philips Medical Systems Nederland BV, Best, The Netherlands) and
measured target localization on postoperative MRI fused with pre-operative data in 15
biopsy sites with a mean Euclidean distance of 4.8mm (maximum 8.1mm).202 Widmann
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et al. used the same method as Dorward et al., except for the Vertek aiming device
(Medtronic Inc., Louisville, USA) and postoperative imaging with CT scan. In seven patients
air bubbles were found in the trajectory, but only in one patient the target location could
be assessed. Therefore they reported trajectory deviation, with a mean error of 4mm
and a maximum of 6mm.210 Willems et al. found a mean Euclidean distance of 3.3mm for
bone fiducials and 4.5mm, no maximum reported, for adhesive fiducials using a custom
designed microscope based robotic system.225 The method of the postoperative target
assessment in these studies could account for the difference in mean accuracy with the
present study. Although to our knowledge there is currently no evidence available, one
could imagine that an air bubble or small fluid filled cavity is more prone to brain shift than
a catheter. In addition, a study using intraoperative imaging did not find any significant
brain shift during and after the placement of depth electrodes.215 Excluding the outlier
in our study, as mentioned above, the maximum error in these studies is comparable
with the present study. Bernays et al. assessed navigation accuracy of a stereotactic
burr-hole mounted device with intraoperative MRI in 20 patients with a mean Euclidean
distance of 2.0mm, however no maximum Euclidian distance was reported.211 Although
the stereotactic technique differs, we believe that the use of intraoperative imaging,
allowing for direct correction of errors, explains their superior accuracy. Unfortunately,
in the majority of hospitals this facility is unavailable, which makes these results not
widely generalizable.
Other methods for analyzing quantitative frameless neuronavigation accuracy are
reported. Multiple studies describe the accuracy of deep brain stimulation (DBS)
electrode implantation. The majority used skull-based fiducial markers with reported
accuracies between 1.7 and 3.4mm.116,204,212-214 Smith et al. describe the use of an
intraoperative O-arm resulting in an accuracy of 3.4mm, while Varma et al. describe
a frameless robotic system with an accuracy of 1.7mm.215,216 The use of skull-based
fiducials, intraoperative imaging and robotic systems are commented on above. Lastly,
Shamir et al. placed Ommaya catheters with a mean accuracy of 5.9mm.207 Since their
data were not normally distributed it would be appropriate to describe the median,
which was 4.1mm. Besides this, our screw fixation technique, compared to the fixation
of the Ommaya to the periosteum, could account for less postoperative displacement of
the catheters.
Accurate frameless neuronavigation is needed in neurosurgical oncology since diagnostic
biopsies are necessary to histologically diagnose critically located or unresectable
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gliomas. With new insights in glioma gene expression, leading to improved estimation
of prognosis and effectiveness of adjuvant therapy, accurate molecular diagnosis is
essential. Due to intratumoral genotypic heterogeneity, 226,227-229 biopsy target selection
is becoming of greater importance. Obtaining biopsies from these different targets
requires accurate neuronavigation techniques such as presented in this study.
The strengths of this study are the large number of measurements; robust assessment of
accuracy by postoperative electrode position; reporting Euclidean distance and the use
of this technique for both SEEG depth electrode placement and diagnostic biopsies. A
limitation of our study is the possible ‘pullout’ effect after electrode placement resulting
in an increased error, although this effect is reduced due to our screw fixation technique.
The use of anatomical based registration instead of skull-based fiducials could have
influenced our registration accuracy as well, but as mentioned above it does not justify
the invasiveness of the skull-based technique. Since postoperative air can cause brain
shift, this could have influenced the accuracy.215,230 Lastly, image fusion of the pre- and
postoperative CT does introduce an error, which has to be taken into account.

CONCLUSION
In this study we showed that the in vivo accuracy of our frameless stereotactic drilling
technique, suitable for SEEG depth electrode placement and diagnostic brain biopsies,
was 3.5mm. This is comparable with other frameless techniques described in the
literature.

Niels Verburg
Petra J. W. Pouwels
Ronald Boellaard
Frederik Barkhof
Otto S. Hoekstra
Jaap C. Reijneveld
W. Peter Vandertop
Pieter Wesseling
Philip C. De Witt Hamer
Neurosurgery 2016 Oct;79(4):535-40

5

Accurate delineation of glioma
infiltration by advanced PET/MR
neuro-imaging (FRONTIER study):
a diagnostic study protocol

M.J. Rutten
K.N. Gaarenstroom

88

Chapter 5

ABSTRACT
Background: Glioma imaging, used for diagnostics, treatment planning and follow-up, is
currently based on standard magnetic resonance imaging (MRI) modalities (T1 contrastenhancement for gadolinium-enhancing gliomas and T2/ Fluid attenuated inversion
recovery (FLAIR) hyperintensity for non-enhancing gliomas). The diagnostic accuracy of
these techniques for the delineation of gliomas is suboptimal.
Objective: To assess the diagnostic accuracy of advanced neuroimaging compared with
standard MRI modalities for the detection of diffuse glioma infiltration within the brain.
Methods: A monocenter, prospective, diagnostic observational study in adult patients
with a newly diagnosed, diffuse infiltrative glioma undergoing resective glioma surgery.
Forty patients will be recruited in three years. Advanced neuroimaging will be added
to the standard preoperative MRI. Serial neuronavigated biopsies in and around the
glioma boundaries, obtained immediately preceding resective surgery, will provide
histopathological and molecular characteristics of the regions of interest, enabling
comparison with quantitative measurements in the imaging modalities at the same
biopsy sites.
Expected outcome: We hypothesize that a combination of positron emission tomography,
MR spectroscopy and standard MRI will have a superior accuracy for glioma delineation
compared to standard MRI alone. In addition, we anticipate that advanced imaging will
correlate with the histopathological and molecular characteristics of glioma.
Discussion: In this clinical study, we determine the diagnostic accuracy of advanced
imaging in addition to standard MRI to delineate glioma. The results of our study can
be valuable for the development of an improved standard imaging protocol for glioma
treatment.
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RATIONALE AND BACKGROUND INFORMATION
Gliomas represent 80–90% of parenchymal brain tumors in adults with an incidence of 5.9
per 100.000 person-years: approximately 1000 patients per year in The Netherlands.158
Most gliomas show extensive infiltration in the brain parenchyma. These so-called
diffuse gliomas universally recur, without exception resulting in death despite standard
treatment, which consists of as extensive as possible resection, followed by radiation
and chemotherapy.
Both resective surgery and adjuvant radiation therapy are based on T1 contrastenhancement for gadolinium-enhancing gliomas and on T2/ Fluid attenuated inversion
recovery (FLAIR) hyperintensity volume outlines for non-enhancing gliomas. This strategy
is founded on early and preliminary observations, and has remained unchanged since.3,70
Diffuse gliomas recur locally in the vast majority of patients, even after seemingly radical
surgical removal and radiation therapy with 2cm margins. This, and the fact that glioma
infiltration has been demonstrated to extend up to two centimeters beyond standard
MRI outlines, underscores that up till now delineation of these neoplasms has been less
than optimal.4,5,231,232
Several publications provide arguments for underestimation of the spread of diffuse
gliomas using standard MRI and potential benefit from advanced MRI and positron
emission tomography (PET) imaging. Advanced imaging, such as diffusion-weighted
imaging (DWI), perfusion-weighted imaging (PWI), magnetic resonance spectroscopy
(MRS) and PET, has been shown to be able to identify tumor in areas of normal standard
MRI signal.53,129,233
Our study addresses a clinically relevant research question, which so far has not been
adequately answered: What is the best neuroimaging approach to discriminate areas
with glioma infiltration from brain tissue without glioma cells?
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STUDY GOALS AND OBJECTIVES
The goal of this study is thus to determine the best neuroimaging approach for glioma
delineation.
The specific objectives are:
– To assess the increase in diagnostic accuracy of adding advanced neuroimaging
modalities to standard MRI for the detection of diffuse glioma infiltration within the
brain.
– To correlate the information obtained by standard and advanced imaging to histologic
and molecular characteristics of the tissue.
We hypothesize that advanced neuroimaging, in combination with standard MRI, will
have a superior diagnostic accuracy in comparison with standard MRI alone. Besides, we
hypothesize that histological and molecular characteristics of (different areas of) glioma
will correlate better with advanced imaging than with standard imaging.

STUDY DESIGN
The study design is a monocenter, prospective, diagnostic observational study.

METHODOLOGY
Subjects
Inclusion criteria. Patients of 18 years and older with a MRI interpretation of a diffuse
glioma by an experienced neuroradiologist, and who have an indication for resective
surgery; the indication confirmed by the multidisciplinary neuro-oncology tumor board.
Exclusion criteria. Patients who are pregnant or have undergone previous brain surgery,
cranial irradiation or chemotherapy. Patients with other brain pathology on MRI, such
as stroke or multiple sclerosis. Patients with a tumor located infratentorially or in the
spinal cord.
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Withdrawal criteria. Patients who do not successfully undergo one PET scan. A summary
of all criteria is given in Table 1.

Table 1 | Inclusion/Exclusion/Withdrawal criteria.
Inclusion criteria

Exclusion criteria

Withdrawal criteria

Adult (18 years and older)

Previous brain surgery, cranial Not successfully
radiotherapy or chemotherapy undergoing one
PET scan

MRI interpretation of diffuse glioma by an Other brain pathology on MRI,
experienced neuroradiologist
such as infarction or multiple
sclerosis
Indication for resective surgery confirmed
by the multidisciplinary neuro-oncology
workgroup

Tumor located infratentorially
or in the spinal cord
Pregnancy

STUDY DESCRIPTION
The study is separated into two phases (Figure 1). In both phases, standard and
advanced imaging will be performed pre-operatively (Table 2). Immediately preceding
resective surgery, serial image-guided neuronavigated biopsies in and around the glioma
boundaries will be obtained using a stereotactic drilling technique.234 Two samples
are collected from each biopsy location, one for assessment of histopathological
characteristics and one for molecular analysis.
Phase I is designed to decide on the optimal PET tracer, to simplify PET scanning
methodology and to develop a robust MRI protocol for glioma volume estimation. Eight
patients will receive a dynamic PET protocol with invasive blood sampling, and imagederived carotid input function for metabolite analysis of
[18F-]Fluoroethyl-tyrosine (FET) and [11C-]Choline (CHO) tracers, as well as advanced MR
imaging. The data obtained will be used to establish a simplified PET protocol and to
determine which of both PET tracers will be further pursued in the next study phase.
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Pa!ent with a newly
diagnosed diﬀuse gliona

Inclusion criteria are
met and no evidence of
exclusion criteria

Phase I
(n=8)

Phase II
(n=32)

Standard & advanced
MRI

Standard & advanced
MRI

Dynamic PET
(CHO & FET)

Simplified PET
(CHO or FET)

Biopsies

Figure 1 | Imaging protocol for different phases study.
Cho =11C-Choline, FET =[18F]Fluoroethyl-tyrosine

To obtain a total sample size of 20 patients with a high-grade glioma (WHO grade III or IV)
and 20 with a low-grade glioma (WHO grade II), 20 additional patients will receive single
advanced MRI and selected simplified PET imaging in the second phase to complete the
data acquisition according to the sample size calculation for the main research question.
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Table 2 | Quantitative imaging parameters.
Modality/Technique

Parameter 1

Parameter 2

Parameter 3

Standard MRI
2D T1

T/N ratio

2D T2

T/N ratio

3D FLAIR

T/N ratio

2D T1 after contrast

T/N ratio

3D T1 after contrast

T/N ratio

Advanced MRI
3D MRS

T/N ratio

Cho/NAA ratio

ASL

T/N ratio

relative CBF

DTI

T/N ratio

FA

ADC

DSC

T/N ratio

relative CBV

relative CBF

11

T/N ratio

SUV

Net influx rate

[18F]Fluoroethyl-tyrosine

T/N ratio

SUV

Net influx rate

PET
C-Choline

OUTCOME MEASURES
MRI
MRI will be performed using the Philips Achieva whole-body 3.0T MR-scanner, equipped
with the standard head coil. Table 2 shows the different techniques.
PET
PET will be performed using the Philips Gemini time-of-flight (TOF) PET-CT scanner or
the Philips Ingenuity TOF PET/MRI-scanner. After intravenous administration of 370
Megabecquerel (MBq) of [15O]H2O a 10 min dynamic scan is acquired. This is followed by
a 40min dynamic scan after injection of 200 MBq CHO. With a minimum of 4 hours after
injection of CHO the FET scan will be performed the same day using 200MBq FET and a
scan time of 90 minutes. During the scans manual blood samples are withdrawn in order
to calibrate the online collected arterial input functions and to derive a fully metabolitecorrected plasma input function.
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Of each biopsy site qualitative (high, normal or low signal) and quantitative parameters
will be acquired by an experienced neuroradiologist and a nuclear medicine physician
(Table 2).
Pathology
Of each biopsy location one sample will be processed for histopathological analysis
and the other sample for molecular analysis. Histopathological analysis will be
performed using hematoxylin-and-eosin (H&E) staining and immunohistochemical
markers to assess cellularity, glioma infiltration, proliferation, microvascular changes,
and necrosis. Molecular analysis will include assessment of DNA mutations, deletions,
amplifications and RNA expression profiling. Two experienced neuropathologists will
evaluate independently, and blinded for the imaging results, all biopsies and designate
those as: normal brain tissue; diffuse glioma with few, moderate or many tumor cells
in a background of pre-existent brain tissue; highly cellular glioma without (apparent)
preexistent brain tissue remaining; uninformative.

DISCUSSION
Few studies investigate the diagnostic accuracy of glioma delineation, and most of these
studies assess only one or two imaging modalities. This can at least partly be explained
by the logistic challenge of multimodality preoperative imaging and of obtaining
multiple image-guided biopsies. Nevertheless, studies that provide a direct comparison
of multiple imaging modalities with histopathological data are necessary to determine
the optimal imaging modality for the delineation of diffuse gliomas. Using combined
PET-MRI will help to reduce the number of scans necessary for multimodality imaging,
while frameless stereotactic techniques will facilitate the acquisition of multiple imageguided biopsies with good accuracy within a limited time.
The importance of adequate glioma delineation is underscored by reports describing that
(near) radiologically complete resection of MRI abnormalities (T1-weighted gadoliniumenhanced MRI for HGG and on T2/FLAIR-weighted MRI for LGG) is correlated with
improved survival.8,235-239 A resection based on modalities with superior delineation could
result in even more complete resection and thus holds promise for even longer survival,
and conversely to identify patients with glioma infiltration beyond meaningful surgical
therapy, so that useless, and possibly harmful, resections can be avoided. Moreover,
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evidence accumulates that subsequent therapeutic modalities are more successful after
resection that is as complete as possible. 238

TRIAL STATUS
Patient recruitment was initiated on September 1, 2014.

SAFETY CONSIDERATIONS
Because neuronavigated biopsy has a risk of less than 2% of intracranial hemorrhage with
consequences for the patient, the number of biopsy trajectories is limited to three.240,241
Since the biopsy procedure is immediately followed by a craniotomy for tumor resection,
possible hemorrhages can be directly identified and removed. The tumor resection will
be performed according to standard care.
All adverse events reported spontaneously by the subject or observed by the investigator
or his staff will be recorded in the protocol case report forms (CRF) using the Common
Terminology Criteria for Adverse Events classification.242 All serious adverse events (SAEs)
will be reported through the web portal ToetsingOnline (https://www.toetsingonline.nl)
to the accredited Medical Ethical Committee (METC) that approved the protocol. SAEs
that result in death or are life threatening are reported expeditiously.

FOLLOW-UP
All patients will receive standard follow-up, which consists of postoperative clinical
admission for as long as needed and an outpatient appointment eight weeks after the
procedure. Apart from that, postoperative adjuvant chemo- and/or radiotherapy will
be installed according to histopathological and molecular classification of the tumor,
as discussed postoperatively at the neuro-oncology tumor board meetings. All adverse
events will be followed until they have abated, or until a stable situation has been
reached.
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DATA MANAGEMENT AND STATISTICAL ANALYSIS
Data will be collected on electronic CRF (eCRF). The eCRF is only assessable by the
principal and the study investigator. The eCRF will be completed on site by an investigator.
The principal investigator will review the collected data.
The number of biopsies and patients required to compare the area under the curve (AUC)
of the receiver operating characteristic (ROC) curves depend on the reference AUC (t1),
the minimal relevant AUC from the improved imaging (t2), the ratio of non-tumor and
tumor biopsies (ratio), the correlation of imaging within patients (r), the average number
of biopsies per patient (s), the correlation of histopathological quantification between
biopsies within patients (rho), the type I error (alpha) and the type II error (beta).243-245
Under the assumptions of t1 0.6, t2 0.8, ratio 0.25, r 0.5, s 6, rho 0.2, alpha 0.05 and
beta 0.2, 20 patients per glioma target volume subgroup are required. The overall study
population then comprises 20 non-enhancing and 20 enhancing glioma patients, each
stratum providing at least 120 biopsies. For testing the correlation between simplified
and full quantitative measurement of input function in dynamic PET scanning a sample
size of eight is mostly used in pilot studies. Due to the experience with other trials we
will include this number in phase I. In phase II 32 patients will be included to obtain the
total of 40 patients from our sample size calculation.
Continuous variables will be described as a mean with standard deviation if the
distribution is symmetric and as a median with minimum and maximum if it is skewed.
Categorical variables are presented as numbers with percentages. Data analysis will be
performed using R. AUCs are compared using a nonparametric resampling test using
pROC in R.246-248 Next, multivariate logistic regression analysis modeling histopathology
by quantitative imaging is performed using Bayesian models.

QUALITY ASSURANCE
As the METC of VU University Medical Center (VUmc) decided it was unnecessary to
appoint a Data Safety Monitoring Board for this study, the progress of this study will be
monitored by the Clinical Research Bureau of VUmc.
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EXPECTED OUTCOMES OF THE STUDY
We expect that advanced imaging in combination with standard imaging, will have a
superior diagnostic accuracy for glioma delineation compared with current standard
imaging. This delineation could help neurosurgeons, neurologists, radiation oncologists
and medical oncologists in their clinical decision-making. Next, studies comparing glioma
resection or radiotherapy using standard versus standard plus advanced imaging can be
conducted to investigate possible influences on clinical outcome.
The expected correlation between advanced imaging and histologic and molecular
characteristics could provide biomarkers for prognosis and choice of therapy, as well as
further insight into glioma imaging

DURATION OF THE PROJECT
We anticipate that phase I will take 12 months and phase II 24 months, aiming for a total
study duration of three years.

PROJECT MANAGEMENT
The principal investigator, Dr. de Witt Hamer, will lead the study. Dr. Pouwels will be
responsible for the MRS data, Dr. Barkhof for the MRI data, Dr Boellaard and Dr. Hoekstra
for the PET data, and Dr. Wesseling for the pathology data. The study investigator, Mr.
Verburg, MSc, will coordinate the logistics and of the study as well as the interpretation
of the results.

ETHICS
The study is approved by the METC of VUmc and will be conducted according to the
principles of the Declaration of Helsinki and in accordance with the Medical Research
Involving Human Subjects Act. Explicit written consent will be obtained from all patients
in this study.
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ABSTRACT
Background: This study identified the optimal tracer kinetic model for quantification
of dynamic O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) positron emission tomography
(PET) studies in seven patients with diffuse glioma (four glioblastoma, three lower grade
glioma). The performance of more simplified approaches was evaluated by comparison
with the optimal compartment model. Additionally, the relationship with cerebral blood
flow – determined by [15O]H2O PET – was investigated.
Results: The optimal tracer kinetic model was the reversible two-tissue compartment
model. Agreement analysis of binding potential estimates derived from reference tissue
input models with the distribution volume ratio (DVR)1 derived from the plasma input
model showed no significant average difference and limits of agreement of 0.39 and 0.37.
Given the range of DVR1 (0.25 to 1.5) these limits are wide. For the simplified methods,
the 60-90 min tumor-to-blood ratio to parent plasma concentration yielded the highest
correlation with volume of distribution VT as calculated by the plasma input model
(r=0.97). The 60–90min standardized uptake value (SUV) showed better correlation with
VT (r=0.77) than SUV based on earlier intervals. The 60–90min SUV ratio to contralateral
healthy brain tissue showed moderate agreement with DVR with no significant average
difference and limits of agreement of 0.24 and 0.30. A significant but low correlation was
found between VT and CBF in the tumor regions (r=0.61, p=0.007).
Conclusion: Uptake of [18F]FET was best modeled by a reversible two-tissue compartment
model. Reference tissue input models yielded estimates of binding potential which
did not correspond well with plasma input derived DVR1. In comparison, SUV ratio to
contralateral healthy brain tissue showed slightly better performance, if measured at
the 60–90 minute interval. SUV showed only moderate correlation with VT. VT shows
correlation with CBF in tumor.
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BACKGROUND
Since its introduction in 1999249 the amino acid tracer O-(2-[18F]fluoroethyl)-L-tyrosine
([18F]FET) is increasingly used to image glioma.139 Because [18F]FET is not incorporated
into proteins, it is a tracer for amino acid transport rather than for protein synthesis
rate.249 [18F]FET positron emission tomography (PET) has shown its added value to
magnetic resonance imaging (MRI) for several clinical problems regarding brain tumors,
such as prognosis assessment, delineation of tumor extent and glioma grading.121
The most extensive quantitative analysis of a PET tracer is based on dynamic PET scans
in combination with plasma input based pharmacokinetic modelling.250 For large clinical
studies, such an extensive analysis is not feasible; tracer uptake needs to be quantified
using simplified measures. For example, the standardized uptake value (SUV) interval of
20–40 minutes post injection is currently recommended for clinical reading in European
Association of Nuclear Medicine and German guidelines.251,252 Simplified approaches
are not only affected by regulation of specific amino acid transporters – the primary
parameter of interest – but also by the blood flow and plasma concentration, which is
in turn affected by the biodistribution, tracer metabolism, and uptake in blood cells. It is
of interest to quantify these effects to gain a better understanding of the accuracy of a
simplified measure and its reliability.
In the current literature, we identified five studies that used pharmacokinetic modeling
to quantify uptake of the tracer in the brain; two preclinical studies253,254 and three
human studies.255-257 The human studies all used an image derived input function.
Furthermore, we found only one study where metabolite concentration in plasma was
measured.258 The tracer kinetics of [18F]FET in glioma patients are expected to be in line
with preclinical research, but validation of kinetic models is needed. The aim of this
study was therefore to identify the optimal metabolite corrected plasma input model
for the quantification of [18F]FET kinetics. In addition, reference tissue input models and
several simplified methods were validated in terms of their agreement with full kinetic
analysis results. Lastly, the relationship of the methods and parameters with blood flow
were investigated using [15O]H2O PET data.
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METHODS
Subjects and study protocol
The study population consisted of seven patients with diffuse glioma from an ongoing
patient study.201 Each patient gave written informed consent prior to inclusion. This
study has been performed in accordance with the Declaration of Helsinki, approved by
the Medical Ethics Committee of the VU University Medical Center and registered in
the Netherlands National Trial Register (www.trialregister.nl, unique identifier NTR5354,
registration date 4th of August 2015). The age of the patients ranged from 22 to 69
years. All gliomas were newly diagnosed and selected for resective surgery. Imaging
was preoperatively performed. Based on histology of biopsies taken before surgery –
but after imaging – each glioma was classified according to World Health Organization
(WHO) criteria as lower grade (WHO II-III) or glioblastoma (WHO IV).9 Four patients
presented with glioblastoma, three with lower grade glioma. See supplemental Table S1
for more details.
The patients were required to fast at least 4 hours before undergoing the imaging
protocol. T1-weighted gadolinium-enhanced (T1G) and FLAIR sequences were acquired
on an Achieva whole-body 3.0T MR-scanner (Philips Healthcare, Best, the Netherlands).
Details of the MR sequences are described in the supplemental material. Two dynamic
PET scans were acquired on either a Gemini TF-64 PET/CT or an Ingenuity TF PET/CT
(Philips Healthcare, Best, the Netherlands). Each scan started with a low dose computed
tomography (CT) scan (30 mAs, 120 kVp) for attenuation and scatter correction purposes.
A bolus of 800 MBq [15O]H2O was administered at the start of the first scan with a venous
line and emission scans were acquired in list mode for 10 minutes. An arterial line in
the opposite arm was used for continuous sampling using an on-line blood sampler
(Comecer Netherlands, Joure, the Netherlands). Manual arterial samples were collected
at 5, 7 and 9 minutes. A 90 minute dynamic scan was then acquired on the same
system after a bolus of 200 MBq [18F]FET. [18F]FET was produced following the method
earlier described.259 The radiochemical purity was >98% and the specific radioactivity
>18.5 GBq∙µmol-1. Arterial blood was continuously sampled and manual samples were
taken at 5, 10, 20, 40, 60, 75 and 90 minutes. The line-of-response row-action maximum
likelihood algorithm (LOR-RAMLA) algorithm as provided by the scanner manufacturer
was used for reconstruction of the scans into 26 time frames (1 × 10, 8 × 5, 4 × 10, 2 × 15,
3 × 20, 2 × 30, 6 × 60 s) and 22 time frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300,
7 × 600 s), respectively, both with an isotropic voxel size of 2mm.
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The measured arterial whole blood curve was calibrated using manual arterial samples.
Then, metabolite-corrected plasma curves were constructed from the whole blood curve
by correcting for the plasma to whole blood ratio and labeled metabolites concentration.
The parent fractions were fitted with a Hill function.260 Concentration of both polar and
non-polar metabolites was determined using solid phase extraction in combination with
high performance liquid chromatography. More details on the blood measurements can
be found in the supplemental material.
Image processing and segmentation
The reconstructed PET images were checked frame by frame for movement and corrected
accordingly. Affected time frames were rigidly coregistered to the attenuation scan using
the generic multi-modality registration setup from Vinci (version 2.56.0, Max Planck
Institute for Metabolism Research). However, if patient movement was more than 5mm
the affected time frames were reconstructed after re-aligning the attenuation scan. The
newly reconstructed frames were coregistered to the original attenuation scan.
Tumor volumes were delineated on the MR images by a resident in neurosurgery with
ample experience in imaging characteristics of patients with glial tumors. MR sequences
were selected based on grade. Lower grade glioma was delineated using the FLAIR
sequence; glioblastoma was delineated on T1G. These delineations were transferred to
the dynamic PET scan after rigid coregistration – using the same registration setup – of
the MR scan to the CT scan. Volume of the tumor delineations ranged from 25.2 to
100.8cm3. In order to minimize heterogeneity, the MR based delineations were divided
into three volumes of interest (VOI) based on the 33rd and 67th percentiles of the 20–40
minutes [18F]FET uptake value. These VOIs were labeled low, medium or high uptake.
For the reference region, a spherical VOI with 14 mm radius was placed at the mirror
location of the tumor on the contralateral side, encompassing white and grey matter
tissue. In addition, two more spherical VOIs of the same volume were placed at the
contralateral side, not overlapping the reference region. Together with the reference
region, these form the VOIs of presumed non-tumor (healthy) brain tissue and were
used to investigate the pharmacokinetics in healthy tissue.
Kinetic analysis of [15O]H2O
Parametric maps of cerebral blood flow (CBF) were constructed from the [15O]H2O PET
scans and the plasma input functions using the basis function implementation of the
standard single-tissue compartment model.261 The CBF maps were coregistered to the
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summed [18F]FET image and the average value within each VOI was calculated. CBF was
normalized to the same reference region to calculate the CBF-ratio.
Kinetic analysis of [18F]FET
Time-activity curves (TACs) were generated by projecting the VOIs on the dynamic [18F]
FET PET images. These TACs were analyzed with several pharmacokinetic plasma input
models: the reversible single-tissue compartment model (1T2kVb), the irreversible twotissue compartment model (2T3kVb) and the reversible two-tissue compartment model
(2T4kVb).262 All models included an additional fit parameter for fractional blood volume
(Vb) and therefore included both the whole blood and the metabolite-corrected plasma
curve as input functions. The input functions were corrected for delay using a whole brain
TAC. All models were fitted using weighted non-linear regression.263 Parameter errors
were calculated as standard deviation, to estimate the reliability of the fitted kinetic
parameter. To identify the optimal model, the fits of the pharmacokinetic plasma input
models were evaluated visually and with the Akaike information criterion.264 Main kinetic
parameters of interest were the volume of distribution (VT) for the reversible models, the
influx rate constant (Ki) for the irreversible model and the rate constant from plasma
to tissue (K1). The relationship of these parameters with CBF was investigated using
Pearson’s correlation coefficient (r). A p-value less than 0.05 was considered significant.
K1 was also divided by CBF to calculate the extraction fraction. The distribution volume
ratio (DVR) was calculated by normalizing the VT using the VT of reference region. The
nondisplaceable binding potential, BPND,265 was then derived by BPND=DVR1 and used to
validate BPND obtained using reference tissue input models (next paragraph).
Performance of both the full reference tissue model (FRTM)266,267 and the simplified
reference tissue model (SRTM) was investigated.268 The advantage of reference tissue
input models is that no arterial input function is needed. Instead, a reference region
is used as indirect input function, in this case the contralateral reference region. In
this study, we assessed agreement between FRTM or SRTM derived BPND vs. plasma
input model derived DVR1 and, similarly, R1 vs. plasma input model derived K1ratio (K1
normalized to reference region) using Bland-Altman analysis.269 The relationship of BPND
and R1 with the CBF-ratio was also investigated.
We calculated SUV for intervals 20–40 minutes (SUV20-40), 40–60 minutes (SUV40-60) and
60–90 minutes (SUV60-90) and calculated correlation with VT. We also calculated tumorto-blood ratios (TBlR) to investigate whether this would be a possible surrogate of VT.
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Two variants were considered: ratio to whole blood activity (TBlRWB) and ratio to parent
plasma activity (TBlRPP). Furthermore, relationship with CBF for all the above parameters
was investigated. The SUV ratio (SUVR, SUV normalized to reference region; also known
as tumor-to-brain or tumor-to-normal ratio) was also calculated for these three intervals.
Agreement with DVR was evaluated using Bland-Altman analysis and correlation with
CBF-ratio was determined.

RESULTS
One of the lower grade glioma patients, patient two, showed very little uptake in the
tumor yet could be visually distinguished based on the SUV20-40, see supplemental Figure
S1. Figure 1 illustrates this and shows the SUV and SUVR over time for the high uptake
VOIs. All except one tumor, from patient three, show the typical curve pattern generally
associated with their grade.270 During acquisition of the [15O]H2O PET scan of patient six
there were problems with the measurement of the arterial blood activity. CBF could
therefore not be quantified for this patient. Two patients had moved during the dynamic
[18F]FET PET scan, one had moved approximately 3mm and the other 15mm, both after
at least 20 minutes. Both scans were corrected as described above.

Figure 1 | SUV A) and SUVR B) curves
of the high [18F]FET uptake VOI of
each patient. Solid lines are lower
grade gliomas, dashed lines are
glioblastoma.

Figure 2 shows results from the manual blood sample measurements for the [18F]FET
scans. The plasma to whole blood ratio is stable at an average of 1.22 ± 0.05 (standard
deviation between patients). The parent fraction of [18F]FET was 79% ± 14% at time
of the first manual blood sample (5 minutes post injection) and decreased slowly to
68% ± 13% at 90 minutes post injection.
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Figure 2 | Data from manual blood samples, showing the whole blood activity concentration
over time corrected for injected dose and patient weight A), the ratio of activity concentration
in plasma over activity concentration in whole blood B, and the percentage parent compound
in the samples C). Solid lines are the average, dashed lines show the average ± SD over all
patients.

Visual assessment of the fits showed that the irreversible model was not able to fit
the tumor TACs. Figure 3 shows a typical example. The Akaike information criterion
confirmed this finding and showed a preference for the 2T4kVb model in 95% (20/21)
of the fitted TACs; for the other 5% (1/21) the 1T2kVb model was preferred. As such,
the model preference seems independent of both uptake and grade as determined by
histological assessment. In contralateral (healthy) brain tissue, the 2T4kVb model was
preferred in 52% (11/21) of the regions and the 1T2kVb model in the other 48% (10/21).
Correlation for VT in the tumor regions as derived from 2T4kVb and 1T2kVb was very high
(r=0.99); however, agreement analysis showed a significant difference for estimated VT
of 0.08 (9%), as shown in the Bland Altman plot in supplemental Figure S2. The 2-tissue
reversible model was therefore used as reference for further analyses.
A significant but low correlation was found between VT and CBF in the tumor regions
(r=0.61, p=0.007), a scatter plot is shown in supplemental Figure S3. There was no
correlation between K1 values of [18F]FET and CBF in the tumor regions (r=0.018, p=0.93),
supplemental Figure S4. The calculated extraction fractions showed little variation in
the non-tumor regions with a mean value of 0.071 and a standard deviation of 0.024.
Extraction fraction in the tumor regions was higher with a mean value of 0.17 and a
standard deviation of 0.13. A scatter plot of extraction fraction against CBF in both tumor
and healthy regions is shown in supplemental Figure S5.
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Figure 3 | Typical example of a TAC with fits of the three models: 1T2kVb dotted line, 2T3kVb
dashed line, 2T4kVb solid line. The TAC of the high uptake VOI of patient 5, lower grade glioma;
the first 10 minutes of the TAC A) and the whole 90 minutes B). The TAC of the high uptake
VOI of patient 6, glioblastoma; the first 10 minutes of the TAC C) and the whole 90 minutes
D).

Agreement between the estimated BPND from SRTM and DVR1 from the 2T4kVb is shown
in Figure 4. Two outliers were identified, the low and medium uptake VOIs of patient
two. The error of these BPND estimates was very high (standard deviations of 10.6 and
31.6). If we disregard these outliers the limits of agreement are 0.39 and 0.37 (range
DVR-1: -0.25 to 1.5). Agreement of R1 with K1-ratio from 2T4kVb was poor with an average
difference of 0.90 and limits of agreement of 3.23 and 1.44 (range K1ratio: 0.85 to 4.8).
BPND showed significant correlation with the CBF-ratio (r=0.83, p<0.001), R1 showed a
significant but low correlation with the CBF-ratio (r=0.52, p=0.039); the scatterplots are
shown in supplemental Figure S6. FRTM estimates of BPND mostly agreed with SRTM,
however several additional outliers were seen with high parameter error of BPND.
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Figure 4 | Agreement between BPND
from SRTM and the DVR1 from the
2T4kVb model. Scatter plot A) and
Bland Altman plot B). Shaded areas
are 95% confidence intervals.

Correlation between SUV20-40 and VT was significant but low (r=0.62, p<0.001); the scatter
plot is shown in supplemental Figure S7. Correlation with VT was higher for later time
intervals and this was also seen for TBlRWB and TBlRPP and for the correlations between
SUVR and DVR. Correlation with K1 was higher for earlier time intervals. Correlation
coefficients are given in Table 1. The agreement between SUVR and DVR showed a
similar pattern, where the SUVR for later time intervals show better agreement with
DVR as calculated with the 2T4kVb model. SUVR60-90 showed limits of agreement of 0.27
and 0.34, see Figure 5, while limits of agreement for SUVR20-40 were 0.52 and 0.85 (range
DVR: 0.75 to 2.5).
Neither SUV nor TBlRWB showed significant correlation with CBF. In contrast, TBlRPP did
show significant correlation with CBF and the correlation increased at later time intervals.
For the 60-90 min interval the correlation coefficient was r=0.63, p=0.005. TBlRPP also
showed agreement with VT with limits of agreement of 0.17 and 0.19 (range VT: 0.53 to
2.1) and without significant bias. SUVR showed significant correlation with the CBF-ratio,
for all time intervals the correlation was higher than 0.85. It was highest for the 20-40
minute interval at 0.91, p<0.001.
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Figure 5 | Agreement between
SUVR60-90 and the DVR from the
2T4kVb model. Scatter plot A) and
Bland Altman plot B). Shaded areas
are 95% confidence intervals.

Table 1 | Pearson correlation r between SUV based measures and kinetic parameters from
2T4kVb.
Interval (min)

VT

DVR

K1

SUV

TBlRWB

TBlR PP

SUVR

SUV

TBlRWB

TBlRPP

20–40

0.55

0.79

0.85

0.78

0.76

0.48

0.55

40–60

0.70

0.84

0.94

0.88

0.69

0.41

0.45

60–90

0.77

0.86

0.97

0.94

0.63

0.39

0.42

1.0

DISCUSSION
The aim of this study was to derive the optimal plasma input kinetic model for dynamic
[18F]FET PET studies and to validate performance of simplified methods. Therefore,
various metabolite corrected plasma input models were evaluated and the optimal
model was determined. Next, the optimal model was used to assess the agreement of
various simplified methods with the optimal model including approaches often used in
[18F]FET PET studies in glioma.
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The optimal plasma input kinetic model was found to be the reversible two-tissue
compartment model with fitted blood volume fraction. The model preference based on
the Akaike criterion was clear for the tumor regions, where only 5% could be better
fitted with the single-tissue compartment model. These data indicate that the model
preference is independent of tumor grade or curve pattern, although there are too few
data to substantiate this in this study. Healthy tissue regions were best fitted by the
reversible two-tissue compartment model in half of the cases and by a single-tissue
compartment model in the other half. Use of the single-tissue compartment model
resulted in systematically lower estimates of VT: in tumor regions with an average
difference of 9%, in healthy regions with an average difference of 7%. Based on the fits
of all target and reference tissue TACs, we concluded that the two-tissue compartment
model is most suitable for the further evaluations.
Fully quantitative pharmacokinetic models require arterial plasma input functions. In
this study manual arterial samples were used to correct for the labeled metabolite
concentration. In an earlier report, results of metabolite measurements showed low
fractions (5% at 5 minutes post injection, 13% at 120 minutes post injection), suggesting
rapid excretion of labeled metabolites by the kidneys.271 In our study the results from the
manual arterial blood samples showed a larger fraction of metabolites in blood (21% at
5 minutes post injection, 32% at 90 minutes post injection). In an effort to investigate
the effect of correction for the labeled metabolites, we fitted a 2T4kVb model with a
whole plasma input function. Estimates of VT were on average 39% lower. Yet, estimates
of DVR were the same on average. Therefore, the impact of using metabolite corrected
input functions versus whole plasma input function on the validation of reference region
based models or simplified methods is minimal.
The results on the relationship with blood flow showed a significant correlation of VT
with CBF, but correlation was low. As VT represents a perfusion independent estimate
of tracer uptake, the observed correlation is likely due to physiological coincidence of
both increased amino acid utilization and perfusion. This makes it impossible to draw
conclusions about perfusion dependence of the simplified methods. The absence of
correlation between K1 and CBF suggests that the extraction fraction is highly variable
between patients. Indeed, the variation in the calculated extraction fractions is relatively
high in the tumor regions across the patients. This could be the consequence of different
levels of transporter expression or may be due to differences in blood brain barrier
breakdown.
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Agreement analysis on the simplified reference tissue model BPND vs. plasma input
derived DVR1 showed wide limits of agreement. As such, BPND seems a poor surrogate
for this parameter. Agreement for R1 vs. the K1-ratio was poor as well. The full reference
tissue model showed no different results from the simplified reference tissue model,
except for a few additional outliers. The poor performance of the reference tissue input
model might be due to violated assumptions, making the model invalid. One of the
assumptions is that both reference and target regions can be represented by a singletissue compartment model. For half of these data, both regions are better described by a
two-tissue compartment model; for the other half the target region is better described by
two tissue compartments while the normal regions are best described by a single tissue
compartment. The expected error from the first violation is minor, while the second
violation can lead to a 10% bias.272 Another possible source of error is non-negligible
blood volume contribution. Moreover, use of reference tissue input models requires that
the transport across the blood-brain barrier, represented by K1/k2 ratio, is equivalent
between target (tumor) and reference regions. In case of gliomas, tracer uptake in the
tumor can be affected by disruptions of the blood-brain barrier. Consequently, use of
reference tissue input models may not be valid for dynamic [18F]FET brain studies.
The TBlRPP60-90 showed good agreement with VT. A disadvantage of the TBlRWB and
TBlRPP is the requirement of blood samples and, for TBlRPP, the need for metabolite
measurements. However, their correlation results suggest that plasma clearance effects
(and thus variability in input functions between subjects) seem the largest contributor
to SUV variability. If we convert the correlation results to coefficients of determination
we see that 94% of the variability in TBlRPP60-90 can be explained by the variability in VT.
This is encouraging for the use of SUVR, which largely corrects for variability of the input
functions between patients.
For SUV, TBlRWB and TBlRPP uptake intervals later than the currently recommended
20–40 minutes show better correlation with VT. Correlation was lowest for SUV20-40 and
highest for TBlRPP60-90. Furthermore, from the time activity curves it becomes clear that
the uptake value of the tumors is still changing during the 20–40 minute interval, see
Figure 1. A possible downside of early static imaging might be that variability in uptake
time will lead to variability in SUV. In contrast, the SUVR curves of four patients are
relatively stable during this period. Three patients, however, show a variable SUVR at
the 20–40 minute interval, which becomes more constant at later times. The agreement
of SUVR with DVR also improves at later time intervals. The size of this improvement is
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clearly illustrated by the limits of agreement, which are more than twice as wide for the
20–40 minute interval. In terms of limits of agreement SUVR60-90 showed a slightly better
agreement with DVR than SRTM. Just like for SRTM, a possible source of error is the
blood-volume fraction, especially in case of blood-brain-barrier disruption. To conclude,
early time point imaging (20–40min post injection) is usually applied and preferred in
a clinical setting. A downside to static imaging is that the time activity curve pattern
cannot be assessed, which has been shown to be helpful in determining the grade of
glioma. Furthermore, when non-invasive quantification is required, it is recommended
to use SUVR at later time points (60–90min post injection). When studies are designed
to measure changes (longitudinally or after intervention), use of TBlRWB and TBlRPP would
be recommended, because of the better agreement with plasma input derived VT and
the ability of compensating for inter-subject variability of the input function. Further
studies are needed to investigate whether this improved quantification also improves
the clinical value.
It must be noted that the small sample size of this study requires appropriate caution
in the interpretation of the results presented here. The complexity of compartmental
modeling with metabolite corrected plasma input function do not enable large study
cohorts, yet compartmental modeling is an important step in the evaluation of tracer
kinetics and its implications for more simplified approaches. The results of this study
only apply to regional analyses, i.e. based on the mean signal of a VOI. Thus, relationships
between parameters within a scan cannot be adequately investigated, because the
number of data points (VOIs) per scan was limited. Voxel-based methods enable such
analysis, but require further evaluation due to higher noise levels in voxel-based signals.

CONCLUSION
In this study we derived that the two-tissue reversible plasma input model with fitted
blood volume fraction is the optimal plasma input model to describe the kinetics of [18F]
FET in glioma patients. Furthermore, use of reference tissue input models and simplified
methods, such as SUV and SUVR, was validated. BPND results obtained with reference
tissue input models did not correspond well with plasma input derived DVRs, possibly
due to violation of the reference tissue model assumptions. SUVR showed slightly better
agreement with DVR than SRTM derived BPND. SUV only moderately correlated with VT
with the best correspondence at later uptake time intervals (60–90min post injection).
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The results of the study suggest that later time point imaging (60–90min post injection)
outperforms currently recommended uptake time (20–40min post injection) in terms of
quantitative value, i.e. correlation with VT and DVR.
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SUPPLEMENTAL DATA
Details MR sequences
The MR sequences were acquired on an Achieva whole-body 3.0T MR-scanner (Philips),
equipped with the standard head coil. Each patient was scanned with a sagittal 3D
FLAIR sequence (TR/TE/TI (inversion time) 4800/279/1650ms, acquired voxel size
1.12 × 1.12 × 1.12mm, reconstructed voxel size 1.04 × 1.04 × 0.56 mm), and a sagittal 3D
T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle 7/3/950ms/12°,
acquired voxel size 0.98 × 0.98 × 1.0mm, reconstructed voxel size 0.89 × 0.89 × 1.0mm).
Details blood sample measurements
1 mL of plasma was diluted with 2mL of water and loaded onto an activated Sep-Pak tC18.
The cartridge was first washed with 3mL of water and then eluted with 1mL of methanol
followed by 2mL of water. Radioactivity in all three fractions (plasma, water, methanol/
water) was quantified. Radioactivity in the plasma and water fraction represented
the polar radiolabelled metabolites of [18F]FET. Radioactivity in the methanol/water
fraction was further analyzed with HPLC with radioactivity detection. The eluate was
mixed and injected onto a gradient high performance liquid chromatography system.
Stationary phase Phenomenex LUNA C18, 5µm. 250*10mm. Mobile phase: flow 3 ml/
min. A =acetonitrile, B =0.01 M phosphoric acid. Gradient: t=0, 90%B; t=10, 40%B; t=12,
40%B, t=12.5, 90%B; t=15, 90%B. The HPLC eluate was monitored in series for ultraviolet
and radioactivity. Fractions were collected and counted for radioactivity using a gamma
counter. A radiochromatogram was reconstructed in Microsoft Excel.
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Supplemental Table S1 | Patient details.
Patient

Glioma

Grade

IDH1 status

1p19q codeletion

1

Glioblastoma

IV

wild type

-

2

Astrocytoma

II

mutant

no

3

Glioblastoma

IV

mutant

-

4

Oligodendrocytoma II

mutant

yes

5

Astrocytoma

II

mutant

no

6

Glioblastoma

IV

wild type

-

7

Glioblastoma

IV

wild type

-

6

Supplemental Figure S1 | Transaxial views of the tumors on 20–40 minutes standardized
uptake value maps of [18F]FET.
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Supplemental Figure S2 | Scatter A) and Bland-Altman plot B) of volume of distribution, VT,
calculated with the 1T2kVb model versus the 2T4kVb model. Shaded areas are 95% confidence
intervals.

Supplemental Figure S3 | Scatterplot of volume of distribution (VT) versus cerebral blood
flow (CBF) A). The same plot with each patient indicated separately, connecting low, medium,
and high VOIs with lines B). CBF data was not available for patient 6.

Supplemental Figure S4 | Scatterplot of K1 versus cerebral blood flow (CBF) A). The same plot
with each patient indicated separately, connecting low, medium, and high VOIs with lines B).
CBF data was not available for patient 6.
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Supplemental Figure S5 | Scatterplot of extraction versus cerebral blood flow (CBF).

6

Supplemental Figure S6 | Scatterplots of simplified reference tissue model estimates of
binding potential (BPnd) A) and K1-ratio (R1) B) against the cerebral blood flow ratio (CBF-ratio).
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ABSTRACT
Quantitative parametric images of O-(2-[18F]fluoroethyl)-L-tyrosine kinetics in diffuse
gliomas could be used to improve glioma grading, tumor delineation or the assessment
of the uptake distribution of this positron emission tomography tracer. In this study,
several parametric images and tumor-to-normal maps were compared in terms of
accuracy of region averages (when compared to results from nonlinear regression of a
reversible two-tissue compartment plasma input model) and image noise using 90 min
of dynamic scan data acquired in seven patients with diffuse glioma. We included plasma
input methods (the basis function implementation of the single-tissue compartment
model, spectral analysis and Logan graphical analysis) and reference tissue methods
(basis function implementations of the simplified reference tissue model, variations of
the multilinear reference tissue model and non-invasive Logan graphical analysis) as
well as tumor-to-normal ratio maps at three intervals. (Non-invasive) Logan graphical
analysis provided volume of distribution maps and distribution volume ratio maps with
the lowest level of noise, while the basis function implementations provided the best
accuracy. Tumor-to-normal ratio maps provided better results if later interval times were
used, i.e. 60–90min instead of 20–40min, leading to lower bias (2.9% versus 10.8%,
respectively) and less noise (12.8% versus 14.4%).
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INTRODUCTION
Diffuse gliomas exhibit increased uptake and retention of O-(2-[18F]fluoroethyl)-Ltyrosine ([18F]FET), an amino acid tracer that can be visualized with positron emission
tomography (PET). In a previous study the optimal plasma input model for describing
[18F]FET kinetics was identified.273 However, VOIs have to be defined beforehand and
tracer uptake distributions cannot be assessed. The currently recommended252 [18F]FET
PET standardized uptake value (SUV) image at 20–40min shows good contrast between
lesions and healthy tissue. Interpatient differences are reduced by normalizing tumor
uptake to that in a contralateral healthy region. Indeed, a tumor-to-normal ratio at
20–40min is widely used for tumor delineation.121 At the same time, many other studies
have used a dynamic scanning protocol, mostly for discriminating different tumor types
based on uptake patterns.121 Several methods exist for “catching” tracer kinetics into
parametric images. In theory, parametric images are more accurate than SUV images or
tumor-to-normal maps, and may be better for glioma grading or delineation. Yet Logan
graphical analysis has been the only parametric method for quantifying [18F]FET uptake
so far.253,254,257
The aim of this study was to determine the accuracy of parametric images and tumorto-normal maps for quantifying [18F]FET uptake. Results obtained using the previously
identified plasma input model were used as reference. In addition, image noise
characteristics of the maps were taken into account.

METHODS
Subjects
Data were derived from a study that has been reported previously.201,273 In short, the
study population consisted of seven patients with a diffuse glioma (age range, 22–69y;
four glioma WHO9 grade IV and three grade II). This study has been performed in
accordance with the Declaration of Helsinki, approved by the Medical Ethics Committee
of the VU University Medical Center and registered in the Netherlands National Trial
Register (www.trialregister.nl, unique identifier NTR5354, registration date 4 August
2015). Written, informed consent was obtained from all subjects prior to inclusion.
Scanning protocol
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Magnetic resonance (MR) sequences were acquired on an Achieva whole body 3.0T
MR scanner (Philips Healthcare, Best, the Netherlands), equipped with a standard
head coil. Each patient was scanned using a sagittal 3D fluid-attenuated inversion
recovery (FLAIR) sequence (repetition time(TR)/echo time(TE)/inversion time(TI)
4800/279/1650ms, acquired voxel size 1.12 × 1.12 × 1.12mm3, reconstructed voxel
size 1.04 × 1.04 × 0.56mm3), and a sagittal 3D T1-weighted gadolinium-enhanced (T1G)
sequence (TR/TE/TI/flip angle 7/3/950 ms/12°, acquired voxel size 0.98×0.98×1.0mm3,
reconstructed voxel size 0.87 × 0.87 × 1.0mm3). A dynamic PET scan was acquired on
either a Gemini TF-64 or an Ingenuity TF PET/computed tomography (CT) scanner
(Philips Healthcare, Cleveland, Ohio, USA). Each scan started with a 1 min low dose CT
scan for attenuation correction purposes. Next, a 90 min PET scan was acquired after
administration of 200 MBq [18F]FET. The tracer was injected using a venous line, while
an arterial line in the opposite arm was used for continuous sampling using an on-line
blood sampler (Comecer Netherlands, Joure, the Netherlands). In addition, manual
arterial samples were collected at 5, 10, 20, 40, 60, 75 and 90 min post injection of
[18F]FET. Using the LOR-RAMLA algorithm, as provided by the manufacturer, scans were
reconstructed into 22 frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300, 7 × 600s),
with an isotropic voxel size of 2mm. Reconstructions included all usual corrections,
i.e. normalization, decay, dead time, attenuation, randoms and scatter correction. The
manual blood samples were used to calibrate the on-line blood curve and to correct
it for plasma-to-whole blood concentration ratios and labeled metabolite fractions,
thereby generating a metabolite corrected, arterial plasma input function.
Data analysis
Glioblastomas were delineated on T1-weighted gadolinium-enhanced MRI images
(T1G) and lower grade gliomas on FLAIR MRI images. As described elsewhere,273 tumor
segmentations were divided into three equal sized volumes of interest (VOI) using
the 33rd and 67th percentiles of the activity concentrations of [18F]FET at 20 to 40min.
A spherical reference region with a radius of 14mm was placed in the middle of the
contralateral homologous brain region.273 Time activity curves were extracted from these
regions, which were fitted to the reversible two-tissue compartment plasma input model
with additional blood volume fraction using nonlinear regression. In earlier work273 we
found that reversible models were always preferred over the irreversible model in both
tumor and reference regions and that the reversible two-tissue compartment model was
preferred over the reversible single-tissue compartment model in most cases. The total
volume of distribution (VT) was used as outcome measure. The distribution volume ratio
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(DVR) was calculated by normalizing the VT to the VT of the reference region. Results for
both parameters served as reference standard for the agreement analysis.
Parametric VT images were created using a basis function implementation of the
reversible single-tissue compartment model (BFM)274, plasma input-based Logan
graphical analysis (Logan)275 and Spectral Analysis (SA)276. Using the contralateral
reference region, reference input-based Logan analysis (RLogan)277 was used to create
a DVR map. Non-displaceable binding potential (BPND) maps were generated with basis
function implementations of the simplified reference tissue model (receptor parametric
mapping (RPM) and SRTM2)278,279 and using several variations of the multi-linear
reference tissue model (MRTMO, MRTM, MRTM2, MRTM3 and MRTM4).280-282 MRTM2,
MRTM3, MRTM4 and SRTM2 are all methods using a fixed k2’ (the clearance rate of the
reference tissue) based on the median value from a first run. They are based on MRTM,
MRTMO, MRTMO and RPM, respectively. In MRTM4 uses a different model in the first run
where the fixed k2’ is based on MRTM. The BPND maps were converted to DVR maps using
DVR = BPND + 1. Each method was applied using only the first 60 min of the acquired data
to investigate the possibility of shortening scanning times, indicated in the results by 60
in superscript. Finally, standardized uptake value ratio (SUVr, also known as tumor-tonormal ratio) maps were created for three intervals: 20–40, 40–60 and 60–90min with
intervals indicated by superscripts. SUVr was calculated by normalizing to the average
uptake value in the reference region.
All maps were visually inspected for artifacts. After extracting average regional values
from the parametric images, Bland-Altman analysis283 was used to determine the
accuracy, i.e. the agreement with the reference, described above. Relative differences
were calculated by dividing the difference by the reference. Results were summarized by
both mean and standard deviation of these relative differences.
The 3D T1G sequence was used for segmenting grey matter with SPM12.284 The grey
matter probability map of the whole brain, including cerebellum, was converted to a
binary mask using an intensity cut-off of 0.9. The tumor VOI was excluded from the grey
matter mask to obtain a mask with only normal appearing brain tissue. This region was
used to estimate image noise in the parametric maps by means of the coefficient of
variation (COV, the standard deviation divided by the mean) of the voxel values within
the region. These image noise estimates were used to rank the methods with respect to
image quality.
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Logan, RLogan and MRTM variations are linearization methods and require a start time
(t*) representing the time beyond which the linear fit can be applied. The other methods
are basis function implementations and require a range and number of basis functions.
Settings were optimized for each method in preliminary analysis, selecting the settings
producing the best accuracy. The settings used for each method are listed in Table 1.

Table 1 | Parametric methods and settings.
Method

Parameter

Start time
(min)

Basis function range
(min-1)

Number of basis
functions

BFM

VT

0.01 – 0.5

50

SA

VT

0.01 – 4

50

Logan

VT

10

RLogan

DVR

30

RPM

BPND+1 = DVR

0.01 – 4

50

SRTM2

BPND+1 = DVR

0.01 – 0.1

50

MRTMO

DVR

30

MRTM

DVR

10

MRTM2

DVR

10

MRTM3

DVR

30

MRTM4

DVR

50

RESULTS
Typical parametric maps of all methods are shown in Figure 1, using the three intervals
for the SUVr images and 90 min of data for the other methods. Upon visual inspection,
it became evident the BFM maps contained an artifact: boundaries appeared due to
sudden steps in VT values, forming patches throughout the brain. We will refer to this
as patchiness. The RPM maps showed a similar effect and the SRTM2 maps showed
some patchiness mostly in white matter. These patches can sometimes be situated near
or inside the tumor region. MRTM maps suffered from ‘dot artifacts’ – isolated voxels
showing very high or very low values – resulting in high estimated image noise. The SUVr
maps showed a decreasing contrast between tumor and normal brain for later intervals
for most glioblastoma patients. The glioblastoma patient where this effect was strongest
is shown in Figure 1. All results are summarized in Table 2.
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7
Figure 1 | Typical parametric and SUVr (tumor-to-normal) maps. Left is a patient with an
oligodendrocytoma, right is a glioblastoma patient.

The results on accuracy for VT are shown in Figure 2A, which shows the relative
agreement with the reference standard. The highest accuracy when using 90min of
data was observed for BFM with a standard deviation of 5.7% and a small average
underestimation of −4.9%. Logan shows a larger standard deviation, 7.5%, and a larger
and consistent underestimation, −12%. SA had the lowest accuracy with a standard
deviation of 9.4% and an average overestimation of 19%. The measured image noise, i.e.
COV of every VT map is visualized in Figure 2B. In terms of image noise, BFM was found
to be the worst of the three, with an average COV of 15.9%. This is in line with visual
inspection, as described above. Logan showed the lowest level of image noise with an
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average COV of 13.2%. SA showed an average COV of 14.2%. When using 60min of data,
the accuracy became worse for all methods, but their ranking remained the same, and
the average image noise COV rises to more than 16% for all methods.

Figure 2 | Circles represent the full 90min dataset, triangles the first 60min. A) Accuracy;
bars represent mean and standard deviation. Please note that the data points are from three
regions inside the tumour for each subject, thus data can be correlated. B) Noise estimated
in VT maps; bars represent mean.

Results on accuracy and the measured COVs for DVR maps are shown in Figure 3. Using
90min of data, RLogan provided the best maps in terms of image noise with a COV of
12.1%. In terms of agreement with results from the reference standard, however, it
showed a wide range of differences with a standard deviation of 18.3% and an average
overestimation of 7.3%. RPM provided the best accuracy with a standard deviation of
7.8% and a mean overestimation of 0.9%, but showed poor performance in terms of
image noise. Observed image noise was less for SRTM2 maps. However, the accuracy
of SRTM2 maps was poorer with a standard deviation of 12.0% and an average
overestimation of 6.7%.
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Table 2 | Results.
Method

Relative accuracy
SD (%)

BFM

Logan

SA

RLogan

RPM

SRTM2
MRTMO
MRTM

MRTM2
MRTM3
MRTM4
SUVr

Mean (%)

Noise
COV (%)

Tumor-to-normal ratio
Mean

SD

90

5.7

-4.9

15.9

1.48

0.45

60

7.9

-9.2

21.1

1.47

0.46

90

7.5

-12.1

13.2

1.51

0.46

60

10.3

-20.7

16.2

1.52

0.50

90

9.4

19.4

14.2

1.45

0.43

60

12.3

24.8

16.1

1.45

0.45

90

18.3

7.3

12.1

1.54

0.46

60

21.8

9.3

13.7

1.57

0.50

90

7.8

0.9

20.8

1.46

0.40

60

8.2

-0.5

26.5

1.44

0.44

90

12.0

6.7

12.7

1.54

0.44

60

15.2

9.3

14.4

1.58

0.47

90

15.6

4.4

12.4

1.50

0.45

60

19.0

6.0

54.2

1.53

0.48

90

11.6

4.3

85.7

1.51

0.46

60

19.0

6.4

74.6

1.53

0.49

90

139.9

67.5

229.8

2.37

1.85

60

44.0

2.8

146.5

1.44

0.89

90

16.0

4.8

12.3

1.51

0.44

60

21.1

3.5

25.7

1.49

0.48

90

36.2

3.1

24.1

1.46

0.54

60

440.7

433.6

34.4

6.76

5.70

60–90

12.4

2.9

12.8

1.48

0.43

40–60

17.9

6.0

13.5

1.53

0.47

20–40

27.1

10.8

14.4

1.59

0.54

When using 90min of data, MRTMO showed little noise, yet the standard deviation of
the differences was higher than for RPM, SRTM2, MRTM and SUVr.60–90 MRTM3, where
the k2’ in MRTMO is fixed, was comparable to MRTMO in terms of noise, but poorer in
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accuracy. MRTM performed better than MRTMO in terms of accuracy, but showed poor
performance in terms of noise, agreeing with visual inspection described above. Both
MRTM2 and MRTM4 showed inconsistent results: for most patients the maps showed
large offsets, negative or positive, resulting in high standard deviations of differences
(36.3% to 440%). Note that MRTM2 and MRTM4 were not included in Figure 3A to more
clearly show the differences between the other methods. For the same reason, RPM60,
MRTMO60, MRTM, MRTM2, MRTM360 and MRTM4 were not included in Figure 3B. These
data can be found in the supplemental material.
Amongst the SUVr maps, the 60–90min interval was the best in terms of accuracy as
well as image noise. SUVr60–90 showed accuracy comparable with MRTM and SRTM2
and in terms of image noise it was comparable to SRTM2, although SRTM2 shows some
abnormal patches mostly in white matter, which was not included in noise estimation.

Figure 3 | Filled circles represent the full 90min dataset, filled triangles the first 60min, open
circles the time interval of 60–90min, open triangles 40–60min, open squares 20–40min. A)
Accuracy; bars represent mean and standard deviation. Please note that the data points are
from three regions inside the tumour for each subject, thus data can be correlated. MRTM2
and MRTM4 were excluded from this figure. B) Noise estimated in the DVR or BPND+1 maps;
bars represent mean. RPM60, MRTMO60, MRTM, MRTM2, MRTM360 and MRTM4 were excluded
from this figure to more clearly show differences between the remaining methods.
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DISCUSSION
An important finding of this study is that, in general, less noise in the images (COV of voxel
values) is associated with poorer accuracy at region level. In other words, the optimal
parametric method depends on the specific application where it is used for. Some
methods, however, showed better performance than others and can be recommended
for further research. For estimation of VT, BFM showed the best accuracy, while in
terms of noise, Logan plots show the best performance. For estimation of DVR, MRTMO,
MRTM3 and RLogan plots showed good results in terms of image noise, but performed
relatively poor in terms of accuracy, i.e. these methods showed some larger variance in
differences with the reference. RPM showed the best accuracy, followed by MRTM, but
both methods showed relatively high image noise levels. SRTM2 and SUVr60–90 showed
comparable results both in terms of estimated image noise and accuracy.
Patchiness in BFM VT maps can be seen especially in areas with low tracer uptake. The
rate constants are difficult to determine in these areas because k2 reaches the lower limit.
Although lowering the limit results in fewer and smaller patches, it also results in more
prominent patches because contrast with surrounding tissue becomes higher. Because
some of the patches are inside or near the tumor region, BFM is ill-suited for delineation
purposes. Logan VT maps show an expected systemic underestimation mainly caused by
noise, as previously reported for other tracers.285 SA does not show patches, but in terms
of noise and accuracy of VT, it is inferior to the Logan maps in this study. Therefore, Logan
is the most precise method for measuring VT at the voxel level. This conclusion also holds
if shorter (60min) dynamic scans are used.
The basis function implementations RPM and SRTM2 showed patchiness similar to BFM.
Possibly, the patches arise from fit instability due to low tracer uptake or from the violated
assumption of single tissue compartment models in both target and reference regions.
SRTM2 is less affected than RPM, which indicates that the effect in RPM is partly caused
by an unstable k2‘ estimation. Investigating estimated k2 values showed that for most
voxels RPM chooses either the upper or the lower limit, thus k2’ compensation is needed
to ensure good fits. When k2’ is fixed to a global brain estimate in SRTM2, most patches
disappear, although some patches persist in areas with relatively low rate constants.
Again, these patches can be near or in the tumor region. Therefore, the use of both RPM
and SRTM2 for delineation is questionable while they perform well for assessing tracer
uptake within (regions of) the tumor.
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The main purpose of MRTM is not the parametric map itself, but providing a reliable
k2’ estimate. The noise in the MRTM maps was expected: as described in the original
paper the variability of the method increases compared to MRTMO, but a better accuracy
is achieved, which is in line with the results here. Although a better accuracy for DVR
is achieved, the k2’ estimation is unstable, causing large differences in the MRTM2 and
MRTM4 maps. Ichise et al. recommend to use regional TACs where k2’ ≠ k2 for MRTM’s
k2’ estimation because the method is not only sensitive to noise, but also becomes
unstable when the clearance rates become identical.286 We fixed k2’ for both MRTM2
and MRTM4 using a threshold on MRTM BPND>0 – which has worked well in the past282,287
– but, given the sensitivity to noise, it might be better to use region based signal(s) for
the k2’ estimation. The data shows, however, that clearance rates using a single tissue
compartment model can be very similar in both tumor and reference region, especially in
the lower grade diffuse gliomas. Thus, finding a suitable reference region is problematic.
Although some optimization is possible, use of MRTM2 or MRTM4 is not promising for
FET in glioma.
RLogan plots showed maps with the lowest noise levels, but also with relatively low
accuracy. MRTMO showed better accuracy, and only a small increase in noise. MRTM3 is
comparable to MRTMO. SUVr60–90 shows the best accuracy among the remaining methods
and is not much poorer in terms of noise. When only 60 min data is available, SUVr40–60
is the best method in terms of noise and only RPM60 and SRTM260 show better accuracy.
If 60min data is used, all MRTM variations show more noise than the other methods.
SUVr is the easiest method to implement and it is used in most studies since it is the
currently recommended method, although with an earlier tracer uptake interval. The
present results indicate, however, that a later interval shows better agreement with DVR
derived using a two-tissue compartment model with blood volume fraction. SUVr also
showed less noise at later intervals. From visual inspection of the images, it is clear that
the contrast between grey and white matter also decreases. Although we have tried
to minimize partial volume effects by using a relatively high cut-off value for the grey
matter mask, the higher contrast for earlier intervals might (partly) explain the higher
image noise estimates. Although some methods show better results in terms of accuracy
or image noise, the SUVr maps show relatively good results in both.
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Inherent to SUVr images at later intervals is a decreased tumor-to-normal ratio in highgrade gliomas; these tumors typically show decreasing activity concentrations after an
early peak, while the activity concentration in the reference region is constant after
30min, approximately. This decreasing contrast over time can make it harder to see and
delineate the tumor. In case of threshold-based delineation, the decrease can pose a
problem when the ratio approaches noise levels in the image. An example of this is
found in Figure 1, where the extent of the tumor is increasingly difficult to determine
in the later SUVr images compared to the SUVr20-40 image. Although SUVr images at a
later interval provided better quantitative performance, their application will prove
problematic in some glioblastoma patients. Future research should investigate whether
changing the time interval of SUVr images shows improvement in clinical applications,
such as improved sensitivity or specificity in distinguishing between tumor and normal
tissue, and whether or not this outweighs the problem of (too) low contrast in some
patients.

CONCLUSION
In this study, we evaluated the performance of several parametric methods for the
analysis of dynamic brain 18F-FET PET studies. It was found that the optimal method
depends on the intended application. If a region-based approach is used, BFM and RPM
are recommended for most accurate estimation of VT and DVR, respectively, despite
patchy artifacts in the images. If quantitative maps are required for accurate estimates
on voxel level, e.g. for assessing the location of tumor boundaries or assessing tracer
uptake distribution, Logan graphical analysis and SUVr60–90 (tumor-to-normal maps at
interval 60–90min) are the most suitable methods for deriving VT and DVR, respectively.
For tumor-to-normal maps, longer or, in case of static imaging, later scans provided
better quantitative performance. Assessment of the clinical relevance of these findings
is needed. Because of the good performance of SUVr, future studies could focus on the
clinical evaluation of SUVr, obtained at several tracer uptake intervals.
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Direct comparison of [11C]choline and
[18F]FET PET to detect glioma
infiltration: a diagnostic accuracy
study in eight patients
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ABSTRACT
Background: Positron emission tomography (PET) is increasingly used to guide local
treatment in glioma. The purpose of this study was a direct comparison of two potential
tracers for detecting glioma infiltration, O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) and
[11C]choline .
Methods: Eight consecutive patients with newly diagnosed diffuse glioma underwent
dynamic [11C]choline and[18F]FET PET scans. Preceding craniotomy, multiple stereotactic
biopsies were obtained from regions inside and outside PET abnormalities. Biopsies
were assessed independently for tumor presence by two neuropathologists. Imaging
measurements were derived at the biopsy locations from 10–40min [11C]choline and
20–40, 40–60 and 60–90min [18F]FET intervals, as standardized uptake value (SUV) and
tumor-to-brain ratio (TBR). Diagnostic accuracies of both tracers were compared using
receiver operator characteristics analysis and generalized linear mixed modeling with
consensus histopathological assessment as reference.
Results: Of the 74 biopsies, 54 (73%) contained tumor. [11C]choline SUV and [18F]FET SUV
and TBR at all intervals were higher in tumor than in normal samples. For [18F]FET, the
diagnostic accuracy of TBR were higher than that of SUV for intervals 40–60min (areaunder-the-curve: 0.88 versus 0.81, p=0.026) and 60–90min (0.90 versus 0.81, p=0.047).
The diagnostic accuracy of [18F]FET TBR 60–90min was higher than that of [11C]choline
SUV 20–40min (0.87 versus 0.67, p=0.005).
Conclusions: [18F]FET was more accurate than [11C]choline for detecting glioma
infiltration. Highest accuracy was found for [18F]FET TBR for the interval 60–90min post
injection.
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BACKGROUND
MRI-guided resection is the first step in multimodality treatment of diffuse gliomas.288
The accuracy of standard T2-, FLAIR and T1 contrast enhanced weighted MRI sequences,
currently used in clinical practice,38 to detect glioma infiltration is low.3-6 In a recent metaanalysis, the diagnostic accuracy of T1 contrast enhanced weighted MRI sequences to
identify high-glioma infiltration was lower than [11C-methyl]-methionine (11C-MET) PET.126
This is in line with the Response Assessment in Neuro-Oncology (RANO) working group
that recommends amino acid PET tracers to delineate glioma extent,121 based on two
studies in which 11C-MET and 18F-2-fluoro-2-deoxyglucose were directly compared,289,290
and more indirect evidence such as extension of PET-based tumor volumes outside MRI
abnormalities.68 The most frequently used amino acid tracers are 11C-MET and O-(2[18F]-fluoroethyl)-L-tyrosine ([18F]FET ), due to its longer half-life omitting the need for
an on-site cyclotron.
Choline is a well-established tracer of phospholipid metabolism and cell membrane
synthesis,291-293 although sparsely studied in untreated glioma.294-297 Gliomas demonstrate
similar uptake of the choline tracers [11C]choline and 18F-choline,294 which is very low
in normal brain compared with other tracers, potentially providing better contrast
between normal brain and glioma.295,298 A dependency between choline uptake and
blood-brain barrier (BBB) integrity has been described.299,300 On the other hand, similar
relationships for tracer uptake and BBB integrity have been described for choline tracers
and [18F]FET.301 To the best of our knowledge, no study, has directly compared a choline
tracer with [18F]FET PET for the detection of glioma infiltration.

8
11

18

Therefore, we set out to compare the diagnostic accuracy of [ C]choline and [ F]FET
PET in quantitative maps to detect glioma infiltration using co-registered multi-region
stereotactic biopsies as reference.

METHOD
Patients
The design of this prospective single center study (Amsterdam UMC, Amsterdam, the
Netherlands) is described elsewhere.201 Eight consecutive adults with a newly-diagnosed
supratentorial suspected diffuse glioma were included between September 2014 and
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March 2016. The indication for resective surgery was confirmed by the institutional
multidisciplinary neuro-oncology tumor board. The eventual diagnoses proved to be
two IDH1-mutated astrocytomas (WHO grade II), one IDH1-mutated 1p/19q-codeleted
oligodendroglioma (grade II), one IDH1-mutated glioblastoma (grade IV) and three IDH1wildtype glioblastomas (grade IV). Patient characteristics are presented in Table 1.
The study protocol was approved by the Medical Ethics Committee of the Amsterdam
UMC, VU University Medical Centre and registered in the Dutch National Trial Register
(www.trialregister.nl, unique identifier NTR5354). Informed consent was obtained from
all individual participants included in the study.
PET protocol
Both dynamic scan protocol and pharmacokinetic modeling of [18F]FET have been
described elsewhere.273 Patients were required to fast for at least four hours prior to
undergoing the imaging protocol. Both [11C]choline and [18F]FET dynamic PET scans were
acquired in list mode on either a Gemini TF-64 PET/CT or an Ingenuity TF PET/CT (Philips
Healthcare, Best, the Netherlands), using the same scanner for each patient. Each scan
started with a low-dose CT scan (30 mAs, 120 kVp) for attenuation and scatter correction
purposes. Next, a 40 minutes dynamic scan was acquired after an intravenously injected
bolus of 200 MBq [11C]choline . Four hours after [11C]choline administration, a second,
90 minutes dynamic scan was acquired after a bolus of 200 MBq [18F]FET . The list mode
data were rebinned into 22 time frames for [11C]choline (1 × 10, 4 × 5, 2 × 10, 2 × 20,
4 × 30, 4 × 60, 1 × 150, 2 × 300, 2 × 600 s) and 22 time frames for [18F]FET (1 × 15, 3 × 5,
3 × 10, 4 × 60, 2 × 150, 2 × 300, 7 × 600 s). All frames were reconstructed into images with
an isotropic voxel size of 2 × 2 × 2mm3 using the line-of-response row-action maximum
likelihood algorithm was used for the Gemini, and the “BLOB-OS-TF” algorithm for the
Ingenuity. Each scan was checked and corrected for movement, if necessary, using
the method described previously.273 Maps of standardized uptake value (SUV) were
normalized in activity concentrations using the injected dose per kg body weight. Tumorto-brain ratios (TBR) were calculated with a contralateral reference region, a spherical
volume with a radius of 14mm placed in the middle of the contralateral brain region.
SUV and TBR were summarized for [11C]choline uptake between 10–40 minutes and for
[18F]FET uptake between 20–40, 40–60 and 60–90 minutes. These intervals were chosen
after visual inspection of the time-activity curves of both tracers. The reconstructions
were based on static intervals for both tracers, because we demonstrated that static
and dynamic parameters are quantitatively comparable in [18F]FET PET 273 and full kinetic
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analysis of choline is difficult due to the fast metabolism.302 This resulted in two [11C]
choline maps (SUV and TBR at 10–40 minutes) and six [18F]FET maps (SUV and TBR each
at three intervals).
MRI protocol
The MR-sequences were acquired on an Achieva 3.0T MR-scanner (Philips), equipped
with the standard head coil. Each patient was scanned with a sagittal 3D Fluid Attenuated
Inversion Recovery (FLAIR) sequence (TR/TE/TI (inversion time) 4800/279/1650ms
acquired voxel size 1.12 × 1.12 × 1.12mm, reconstructed voxel size 1.04 × 1.04 × 0.56mm),
and a sagittal 3D T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle
7/3/950ms/12°, acquired voxel size 0.98 × 0.98 × 1.00mm, reconstructed voxel size
0.89 × 0.89 × 1.00mm).
Stereotactic biopsy procedure
The [11C]choline SUV 10–40 minutes, [18F]FET SUV 20–40 minutes and MRI FLAIR scan
were rigidly registered to the T1G MRI (iPlan 3.0, Brainlab) and used to plan a maximum
of 12 sample locations along three biopsy trajectories, avoiding vascular structures
and regions related with function. Preceding the craniotomy, samples were obtained
multiple regions using a previously described stereotactic procedure.201 Biopsy sample
coordinates were recorded for each imaging modality.
Histopathology
Samples were formalin-fixed paraffin-embedded and stained using hematoxylin and
eosin (HE) and Ki-67, p53 and IDH1 R132H mutation immunohistochemistry. Two expert
neuropathologists independently and in consensus classified tumor presence or absence
for each sample, while blinded for the imaging results, the patient’s diagnosis, and the
correlations between samples. All patients had a histopathological diagnosis according
to WHO 2016 criteria.9
Statistical analysis
The index tests of the receiver operating characteristic (ROC) analysis were the
intensities in the PET maps. The reference test was tumor presence in consensus
between neuropathologists. Image intensities were summarized for a 1cm3 region of
interest (ROI), containing 125 voxels, centered at the biopsy sample coordinates (FSL,
version 5.0.9, FMRIB Software Library, Analysis Group) using the 90th percentile. Missing
data were omitted from analysis. Summarized intensities of each map were compared
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between histologically normal and tumor sample locations using two-sided MannWhitney U tests. The area under the ROC curve (AUC) with 95% confidence intervals
(95% CI) and optimal cut-off with sensitivity, specificity, positive (PPV) and negative
predictive values (NPV) were calculated for all maps (R package ‘pROC’, version 1.10.0).
The AUCs were compared using a nonparametric analysis of clustered binary data,
which corrects for the within-patient correlation of the samples.245 Tumor presence was
modeled as independent binary variable from imaging intensities by generalized linear
mixed regression with logit link (R package ‘lme4’, version 1.1–13). Patient identification
was included as random effect to account for within-patient correlation of the samples.
Models were compared using the Akaike Information Criterion.303 P-values of less than
0.05 were considered significant. Subgroup analyses of high- and low-grade glioma were
performed. All statistical analyses were performed using R (version 3.3.2, R Foundation).
R. The study was conducted in accordance with the Standards for Reporting of Diagnostic
Accuracy Studies statement (Supplemental Table S1).304

RESULTS
Two patients with a high-grade glioma were scanned with only one tracer due to
insufficient and low-quality yield of, respectively, [11C]choline and [18F]FET . Visual
inspection showed absence of [11C]choline uptake in patients three and six (Figure 1C),
both with an IDH1-mutated astrocytoma (WHO grade II). All patients displayed clear
[18F]FET uptake. Median time between PET scan and surgery was 6.5 days (range 2–12).
A total of 74 biopsy samples were acquired, with a median of 8.5 samples (range 8–12)
per patient of which 54 (73%) were classified as tumor and 20 (27%) as normal. In the 49
samples of high-grade gliomas, 32 (65%) were classified as tumor and 17 (35%) as normal.
In the 25 samples of low-grade gliomas, 22 (88%) were classified as tumor and 3 (12%) as
normal. Of the 66 samples with [11C]choline data, 50 (76%) were classified as tumor and
16 (24%) as normal. In the 41 samples of high-grade gliomas, 28 (68%) were classified
as tumor and 13 (32%) as normal. Of the 66 samples with [18F]FET data, 49 (74%) were
classified as tumor and 17 (26%) as normal. In the 41 samples high-grade gliomas, 27
(66%) were classified as tumor and 14 (34%) as normal. Representative examples of the
imaging and histology are shown in Figure 1. No biopsy-related complications occurred.

8

clear histological tumor presence without visual [11C]choline uptake. HE =hematoxylin and eosin staining.

the form of dispersed pleomorphic nuclei. c) 21-year-old male patient with an IDH1-mutated grade II astrocytoma with a biopsy sample of

presence. b) 55-year-old female patient with an IDH1-wildtype glioblastoma with in this biopsy sample subtle histological tumor presence in

male patient with an IDH1-mutated 1p/19q-codeleted WHO grade II oligodendroglioma with a biopsy sample of clear histological tumor

Figure 1 | Examples of [11C]choline and [18F]FET PET scans with biopsy location (white square) and corresponding histology. a) 24-year-old
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Figure 2 | Comparison of [11C]choline
PET maps. A) Boxplot of [11C]choline
standardized uptake values for normal
(light grey) and tumor (dark grey)
samples. B) Boxplot of [11C]choline
tumor-to-brain ratios for normal (light
grey) and tumor (dark grey) samples.
C) Receiver operating characteristics
curves for standardized uptake values
(blue) and tumor-to-brain ratios (yellow)
to detect tumor presence.
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Figure 3 | Comparison of [18F]FET PET maps: A) Boxplot of [18F]FET standardized uptake values
and tumor-to-brain ratios at 20–40, 40–60 and 60–90min for normal (light grey) and tumor
(dark grey) samples. B) Receiver operating characteristics curves for standardized uptake
values (dotted line) and tumor-to-brain ratios (line) at 20–40min (blue), 40–60min (red) and
60–90min (yellow) to detect tumor presence.

Comparison of [11C]choline PET standardized uptake values and tumor-to-brain ratios
SUV was significantly higher in tumor samples than in normal samples and no difference
was observed for TBR between tumor samples and normal samples (Figure 2A). In highgrade gliomas, both SUV and TBR were significantly higher in tumor samples than in
normal samples (Supplemental Figure S1A). In low-grade gliomas, no difference was
observed for SUV and TBR between tumor and normal samples (Supplemental Figure
S2A). The diagnostic accuracy for SUV and TBR for [11C]choline PET measurements
to detect tumor presence was similar (AUC (95%CI): 0.67 (0.51–0.83) versus 0.63
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(0.37–0.88), not significant) (Figure 2B). In high-grade gliomas, diagnostic accuracy of
SUV and TBR were similar (0.76 (0.56–0.96) versus 0.73 (0.47–1.00), not significant)
(Supplemental Figure S1B). In low-grade gliomas, diagnostic accuracy of SUV was higher
than TBR (0.77 (0.39–1.00) versus 0.61 (0.27–0.94), p<0.001) (Supplemental Figure 2B).
Based on the significant difference in uptake between tumor and normal samples, we
used [11C]choline PET SUV for further analyses to compare with [18F]FET .

Comparison of [18F]FET PET standardized uptake values and tumor-to-brain ratios at
20–40, 40–60 and 60–90min
The SUV and TBR of all intervals were higher in tumor samples compared to normal
samples in all gliomas (Figure 3A) and high-grade gliomas (Supplemental Figure S3A).
In low-grade gliomas, there was no difference between tumor and normal samples
SUV and TBR of all intervals (Supplemental Figure S4A). The 60–90min TBR diagnostic
accuracy was the highest and significantly higher than all SUVs (AUCs in Table 2 and ROC
curves in Figure 3B and C). In high-grade gliomas, the diagnostic accuracy was highest
in the 40–60min and 60–90 in TBR, with a significantly higher accuracy of 40–60 min
TBR than 20–40min SUV (Supplemental Figure S3B). In low-grade gliomas, the 40–60min
TBR diagnostic accuracy was the highest and significantly higher than 40–60min and
60–90 min SUV (Supplemental Figure S4B). The TBR of [18F]FET at 60–90min was used for
further analyses to compare with [11C]choline, because of the higher diagnostic accuracy.
Table 2 | Comparison of diagnostic accuracy of [18F]FET SUV and TBR intervals in 7 patients
with 66 samples.
SUV

8

TBR

20–40 min 40–60 min 60–90 min 20–40 min 40–60 min
AUC

0.79
95%CI

SUV

TBR

0.81

0.81

0.84

0.88

0.59–0.99 0.63–0.99 0.64–0.99 0.70–0.98 0.76–1.00

40–60 min 0.81

0.63–0.99

p=0.377

60–90 min 0.81

0.64–0.99

p=0.478

p=0.747

20–40 min 0.84

0.70–0.98

p=0.166

p=0.466

p=0.595

40–60 min 0.88

0.76–1.00

p=0.026

p=0.026

p=0.043

p=0.158

60–90 min 0.90

0.79–1.00

p=0.033

p=0.043

p=0.047

p=0.082

p=0.355
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Comparison of [11C]choline and [18F]FET PET
The diagnostic accuracy to detect tumor of the best quantitative map using [18F]FET is
higher than the best quantitative map using [11C]choline (AUC (95%CI): 0.87 (0.75–1.0)
and 0.68 (0.51–0.85), p=0.005), as plotted in Figure 4. This was similar in high-grade
gliomas, although not significant, while the diagnostic accuracy in low-grade gliomas
was comparable between [18F]FET and [11C]choline (Supplemental Figure S5). The TBR of
[18F]FET PET at 60–90min was strongly associated with tumor presence in multivariable
models, but [11C]choline was not (Table 3). In high-grade gliomas, both tracers were
associated with tumor presence, while in low-grade gliomas none (Supplemental Table
S2).
1.0

Figure 4 | Receiver operating characteristics
curve of [11C]choline standardized uptake
●

0.8

1.321 (Spec = 0.88, Sens = 0.84, PPV = 0.95, NPV = 0.65)

values at 10–40min (yellow) and [18F]FET

Sensi!vity

tumor-to-brain ratios at 60–90min (blue)
0.6

(n=6).

0.4
●

0.569 (Spec = 1.00, Sens = 0.36, PPV = 1.0, NPV = 0.33)

0.2

11C−choline SUV 10−40 min AUC 0.68
18F−FET TBR 60−90 min AUC 0.87
0.0

p=0.005

1.0

0.8

0.6

0.4

Specificity

0.2

0.0

Table 3 | Multivariable regression analysis with tumor-to-brain ratios of [11C]choline and [18F]
FET PET (n=6).

(Intercept)

Coefficient

Standard Error

P-value

AIC model
41.5

-15.908

6.826

0.020

11

7.536

6.492

0.246

18

10.216

4.398

0.020

[ C]choline SUV 10–40min
[ F]FET TBR 60–90min
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DISCUSSION
Our study demonstrates that [18F]FET PET is more accurate than [11C]choline PET to detect
glioma infiltration. Furthermore, our results suggest that the [18F]FET PET 60–90min
interval might have a higher diagnostic accuracy than the 20–40min interval.
Few studies have compared [18F]FET and [11C]choline tracers in glioma.295,297,305 These
studies did not address glioma infiltration in patients, but differentiation of radiation
necrosis and glioma recurrence in animals,305 detection of metabolic hotspots for grading
in low- and high-grade glioma,295 and the use of [11C]choline PET in [18F]FET -negative lowgrade gliomas.297 In these studies [18F]FET PET was better than [11C]choline PET.
Our findings support the debate on the best interval for [18F]FET PET favoring the longer
interval of 60–90min over the recommended 20–40min interval.252 Others have found
better detection of diffuse glioma at intervals over 60 min compared to shorter intervals
as well.306 On inspection of our PET maps this can be explained by improved contrast
between tumor and normal brain due to the mitigation of uptake in surrounding brain
tissue. It remains to be determined whether the modest increase in accuracy of longer
scan intervals is set off by the longer procedure time between tracer injection and scan
completion.
Our findings of the accuracy of [18F]FET PET to discern tumor from normal confirms that
of others. In a recent meta-analysis, pooling of seven [18F]FET PET studies resulted in an
accuracy of 0.89.126 Combining MRI and FET PET was more accurate than MRI alone,54
and [18F]FET PET accuracy was higher than intra-operative 5-ALA fluoresence.52 The [18F]
FET tracer seems to perform similar to the 11C-MET tracer,126 Of interest the patient with
a WHO grade II oligodendroglioma had higher uptake of both [18F]FET and [11C]choline
than the WHO grade II astrocytomas. This may be attributable to the higher proliferation
and microvessel counts in oligodendrogliomas.295,307,308 The lower accuracy in low-grade
compared to high-grade gliomas has been described before.255
The profound difference in [18F]FET and [11C]choline uptake in glioma may have several
explanations. First, the cellular transport mechanism differs between these tracers.
Uptake of [18F]FET is mediated by system L amino acid transporters (LAT) and uptake
of [11C]choline correlates with choline transporter-like 1 (CTL-1) expression.78,82 Second,
choline metabolism is very fast, with the parent fraction of the tracer decreasing in
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15min to 27%,309 compared to 87% in 120 min for [18F]FET,258 resulting in a better tracer
availability of [18F]FET. Finally, the dependency of [18F]FET uptake on breakdown of the
BBB was less than that of [11C]choline, with high [18F]FET uptake also in tumor regions
outside the area of contrast enhancement (Supplemental Figure S6). This is in line with
preclinical studies and one human study comparing amino acid and choline tracers for
the differentiation of glioma recurrence and radiation necrosis.253,300,305 Other preclinical
studies, however, found similar and even higher BBB dependency of [18F]FET compared
with choline tracers.298,301 A potential explanation is the use of an acute radiation injury
model in these studies, which has a more profound inflammatory response and more
BBB disruption than seen in radiation necrosis.
A practical implication from our study is that glioma resections and radiation oncology
plans may consider use of [18F]FET PET at late intervals to include glioma infiltration
in local treatment plans. Amino acid tracers have been recommended to guide glioma
resections.121
Our study has some limitations. The number of patients for our detailed imaging protocol,
which can be demanding for patients, is necessarily limited, although the number of
samples is relatively large. The assessment of tumor presence by neuropathologists
as a reference test is known to be subject to interobserver variation,115 which is partly
accounted for by consensus assessment.

CONCLUSION
The [18F]FET tracer is more accurate than [11C]choline to detect glioma infiltration. The
most accurate [18F]FET maps are based on static TBR for the interval 60–90min post
injection.
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Supplemental Table S1 | Standards for Reporting of Diagnostic Accuracy Studies statement
checklist.
Section &
Topic

No Item

Reported
on page #

TITLE OR
ABSTRACT
1

Identification as a study of diagnostic accuracy using at least
one measure of accuracy
(such as sensitivity, specificity, predictive values, or AUC)

1

2

Structured summary of study design, methods, results, and
conclusions
(for specific guidance, see STARD for Abstracts)

4

3

Scientific and clinical background, including the intended use
and clinical role of the index test

5

4

Study objectives and hypotheses

5

Study design

5

Whether data collection was planned before the index test
and reference standard were performed (prospective study)
or after (retrospective study)

5

Participants

6

Eligibility criteria

5

7

On what basis potentially eligible participants were identified
(such as symptoms, results from previous tests, inclusion in
registry)

5

8

Where and when potentially eligible participants were
identified (setting, location and dates)

5

9

Whether participants formed a consecutive, random or
convenience series

5

ABSTRACT

INTRODUCTION

METHODS

Test methods

10a Index test, in sufficient detail to allow replication

6,7

10b Reference standard, in sufficient detail to allow replication

7

11 Rationale for choosing the reference standard (if alternatives
exist)

-

12a Definition of and rationale for test positivity cut-offs or result
categories

7

of the index test, distinguishing pre-specified from
exploratory

8
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Section &
Topic

Analysis

No Item

Reported
on page #

12b Definition of and rationale for test positivity cut-offs or result
categories of the reference standard, distinguishing prespecified from exploratory

7

13a Whether clinical information and reference standard results
were available to the performers/readers of the index test

7

13b Whether clinical information and index test results were
available to the assessors of the reference standard

7

14 Methods for estimating or comparing measures of diagnostic
accuracy

7,8

15 How indeterminate index test or reference standard results
were handled

7

16 How missing data on the index test and reference standard
were handled

7

17 Any analyses of variability in diagnostic accuracy,
distinguishing pre-specified from exploratory

7

18 Intended sample size and how it was determined

Ref 23

RESULTS
Participants

19 Flow of participants, using a diagram
20 Baseline demographic and clinical characteristics of
participants

Test results

Table 1

21a Distribution of severity of disease in those with the target
condition

8

21b Distribution of alternative diagnoses in those without the
target condition

8

22 Time interval and any clinical interventions between index
test and reference standard

8

23 Cross tabulation of the index test results (or their distribution) Figure 2-4
by the results of the reference standard
24 Estimates of diagnostic accuracy and their precision (such as 8,9, Table 2
95% confidence intervals)
25 Any adverse events from performing the index test or the
reference standard

8

26 Study limitations, including sources of potential bias,
statistical uncertainty, and generalizability

11

27 Implications for practice, including the intended use and
clinical role of the index test

11

DISCUSSION
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Reported
on page #

OTHER
INFORMATION
28 Registration number and name of registry

6

29 Where the full study protocol can be accessed

6

30 Sources of funding and other support; role of funders
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Supplemental Figure S1 | Comparison
of [11C]choline SUV and TBR in highgrade gliomas.
A) Boxplot of [11C]choline SUV (left)
and TBR (right) for samples from
high-grade

gliomas

assessed

as

normal (light grey) or tumor (dark
grey) with p-value of Mann-Whitney
U test. B) ROC curves of [11C]choline
SUV (blue) and TBR (yellow) in highgrade gliomas with AUC. Points
represent optimal threshold with
corresponding

specificity

(Spec),

sensitivity (Sens), positive (PPV) and
negative predictive value (NPV).
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Supplemental Figure S2 | Comparison of [11C]choline SUV and TBR in low-grade gliomas.
A) Boxplot of [11C]choline SUV (left) and TBR (right) for samples from low-grade gliomas
assessed as normal (light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B)
ROC curves of [11C]choline SUV (blue) and TBR (yellow) in low-grade gliomas with AUC. Points
represent optimal threshold with corresponding specificity (Spec), sensitivity (Sens), positive
(PPV) and negative predictive value (NPV).
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8

Supplemental Figure S3 | Comparison of [18F]FET SUV and TBR in high-grade gliomas.
A) Boxplot of [18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (left), 40–60min
(middle) and 60–90min (right) for samples from high-grade gliomas assessed as normal
(light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B) ROC curves of
[18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (blue), 40–60min (red) and
60–90min (yellow) in high-grade gliomas with AUC. Points represent optimal threshold with
corresponding specificity (Spec), sensitivity (Sens), positive (PPV) and negative predictive
value (NPV).
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Supplemental Figure S4 | Comparison of [18F]FET SUV and TBR in low-grade gliomas.
A) Boxplot of [18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (left), 40–60min
(middle) and 60–90min (right) for samples from low-grade gliomas assessed as normal
(light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B) ROC curves of
[18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (blue), 40-60min (red) and
60–90min (yellow) in low-grade gliomas with AUC. Points represent optimal threshold with
corresponding specificity (Spec), sensitivity (Sens), positive (PPV) and negative predictive
value (NPV).
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Supplemental Figure S5 | ROC curve of [11C]choline and [18F]FET in high- and low-grade
gliomas.
ROC curves of [11C]choline SUV (yellow) and [18F]FET TBR 60–90min (blue) in high- (left) and
low-grade (right) gliomas with AUC. Points represent optimal threshold with corresponding
specificity (Spec), sensitivity (Sens), positive (PPV) and negative predictive value (NPV).

Supplemental Table S2 | Multivariable regression analysis with tumor-to-brain ratios of
11

C-choline and 18F-FET PET for high- and low-grade gliomas.
Coefficient Standard Error P-value

High grade

(Intercept)

-618.060

39.070

<0.001

11

396.690

32.510

<0.001

18

299.980

25.620

<0.001

C-choline SUV 10–40 min
F-FET TBR 60–90 min

Low-grade

-8.581

7.155

0.230

11

(Intercept)

11.189

8.605

0.194

18

5.025

4.553

0.270

C-choline SUV 10–40 min
F-FET TBR 60–90 min

AIC model
12.7

21.0

8
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Supplemental Figure S6 | Boxplot of [18F]FET (left) and [11C]choline (right) SUV and in samples
with and without contrast enhancement in enhancing gliomas with colors representing
samples assessed as normal (blue) and tumor (green).
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ABSTRACT
Background: Surgical resection and irradiation of diffuse glioma are guided by standard
MRI: T2/FLAIR-weighted MRI for non-enhancing and T1-weighted gadolinium-enhanced
(T1G) MRI for enhancing gliomas. Amino acid PET has been suggested as new standard.
Imaging combinations may improve standard MRI and amino acid PET. The aim of
the study was to determine the accuracy of imaging combinations to detect glioma
infiltration.
Methods: We included 20 consecutive adults with newly-diagnosed non-enhancing (seven
diffuse astrocytomas, IDH-mutant; one oligodendroglioma, IDH-mutant and1p/19qcodeleted; one glioblastoma IDH-wildtype) or enhancing glioma (glioblastoma, nine
IDH-wildtype and two IDH-mutant). Standardized pre-operative imaging (T1-, T2-,
FLAIR-weighted and T1G MRI, perfusion and diffusion MRI, MR spectroscopy and
O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) PET) was co-localized with multi-region
stereotactic biopsies preceding resection. Tumor presence in the biopsies was assessed
by two neuropathologists. Diagnostic accuracy was determined using receiver operating
characteristic analysis.
Results: A total of 174 biopsies were obtained (63 from nine non-enhancing and 111 from
11 enhancing gliomas), of which 129 contained tumor (50 from non-enhancing and 79
from enhancing gliomas). In enhancing gliomas, the combination of Apparent Diffusion
Coefficient (ADC) with [18F]FET PET (AUC, 95%CI: 0.89, 0.79–0.99) detected tumor better
than T1G MRI (0.56, 0.39–0.72; P<.001) and [18F]FET PET (0.76, 0.66–0.86; P=0.001).
In non-enhancing gliomas, no imaging combination detected tumor significantly better
than standard MRI. FLAIR-weighted MRI had an AUC of 0.81 (0.65–0.98) compared to
0.69 (0.56–0.81; P=0.019) for [18F]FET PET.
Conclusion and relevance: Combining ADC and [18F]FET PET detects glioma infiltration
better than standard MRI and [18F]FET PET in enhancing gliomas, potentially enabling
better guidance of local therapy.
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INTRODUCTION
Imaging of diffuse glioma infiltration guides decisions for initial local treatment. For
instance, surgical resection aims to remove as much tumor as possible guided by standard
MRI: T1-weighted gadolinium-enhanced (T1G) sequences for enhancing gliomas and T2weighted (T2w) or Fluid Attenuation Inversion Recovery-weighted (FLAIR) sequences for
non-enhancing gliomas. Furthermore, irradiation is guided by T1G MRI abnormalities
with centimeter margins and FLAIR MRI abnormalities for enhancing gliomas,44 and T2w
or FLAIR MRI abnormalities with centimeter margins for non-enhancing gliomas.44,310
Several observations challenge the accuracy of standard MRI to detect glioma
infiltration: glioma cells have been detected outside MRI abnormalities,3,4 most gliomas
recur locally after gross total resection,5,6 and survival is poor even after radiologicallycomplete resections.7,8 In a recent meta-analysis, amino acid PET and magnetic
resonance spectroscopy (MRS) were more sensitive for glioma infiltration detection
in enhancing gliomas than standard MRI.126 Furthermore, the Response Assessment
in Neuro-Oncology (RANO) working group has recently concluded amino acid PET to
be superior to standard MRI for the delineation of diffuse glioma. The RANO working
group, however, also suggests that combinations of imaging sequences could potentially
be more accurate than single sequences.84,121 Only a few studies have reported imaging
combinations, which suffered from a limited number of imaging sequences, imprecise
correlation between imaging measurements and histopathological verification, and
overrepresentation of enhancing tumors.54,311-316
Better detection of glioma infiltration by imaging combinations could have several
clinical benefits. First, imaging combinations should guide more extensive resections
beyond the standard MRI abnormalities. The few studies that used FLAIR-weighted
MRI, PET or MRS for resections beyond standard MRI abnormalities have demonstrated
longer progression free and overall survival.7,79,129,130 Second, more accurate estimation
of glioma infiltration should identify patients with such extensive infiltration that partial
tumor removal would be meaningless. Third, imaging combinations should improve
clinical target volumes for irradiation. Finally, imaging combinations should determine
tumor growth more accurately in follow-up in particular for non-enhancing gliomas.317,318
Diffuse gliomas can be subclassified using different biomarkers, for example; imaging
markers such as enhancement on T1G MRI; histopathological markers like the WHO
classification; or molecular markers such as IDH mutational status. Since surgical resection
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is mostly initiated before histopathological or molecular diagnosis, imaging markers are
used to select the optimal imaging method for guidance of surgical resection.
We set out to determine the most accurate imaging combination to detect glioma
infiltration in enhancing and non-enhancing gliomas using precise multi-region biopsies
from regions with and without imaging abnormalities.

METHODS
Study population
The protocol of this prospective single center diagnostic study has been described
elsewhere.201 Study participants were recruited between September 2014 and June 2018
at the Brain Tumor Center of Amsterdam UMC, Netherlands. Adult patients were eligible
for inclusion with an indication for resective surgery for a suspected supratentorial
diffuse glioma (WHO grade II-IV), diagnosed by an experienced neuroradiologist and
confirmed by the multidisciplinary neuro-oncological tumor board. Exclusion criteria
were pregnancy, previous brain surgery, cranial irradiation or chemotherapy, or other
brain pathology on MRI.
The study protocol was approved by the Medical Ethics Review Committee of the VU
University Medical Center, and registered in the Dutch National Trial Register (NTR5354).
Written informed consent was obtained from all patients.
Imaging methods
MRI and O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) PET scans were acquired within 14
days preceding surgery, both on the same day when possible. MRI was performed at 3T
(Achieva, Philips Healthcare), and PET on either a Gemini TF-64 PET/CT or an Ingenuity
TF PET/CT (Philips Healthcare). MRI included standard sequences: T1-weighted (T1w),
T2w, FLAIR and T1G; diffusion tensor imaging MRI sequences yielding Apparent Diffusion
Coefficient (ADC) and Fractional Anisotropy (FA); perfusion MRI sequences yielding:
Dynamic Susceptibility Contrast relative Cerebral Blood Volume (DSC-CBV) and relative
Cerebral Blood Flow (DSC-CBF) and Arterial Spin Labeling relative Cerebral Blood Flow
(ASL-CBF) and MR Spectroscopic Imaging yielding Cho/NAA Index (MRSI-CNI). For [18F]
FET PET, a tumor-to-brain ratio, validated with full kinetic modeling,273 of the 20-40
minute interval, in accordance with European guidelines for brain tumor imaging,252
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was used. Scan protocols, including the [18F]FET PET tumor-to-brain ratio method, are
provided in the Supplementary Methods.
Multi-region stereotactic biopsies
All imaging sequences were linearly registered with the T1G MRI (iPlan 3.0, Brainlab)
and subsequently used to plan a maximum of 12 sample locations along three biopsy
trajectories, avoiding vascular structures and regions related with crucial functions.
Preceding the craniotomy, cylindrical samples (1.8mm diameter and 1 mm length) were
obtained from regions inside and outside of imaging abnormalities using customized
stereotactic procedures, detailed elsewhere,201 to co-localize with the imaging as precise
as possible (median Euclidean distance 3.5mm). These biopsy sample locations were
digitally recorded intra-operatively to retrieve the corresponding coordinates in the
imaging sequence.
Assessment of tumor presence
Samples were fixed in formalin, embedded in paraffin, stained with hematoxylin and
eosin, and immunohistochemically analyzed with antibodies against Ki-67, p53 and
R132H mutant IDH1. Two expert neuropathologists, blinded for the imaging results and
patient diagnosis, independently assessed tumor presence in each sample. Consensus
was obtained in case of disagreement. Histopathological diagnosis of each patient was
determined from the resection material in routine procedures according to the WHO
2016 criteria.9
Imaging analysis
Imaging sequence coordinates that corresponded with biopsy sample locations were
used to center cubic regions of interest (ROI) of 1cm3. In order to normalize the imaging
sequences with relative measurements (T1w, T2w, FLAIR, T1G, DSC CBV and CBF and ASL
CBF), a ROI was manually placed in the same region of the contralateral hemisphere for
each biopsy location. For each imaging sequence, the mean of the voxel measurements
within the biopsy and contralateral ROI were extracted for further analyses (FSL version
5.0.9, FMRIB Software Library).
Statistical analysis
Descriptive statistics were used to report patient demographics, biopsy results and
imaging measurements of normal and tumor samples. Differences between imaging
measurements of normal and tumor samples were compared using a two-sided Mann-
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Whitney U test. Interobserver agreement between neuropathologists was measured
using the kappa statistic.319
The optimal imaging combination in relation to tumor presence was determined in a
generalized linear mixed model to remove between subject effects. See Supplementary
Methods for more details. The optimal model was determined using the Akaike
Information Criterion.303 The accuracy of imaging combinations to detect tumor
presence was determined using receiver operating characteristic (ROC) analysis. Using
the imaging measurements as diagnostic test and histopathological tumor presence as
reference test, the areas under the ROC curve (AUC) with 95% confidence intervals were
calculated (R package ‘pROC’, version 1.10.0,246). AUCs of each single imaging method
and the optimal imaging combination were compared using a nonparametric analysis of
clustered binary data to account for within-patient correlation.245 A leave-one-out-crossvalidation was performed to calculate prediction accuracy.
Main analysis included patients with enhancing, defined as marked contrast
enhancement,38 or non-enhancing, defined as none or mild contrast enhancement,44
gliomas. Subgroup analysis was performed for patients with high- or low-grade
gliomas, defined by diagnosis according to WHO 2016 criteria,9 IDH-wildtype or IDHmutant gliomas, defined by immunohistochemistry for IDH1 R132H mutant protein
for all but one case in which the IDH-mutant status was demonstrated by methylation
profiling, and [18F]FET positive or negative, defined as tumoral uptake not exceeding
background activity in visual analysis, gliomas. A sensitivity analysis for non-enhancing
gliomas including only patients with [18F]FET uptake was performed. Missing imaging
measurements were handled by exclusion as well as by imputation.320 The results based
on these methods were similar (Supplementary Table S1). Therefore, we present the
analyses with exclusion of missing imaging measurements. P-values less than .05 were
considered significant. All statistical analyses were performed using R (version 3.3.2, R
Foundation). The study was conducted in accordance with the Standards for Reporting
of Diagnostic Accuracy Studies statement (Supplementary Table S2).304
Probability map of tumor presence
The imaging combinations are the result of a regression analysis that used a specific
formula to combine the mean values in the ROIs to predict tumor presence, so called
tumor probability, which ranges from 0 to 100%. Using this formula on the complete
images, instead of only the ROIs, a tumor probability for each voxel was calculated,
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which resulted in a probability map of tumor presence for the whole brain. The script
used to generate the ADC/FET probability map is provided in the Supplementary Data.

RESULTS
Twenty consecutive patients were included of 51 recruited (29 did not consent and
two withdrew after consent). Patient characteristics are listed in Table 1. The median
(interquartile range) duration between MR-scan and surgery was seven days (2–12) and
between PET scan and surgery six days (1–11), respectively. Of the 174 biopsy samples,
111 were from the 11 enhancing gliomas and 63 from the nine non-enhancing gliomas.
Tumor was present in 129 (75%) samples, 79 (71%) samples in enhancing and 50 (79%)
in non-enhancing gliomas. The number of patients, samples and tumor presence of the
subgroups are detailed in Supplementary Table S3. Exemplary images with biopsy results
are presented in Figure 1.
Interobserver agreement between pathologists was moderate with a kappa of 0.47, and
higher in non-enhancing, low-grade, IDH-mutant and [18F]FET negative gliomas (kappa
0.67, 0.66, 0.61 and 0.74 respectively) than in enhancing, high-grade, IDH-wildtype
and [18F]FET positive gliomas (kappa 0.39, 0.40, 0.39 and 0.44 respectively). No biopsyrelated complications occurred. Visual inspection showed absence of [18F]FET PET
uptake in patients 10, 15 and 16, all with a diffuse astrocytoma, IDH-mutant. Imaging
measurements were missing for MRSI-CNI in 36 samples from 14 patients because of
limited coverage, for [18F]FET PET in eight samples from one patient because of tracer
production failure, and for ASL-CBF in two samples of one patient because of image
artifacts.
Imaging measurements in samples with and without tumor
In patients with enhancing glioma, imaging measurements for samples with tumor
presence were significantly higher in T2w, FLAIR MRI, ADC, DSC-CBV, MRSI CNI and
[18F]FET PET, and lower in FA, than for samples without tumor (Supplementary Figure
S1A) In patients with non-enhancing glioma, imaging measurements for samples with
tumor presence were significantly higher in T2w, FLAIR MRI, ADC and [18F]FET PET, and
significantly lower in T1G MRI and FA, than for samples without tumor (Supplementary
Figure S1B). The results of the subgroup analysis are presented in Supplementary Figure
S1C-H.
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37

38

24
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58

55

39

52

70

43

66

69

31

37

69

70

58

51

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

Age (y)

01

Patient

Male

Male

Female

Male

Male

Male

Male

Female

Female

Male

Female

Female

Female

Male

Male

Male

Female

Male

Male

Female

Sex

Table 1 | Patient characteristics.

Glioblastoma

Glioblastoma

Glioblastoma

Glioblastoma

Astrocytoma

Astrocytoma

Glioblastoma

Glioblastoma

Astrocytoma

Glioblastoma

Astrocytoma

Astrocytoma

Glioblastoma

Glioblastoma

Astrocytoma

Oligodendroglioma

Glioblastoma

Astrocytoma

Glioblastoma

Glioblastoma

Histology

IV

IV

IV

IV

II

II

IV

IV

II

IV

II

II

IV

IV

II

II

IV

II

IV

IV

WHO grade

IDH-wildtype

IDH-wildtype

IDH-wildtype

IDH-wildtype

IDH-mutant

IDH-mutant

IDH-wildtype

IDH-wildtype

IDH-mutant

IDH-wildtype

IDH-mutant

IDH-mutant

IDH-wildtype

IDH-wildtype

IDH-mutant

IDH-mutant

IDH-mutant

IDH-mutant

IDH-wildtype

IDH-mutant

IDH status

Yes

Yes

Yes

Yes

No

No

No

Yes

No

Yes

No

No

Yes

Yes

No

No

Yes

No

Yes

Yes

Contrast-enhancement

Left Temporal

Right Parietal

Right Occipital

Right Occipital

Left Frontal

Left Frontal

Left Parietal

Right Parietal

Left Frontal

Right Parietal

Right Frontal

Left Frontal

Right Parietal

Left Parietal

Left Temporal

Right Parietal

Left Frontal

Right Frontal

Right Frontal

Left Frontal

Lesion site

9

12

11

12

4

6

7

9

8

9

7

6

12

9

8

8

12

9

8

8

Biopsies (n)
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Modeling and validation of imaging combinations
The optimal imaging combination with the best fit in enhancing glioma was the
combination of ADC with [18F]FET PET (ADC/FET), while ADC with DSC-CBF (ADC/CBF)
or DSC-CBV (ADC/CBV) had the second and third best fit. In non-enhancing glioma,
ADC with T1G (ADC/T1G), ADC with DSC-CBF and DSC-CBV (ADC/CBF/CBV) and T2w
with T1G (T2w/T1G) had, respectively, the best, second and third best fit. Regression
coefficients of these imaging combinations are detailed in Supplementary Table S4. Cross
validation prediction accuracy was highest for ADC/FET (82%) in enhancing and ADC/
T1G (88%) in non-enhancing glioma. Details of all imaging combinations, including cross
validation accuracy are presented in Supplementary Table 5A-B, and for the subgroups in
Supplementary Table S5C-H. The sensitivity analysis for non-enhancing gliomas including
only patients with [18F]FET uptake did not result in optimal imaging combinations with
[18F]FET PET.
Diagnostic accuracy of single imaging and imaging combinations
The highest diagnostic accuracy in enhancing glioma was found for the ADC/FET (AUC,
95%CI: 0.89, 0.79–0.99) imaging combination. In non-enhancing glioma, ADC/T1G
diagnostic accuracy was highest (0.90, 0.85–0.96). In the subgroup analysis, highest
accuracy in high-grade, IDH-wildtype and [18F]FET positive glioma was found for ADC/FET
(0.89, 0.80–0.99; 0.88, 0.78–0.99; and 0.90, 0.84–0.96 respectively), while in low-grade
and IDH-mutant glioma, diagnostic accuracy was highest for T2w/T1G (0.89, 0.79–0.99
and 0.91, 0.82-0.99, respectively) and in [18F]FET negative glioma, ADC/FA diagnostic
accuracy was highest (1.00, 1.00–1.00). ROC plots with the AUC of each single imaging
and imaging combination are provided in Supplementary Figure S2.
Comparison of diagnostic accuracy of single imaging and imaging combinations
In enhancing glioma, the ADC/FET had a significantly higher diagnostic accuracy than
each single imaging method, including T1G MRI and [18F]FET PET. ADC/CBF and ADC/
CBV diagnostic accuracies were not significantly higher than ADC and [18F]FET PET. There
was no significant difference in diagnostic accuracy between the imaging combinations.
The diagnostic accuracy of [18F]FET PET was significantly higher than T1G MRI (Figure
2A). In non-enhancing glioma, none of the imaging combinations diagnostic accuracies
were significantly higher than T2w or FLAIR MRI. All imaging combinations diagnostic
accuracies were higher than [18F]FET PET. The diagnostic accuracies of T2w and FLAIR
MRI were almost identical. FLAIR MRI diagnostic accuracy was significantly higher than
[18F]FET PET (Figure 2B).
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Figure 1 | Examples of imaging with corresponding histology.
Example of a 55-year-old female with right occipital enhancing glioblastoma, IDH-wildtype.
First row: on the left a 3D reconstruction of a biopsy trajectory, aimed at peripheral sample
locations, with the outline of the contrast enhancement in yellow. Corresponding histology
on the right. In the following rows in-line images with the trajectory and sample locations in
blue. Second row: standard MRI, third row: diffusion MRI, ASL and DSC CBF and final row:
DSC CBV, [18F]FET PET and MR spectroscopic imaging. Absolute imaging measurements are
represented in color scales.
T1w and T2w: T1- and T2-weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery
weighted MRI, T1G: T1-weighted gadolinium-enhanced, ADC =Apparent Diffusion Coefficient
(in 10-3 mm2/s), FA =Fractional Anisotropy (FA), DSC-CBV and DSC-CBF =Dynamic Susceptibility
Contrast Cerebral Blood Volume and Flow, ASL-CBF =Arterial Spin Labeling Cerebral Blood
Flow, MRSI-CNI =Magnetic Resonance Spectroscopy Imaging Cho/NAA index (concentration
ratio in %), shown as overlay on FLAIR, [18F]FET: [18F]FET PET tumor-to-brain ratio 20–40
minutes interval

In the subgroup analysis of high-grade, IDH-wildtype and [18F]FET PET positive glioma,
ADC/FET diagnostic accuracy was higher than T1G MRI and [18F]FET PET, while [18F]FET
PET diagnostic accuracy was higher than T1G MRI, except for in [18F]FET PET positive
glioma (Figure 2C/E/G). In low-grade and IDH-mutant glioma, T2w/T1G diagnostic
accuracy was significantly higher than T2w MRI and [18F]FET PET but not FLAIR MRI.
The diagnostic accuracies of T2w and FLAIR MRI were almost identical. In low-grade
glioma FLAIR MRI diagnostic accuracy and in IDH-mutant glioma both T2w and FLAIR
MRI diagnostic accuracies were higher than [18F]FET PET (Figure 2D/F). In [18F]FET PET
negative glioma, ADC/FA diagnostic accuracy was higher than FLAIR, but not T2w MRI
(Figure 2H), however, due to the low number of patients and samples these results have to
be interpreted with caution. Comparison of diagnostic accuracy of each single imaging and
imaging combinations, including subgroup analysis, is detailed in Supplementary Table S6.
Probability map of tumor presence
Probability maps for tumor presence of the ADC/FET imaging combination in enhancing
gliomas were constructed. These probability maps showed larger target volumes than
standard T1G MRI and [18F]FET PET in all enhancing gliomas. We observed seemingly
raised tumor probability in the sulci and cisterns, which is artifactual. An exemplary
probability map for tumor presence is presented in Figure 3.
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Figure 2 | Receiver operating characteristic curves of standard MRI, [18F]FET PET and the
optimal imaging combination.

ROC curves with the AUC of the optimal imaging combinations in red, orange and yellow,
standard MRI in dark and light blue and [18F]FET PET in cyan for A) enhancing, B) nonenhancing, C) high-grade, D) low-grade, E) IDH-wildtype, F) IDH-mutant, G) [18F]FET
PET positive and H) negative glioma. The number of patients and samples of each ROC
analysis is displayed in the title.
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DISCUSSION
The main finding of this prospective study is that glioma infiltration in enhancing glioma
is most accurately detected by the combination of Apparent Diffusion Coefficient and
[18F]FET PET. The combinations of Apparent Diffusion Coefficient and DSC Cerebral Blood
Flow or Volume are good alternatives. This is similar in high-grade, IDH-wildtype and
[18F]FET PET positive gliomas. These imaging combinations potentially guide surgical
resection and irradiation better than standard MRI and [18F]-FET PET.
The few studies that looked into imaging combinations to detect glioma infiltration all
concluded that imaging combinations had a higher diagnostic accuracy than standard
MRI.54,311-316 Interestingly, all studies with amino acid PET, each with a majority of
enhancing gliomas, included PET in their optimal imaging combination.54,311,312 This is
similar to our findings, although none of these studies included both amino acid PET and
ADC. ADC, or mean diffusivity, was included in the optimal imaging combination of all
but one study looking into diffusion imaging.313,315,316 This could be due to the reported
correlation between ADC and glioma cellularity,72 although other studies did not find this
correlation.73 The study that did not include ADC in the optimal imaging combination,
aimed to identify the higher cellular tumor core, rather than tumor infiltration.314 The
use of perfusion weighted imaging (PWI) as alternative for [18F]FET PET is in line with
the literature, since all studies with PWI included a perfusion metric in their optimal
model.312-314,316 There are no studies reporting imaging combinations solemnly for nonenhancing glioma, however, one study with a majority of low-grade gliomas reported
diffusion based metrics as most accurate for the discrimination between infiltration,
edema and normal tissue.316 In our study, [18F]FET PET was not found to be a component
of the optimal imaging combinations for non-enhancing glioma and [18F]FET PET
diagnostic accuracy was lower than of FLAIR MRI, even after removing patients without
[18F]FET uptake.
These findings contradict the current RANO recommendations,121 which were based
on multiple studies of which two investigated [11C]MET or [18F]FET PET. Pauleit et al.
obtained 15 samples in 7 grade II glioma patients, resulting in a 100% sensitivity and
91% specificity using [18F]FET PET.54 Since all samples were acquired from regions with
abnormal MRI and/or [18F]FET PET signal, no false negative samples were obtained,
in contrast to our study, explaining the higher sensitivity. Kracht et al. reported a 25%
underestimation of tumor extent based on 26 samples in 5 grade II astrocytoma patients,
using [11C]MET PET, which is in line with our results.321
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Figure 3 | Probability map of tumor presence.
A) [18F]FET PET, ADC, T1G MRI and a tumor probability map of the ADC/FET imaging combination
for patient 20 (a 51-year-old male patient with a left central enhancing glioblastoma, IDH
wildtype). The white arrows indicate a sample location with the corresponding histology on
the right. Seemingly raised tumor probability in the sulci and cisterns of the probability map of
tumor presence is artifactual. B) Example of the interpretation of the ROC curve of the ADC/
FET imaging combination. Left: ROC curve of ADC/FET imaging combination in enhancing
glioma with three exemplary probabilities with corresponding sensitivity and specificity in
green, yellow and red. Center: T1G MRI with tumor delineations according to probabilities
from the ROC curve for patient 20; Right: Tables of true positive (TP), false negative (FN),
true negative (TN) and false positive (FP) samples (n=9) of patient 20, according to the
probabilities of the ROC curve.

Both ADC/CBF and ADC/CBV could serve as alternatives for ADC/FET in enhancing
gliomas, which is important in case of limited access to [18F]FET PET or limited resources.
Still, we argue for the use ADC/FET due to several reasons. First, ADC/CBF and ADC/
CBF AUCs were not significantly higher than single [18F]FET PET and ADC in enhancing
gliomas. Second, single DSC-CBF and DSC-CBV had lower, although not significant,
diagnostic accuracies than single [18F]FET PET, which is in line with a study reporting
larger tumor volumes for [18F]FET PET than DSC-CBV.322 Finally, a recent meta-analysis
found considerable heterogeneity in PWI acquisition and post-processing.323 This is in
contrast to amino acid PET, which has European procedure guidelines.252
Better detection of glioma infiltration will probably result in larger target tumor volumes
for surgery and radiotherapy and may extend into critical brain structures. Therefore,
considerations for the balance between maximal cytoreduction and preservation of
critical brain functions are essential,324 highlighting the need to localize critical brain
structures. In surgery, intraoperative stimulation mapping (ISM) is the standard to
localize functionally-critical brain structures to avoid permanent severe neurologic
deficits.90 In radiotherapy, guidelines recommend sparing of brainstem, chiasm, cochlea,
eyes, lacrimal glands, lens, optical nerves and pituitary, but so far do not recommend
sparing of functionally-critical cortical and subcortical brain structures.44 A relatively new
concept in radiotherapy is the use of functional MRI and DTI-fiber tracking to identify
critical structures and adjust target volumes.325
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Diffuse glioma is characterized by extensive infiltration in the brain with diminishing
percentages of cancer cells from tumor core to normal brain.4,326 This gradual cellular
infiltration is notoriously difficult to detect by imaging. The ideal imaging method should
quantify the fraction of glioma cells per tissue volume throughout the brain for better
local treatment decisions. In essence this would provide a measure of so-called ‘tumor
purity’. Tumor purity cannot even be unambiguously quantified in histological sections
of samples, which were used as reference in the current study. Single cell transcriptional
analysis is promising in this respect, although a limited tissue volume can be sampled.327
Alternatively, imaging combinations can be used to calculate the probability of tumor
presence for each voxel, thereby creating a probability map of tumor presence for the
whole brain as shown in Figure 3. This provides a 3D landscape of glioma cell fractions
instead of current oversimplifying attempts towards binary segmentations of tumor
and normal brain. This probability map of tumor presence could guide surgery and
irradiation, since it allows the surgeon to select a threshold for surgical decisions and the
radiation oncologist to apply dose painting planning and treatment.
The clinical benefit of local treatment guided by the combination of Apparent Diffusion
Coefficient and [18F]FET PET should be addressed in future studies. For instance, as a
randomized controlled trial comparing ADC/FET and current standard imaging to guide
surgery and radiotherapy in enhancing gliomas. External validation of this study could
be achieved with different study designs in combination with the provided script to
generate ADC/FET probability maps.
Limitations of this study include the potential for selection bias, because patients with
rapid clinical progression and priority surgical scheduling were not included. Furthermore,
some imaging measurements were missing for MRSI CNI due to the restricted field of
view. We selected a spatial resolution of 1cm3 for imaging measurements in an effort
to reduce noise, but this may be lower than required for local treatment decisions.
Although cross-validation demonstrated high prediction accuracies, performance in
other datasets could differ from ours. We observed quite some interobserver variation
between the expert neuropathologists. This can be explained by the difficulty to discern
normal brain samples from samples with few glioma cells as required for this study and
does not represent the accuracy of histopathological diagnosis in clinical practice. Use
of immunohistochemistry for IDH1 R132H mutant protein would have introduced a bias
due to the difference in assessment of IDH-wildtype and IDH-mutant gliomas. Finally,
the probability maps of tumor presence have artifacts in sulci and cisterns. This is due
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to the high [18F]FET PET signal in large blood vessels, a known limitation of [18F]FET PET
due to high blood concentration the first hour after injection,328 and high ADC signal of
cerebrospinal fluid in the sulci and cisterns.

CONCLUSION
The imaging combination of Apparent Diffusion Coefficient and [18F]FET PET is more
accurate to detect glioma infiltration than standard MRI in enhancing gliomas. Local
treatment in enhancing gliomas by neurosurgery and radiotherapy can be optimized by
guidance of this imaging combination.
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Supplementary Figure S1 (page 174) | Mean imaging intensities normal and tumor samples
Box- and jitterplot of imaging intensities of normal and tumor sample with two-sided MannWhitney U test p values for A) Enhancing, B) non-enhancing, C) high-grade, D) low-grade, E)
IDH-wildtype, F) IDH-mutant, G) [18F]FET PET positive and H) [18F]FET PET glioma.
T1w and T2w =T1- and T2-weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery
weighted MRI, T1G =T1-weighted gadolinium-enhanced, ADC =Apparent Diffusion Coefficient,
FA =Fractional Anisotropy, DSC-CBV and DSC-CBF =Dynamic Susceptibility Contrast Cerebral
Blood Volume and Flow, ASL-CBF =Arterial Spin Labeling Cerebral Blood Flow, MRSI CNI
=Magnetic Resonance Spectroscopy Imaging Cho/NAA index, 18F-FET =18F-FET PET tumor-tobrain ratio.

Supplementary Figure S2 (page 176) | ROC curves of each image sequence and optimal
imaging combinations.
ROC curves of each image sequence and optimal imaging combinations with AUC for A)
Enhancing, B) non-enhancing, C) high-grade, D) low-grade, E) IDH-wildtype, F) IDH-mutant,
G) [18F]FET PET positive and H) [18F]FET PET glioma
AUC =area under the receiver operating characteristic curve, T1w and T2w =T1- and T2weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery weighted MRI, T1G =T1-weighted
gadolinium-enhanced, ADC =Apparent Diffusion Coefficient, FA =Fractional Anisotropy, DSCCBV and DSC-CBF =Dynamic Susceptibility Contrast Cerebral Blood Volume and Flow, ASL-CBF
=Arterial Spin Labeling Cerebral Blood Flow, MRSI CNI =Magnetic Resonance Spectroscopy
Imaging Cho/NAA index, 18F-FET =18F-FET PET tumor-to-brain ratio and ADC/FET combination
of Apparent Diffusion Coefficient and 18F-FET PET tumor-to-brain ratio.
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SUPPLEMENTARY METHODS
MRI protocol
1. Sagittal 3D FLAIR sequence (TR (repetition time)/TE (echo time)/TI (inversion time)
4800/279/1650ms, acquired voxel size 1.12 × 1.12 × 1.12mm, reconstructed voxel
size 1.04 × 1.04 × 0.56mm).
2. 2D T1-weighted images (TR/TE 600/10ms) were obtained with 28 slices in oblique
transverse orientation, acquired and reconstructed voxel size 0.5 × 0.5 × 5mm.
3. 2D T2-weighted images (TR/TE 2800/85ms) were obtained with 28 slices in oblique
transverse orientation, acquired and reconstructed voxel size 0.5 × 0.5 × 5mm.
4. 2D diffusion tensor echo-planar images (TR/TE 8000/90 ms, b-value 0 (6 averages)
and 900s/mm2 (32 directions), 60 slices in oblique transverse orientation, acquired
and reconstructed voxel size 2 × 2 × 2 mm. Parallel imaging factor 2.
5. 2D ASL (arterial spin labeling images) 23 transverse slices (TR/TE 4000/14ms, postlabel delay 1525 ms, acquired and reconstructed voxel size 3 × 3 × 5mm, parallel
imaging factor 2.5. A total of 60 volumes was acquired. Automatic calculation of
ASL-CBF.
6. Multislice 2D spectroscopic imaging using spin-echo with outer-volume suppression
(TR/TE 3800/20ms), of 3 manually placed oblique transverse slices of 10mm with
2mm gap, acquired voxel size 10 × 10 × 10mm.
7. 2D dynamic susceptibility contrast (perfusion) echo-planar images (TR/TE 1900/30
ms). After a pre-bolus injection of 0.1ml/kg body weight Dotarem, 3 minutes prior to
this sequence, 31 slices were obtained in oblique transverse orientation, acquired and
reconstructed voxel size 1.7x1.7x4 mm, parallel imaging factor 2. The DSC sequence
started with 10 volumes baseline, followed by a bolus injection of 0.1 ml/kg body
weight Dotarem, and a total number of 40 volumes. Automatic calculation of DSCCBF and DSC-CBV.
8. Sagittal 3D T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle
7/3/950ms/12°, acquired voxel size 0.98 × 0.98 × 1.0mm, reconstructed voxel size
0.89 × 0.89 × 1.0mm).
Image processing
DTI images were analyzed with tools from FSL (FMRIB Software Library, version 5.0.9).
Images were corrected for motion and eddy currents, and the diffusion tensor was
calculated using dtifit, resulting in maps of ADC and FA.
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MR spectra were analyzed with LCModel, using a basis set of simulated metabolites.
Because of interference of lipid signals in case of insufficient suppression, spectra were
analyzed in the chemical shift range from 1.8–4.0ppm. Spectral quality was defined
using Cramer-Rao lower bounds (CRLB) of Cr, Cho and NAA, and FHWM. Automatic
removal was performed for spectra in which at least 2 quality parameters were above a
pre-defined threshold: thus for spectra with FWHM>0.1 ppm and CRLB of at least one
of the three metabolites >10%, and for spectra with CRLB of at least two of the three
metabolites >10% (thus NAA and Cho, or NAA and Cr, or Cr and Cho).
PET protocol
The patients were required to fast at least 4 hours before undergoing the imaging
protocol. 18F-FET dynamic PET scans were acquired in list mode on either a Gemini TF-64
PET/CT or an Ingenuity TF PET/CT (Philips Healthcare, Best, the Netherlands), both EARL
accredited. Each scan started with a low dose computed tomography (CT) scan (30mAs,
120kVp) for attenuation and scatter correction purposes. After an intravenously injected
bolus of 200 MBq 18F-FET a 90 minute dynamic scan was acquired. The line-of-response
row-action maximum likelihood algorithm was used for reconstruction the dynamic
scans with an isotropic voxel size of 2mm into 22 time frames (1 × 15, 3 × 5, 3 × 10, 4 × 60,
2 × 150, 2 × 300, 7 × 600 s). The spatial resolution ~5mm full-width at half-maximum.
Each scan was checked and corrected for movement, if necessary, using the method
earlier described.329 A spherical reference region with a radius of 14mm was placed in
the middle of the contralateral homologous brain region. Maps of tumor-to-background
brain ratio (TBR), using the reference region, were calculated for intervals 20–40, 40–60
and 60–90 minutes.
Generalized linear mixed model
Assumptions for a generalized linear mixed model with binomial distribution were
met,330 therefore a logit-linked generalized linear mixed model (R package ‘lme4’, version
1.1–13,331) with variable selection was performed for tumor presence as binary outcome
measure with patient identification as random effect and centered and scaled imaging
measurements as fixed effects.
Variable selection for generalized linear mixed model
Variable selection on multivariable stepwise analysis was done by L1-penalized
estimation (LASSO), which shrinks the coefficients of the variables per a penalty
parameter (lambda). The optimal lambda’s were visually assessed by plotting the Akaike
information criterion (AIC) against the lambda’s for diffuse gliomas (R package ‘lmmen’,
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version 1.0). The highest lambda with the lowest AIC represents the best fit for a model.
The number variables for the optimal lambda’s were derived with a least absolute
shrinkage and selection operator (R package ‘glmmLasso’, version 1.5.1). This resulted in
a maximum of three variables.
Supplemental Table S1 | Model fit and accuracy of imaging combinations with missing values
handled with exclusion and with imputation.
Exclusion
Variable Variable Variable
1
2
3

Imputation
AIC

AUC

Variable 1 Variable Variable
2
3

AIC

AUC

F-FET

150

0.90

ADC

F-FET

165

0.87

ADC

DSC-CBF

155

0.87

ADC

DSC-CBV

169

0.84

ADC

DSC-CBV

156

0.86

ADC

DSC-CBF

169

0.85

161

0.87

T1G

165

0.85

T2w

18

ADC

175

0.84

177

FA

18

0.85

182

0.82

183

0.82

185

0.82

F-FET

185

0.80

FLAIR

195

0.76

F-FET

166

0.87

ADC

DSC-CBV

169

0.84

ADC

DSC-CBF

169

0.85

ADC

175

0.84

F-FET

178

0.84

FA

183

0.82

F-FET

183

0.82

Round 1
ADC

T2w

18

18

F-FET

T1w
FA

FA
18

F-FET

T2w
T1w

ASL-CBF

166

0.85

18

F-FET
F-FET

FA

168

0.84

T2w

FA

F-FET

172

0.83

T1w

T2w

18

T1w

T2w

T1w

FLAIR

FLAIR

176

0.82

183

0.79

T1w
T1w

FA

18

Round 2
ADC

T1G
T2w

18

18

T2w
FA
T1w

18

185

0.82

F-FET

186

0.80

FLAIR

195

0.76

F-FET

167

0.87

ADC

DSC-CBV

169

0.84

ADC

DSC-CBF

169

0.85

T1G

ADC

175

0.84

F-FET

179

0.84

FA

183

0.82

T1w
T1w

T2w
18

FA

Round 3
ADC

T2w
T2w

18

18
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Exclusion
Variable Variable Variable
1
2
3

Imputation
AIC

AUC

Variable 1 Variable Variable
2
3
FA
T1w

18

F-FET

184

0.82

185

0.82

187

0.79

FLAIR

195

0.76

F-FET

164

0.88

ADC

DSC-CBV

169

0.84

ADC

DSC-CBF

169

0.85

T1G

ADC

175

0.84

175

0.85

F-FET

181

0.83

FA

183

0.82

F-FET

184

0.81

185

0.82

195

0.76

T1w

FA

AUC

F-FET

T1w

T2w

AIC

18

Round 4
ADC

18

T2w

18

FA

18

F-FET

T2w
T1w

18

T1w

T2w

T1w

FLAIR

FA

Round 5
18

F-FET

166

0.87

ADC

DSC-CBV

169

0.84

ADC

DSC-CBF

169

0.85

ADC

175

0.84

177

0.84

182

0.83

183

0.82

183

0.82

185

0.82

F-FET

187

0.80

FLAIR

195

0.76

ADC

T1G
T2w

18

F-FET

T1w
FA

FA
F-FET
FA

T1w

T2w

T1w

F-FET

18

T2w
T1w

18

18

FA

Results of the multivariable logistic regression with missing data handled with exclusion
and with imputation. Imputation of missing data was conducted using chained equations
(R package ‘MICE’, version 3.3.0) with five round of imputations. Fitness of the model
was assessed using the Akaike Information Criterion. Diagnostic accuracy to detect
tumor presence in diffuse glioma was assessed with ROC analyses.
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Supplementary Table S2 | Updated List of Essential Items for Reporting Diagnostic Accuracy
Studies.
Section & Topic

No Item

Reported on
page #

TITLE OR
ABSTRACT
1

Identification as a study of diagnostic accuracy using at least
one measure of accuracy
(such as sensitivity, specificity, predictive values, or AUC)

1

2

Structured summary of study design, methods, results, and
conclusions
(for specific guidance, see STARD for Abstracts)

5,6

3

Scientific and clinical background, including the intended use
and clinical role of the index test

7,8

4

Study objectives and hypotheses

8

5

Whether data collection was planned before the index test
and reference standard were performed (prospective study)
or after (retrospective study)

8

ABSTRACT

INTRODUCTION

METHODS
Study design

Participants

Test methods

6

Eligibility criteria

8

7

On what basis potentially eligible participants were identified
(such as symptoms, results from previous tests, inclusion in
registry)

8

8

Where and when potentially eligible participants were
identified (setting, location and dates)

8

9

Whether participants formed a consecutive, random or
convenience series

12

10a Index test, in sufficient detail to allow replication

9,10

10b Reference standard, in sufficient detail to allow replication

9,10

11 Rationale for choosing the reference standard
(if alternatives exist)

10

12a Definition of and rationale for test positivity cut-offs or result
categories of the index test, distinguishing pre-specified from
exploratory

11

12b Definition of and rationale for test positivity cut-offs or
result categories of the reference standard, distinguishing
pre-specified from exploratory

10

13a Whether clinical information and reference standard results
were available to the performers/readers of the index test

10
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Section & Topic

Analysis

No Item

Reported on
page #

13b Whether clinical information and index test results were
available to the assessors of the reference standard

10

14 Methods for estimating or comparing measures of diagnostic
accuracy

11

15 How indeterminate index test or reference standard results
were handled

11

16 How missing data on the index test and reference standard
were handled

11

17 Any analyses of variability in diagnostic accuracy,
distinguishing pre-specified from exploratory

11

18 Intended sample size and how it was determined

in ref 25

19 Flow of participants, using a diagram

12 in text

20 Baseline demographic and clinical characteristics of
participants

12, Table 1

21a Distribution of severity of disease in those with the target
condition

12, Supp.
Table S3

21b Distribution of alternative diagnoses in those without the
target condition

all diffuse
gliomas

22 Time interval and any clinical interventions between index
test and reference standard

12

RESULTS
Participants

Test results

23 Cross tabulation of the index test results (or their
distribution) by the results of the reference standard

24 Estimates of diagnostic accuracy and their precision (such as
95% confidence intervals)
25 Any adverse events from performing the index test or the
reference standard

in ROC
curves
Figure 2 ,
Supp. Figure
S2
14, Supp.
Figure S2
12,13

DISCUSSION
26 Study limitations, including sources of potential bias,
statistical uncertainty, and generalizability
27 Implications for practice, including the intended use and
clinical role of the index test

19
18,19

OTHER
INFORMATION
28 Registration number and name of registry

9

29 Where the full study protocol can be accessed

8

30 Sources of funding and other support; role of funders

20
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Supplementary Table S3 | Number of patients, samples and tumor presence in the subgroups.
Patients
n(%)

Samples
total n(%)

Samples
tumor n(%)

Samples
normal n(%)

High-grade glioma

12 (60%)

118 (68%)

86 (73%)

32 (27%)

Low-grade glioma

8 (40%)

56 (32%)

43 (77%)

13 (23%)

IDH wildtype glioma

10 (50%)

98 (56%)

72 (73%)

26 (27%)

IDH mutant glioma

10 (50%)

76 (44%)

57 (75%)

19 (25%)

18

16 (84%)

149 (90%)

113 (76%)

36 (24%)

18

3 (16%)

17 (10%)

11 (65%)

6 (35%)

[ F]FET PET positive glioma*
[ F]FET PET negative glioma*

* Total is 19 since one patient did not have a [18F]FET PET
Supplementary Table S4 | Regression models for optimum imaging combinations in
enhancing and non-enhancing glioma.

A) Enhancing glioma

Imaging
combination

Fixed
effects

Estimate

Standard
Error

ADC/FET

(Intercept)

1.5261

0.4932

0.002

ADC

1.4195

0.469

0.002

[ F]FET

1.2369

0.3801

0.001

(Intercept)

1.5916

0.4109

<0.001

ADC

1.6775

0.4605

<0.001

DSC-CBF

1.7217

0.6475

0.008

(Intercept)

1.3966

0.3704

<0.001

ADC

1.4888

0.434

0.001

DSC-CBV

0.9816

0.4206

0.020

(Intercept)

2.9387

0.8303

<0.001

ADC

2.4949

1.0047

0.013

T1G

1.0241

0.5172

0.048

(Intercept)

3.911

1.189

0.001

ADC

4.226

1.4

0.003

DSC-CBF

3.039

1.287

0.018

DSC-CBV

-4.281

1.974

0.030

18

ADC/CBF

ADC/CBV

B) Non-enhancing

ADC/T1G

glioma

ADC/CBF/CBV

T2w/T1G

P-value

(Intercept)

2.4285

0.691

<0.001

T2w

1.4058

0.6344

0.027

T1G

1.1589

0.5163

0.025
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Supplementary Table S5 | Imaging combinations with corresponding diagnostic accuracy,
fitness and validation precision.
Variable
1

Variable
Variable 3
2
(if applicable)

AUC

AIC

LOOCV AUC

A) Enhancing

T1w

T1G

0.75

122.7

0.60

glioma

T2w

DSC-CBF

0.80

115.0

0.71

FLAIR

DSC-CBV

0.78

114.6

0.75

FLAIR

DSC-CBF

0.77

113.7

0.73

ADC

FA

0.83

113.4

0.72

FLAIR

FET

0.82

109.5

0.75

T2w

FET

0.85

107.9

0.77

FA

FET

0.86

107.4

0.77

ADC

DSC-CBV

0.84

106.7

0.77

ADC

DSC-CBF

0.85

102.9

0.78

ADC

FET

0.89

98.8

0.82

B) Non-enhancing

T2w

T1G

0.89

53.0

0.82

glioma

ADC

DSC-CBF

0.90

49.1

0.83

T1G

ADC

0.90

48.5

0.88

C) High-grade

T2w

DSC-CBF

0.79

119.0

0.76

glioma

FLAIR

DSC-CBF

0.82

118.9

0.72

ADC

DSC-CBF

0.76

118.4

0.73

FLAIR

DSC-CBV

0.86

112.9

0.77

ADC

DSC-CBV

0.87

111.6

0.78

DSC-CBV

T2w

FET

0.85

110.9

0.78

ADC

FET

0.86

107.4

0.78

FA

FET

0.90

104.0

0.82

T2w

T1G

0.89

50.5

0.80

E) IDH-wildtype

T2w

DSC-CBF

0.79

108.7

0.74

glioma

FLAIR

DSC-CBF

0.82

107.9

0.72

ADC

DSC-CBF

0.83

107.7

0.73

FA

DSC-CBF

0.76

107.4

0.69

FLAIR

DSC-CBV

0.84

105.9

0.73

D) Low-grade
glioma
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Variable
Variable 3
2
(if applicable)

AUC

AIC

LOOCV AUC

ADC

DSC-CBV

0.85

103.1

0.76

FA

DSC-CBV

0.85

99.4

0.77

ADC

FET

0.89

97.6

0.80

DSC-CBF

FET

0.82

68.6

0.78

T1w

T2w

0.90

60.0

0.80

T1G

FA

0.89

59.2

0.85

T2w

T1G

0.91

56.3

0.84

G) FET positive

T2w

FLAIR

0.80

152.2

0.74

glioma

ADC

DSC-CBF

0.80

151.5

0.72

FLAIR

DSC-CBV

0.86

145.6

0.77

ADC

DSC-CBV

0.87

143.7

0.77

T2w

FET

0.87

143.5

0.78

F) IDH-mutant
glioma

H) FET negative

FET

FLAIR

FET

0.86

139.5

0.79

ADC

FET

0.87

137.0

0.79

FA

FET

0.90

133.0

0.82

ADC

FA

1.00

12.7

NA

glioma
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SUPPLEMENTAL DATA
#!/bin/bash
#############################################
# Title:
ADC/FET probability map script
# Date:
August 28, 2019
# Author:
Verburg, N
###########################################
############### INSTRUCTIONS ##############
# Purpose of script is creation of ADC/FET probability map according to Verburg et al.
Neuro-Oncology 2019
# In order to create ADC/FET probability map the following images in Nifti format are
needed:
#
- 3D T1 contrast-enhanced MRI
#
- 3D FLAIR
#
- FET PET 20-40 SUV ratio
#
- Apparent Diffusion Coefficient (ADC)
# In order to run the script the following software is needed:
#
- FSL (version 6.01)
# All images in between original and probability map are saved in order to check for
errors
############################################
############### 1) ASSIGN VARIABLES ###########
T1G= #fill in path to 3D T1 contrast-enhanced MRI
FLR= #fill in path to 3D FLAIR
FET= #fill in path to FET PET
ADC= #fill in path to ADC
out= #fill in path to output folder images
out_omat= #fill in path to output folder registration matrices
############### 2) Linear registration of FLAIR and FET on T1G ###########
# A) FLAIR
flirt -in $FLR -ref $T1G -out “$out”FLR_reg.nii.gz -omat “$out_omat”FLRTT1G.mat -bins
256 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 12 -interp
trilinear
# B) FET
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flirt -in $FET -ref $T1G -out “$out”FET_reg.nii.gz -omat “$out_omat”FETTT1G.mat -bins
256 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 12 -interp
trilinear
# C) assign new variables
FLR_reg=”$out”FLR_reg.nii.gz
FET_reg=”$out”FET_reg.nii.gz
############### 3) Brain extract T1G and FET ###########
# A) Create binary mask of brain from T1G
bet $T1G “$out”T1G_bet_mask.nii.gz -m
# B) Assign variable
brain=”$out”T1G_bet_mask.nii.gz
# C) Brain extract FET
fslmaths $FET_reg -mul $brain “$out”FET_bet.nii.gz
# D) Assign variable
FET_bet=”$out”FET_bet.nii.gz
############### 4) Linear registration of ADC on brain extracted T1G ###########
# A) Register ADC en T1G
epi_reg -v --epi=$ADC --t1=$T1G --t1brain=$brain --out=”$out”ADC_reg.nii.gz
# B) Assign variable
ADC_reg=”$out”ADC_reg.nii.gz
############### 5) Smoothing of FET and ADC to 10x10x10mm (ROI used in study)
###########
# A) convert all voxels to mean of surrounding 1cm3 ROI
fslmaths $ADC_reg -kernel box 10 -fmean “$out”ADC_mean.nii.gz
fslmaths $FET_reg -kernel box 10 -fmean “$out”FET_mean.nii.gz
# B) Assign variable
ADC_mean=”$out”ADC_mean.nii.gz
FET_mean=”$out”FET_mean.nii.gz
############### 6) zero all voxels outside brain ###########
# A) zero voxels
fslmaths $ADC_mean -mul $brain “$out”ADC_zero.nii.gz
fslmaths $FET_mean -mul $brain “$out”FET_zero.nii.gz
# B) Assign variable
ADC_zero=”$out”ADC_zero.nii.gz
FET_zero=”$out”FET_zero.nii.gz
############### 7) normalize images (center and scale) ###########
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# A) normalize ADC
mean=$(fslstats $ADC_zero -M)
fslmaths $ADC_zero -sub $mean $ADC_center
sd=$(fslstats $ADC_center -S)
fslmaths $ADC_center -div $sd “$out”ADC_norm.nii.gz
# B) normalize FET
mean=$(fslstats $FET_zero -M)
fslmaths $FET_zero -sub $mean $FET_center
sd=$(fslstats $FET_center -S)
fslmaths $FET_center -div $sd “$out”FET_norm.nii.gz
# C) Assign variable
ADC_norm=”$out”ADC_norm.nii.gz
FET_norm=”$out”FET_norm.nii.gz
############### 8) apply formula from regression analysis ###########
# A) formula= 1.5261 + 1.4195*ADC + 1.2369*FET
fslmaths $ADC_norm -mul 1.4195 $ADC_mul
fslmaths $FET_norm -mul 1.2369 $FET_mul
fslmaths $ADC_norm -add $FET_norm -add 1.5261 “$out”ADC_FET.nii.gz
# B) Assign variable
$ADC_FET=”$out”ADC_FET.nii.gz
############### 9) transform logg-odds in probability ###########
# A) exp(x)/(1+exp(x))
fslmaths $ADC_FET -exp $ADC_FET_exp
fslmaths $ADC_FET -exp -add 1 $ADC_FET_exp1
fslmaths $ADC_FET_exp -div $ADC_FET_exp1 “$out”ADC_FET_prob.nii.gz
# B) Assign variable
$ADC_FET_prob=”$out”ADC_FET_prob.nii.gz
############### 10) remove CSF and create definitive ADC/FET probability map
###########
# A) create binary mask of CSF with FLAIR
# -thr value might need adjustment according to voxel values
fslmaths $FET_reg -thr 750 -bin $CSF
# B) remove CSF from probability map
fslmaths $ADC_FET_prob -mul $CSF $ADC_FET_prob_nocsf
# C) remove voxel values outside brain due to removal of CSF
# $ADC_FET_def is definitive probability map
fslmaths $ADC_FET_prob_nocsf -mul $brain “$out”ADC_FET_def
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ABSTRACT
Diffuse gliomas are notorious for their histopathological, genetic and transcriptional
spatial heterogeneity. Little is known about the DNA methylation spatial heterogeneity in
glioma. Genomic analysis of tumors is strongly influenced by tumor purity. Using imageguided multi-sector stereotactic biopsy samples acquired in core and peripheral regions,
DNA methylation profiles and histological, radiological and molecular measurement
modalities of tumor purity were analyzed and compared. We show that DNA
methylation-derived assessment of tumor purity is the most representative for all these
measurement modalities. Using this tumor purity metric, we demonstrate that tumor
purity is highly variable between samples within patients. Apparent spatial heterogeneity
in DNA methylation classification can be explained by variation in tumor purity and
generally does not reflect biological variation. Genome-wide DNA methylation analysis
at individual probe level confirms intratumoral methylation stability. These findings
underline the importance of tumor purity measurement for optimal interpretation of
the results of DNA methylation assessment of intratumoral heterogeneity as well as the
robustness of characterization of diffuse gliomas based on DNA methylation patterns.
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INTRODUCTION
Diffuse gliomas are the most common primary brain tumors in adults and have a poor
prognosis despite multimodal treatment.1 This therapy resistance is, among others,
contributed to the spatial heterogeneity that has been demonstrated in histopathological,
genetic and transcriptional studies.327,332-334 At the genomic level, copy number alteration
(CNA) heterogeneity is reflected by CNAs that are shared between specimens obtained
from different regions from the same tumor, coexisting with CNAs unique to one area
of the tumor.334 A similar pattern of CNA heterogeneity can be found at the single-cell
level.335 Besides CNAs, both spatial and temporal heterogeneity in driver gene mutations
can also be observed 333 At the transcription level, spatial heterogeneity of molecular
subtypes has been reported at both sample and single-cell level.327,334
Much less is known about epigenetic heterogeneity in diffuse gliomas and its potential
impact on therapy resistance. Where genetic heterogeneity is driven by clonal evolution,336
epigenetic heterogeneity could be driven by clonal evolution, microenvironmental
factors, differentiation from cancer stem cells or a combination thereof.337 In glioma,
the evolutionary history of DNA methylation changes and somatic mutations were
comparable, with most mutation and methylation changes occurring in different sets of
genes.338 DNA methylation heterogeneity did not typically occur in known tumor driver
genes,338 but mostly in open sea regions.339 Together with the findings that promoter site
DNA methylation heterogeneity and expression of target genes does not correlate well,
this could imply that DNA methylation changes in tumors that alter gene expression are
relatively stable.340 Indeed, epigenetic molecular subtypes of diffuse glioma have been
described, suggesting that commonalities in epigenetic glioma profiles exist.341 However,
a recent study reported spatial heterogeneity of epigenetic molecular subtypes in
glioblastoma,339 using the epigenetic molecular subtypes of Capper et al.342 Interestingly,
patients with epigenetic molecular subtype heterogeneity displayed lower overall tumor
purity and higher variance in tumor purity than patients without epigenetic molecular
subtype heterogeneity. This indicates that tumor purity could have influenced these
results. Of note, this study focused on samples from regions with contrast enhancement
on magnetic resonance imaging (MRI), and did not include DNA methylation profiling
of regions without contrast enhancement but with glioma infiltration.3,4 Non-enhancing
regions are of great interest, since they are not typically resected during surgery and
then a source of residual glioma cells.
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In order to improve our understanding of epigenetic spatial heterogeneity of diffuse
gliomas, we present the DNA methylation landscape of core and peripheral samples of
such tumors focusing on molecular subtypes and genome-wide methylation while taking
tumor purity into account. Validation is provided by two cohorts; one with initial glioma
multi-sector core samples and the other with non-glioma brain samples.

RESULTS
We analyzed 133 multi-region image-guided stereotactic samples from 16 newly
diagnosed and untreated patients with a diffuse glioma, obtained preceding craniotomy
for the first surgical resection (Figure 1). Samples in this exploration cohort were
derived from: diffuse astrocytoma, IDH-mutant (n=6); oligodendroglioma, IDH-mutant
and 1p19q-codeleted (n=1); glioblastoma, IDH-wildtype (n=7); glioblastoma, IDHmutant (n=2). DNA methylomes were profiled using the Illumina 850k EPIC bead array.
Histopathological hematoxylin-and-eosin (H&E) and MIB-1 images were digitized,
distance to tumor-surface was calculated and T1-weighted contrast-enhanced (T1c) and
FLAIR MRI abnormalities at sample location were scored.
We constructed a second cohort consisting of 61 multi-region DNA methylomes
from 11 adult patients with a glioma, including diffuse astrocytoma, IDH-mutant
(n=2); oligodendroglioma and 1p19q-codeleted, IDH-mutant (n=3); anaplastic
oligodendroglioma, IDH-mutant and 1p19q-codeleted (n=1); anaplastic astrocytoma,
IDH-mutant (n=1); glioblastoma, IDH-wildtype (n=4).338,343 For comparison, we also
obtained a set of DNA methylation profiles from 64 non-neoplastic brain samples.342
Tumor purity is most representatively estimated by a DNA methylation-derived metric
Since non-neoplastic cells in a sample influence molecular tumor classification,344 it
is necessary to determine the tumor purity of samples in order to quantify the ratio
neoplastic/non-neoplastic cells. To establish the most representative tumor purity
metric, we set out to compare for each tumor sample seven purity metrics: 1). Tumor
cellularity, defined as median number of cells per mm2, derived by computational
analysis of the complete histological slide; 2) proliferation index, defined as median
percentage of MIB-1-positive cells, derived by computational analysis of the complete
slide; 3) distance-to-tumor-surface (DTTS), defined as the Euclidean distance between
the sample location and abnormalities on T1c MRI for enhancing gliomas and on FLAIR
MRI for non-enhancing gliomas; 4) imaging score, which was based on the qualitative
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Figure 1 | Graphical overview of methods.

assessment of imaging abnormalities of standard MRI sequences at the sample location;
5) purity assessment from clonal methylation sites (PAMES);345 6) simplicity score of
methylation classification as defined by Wang et al.;344 and 7) aneuploidy score, based on
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methylation-derived copy-number variation (CNV). An overview of all modalities in the
exploration cohort is given in Figure 2. The distributions of the individual measurement
modalities are presented in Supplementary Figure 1.
The correlation between the measurement modalities varied, with PAMES most correlated
with all other modalities (Figure 3A and 3B), therefore used as most representative
tumor purity metric for further analyses. PAMES correlated best with simplicity score,
both methylation-derived measurements although based on different probes,344,345
and least with the proliferation index, in line with previous reports.346,347 As expected,
modalities correlated best with modalities from the same field, i.e. histology, radiology
and DNA methylation. DTTS was not correlated with proliferation in all samples (Suppl.
Figure 2A) and samples from IDH-mutant gliomas (Supplementary Figure 2B). However,
there was a weak, yet significant, negative correlation (r=-0.28, p=0.023) in samples from
IDH-wildtype gliomas (Supplementary Figure 2B). The absence of a correlation in IDHmutant gliomas is most likely due to the low overall proliferation index (supplementary
Figure 2C).
Median tumor purity was 60.5% [IQR 30.4%] compared to 84.9% [IQR 4.4%] in the
validation cohort. The higher tumor purity in the validation cohort may partly be
explained by the lack of peripheral samples in this cohort. Median tumor purity in the
core samples of the exploration cohort was 73.6% [IQR 17.9%]. Tumor purity was higher
in samples from IDH-mutant than from IDH-wildtype gliomas and higher in samples from
low-grade than high-grade gliomas (Figure 3C). This latter finding is concordant with
previous studies346,347 and might be explained by a higher percentage of non-neoplastic
(e.g. stromal and/or immune) cells in high-grade gliomas.347 In the validation cohort,
however, no difference was found in tumor purity according to IDH mutational status.
Assessment of tumor presence by neuropathologists differs from epigenetic
classification
In daily clinical practice, glioma tissue from stereotactic biopsies or surgical resection
is assessed by neuropathologist for, among others, tumor presence, using histological
slides, all or not including immune-histochemical stainings. DNA methylation profiling
is gaining interest as a diagnostic tool for the neuropathologist.342 To establish the
correlation between tumor presence/absence as assessed on histology and epigenetic
molecular subtypes, we compared the consensus assessment of tumor presence by two
neuropathologists with molecular subtypes. Since our image-guided cohort was expected
to contain non-tumor samples as well, we used a machine learning approach with the
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TCGA training data and the samples from our non-glioma cohort to extend the seven
epigenetic molecular subtypes from Ceccarelli et al. (G-CIMP-low, G-CIMP-high, Codel,
Classical, Mesenchymal, PA-like, LGm6) with three subtypes: Cortex, Inflammatory and
Reactive.341 All samples with the subtypes Classical (n=18), Mesenchymal (n=9) and Codel
(n=5) were assessed as containing tumor by the neuropathologists (Figure 4A). Of the 39
G-CIMP-high samples, all but one were assessed as containing tumor as well. All samples
classified with the subtypes Inflammatory (n=3) and Reactive (n=1) were assessed as
tumor. This was confirmed by the tumor purity and DTTS of these samples, which was
comparable to those of epigenetic molecular tumor subtypes and significantly different
from the Cortex subtype (Figure 4B). Therefore all epigenetic molecular subtypes except
for Cortex were considered as evidence of tumor presence. Of the 58 samples classified
as Cortex, 34 were assessed as normal and 24 as tumor. Other way around, 1 of the
35 samples assessed as normal (3%) was classified as G-CIMP-high, while 24 of the 98
samples assessed as tumor were classified as Cortex (24%) (Figure 4C). These findings
show a considerable discordance between tumor presence assessed by histopathology
and epigenetic molecular subtype classification. To identify the underlying causes
of the discordance, we explored tumor purity and simplicity score, which influence
molecular subtyping, as well as cellularity and proliferation index, which are used for the
histological assessment. In the single G-CIMP-high sample assessed as normal, tumor
purity was 60% and simplicity score 99%, both confirming the epigenetic molecular
subtype classification as tumor.
Cellularity and proliferation index, however, were 1585 cells/mm2 and 0.38%, which was
considerable lower than the mean cellularity and proliferation index in the epigenetic
molecular subtypes indicative of tumor presence (2690 cells/mm2 and 2.1%, respectively)
(Figure 4D). In samples assessed as tumor, higher tumor purity and simplicity scores were
found for samples with an epigenetic molecular subtype indicative of tumor presence
(n=74) compared with Cortex subtype samples (n=24) (both p<0.01). Interestingly,
cellularity was also higher in samples with an epigenetic molecular subtypes indicative
of tumor presence compared to Cortex subtype samples (p<0.01) (Figure 4D). This
implies that the neuropathologists did not always use cellularity as indicator of tumor
presence and may have used other histological features (e.g. proliferation index based on
Ki-67 immunohistochemistry or nuclear pleiomorphism) as well. Although proliferation
index is an established marker for tumor presence,28 it can also be increased due to
inflammation and presence of microglial cells.348 This could be an explanation for the
discordance between the neuropathologists and molecular subtypes. An alternative
explanation is an underestimation of tumor presence by DNA methylation.
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Figure 2 | Overview of 133 samples in 16 patients with primary diffuse glioma.
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Spatial distribution differs between IDH-mutant and IDH-wildtype gliomas
To understand the spatial distribution of glioma infiltration, we explored the correlation
of tumor purity, epigenetic molecular subtypes and neuropathological assessment with
MRI abnormalities. First, tumor purity of regions with and without imaging abnormalities
was compared. As expected, regions with imaging abnormalities demonstrated a higher
tumor purity than regions without imaging abnormalities (p<0.01) (Figure 5A). This was
true for both IDH-mutant and IDH-wildtype gliomas (Figure 5B), although the difference
in tumor purity between abnormal and normal regions was considerably larger in IDHmutant gliomas (26.9%) than in IDH-wildtype gliomas (16.1%). Since MRI abnormalities
were based on both T1c and FLAIR, we examined the tumor purity of these different
regions (Figure 5C). In IDH-mutant gliomas, regions with FLAIR but without T1c
abnormalities (T1c- FLAIR+) showed a higher tumor purity than regions without MRI
abnormalities (T1c- FLAIR-) (p<0.01). Interestingly, this was not the case in IDH-wildtype
gliomas. Comparing the FLAIR+T1c- regions with the regions with both FLAIR and T1c
abnormalities (T1c+ FLAIR+) demonstrated a higher tumor purity in the FLAIR+T1c+
regions in IDH-wildtype gliomas (p<0.01), yet not in IDH-mutant gliomas.
These findings imply that IDH-mutant and IDH-wildtype gliomas have different growth
patterns. IDH-mutant gliomas are more compact considering the large difference
between the T1c-FLAIR- and both T1c-FLAIR+ and T1c+FLAIR + regions, as well as the
similarity between the T1c-FLAIR+ and T1c+FLAIR + regions. IDH-wildtype gliomas
are more diffuse, since there is no difference between the T1c-FLAIR- and T1c-FLAIR+
regions and there is a difference between the T1c-FLAIR+ and T1c+FLAIR+ region. An
alternative explanation would be that, in contrast to IDH-mutant gliomas, the T1cFLAIR+ region in IDH-wildtype gliomas does not necessarily contain tumor. Therefore
we explored the epigenetic molecular subtypes (Figure 5D) and neuropathologist’s
assessment (Figure 5E) for the different regions. Since 38% of the samples had an
epigenetic molecular subtype and 28% were assessed as tumor, it can be concluded
that the T1c-FLAIR+ region in IDH-wildtype gliomas also contains tumor. Interestingly,
although the difference was not significant, the T1c-FLAIR- region in IDH-wildtype
gliomas showed epigenetic molecular tumor subtypes in 25% and assessment as tumor
in 38% of samples, compared to respectively 15% and 25% in IDH-mutant gliomas. When
comparing the number of patients with epigenetic tumor subtypes in more than one MRI
region we found a higher percentage for IDH-wildtype (86%) than IDH-mutant gliomas
(44%) (Figure 5F). This difference, however, was not significant (Fisher’s test p=0.15),
most likely due to the limited number of patients. These findings support the concept
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that IDH-wildtype gliomas show more extensive diffuse infiltrative growth at the time of
first surgical intervention than IDH-mutant gliomas.

Figure 4 | Assessment of tumor presence by neuropathologists and DNA methylation.
A) Bar plot of epigenetic molecular subtypes for samples assessed as normal and tumor.
B) Boxplot of DTTS (left) and tumor purity (right) for the epigenetic molecular subtypes 1)
Cortex, 2) Inflammatory and Reactive and 3) Tumor subtypes (Codel, G-CIMP-high, Classic
and Mesenchymal). C) Bar plot of epigenetic molecular subtypes of samples assessed as
normal or tumor by the neuropathologist. D) Box plots of cellularity (left upper), proliferation
index (right upper), simplicity score (left bottom) and tumor purity (right bottom) for samples
assessed as normal or tumor and with an epigenetic tumor or Cortex subtype.
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Figure 5 | Spatial distribution assessed with MRI regions (page 202).
A) Box plot of tumor purity for samples from regions with or without imaging abnormalities.
B) Box plot of tumor purity for samples from regions with or without imaging abnormalities
from IDH-mutant and IDH-wildtype gliomas. C) Boxplot of tumor purity of different MRI
regions of IDH-mutant and IDH-wildtype gliomas. D) Bar plot of histopathological assessment
of samples for each MRI region of IDH-mutant and IDH-wildtype gliomas. E) Bar plot of
epigenetic molecular tumor subtypes and Cortex subtype of each MRI region of IDH-mutant
and IDH-wildtype gliomas. F) Bar plot of epigenetic molecular tumor and Cortex subtypes for
each MRI region for each patient, with label color according to IDH status.

Since MRI regions and DTTS where strongly correlated, we explored this correlation. This
demonstrated a clear difference in the DTTS of the T1c-FLAIR- and T1c-FLAIR+ regions
between IDH-mutant and IDH-wildtype gliomas (Supplementary Figure 3A). This is
explained by the method of DTTS measurement that is based on distance to the FLAIR
abnormalities in non-enhancing and to the T1c abnormalities in enhancing gliomas. Since
the majority of IDH-mutant gliomas were non-enhancing (Supplementary Figure 3B),
DTTS in the T1c-FLAIR+ regions was lower in IDH-mutant gliomas than in IDH-wildtype
gliomas (p<0.01), which were more often enhancing (Fisher’s exact p<0.01). The higher
DTTS of IDH-wildtype gliomas in the T1c-FLAIR- region is because these samples were
taken outside both the T1c and FLAIR abnormalities, while IDH-mutant samples from the
same region were taken outside FLAIR abnormalities and therefore closer to the tumor
surface. These findings illustrate the difference between MRI regions and DTTS for the
different IDH status in gliomas and underline the necessity to further examine the spatial
distribution of IDH-mutant and IDH-wildtype gliomas using DTTS. When comparing
tumor purity with DTTS, both IDH-mutant and IDH-wildtype gliomas showed a significant
negative correlation (Figure 6A). Using Fisher’s z transformation, these correlations were
comparable (p=0.18). This finding suggests a similar spatial distribution of IDH-mutant
and IDH-wildtypes gliomas. However, results of the correlation between tumor presence
by epigenetic molecular tumor subtypes and neuropathological assessment showed
otherwise. DTTS of samples with an epigenetic molecular tumor subtype was higher in
IDH-wildtype than in IDH-mutant gliomas (p<0.01) (Figure 6B). Also, the normalized DTSS,
using the maximum core radius, was still higher in IDH-wildtype gliomas. This was similar
for samples assessed as tumor by the neuropathologist (Figure 6B). One could argue
that this was influenced by the size of the imaging abnormalities. However, there was
no difference in maximum core radius between IDH-mutant and IDH-wildtype gliomas
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Figure 6 | Spatial distribution
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(Supplementary Figure 3C). We further analyzed the DTTS for the different epigenetic
molecular subtypes. Interestingly, median DTTS of the Classic subtype was higher than
the median DTTS of both the Codel and the G-CIMP-high subtypes (p<0.01 for both),
however, median DTTS of the Mesenchymal subtype was not (p=0.14 and p=0.38,
respectively) (Figure 6C).
Overall, our findings imply that IDH-wildtype gliomas are more widespread beyond the
standard MRI abnormalities than IDH-mutant gliomas and demonstrate the limitations
of T1c MRI guided resections in IDH-wildtype gliomas.
Tumor purity largely explains spatial heterogeneity of epigenetic molecular subtypes
To explore the spatial distribution of epigenetic molecular subtypes, we compared the
epigenetic molecular subtypes within each patient. Spatial heterogeneity of epigenetic
molecular subtypes was present in every patient (Figure 7A), however, in 24 of 27
patients this was solely due to the co-existence of epigenetic molecular tumor and nontumor subtypes. In three patients, more than one epigenetic molecular tumor subtype
was identified (Figure 7B). In patient VUmc-05, five samples were classified as Codel with
tumor purities ranging from 72% to 78%, while the one sample classified as G-CIMP-high
showed a tumor purity of 61%. In patient VUmc-17, seven samples were classified as
Classical (tumor purity 76–88%) and one sample was classified as Mesenchymal (tumor
purity 61%). Finally, in patient Toronto-02, three samples were classified as Mesenchymal
(tumor purity 86–89%) and two samples as Classical (tumor purity 76% and 82%). These
results identify tumor purity as driving factor of spatial subtype heterogeneity, implying
that (quantity and quality of) the admixture of non-neoplastic cells is the cause of a
different epigenetic molecular subtype rather than clonal evolution.
To confirm the influence of tumor purity on the epigenetic molecular subtype
classification, we compared the simplicity score of patients with and without epigenetic
molecular tumor subtype heterogeneity since we already demonstrated that simplicity
score and tumor purity were correlated. As expected, the median simplicity score was
lower in patients with epigenetic molecular tumor subtype heterogeneity than without
epigenetic molecular tumor subtype heterogeneity (61% versus 96%, p=0.036, Figure
7C), indicating that a lower classification probability is more likely to result in epigenetic
molecular subtype heterogeneity. To further explore the influence of tumor purity on
epigenetic molecular subtypes we plotted all samples, including the non-neoplastic
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Figure 7 | Spatial heterogeneity of DNA methylation classification (page 206).
A) Overview of DNA methylation classification with classification probability for exploration
and validation cohort. B) Bar plot of tumor purity and epigenetic molecular subtype of three
patients with spatial heterogeneity. C) Boxplot of simplicity score for patients with and
without spatial heterogeneity of epigenetic molecular subtypes. D) Principal component
analysis of both exploration, validation and normal samples.

cohort, with a principal component analysis (PCA) (Figure 7D). Two distinct patterns were
identified in this PCA. First, samples were separated left to right by their IDH mutational
status, with IDH-wildtype samples on the left and IDH-mutant samples on the right.
Second, samples were spread top to bottom by their tumor purity, with low purity in the
top and high purity in the bottom.
These findings indicate that tumor purity accounts for a considerable amount of
variation in the data and affirms the influence of tumor purity on spatial heterogeneity
of epigenetic molecular subtypes.
Spatial heterogeneity of genome-wide methylomes is innate and not a feature of glioma
Tumor heterogeneity is considered a salient feature of gliomas and thought to be a driver
of treatment resistance and disease progression. Extensive multi-sector samples with
at least six samples per patient in this study provide a unique opportunity to carefully
define and quantify spatial heterogeneity in DNA methylation.
To precisely quantify DNA methylation heterogeneity, we performed pairwise
comparisons of binarized methylation values using all possible combinations of any two
samples of all cohorts, providing percentages of heterogeneous probes between any
two samples. The vast majority of probes were homogeneously methylated (mean 0.93,
range 0.83–1.0), suggesting that only a small fraction of probes is responsible for all
tumor heterogeneity. Hierarchical clustering of both exploration and validation cohort
using these heterogeneity values as a distance metric separated samples by IDH status
and tumor/normal classification first and patient second, suggesting that distinctly
classified samples within a patient should be analyzed separately (Figure 8A).

10

208

Chapter 10

Figure 8 | Spatial heterogeneity of genome-wide methylomes.
A) Hierarchical clustering of intratumorale heterogeneity B) Empirical cumulative density
function (ECDF) curves reflecting similarity (homogeneity) across all pairwise combinations
of samples. Comparisons were separated based on whether they involved two samples from
the same patient (intra-patient) or between two patients (interpatient) and based on whether
the two samples spanned one or multiple sample types. C) Line plot showing the cumulative
homogeneity associated with additional samples taken from the same tumor. Lines were
colored by dataset, tumor and normal samples were separated, and tumor samples were
further separated into IDHmut and IDHwt.
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Unsurprisingly, any two samples from different tumors showed less probes with similar
methylation (mean 0.93 ± 0.02) compared to any two samples from the same tumor
(mean 0.96 ± 0.03), although this difference was subgroup-dependent. For example,
any two samples from two distinct IDH-mutant tumors show much more similarity on
average than any two samples from two distinct IDH-wildtype tumors (Figure 8B), likely
related to the propensity of IDH-mutant tumors to uniformly methylate. As expected, a
large degree of heterogeneity can be observed when comparing samples classified as
normal to samples classified as tumor, based on DNA methylation classification, within
the same patient (note: light blue and blue dashed lines).
Any two IDH-wildtype tumor samples from the same patient show a comparable degree
of heterogeneity as any two normal samples from the same patient (P=1.0, pink and
green dashed lines). More strikingly, any two IDH-mutant tumor samples from the same
patient demonstrate less heterogeneity compared to any two normal samples from the
same patient (P<0.0001). These findings suggest that heterogeneity in DNA methylation
is innate to the individual and is not a feature of diffuse glioma. In fact, IDH-mutant
tumors lose the innate heterogeneity that is present between normal cells and can be
characterized by a loss of heterogeneity.
To assess the impact of additional samples on tumor heterogeneity we calculated the
percentage of identical probes pooling any number of samples per patient, separating
samples classified as tumor and normal (Figure 8C). The majority of heterogeneity was
captured by the first two samples per patient. Although additional samples further
contributed to overall heterogeneity, the change heterogeneity decreased exponentially
with each additional sample. The decline in heterogeneity with each additional sample
showed comparable patterns in normal and tumor sets of samples, further underlining
the notion that heterogeneity in DNA methylation is largely determined by innate tissue
(rather than tumor cell) characteristics.

DISCUSSION
This study represents a multimodality analysis of core and peripheral samples in diffuse
glioma. The combination of histological, radiological and DNA-methylation data enabled
to explore tumor purity, spatial distribution of epigenetic molecular subtypes and spatial
genome-wide DNA methylation heterogeneity. Our main finding is the intratumoral
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stability of epigenetic molecular subtypes after considering purity, which was validated
in an external cohort. Furthermore, genome-wide DNA methylation heterogeneity was
found to be larger than epigenetic molecular subtype heterogeneity, however, still
considerably less than reported mutational and transcriptional heterogeneity. Also, we
found the DNA-methylation derived tumor purity estimate reflects tumor purity best and
that the spatial distribution of this estimate shows a more extensive diffuse infiltrative
growth at the time of first surgical intervention in IDH-wildtype than IDH-mutant diffuse
gliomas.
Information on spatial heterogeneity of epigenetic molecular subtypes in the literature
is limited. A recent study with 38 multi-sector samples reported epigenetic molecular
subtype heterogeneity in 5 of the 12 patients with a glioblastoma based,339 consisting
of both Mesenchymal and RTKI or RTKI and RTKII classes, according to Capper et al.342
Interestingly, they also concluded that spatial heterogeneity was caused by tumor purity,
rather than tumor evolution, in the majority of heterogeneous patients. Besides tumor
purity, the difference in classification method could explain their higher percentage of
spatial heterogeneity, since the RTK I class from Capper et al. does not have a direct
representation in the Ceccarelli et al. classification.341,342 We also found samples outside
imaging abnormalities on FLAIR in non-enhancing and on T1c MRI in enhancing gliomas
to display similar epigenetic molecular subtypes as the core samples. Interestingly,
tumor purity differed between the different MRI regions. These findings suggest that
spatial imaging heterogeneity in glioma is driven by tumor purity, rather than epigenetic
heterogeneity. It further implies that a viable part of the tumor, especially in IDH-wildtype
gliomas, is left behind after resection of standard imaging abnormalities.
Tumor heterogeneity has long been viewed as a hallmark of cancer and the idea that
various tumorigenic clones compete for resources and evolve in response to treatment
pressure is widely accepted. Nevertheless, it is easy to overestimate the role and
importance of epigenetic tumor heterogeneity and a more nuanced role for heterogeneity
is slowly gaining traction.349 Our analysis shows no clear differences in degree/level of
DNA methylation heterogeneity in tumor tissue compared to non-neoplastic brain tissue,
suggesting that in this context a substantial part of the heterogeneity that is detected
by DNA methylation is innate rather than tumor-driven. In fact, we demonstrated that
DNA methylation heterogeneity in IDH-mutant diffuse gliomas is less heterogeneous
compared to surrounding non-neoplastic brain tissue. Large multi-time point studies
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of pre- and post-treatment diffuse gliomas are needed to better understand how
heterogeneity responds to treatment and how it changes over time.
Tumor purity estimates differ between measurement modalities, with the DNA
methylation based PAMES metric as most representative. Since clinical practice
demands for tumor purity estimation before acquisition of tissue radiologic assessment
of purity is indispensable. We found the imaging score, which is based on standard
MRI abnormalities, to correlate well with PAMES and therefore useful for non-invasive
purity assessment. Multimodality advanced imaging has recently been reported as good
predictor of proliferation index.350 However, proliferation index was least correlated with
PAMES in our study and therefore not the most promising modality for assessment of
tumor purity. Therefore, studies predicting tumor purity with multimodal imaging are
needed. Furthermore, our data shows a difference in glioma infiltration patterns between
IDH-mutant and IDH-wildtype diffuse gliomas. IDH-wildtype gliomas demonstrate a more
gradual decline in glioma infiltration, whereas. IDH-mutant gliomas reveal a more binary
distribution, indicating a somewhat less extensive diffuse infiltrative growth. Finally, we
found discordance between histopathological assessment and epigenetic molecular
classification specially is samples assessed as tumor by the neuropathologists. These
findings could reflect the difficulty of identification of tumor cells among non-neoplastic
altered normal brain by the neuropathologist, or, other way around, the lower sensitivity
of the DNA methylation-based tumor purity metric for very low tumor content.

METHODS
Sample acquisition
The exploration cohort consisted of 16 patients with an untreated initial diffuse glioma,
treated at the Amsterdam UMC, location VU medical center (VUmc), Amsterdam, The
Netherlands. Multi-sector sampling was performed, using a stereotactic biopsy procedure
preceding the craniotomy, to obtain two samples of each biopsy location for, respectively,
FFPE and Molfix© (patient 1–8) or snap-frozen (patient 9–16) fixation. The protocol of
this study has been published,201 was approved by the Medical Ethics Committee of the
VUmc and registered in the Dutch National Trial Register (www.trialregister.nl, unique
identifier NTR5354). All procedures were carried out in accordance with the Helsinki
Declaration.351 Written informed consent was obtained from all patients.
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The validation cohort comprised 11 patients with 61 FFPE samples from multi-sector
sampling of an untreated diffuse glioma treated at the Toronto Western Hospital,
Toronto, Canada or USCF Brain Tumor Center, San Francisco, USA. In addition, 64 FFPE
samples from 64 patients without a glioma from the German Cancer Network served as
controls.
DNA isolation
DNA isolation was performed by adding proteinase K and incubation at 56°C using QIAamp
DNA Mini Kit (Qiagen). DNA was quantified using a Qubit Fluorometer (ThermoFisher).
Genomic DNA was bisulfite converted using Qiaamp DNA FFPE tissue Kit (Qiagen).
DNA methylation profiling by microarray
Data was processed using the minfi packages in R (R Foundation for Statistical
Computing, Vienna). Data from the 450k (IlluminaHumanMethylation450k.ilmn12.
hg19) and EPIC platforms (IlluminaHumanMethylationEPICanno.ilm10b2.hg19) were
processed separately. Detection P-values were calculated for each probe and sample,
and samples with an average detection P-value >0.01 were removed from follow-up
analysis. Data was normalized using BMIQ from the wateRmelon package in R. Probes
on sex chromosomes and known cross-reactive probes were removed, as were probes
mapping to known SNPs and probes with a detection P-value >0.01. Finally, data from
different platforms was merged.
DNA-methylation based classification and simplicity score
Glioma methylation subtype classification was performed using L2-regularized logistic
regression using the R package LiblineaR. Classifiers were trained and evaluated on a
set of common probes from TCGA glioma samples with known methylation subtypes.
The classes LGm6-GBM and PA-like were merged into a single class LGm6-PA as the
separation between these classes was based on phenotype. To improve classification
accuracy of samples with low tumor purity, DKFZ controls were added to the classifier
as separate classes.
Methylation purity estimation and simplicity score
DNA methylation measurements of tumor purity included the PAMES algorithm and
simplicity score.344,345 For the PAMES normal central nervous system samples from the
German Cancer Research Center (DKFZ) were used as a control. PAMES operates in
three steps. First, AUCs are calculated for each probe discriminating between tumor and

The DNA methylation landscape of core and peripheral regions in diffuse glioma

213

normal. Second, a selection of the most informative probes is made. Third, tumor purity
is calculated on input samples using these probes
DNA copy number aberrations inferred from EPIC microarray
Using the R/Conumee package, copy number aberrations were inferred from the 450k
and EPIC array data. Merged data from the control samples was used as baseline control
for all analyses. Genomic data was used to calculate aneuploidy.
Immunohistochemistry and qualitative assessment
FFPE samples from the exploration cohort were stained using hematoxylin and eosin (HE)
and MIB-1. Two expert neuropathologists independently, blinded for imaging results,
assessed the presence or absence of tumor in each sample. Consensus was obtained
in case of disagreement. The patient’s histopathological diagnosis was made based on
resection material using routine procedures and according to the WHO 2016 criteria.9
Histopathological analysis of whole-slide scans
Using a Hamamatsu Nanozoomer XR, FFPE slides stained with HE and MIB-1 of each
sample were digitalized. The 40x magnification images were converted to multiple
mosaic images using NDPITools software. Cellularity, defined as number of cells per
mm2, was calculated with Cellprofiler. Proliferation index, defined as percentage of Ki-67
positive nuclei of all nuclei, was calculated using local developed software.
Radiologic evaluation of sample locations
Standard imaging sequences from the patients in the exploration cohort included T1-, T2-,
T2/FLAIR and T1c MRI. For each sample location presence of an abnormal signal for each
imaging sequence was independently assessed by a neurosurgeon and neurosurgical
resident with ample experience in glioma imaging. Consensus was obtained in case of
disagreement.
Sample-to-tumor surface distance
Tumors were segmented on FLAIR and T1c MRI, using Brainlab Software, by a
neurosurgical resident with ample experience in glioma imaging. The segmentations and
sample coordinates were exported in 3D T1c MRI space and sample to tumor-surface
distances were calculated using Matlab.
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Statistical analysis
Median values with interquartile range (IQR) were used to describe non-normally
distribute data. Mann-Whitney-U test was used to compare distributions between
subgroups. Correlations were calculated with the Spearman or Pearson’s correlation
and compared using Fisher’s z transformation. Comparison of percentages between
subgroups was performed using Fisher’s test Normalization and scaling of purity
measurement modalities was performed by subtracting the mean and dividing by the SD.
To compare absolute purity estimates, the normalized and scaled purity measurements
were rescaled using the PAMES mean and SD. P values less than 0.05 was considered
statistically significant. R (version 3.5.3) was used for all statistical analyses.
Heterogeneity analysis
Each probe per patient was classified as methylated (B>=0.3) or unmethylated (B<0.3). A
table of all possible pairwise combinations of samples was generated. Each pair of samples
was evaluated for heterogeneity by counting the number of identical (homogeneous)
probes, the number of differing (heterogeneous) probes and percentages were
subsequently calculated. Each pair was annotated according to the metadata for each
sample in the comparison.
For each patient and sample type we tabulated all possible combinations of any number
samples, iteratively including between 1 and the total number of possible samples. The
proportion of heterogeneous and homogeneous probes was calculated when considering
each sample in a given set. For each patient/sample type and sample number we then
calculated the mean and standard deviation of the proportion heterogeneous across all
sets.
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Supplemental Figure 1 | Distribution of individual tumor purity measurement modalities
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This thesis set out to answer the following question: “Which MRI sequence, PET tracer,
or combination of MRI sequence(s) and/or PET tracer(s) is the most accurate for the
detection of diffuse glioma infiltration?”. In order to answer this question, multiple
studies were undertaken. First, the available literature for imaging accuracy was reviewed
and the accuracy the biopsy technique used in later studies was determined. Next,
kinetic modeling and construction of parametric maps of [18F]FET PET were investigated.
Additionally, two PET tracers were directly compared and a diagnostic accuracy study
was conducted to compare multiple MRI sequences, PET tracers and combinations of
MRI sequence(s) and/or PET tracer(s) for the detection of glioma infiltration. Finally,
diffuse glioma infiltration was quantified and molecular intratumoral heterogeneity
explored.
This general discussion concerns the overarching themes of the previous chapters and is
followed by future perspectives of advanced imaging in the treatment of patients with
a glioma.

GENERAL DISCUSSION
Current standard radiological imaging for the detection of diffuse glioma infiltration
There is no unambiguous standard imaging protocol for the detection of diffuse
glioma infiltration. Recently, consensus recommendations for brain tumor imaging
have suggested the following MRI sequences: T1w, T2w, FLAIR, T1G and DWI.38 These
recommendations reflect the historically grown custom of T1G for enhancing and T2w
and/or FLAIR for non-enhancing gliomas. Unfortunately, these standard MRI sequences
are not the most accurate for the detection of diffuse glioma infiltration, as was
concluded from the meta-analysis in chapter 2 and the prospective diagnostic accuracy
study in chapter 9.
It must be noted that there is a difference in standard MRI accuracy for detection
of diffuse glioma infiltration in enhancing versus non-enhancing gliomas, with a
considerably lower accuracy in enhancing gliomas. For T1G MRI, a suggested cause for
this lower accuracy is the correlation between cellularity and T1G signal.315 This prevents
detection of glioma cells in areas with lower cellularity, resulting in a lower sensitivity.
For T2 and FLAIR MRI, the abnormal signal depends on edema, myelin loss and other
damage to central nervous system tissue.70 Since tumor cells are not always present
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in areas with edema in glioma patients,3,64,71,352 specificity of these sequences is lower.
Besides the lower accuracy of standard MRI for the detection of glioma infiltration,
direct comparison with other MRI sequences or imaging modalities in the clinical setting
is sparse or even missing. T1G MRI-guided glioma resection has only been compared, in
a non-randomized setting, with image-guided resection based on FLAIR MRI, MRSI CNI
and amino acid PET.7,79,129 T2- and FLAIR-guided surgery in non-enhancing glioma has
never been compared with other MRI sequences or imaging modalities. Furthermore,
T1G MRI-guided resection of enhancing gliomas results in considerable residual glioma
infiltration in areas without contrast enhancement. This thesis shows that the molecular
profile of this residual glioma infiltration is identical to the resected tumor core and not
a ‘low-grade component’,45,353 underlining the necessity to expand surgical resections
beyond T1G abnormalities.
These findings demonstrate the overall lack of evidence for the use of the current
standard MRI protocol for the guidance of local treatment in glioma. The Response
Assessment in Neuro-Oncology (RANO) working group recommendations have recently
concluded that amino acid PET is superior to standard MRI for the delineation of all
diffuse gliomas.83 This thesis underlines the value of amino acid PET, implying that amino
acid PET should be included in the current standard imaging protocol for glioma.
The use of amino acid PET as a new standard for imaging of gliomas raises the question
which type of PET-derived image, as well as scan interval, should be used. Multiple
image types can be derived from PET: standardized uptake value (SUV), tumor-to-brain
ratio (TBR) and different quantitative parametric maps. TBR was the most frequently
used image in the studies on which the RANO recommendations as well as the European
Association of Nuclear Medicine (EANM) guideline were based.83,354 The advantage
of TBR over SUV is the lower variability in tumor uptake, making it more suitable for
inter-individual comparison,270 as also confirmed in chapter 8. Quantitative parametric
maps are images based on a tracer kinetic model and have been sparsely investigated
for glioma imaging. A reversible two-tissue compartment model was found to be the
most accurate for [18F]FET uptake in glioma, and since TBR maps do not require dynamic
acquisition and arterial input function, we concluded that TBR maps should be used,
which is in line with the current literature.83,354
The optimal scan interval for amino acid PET is more clearly defined, with the EANM
guideline recommending a 40-minute (min) scan with images from the 20–40 min
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interval.354 Although multiple chapters in this thesis found the 60–90min interval superior
to the 20–40min, our main results were in line with the EANM recommendation of the
20–40min interval. The contradicting results in this thesis can be attributed to the subset
of patients used in chapters 6–8, compared to the main results in chapter 9.
Imaging combinations for the detection of diffuse glioma infiltration
Both the consensus brain tumor imaging protocol and RANO recommendations propose
a single MRI sequence or PET tracer for the delineation of gliomas.38,83 Combinations of
MRI sequence(s) and/or PET tracer(s), from no on referred to as “imaging combinations”,
could, however, potentially be more accurate than a single MRI sequence or PET tracer.
This is acknowledged in the RANO recommendations, which suggested future studies
with combinations of MRI and PET. In this thesis multiple MRI sequences and the amino
acid tracer [18F]FET PET were compared, as well as combined, for the detection of glioma
infiltration, resulting in a combination of Apparent Diffusion Coefficient (ADC) MRI and
[18F]FET PET (ADC/FET) to be more accurate in the detection of glioma infiltration in
enhancing gliomas than the current standard MRI and single amino acid PET. The results
of this unique study, due to the total number of samples and the acquisition of samples
from regions without imaging abnormalities, are comparable with the few other studies
that have addressed imaging combinations. These studies all found combinations
more accurate than single MRI sequences or PET tracers for the detection of extent of
glioma infiltration.54,311-316 This is also in line with studies applying imaging combinations
for other clinical problems in glioma such as biopsy targeting,350 tumor grading,355,356
radionecrosis,357 and IDH-mutation status.358 Furthermore, imaging combinations are
not only more accurate in glioma, but also in other types of cancer such as prostate,359
breast,360 and colorectal cancer.361 This demonstrates the overall value of imaging
combinations, which join the strengths of individual techniques, while overcoming their
limitations.
Imaging combinations requires clinicians to evaluate imaging in a different fashion.
Currently, most neurosurgeons delineate the glioma by visual inspection of imaging
abnormalities on one MRI sequence, although some may include a second MRI sequence
in case of an enhancing glioma. This qualitative method of delineation is subject to high
inter- and even intra-observer variability.141,362 When applying qualitative delineation to
imaging combinations another problem occurs: how to define the delineation on multiple
MRI sequences and/or PET images? One could delineate a glioma on each MRI sequence
or PET image separately and then combine the delineations into one. However, if each
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the MRI sequence of PET image in itself is insufficient to visualize the glioma infiltration,
the combination might not perform better than the single MRI sequence of PET image.
Quantitative imaging analysis can overcome both the observer variability and difficulty
of tumor delineation on imaging combinations. Quantitative imaging analysis is based
on numeric voxel values in images and allows for multiple mathematical techniques to
summarize these values. Using the Receiver Operating Characteristics (ROC) method an
optimal threshold can be calculated. This threshold is a numeric value that can be applied
to images, resulting in binary images consisting of voxels below or above the threshold.
Therefore, observer variability does not exist in quantitative imaging analysis since a
numeric threshold replaces the observer. The difficulty of tumor delineation on imaging
combinations is solved by combining the different MRI sequence(s) and/or PET image(s)
into one. These combined images are based on the voxel values of each MRI sequence(s)
and/or PET image(s) and a formula for the combining. These voxel combinations could
result in a value above the optimal threshold, even though none of voxel values of the
single MRI sequence(s) and/or PET image(s) was above the threshold.
Although quantitative imaging analysis overcomes the major shortcoming of qualitative
imaging assessment, limitations do exist. The main limitation is the external validation.
Since most imaging combinations are derived from a single imaging protocol, typically
acquired on one or two scanners, absolute numeric thresholds might not be applicable
to other imaging protocols and/or scanners. This would obstruct the implementation
of imaging combinations outside the initiators’ environment. A possible solution
for this problem is the use of normalized values in imaging techniques with relative
measurements. Multiple normalization methods are available,363 mostly based on a
region of interest (ROI) in a part of the brain that is not affected by the disease. By dividing
MRI sequences or PET images by the mean values of the ROI of the normal brain all voxel
values become a ratio, instead of a relative value. These ratios are recommended by
the European Association of Nuclear Medicine since they allow intra- and inter-patient
comparison.363 Besides external validation, limitations include the technical challenges
of multimodality fusion and computational processing, as well as imaging artifacts due
to the quantitative thresholds like described in chapter 9.
Quantification of diffuse glioma infiltration
There is no ‘gold standard’ for the quantification of diffuse glioma infiltration. Assessment
of the presence of tumor cells by a neuropathologist remains the ‘gold standard’. In
daily practice, samples sent for diagnosis are mostly from the core of the tumor.
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Assessment of the presence of tumor cells in samples from the periphery of a tumor
with little to no tumor infiltration however, is limited by the fact that single neoplastic
glial tumor cells frequently cannot be distinguished from normal or reactive cells on
grounds of morphology or immunocytochemical profile alone.28 This was reflected
by the moderate interobserver agreement between the two neuropathologists.
Interestingly, the interobserver agreement was found to be higher in non-enhancing
than in enhancing gliomas. This is most likely due to the more peripheral localization of
samples in enhancing gliomas, which was less possible in non-enhancing gliomas due
to the eloquence of the surrounding brain. Identification of tumor presence can benefit
from immunohisto-chemistry for IDH1 R132H mutant protein. Yet, it was not used in this
thesis since it would have introduced a bias between the assessment of IDH-mutant and
IDH-wildtype gliomas. A limitation of the neuropathologist’s assessment in this thesis
was the binary outcome of tumor presence, or not. Since glioma infiltration percentages
decline with distance to the tumor core,364 much information is lost by this binarization.
Currently, histological metrics are usually applied for quantification of glioma infiltration,
so-called tumor purity, with the Ki-67 index and cellularity most commonly used. We
found both histological metrics less accurate, leading to an underestimation of tumor
purity, compared to a DNA methylation-based metric, which is in conformity with
a recent meta-analysis using different modalities for tumor purity measurement in
>10.000 samples in 21 cancer types.346 Possible cause for this lower accuracy is the low
specificity of both cellularity, which can also be higher in reactive brain tissue,365 and
Ki-67 index, which is also higher in inflammatory and microglial cells.348 Also, migrating
glioma cells demonstrate lower proliferation rates and therefore a lower Ki-67 index.26
This in contrast to the DNA methylation-based metric, PAMES (Purity Assessment from
clonal MEhylation Sites),345 that is based on tumor-specific molecular characteristics
resulting in a high sensitivity and specificity. Therefore, tumor presence was detected
using PAMES in samples with low cellularity, low Ki-67 index, or both, and vice versa,
implying that PAMES is superior the current histological metrics for the quantification of
diffuse glioma infiltration,
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FUTURE PERSPECTIVES
A new standard imaging protocol for glioma
Based on the findings in this thesis a new imaging protocol for the detection of glioma
infiltration in both enhancing and non-enhancing gliomas should be implemented. A
minimum protocol should include dynamic 40 minutes [18F]FET PET, DTI and FLAIR MRI,
while 3D T1G is solely included for the neuronavigation and visualization of vascular
structures. Not using T1G MRI for glioma delineation and grading will be quite a
paradigm shift however, supported by the lower accuracy of T1G MRI for the detection
of glioma infiltration in enhancing gliomas than both single [18F]FET and the ADC/
FET combination in this thesis, and the lower accuracy of T1G MRI for glioma grading
compared to dynamic [18F]FET PET in the literature.39,307 The [18F]FET PET is necessary to
obtain the 20–40 minute tumor-to-brain ratio map that is combined with the DTI ADC to
generate the ADC/FET probability map. For the 30% of low-grade gliomas that are [18F]
FET negative, FLAIR MRI can be used to guide local treatment. The use of DTI to generate
the ADC map, instead of DWI, also allows for the visualization of white-matter tracts with
DTI tractography, which results in higher resection percentages, better clinical condition
and longer OS.173
Local treatment beyond standard MRI abnormalities
With this new imaging protocol, local treatment could be guided beyond standard MRI
abnormalities. Although evidence is sparse,366 resections beyond T1G MRI abnormalities
in enhancing gliomas appear to improve patients’ outcome.7,79,129 These studies were
based on resections guided by respectively FLAIR MRI, MRSI and amino acid PET, which
were all less accurate than the ADC/FET combination. Therefore, translating the results
of these studies to ADC/FET, improvement of patients’ outcome is to be expected of
ADC/FET-guided resections. Another argument to expand the resection of enhancing
gliomas beyond the T1G abnormalities is the similarity of the molecular profile of
peripheral and core glioma regions. The difference between regions with and without
enhancement in enhancing gliomas could therefore be attributed to the tumor purity,
rather than intratumoral heterogeneity. This implies that glioma in peripheral regions is
as aggressive as in the core only in lower quantities. As demonstrated in chapter 10, the
tumor purity slowly declines in enhancing gliomas, with a higher tumor purity directly
outside the enhancement region compared to regions further from the enhancement
region. This explains that in 80–90% of patients glioma recurs adjacent to the resection
cavity.5,6 Although not proven, the higher accuracy of ADC/FET most likely implies that
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this combination can also visualize regions with a lower tumor purity, allowing for a
better estimation of the total glioma infiltration.
Individualized treatment using probability maps for tumor presence
Besides the superior accuracy, ADC/FET-imaging has the potential to support
individualized local treatments. The ADC/FET probability maps represent the probability
of tumor presence (0 to 1) for each voxel. Assuming that this tumor probability is an
estimation of the actual tumor purity, a probability can be used as threshold to guide
resection and/or radiotherapy. A lower probability threshold will result in a larger tumor
volume and vice versa. The choice of probability threshold will depend on age, clinical
condition, eloquence of surrounding brain and patient’s preference. For example, a
young patient with a right frontal glioma will allow for a low probability threshold, while
a high probability will be used for an older patient with a left fronto-parietal tumor. This
method is only feasible if neuromonitoring is incorporated into the surgical strategy,
since regions with lower probability, compared to regions with a higher probability,
are more likely to include important brain functions in white matter tracts due to the
presence of more normal brain tissue. Although imaging techniques are helpful in
surgical planning, awake or non-awake intra-operative mapping are the current standard
for neuromonitoring. Some propose that glioma resections should be neuromonitoringguided instead of imaging-guided.200 Translating this neuromonitoring-guided strategy
into a diagnostic accuracy results in a high sensitivity with little residual tumor, however,
also in a low specificity, since not all resected tissue will contain glioma infiltration. That
not all resected tissue will contain tumor is doubted by those who see glioma as a ‘whole
brain disease’.30 Yet, in this thesis glioma infiltration was not present in every sample,
and even not in every sample from regions with imaging abnormalities. This is confirmed
by post-mortem studies, with only 20% of patients demonstrating spread more than
3cm beyond the gross tumor,367 and infiltration not further than 12mm outside the
core, defined as the area with 100–60% infiltration.368 This implies that glioma could be
considered as a localized disease, although widespread in many patients, instead of a
multi-focal ‘whole brain disease’. Therefore, glioma should be treated with a combined
image- and neuromonitoring-guided surgical strategy.
Future research
The above-mentioned perspectives require future research to prove their value for
glioma treatment. First and foremost, a randomized clinical trial (RCT) is needed to
compare image-guided local treatment of enhancing gliomas based on current standard
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MRI versus ADC/FET. An improved progression free and/or overall survival in the ADC/
FET arm is expected due to the more extensive resection. For an estimation of the
effect of an extensive resection data from the largest study of extensive resections in
glioblastoma could be used. In this study, OS improved from a median 15.5 to 20.7 months
in patients with an extensive resection.7 This 33.5% gain could be an overestimation due
to the retrospective nature of the study, so a 25% gain in OS would be a safer estimation.
Calculating the sample size with the 25% gain in OS, a mean OS of 22.5(SD 18.4) months,369
an alpha of 0.05 and 80% power results in 173 patients for each arm, so 346 patients in
total. This would require a European or international study, since about 390 patients per
year undergo a resection for glioblastoma in the Netherlands.370 Although this will be
a considerable challenge, willingness to participate in the study could be considerable
since the ADC/FET probability map will allow each surgeon to choose their own target
tumor volume for each individual patient and use neuromonitoring if they think it is
necessary. This freedom in surgical strategy might overcome the reluctance, reflected
by the single registered RCT for extensive resection in glioma assessed on August 2,
2019 at www.clinicaltrials.gov), to participate in a study investigating resections beyond
standard MRI abnormalities in glioma surgery.
In this thesis an ADC/FET probability map for tumor presence was developed, based
on the binary histopathological assessment of tumor presence by neuropathologists.
This probability map assumes that the probability of tumor presence reflects tumor
purity, with higher probabilities representing higher tumor purity and vice versa. This
assumption however, is contradicted by the results of the assessment of tumor purity
in this thesis. With a wide range of tumor purities, based on PAMES, in both samples
assessed as tumor and normal, tumor probability and tumor purity might not correlate
as well as assumed. Therefore, the probability map should be replaced by a tumor purity
map that is based on the prediction of PAMES assessed tumor purity by combinations of
imaging. Such a tumor purity map could be very similar to the probability map, yet with
different scale. Next to a conceptual improvement, such as study would also serve as
validation of the accuracy of ADC/FET combination.
In order to implement the ADC/FET probability or tumor purity map in daily practice,
the problem of intra-operative brain shift needs to be addressed. Since brain shift up
to 15 mm occurs during glioma resection,145,146 the pre-operatively obtained ADC/FET
map needs to be updated during the procedure. Although an intraoperative MRI could
facilitate this update, widespread implementation is limited due to its very high costs.
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Intraoperative ultrasound is a cheaper and faster alternative for the intraoperative
update of pre-operative imaging. Although much progress has been made, brain shift
correction with ultrasound needs validation in larger patient cohorts before it can be
used in daily practice.81 An additional possibility of ultrasound is the detection of glioma
infiltration, which was highly accurate in the meta-analysis in this thesis (chapter 2). In
order to visualize glioma infiltration, the ultrasound probe needs to be directly positioned
on the brain. Therefore, ultrasound was not included in the study protocol (chapter 5)
in this thesis. Still, ultrasound should be compared with ADC/FET for the detection of
glioma infiltration. This could be achieved by assessment of the ADC/FET resection cavity
walls with ultrasound. These cavity walls would ideally be the borders of the ADC/FET
abnormalities if the resection was not limited by intraoperative monitoring. Ultrasound
could possibly detect cavity walls regions suspicious for tumor that are to be sampled in
order to compare diagnostic accuracy. Such as study could possibly even be combined
with the above-mentioned RCT.

CONCLUSION
The combination of ADC MRI and [18F]FET PET is more accurate for the detection of
glioma infiltration in enhancing glioma than current standard MRI. Next to the improved
diagnostic accuracy, the probability map generated by this combination allows for a less
or more extended resection that will facilitate individualized local treatment. If future
studies confirm the assumed clinical value of ADC/FET-guided resections, ADC/FET could
become the new standard imaging for local treatment in enhancing glioma.
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II. Summary
This thesis set out to answer the following question: “Which MRI sequence, PET tracer,
or combination of MRI sequence(s) and/or PET tracer(s) is the most accurate for the
detection of diffuse glioma infiltration?”.
Chapter 1 provides a general introduction, as well as the aim and outline of this thesis.
After a description of the biological and clinical background of diffuse gliomas, we address
the difficulty of the detection of diffuse glioma infiltration and the available imaging
techniques for the detection of this infiltration. The aims of this thesis are: to discuss the
current literature concerning imaging for the detection of diffuse glioma infiltration; to
develop quantitative [18F]FET PET parametric maps; to compare the accuracy of different
MRI sequences, PET tracers and combinations of MRI sequence(s) and/or PET tracer(s)
for the detection of diffuse glioma infiltration; and to quantify such infiltration using
histological, molecular and imaging techniques.
In chapter 2 we systematically review the current literature on the diagnostic accuracy
of imaging techniques for the detection of diffuse glioma infiltration. This meta-analysis
on 61 studies, describing 3,532 samples in 1,309 patients, has several findings. First,
the reporting quality of the studies is suboptimal. Second, the diagnostic accuracy
for the detection of diffuse glioma infiltration of standard MRI used in daily practice
is better for low-grade than high-grade glioma. Third, the diagnostic accuracy for the
detection of diffuse glioma infiltration of standard MRI in high-grade gliomas is lower
than MR spectroscopy and PET. Finally, samples without tumor presence from regions
without imaging abnormalities (true negative samples) are underrepresented. Based on
these findings, we conclude that a prospective study with direct comparison of imaging
techniques including true negative samples is needed.
In chapter 3 we discuss the literature on current available imaging techniques for the
guidance of diffuse glioma resection and the localization of brain functions and white
matter tracts. We conclude that, although multiple imaging techniques are available,
studies directly comparing the guidance of diffuse glioma resection by different imaging
techniques are sparse. The results of these few studies suggest that the use of other
imaging techniques than the current standard MRI could result in improved survival for
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patients. Another conclusion of this review is that direct cortical stimulation remains
the gold standard for the localization of important brain functions and white-matter
tracts. Imaging techniques, however, are indispensable for surgical planning, including
the choice of awake versus non-awake surgery.
Chapter 4 comprises a study of the accuracy of an in-house developed stereotactic
drilling technique for diagnostic biopsies and stereo-electroencephalography depth
electrode implantation. We included seven patients with 89 depth electrodes implanted
and compared the pre-operative neuronavigation planning with the actual position on
post-operative CT. The difference between planning and actual position was 3.5mm.
Therefore, we conclude that our stereotactic drilling technique is suitable for diagnostic
biopsies.
Chapter 5 describes the study protocol for a monocenter prospective diagnostic accuracy
study for the detection of diffuse glioma infiltration. Inclusion encompasses adult patients
with a newly diagnosed, diffuse infiltrative glioma undergoing resective glioma surgery.
Advanced neuroimaging is added to the standard preoperative MRI, and both are used
to plan serial neuronavigated biopsies in and around the glioma boundaries. Biopsies
are obtained immediately preceding resective surgery and provide histopathological
and molecular characteristics of the regions of interest, enabling comparison with
quantitative measurements in the imaging modalities at the same biopsy sites.
Chapter 6 examines different tracer kinetic models for the quantification of [18F]FET
kinetics in seven patients. The purpose of this study is to identify the optimal model
using full plasma input data, as well as to identify the optimal simplified model that does
not require arterial or venous blood sampling. The reversible two-tissue compartment
model was the optimal tracer kinetic model and showed a strong correlation with the
60–90 min tumor-to-blood ratio, which was therefore identified as the optimal simplified
model. There was also a significant, although moderate, correlation between [18F]FET
kinetics and cerebral blood flow, determined by [15O]H2O PET. We conclude that the
optimal simplified method is accurate enough to replace the full plasma input method.
Chapter 7 compares multiple parametric maps of [18F]FET kinetics as well as tumor-tobrain ratio maps from different [18F]FET PET time intervals in seven patients. In order
to assess the accuracy of the parametric maps, the mean value of the tumor volume
was determined with the optimal model from chapter 6 and compared with the mean
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value of the tumor volume of the different parametric maps. The quality of each image
was assessed as the level of noise, with lower levels of noise representing higher image
quality. The parametric maps based on the basis function method provided the best
accuracy, while the parametric map based on the Logan method displayed the lowest
level of noise. Tumor-to-normal ratio maps provided better accuracy and lower noise if
later interval times were used.
Chapter 8 consists of a study directly comparing [18F]FET and [11C]choline PET for the
detection of diffuse glioma infiltration in 74 samples from eight patients. The diagnostic
accuracy of both the standardized uptake value (SUV) and the tumor-to-brain ratio (TBR)
maps of [11C]choline and different time intervals of [18F]FET were assessed. For [18F]FET,
the diagnostic accuracy of the TBR was higher than that of the SUV for intervals 40–60
min and 60–90min. For [11C]choline, there was no difference in diagnostic accuracy
between the SUV and the TBR, however, there was a significant difference between
tumor and normal samples SUV, but not TBR. The diagnostic accuracy of [18F]FET TBR
60-90 min was higher than that of [11C]choline SUV 20-40 min. We conclude that [18F]
FET PET is more accurate than [11C]choline PET for detecting diffuse glioma infiltration.
Chapter 9 presents the results of the direct comparison of diagnostic accuracy of
multiple MRI sequences, PET tracers and combinations of MRI sequence(s) and/or PET
tracer(s) for the detection of diffuse glioma infiltration in 174 samples from 20 patients.
In enhancing gliomas, the combination of ADC with [18F]FET PET detected diffuse
glioma infiltration better than T1G MRI and better than [18F]FET PET. In non-enhancing
gliomas, no imaging combination detected diffuse glioma infiltration significantly better
than standard MRI. FLAIR-weighted MRI was more accurate than [18F]FET PET in nonenhancing glioma. We constructed a probability map of tumor presence based on the
combination of ADC with [18F]FET PET, with each voxel representing the probability of
tumor presence, ranging from 0 to 100%. We conclude that combining ADC and [18F]
FET PET detects diffuse glioma infiltration better than standard MRI and [18F]FET PET in
enhancing gliomas, potentially enabling better local therapy.
Chapter 10 quantifies diffuse glioma infiltration using different techniques and
assesses intratumoral epigenetic heterogeneity in 133 samples of 16 patients. Diffuse
glioma infiltration was quantified as tumor purity using (epi)genetic, histological and
radiological metrics. An epigenetic tumor purity metric (PAMES) correlated best with
all other metrics. Also, tumor purity demonstrated high intrapatient spatial variation.
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Intratumoral epigenetic heterogeneity was analyzed at molecular epigenetic classification
level and compared with intratumoral variation in tumor purity. We conclude that
apparent spatial heterogeneity in molecular epigenetic classification can generally be
explained by variation in tumor purity and generally does not reflect biological variation.
Genome-wide intratumoral epigenetic heterogeneity was also analyzed and confirmed
the findings at molecular epigenetic classification level.
Finally, in Chapter 11, we present the general discussion of this thesis including: the
current standard radiological imaging for the detection of diffuse glioma infiltration;
imaging combinations for the detection of diffuse glioma infiltration; and quantification
of diffuse glioma infiltration. Furthermore, we discuss the future perspectives of a
new standard imaging protocol for diffuse glioma and local treatment beyond current
standard MRI abnormalities. Finally, suggestions are made for future research.
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III. Nederlandse samenvatting
(SUMMARY IN DUTCH)
Diffuse gliomen zijn de meest voorkomende hersentumoren. Ze ontstaan uit de
(voorlopers van) gliacellen die als functie hebben de zenuwcellen (neuronen) in de
hersenen te ondersteunen. De mate van kwaadaardigheid wordt uitgedrukt in een
graderingssysteem van de Wereldgezondheidsorganisatie, waarbij graad I de minst en
graad IV de meest kwaadaardige tumoren zijn. Diffuse gliomen zijn er in graad II, III en IV,
waarbij graad IV glioblastoom wordt genoemd. Per jaar krijgen ongeveer 1100 mensen
in Nederland een diffuus glioom, hiervan betreft het in circa 60% van de patiënten een
glioblastoom.
De behandeling van diffuse gliomen bestaat uit een operatie en - afhankelijk van de graad,
leeftijd en conditie van patiënt – bestraling en chemotherapie. Het doel van de operatie
is om zo veel mogelijk tumorweefsel te verwijderen zonder ernstige neurologische uitval
bij de patiënt te veroorzaken. De 10-jaars overleving is ongeveer 17%, hierdoor staan
diffuse gliomen in de top vijf van meest dodelijke kankersoorten. Eén van de redenen
dat diffuse gliomen zo moeilijk te behandelen zijn is hun neiging om het omliggende
gezonde hersenweefsel wijdverspreid te infiltreren. Hierdoor is het lastig om tijdens
een operatie onderscheid te maken tussen de tumor en normaal hersenweefsel. Om te
helpen dit onderscheid te maken wordt er gebruik gemaakt van beeldvorming. De meest
gebruikte techniek is beeldvorming met behulp van magnetische resonantie (MRI). MRI
beelden kunnen op verschillende manieren verkregen worden, zogenaamde sequenties.
De T2-, FLAIR- en T1 met contrast-gewogen sequenties zijn de huidige standaard voor het
afbeelden van de infiltratie van een diffuus glioom. Er zijn ook andere MRI-sequenties en
andere beeldvormende technieken, zoals bijvoorbeeld positronemissietomografie (PET)
waarvoor meerdere radioactief gemerkte stoffen (tracers) bestaan, beschikbaar voor
het afbeelden van deze tumorinfiltratie. Het is echter nog onvoldoende duidelijk of deze
alternatieven beter zijn dan de huidige standaard.
Dit proefschrift heeft als doel het beantwoorden van de vraag: “Welke MRI sequentie,
PET-tracer, of combinatie van MRI-sequentie(s) en/of PET-tracer(s), is het meest
nauwkeurig voor het afbeelden van diffuusglioom-infiltratie?”.
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Hoofdstuk 1 betreft een algemene introductie en een korte beschrijving van het doel
en de opzet van dit proefschrift. In de algemene discussie wordt eerst de biologische en
klinische achtergrond van diffuse gliomen beschreven. Vervolgens komt de moeilijkheid
van het detecteren van de infiltratie van diffuse gliomen aan de orde. De doelen van
dit proefschrift zijn: bediscussiëren van de huidige literatuur omtrent beeldvorming
voor het detecteren van de infiltratie van diffuus gliomen; ontwikkelen van PET beelden
die gebaseerd zijn op metingen van de verdeling van de tracer [18F]FET, zogenaamde
parametrische beelden; het vergelijken van de nauwkeurigheid van verschillende
MRI-sequenties, PET-tracers, of combinatie van MRI-sequentie(s) en/of PET-tracer(s),
voor het detecteren van de infiltratie van diffuse gliomen; en het kwantificeren van de
diffuus glioom infiltratie met behulp van histologische, moleculaire en beeldvormende
technieken.
Hoofdstuk 2 bevat een systematische review van de literatuur over de diagnostische
nauwkeurigheid van beeldvormende technieken voor het detecteren van diffuusglioominfiltratie. Deze meta-analyse over 61 studies met 3,532 biopten in 1,309 patiënten
leidde tot een aantal bevindingen. Ten eerste was de kwaliteit van rapporteren van de
studies suboptimaal. Ten tweede, de diagnostische nauwkeurigheid voor het detecteren
van diffuusglioom-infiltratie van standaard MRI, welke gebruikt wordt in de dagelijkse
praktijk, is beter voor laaggradige dan hooggradige gliomen. Ten derde, de diagnostische
nauwkeurigheid voor het detecteren van diffuusglioom-infiltratie van standaard MRI in
hooggradige gliomen was minder dan die van magnetische resonantie spectroscopie
en PET. Tot slot waren biopten zonder tumor uit gebieden zonder afwijkingen op de
beeldvorming (echt negatieve biopten) ondervertegenwoordigd. Gebaseerd op deze
bevindingen concluderen wij dat er een noodzaak is tot een prospectieve studie met
directe vergelijking van beeldvormende technieken waarbij ook echt negatieve biopten
worden verkregen.
In hoofdstuk 3 bediscussiëren wij de literatuur omtrent de huidige beschikbare
beeldvormende technieken voor het begeleiden van de resectie van diffuse gliomen en
het lokaliseren van hersenfuncties en wittestofbanen. We concluderen dat er, ondanks
de beschikbaarheid van meerdere beeldvormende technieken, weinig studies zijn die
diffuusglioom-resecties op basis van verschillende beeldvormende technieken direct
vergelijken. De resultaten van deze spaarzame studies suggereren dat het gebruik
van andere beeldvormende technieken dan de huidige standaard MRI mogelijk zou
kunnen leiden tot een verbeterde overleving van patiënten. Een andere conclusie is dat
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directe corticale stimulatie de goudstandaard blijft voor het lokaliseren van belangrijke
hersenfuncties en wittestofbanen. Beeldvormende technieken zijn echter onmisbaar
voor de chirurgische planning, inclusief de keuze voor een wakkere, versus niet-wakkere,
operatie.
Hoofdstuk 4 bevat een studie naar de nauwkeurigheid van een stereotactische
boortechniek, welke lokaal is ontwikkeld, voor diagnostische biopten en het inbrengen
van stereo-electroencefalografische diepte-elektroden. We includeerden zeven
patiënten met 89 ingebrachte diepte-elektroden en vergeleken de preoperatieve neuronavigatieplanning met de uiteindelijke positie op de CT. Het verschil tussen de planning
en uiteindelijke positie was 3.5 mm. Daarom concluderen we dat onze stereotactische
boortechniek geschikt is voor diagnostische biopten.
Hoofdstuk 5 beschrijft het studieprotocol van een monocentrische prospectieve
diagnostische nauwkeurigheid studie voor de detectie van diffuusglioom-infiltratie.
Inclusie zal bestaan uit volwassen patiënten met een nieuwgediagnosticeerd diffuus
glioom die een chirurgische resectie ondergaan. Geavanceerde beeldvormende
technieken worden toegevoegd aan het standaard MRI-protocol. Beide worden gebruikt
voor het plannen van seriële neurogenavigeerde biopten in, en rondom, de grenzen van
het glioom. Biopten worden direct voorafgaande aan de resectie verkregen en gebruikt
om de histopathologische en moleculaire kenmerken te bepalen. Dit maakt vergelijking
met kwantitatieve metingen van de beeldvormende technieken van het biopsie gebied
mogelijk.
In hoofdstuk 6 onderzoeken we verschillende kinetische modellen voor tracers om
de [18F]FET-kinetiek te kwantificeren in zeven patiënten. Het doel van deze studie was
het identificeren van het optimale volledige model met behulp van de data van de
bloedafnames, alsmede het identificeren van het optimale versimpelde model, welke
bloedafnames overbodig maakt. Het reversibele twee-weefsel compartimentmodel was
het optimale volledige tracerkinetische model en liet een sterke correlatie zien met de
60-90 min tumor-brein ratio, waardoor deze ratio als het optimale versimpelde model
werd geïdentificeerd. Ook vonden we een matige maar significante correlatie tussen
de [18F]FET-kinetiek en cerebrale bloedstroom, zoals gemeten door middel van [15O]H2O
PET. We concluderen dat de optimale versimpelde methode nauwkeurig genoeg is om
de optimale volledige methode te vervangen.
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In hoofdstuk 7 vergelijken we in zeven patiënten meerdere [18F]FET PET parametrische
beelden, alsmede tumor-brein ratio (TBR) beelden van verschillende [18F]FET PET
intervallen. Om de nauwkeurigheid van de parametrische beelden te bepalen werd de
gemiddelde waarde van het tumorvolume bepaald met behulp van de optimaal volledige
methode uit hoofdstuk 6. Deze gemiddelde waarde werd vervolgens vergeleken met de
gemiddelde waarde van het tumorvolume van de verschillende parametrische beelden.
De kwaliteit van de beelden werd bepaald door de ruis te bepalen, waarbij minder ruis
een betere beeldkwaliteit geeft. De parametrische beelden op basis van de basis functie
methode waren het meest nauwkeurig. De parametrische beelden op basis van de Logan
grafische analyse hadden de minste ruis. De nauwkeurigheid en ruis van de TBR-beelden
waren beter voor de latere tijdsintervallen.
Hoofdstuk 8 bevat een studie met een directe vergelijking van [18F]FET en [11C]choline
PET voor de detectie van diffuusglioom-infiltratie in 74 biopten van acht patiënten. De
nauwkeurigheid van zowel de gestandaardiseerde opname waarde (SUV) als de TBR
van [11C]choline en de verschillende tijdsintervallen van [18F]FET werden bepaald. Voor
[18F]FET was de diagnostische nauwkeurigheid voor de detectie van diffuusglioominfiltratie van de TBR hoger dan van de SUV voor de tijdsintervallen 40–60min en
60–90min. Voor [11C]choline was er geen verschil in de diagnostische nauwkeurigheid
voor de detectie van diffuusglioom-infiltratie van de SUV en de TBR. Er was echter wel
een significant verschil voor de SUV, maar niet voor de TBR, tussen tumor en normale
samples. De diagnostische nauwkeurigheid van [18F]FET TBR 60–90min was hoger dan
die van [11C]choline SUV 20–40min. We concluderen dat [18F]FET PET nauwkeuriger is
dan [11C]choline PET voor de detectie van diffuusglioom-infiltratie.
In hoofdstuk 9 presenteren we de resultaten van de directe vergelijking van de
diagnostische nauwkeurigheid van meerdere MRI-sequenties, PET-tracers, en
combinaties van MRI-sequentie(s) en/of PET-tracer(s), voor het detecteren van diffuusglioom-infiltratie in 174 biopten van 20 patiënten. In aankleurende gliomen bleek
de combinatie van ADC met [18F]FET-PET de tumor beter te detecteren dan T1 met
contrast-gewogen MRI en beter dan [18F]FET-PET. In niet-aankleurende gliomen was
geen enkele combinatie beter in het detecteren van de tumor dan standaard MRI. FLAIRgewogen MRI was nauwkeuriger dan [18F]FET-PET in niet-aankleurende gliomen. We
construeerden een waarschijnlijkheidskaart voor de aanwezigheid van tumor, gebaseerd
op de combinatie van ADC met [18F]FET-PET, waarbij elke voxel de waarschijnlijkheid van
tumoraanwezigheid representeerde op een schaal van 0 tot 100%. We concluderen
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dat in aankleurende gliomen de combinatie van ADC met [18F]FET-PET de mate van
diffuusglioom-infiltratie beter detecteert dan standaard MRI en [18F]FET-PET en dat dit
kan leiden tot een betere lokale behandeling.
Hoofdstuk 10 beschrijft een onderzoek waarin we diffuusglioom-infiltratie met behulp van
verschillende technieken kwantificeren en de intratumorale epigenetische heterogeniteit
in 133 biopten van 16 patiënten bepalen. Diffuusglioom-infiltratie werd gekwantificeerd
als de mate van tumorpuurheid door middel van (epi)genetische, histologische en
radiologische karakteristieken. Een epigenetische maat (PAMES) correleerde het beste
met alle andere maten. Tumorpuurheid vertoonde een hoge mate van variatie binnen
patiënten. Intratumorale epigenetische heterogeniteit werd geanalyseerd door de
moleculaire epigenetische classificatie van alle samples te bepalen. Deze classificatie
werd vervolgens vergeleken met de tumorpuurheid. We concludeerden dat ruimtelijke
heterogeniteit in de moleculaire epigenetische classificatie meestal verklaard kan
worden door de variatie in tumorpuurheid en niet het gevolg is van biologische variatie.
Genoomwijde analyse van intratumorale epigenetische heterogeniteit bevestigde deze
bevindingen.
In hoofdstuk 11 presenteren we ten slotte de algemene discussie over de volgende
onderwerpen: huidige standaard beeldvorming voor het detecteren van diffuusglioominfiltratie; combinaties van beeldvorming voor het detecteren van diffuusglioominfiltratie; en kwantificatie van diffuusglioom-infiltratie. Tevens bediscussiëren we de
toekomstperspectieven van een nieuw standaardprotocol voor beeldvorming van diffuse
gliomen en lokale behandeling voorbij de afwijkingen op de huidige standaard-MRI. Op
basis van deze discussie den we suggesties voor toekomstig onderzoek.
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VII. PhD Portofolio
Name student:
PhD period:
PhD supervisors:

N. Verburg
January 2016 – January 2020
prof. dr. W.P. Vandertop
prof. dr. P. Wesseling
prof. dr. P.C. de Witt Hamer

Mandatory
Scientific integrity course
Participation and presentation at
international conferences
Participation and presentation at
national conferences

Statistics course
Oncology course
Subtotal
Elective Mandatory
Participation in weekly clinical
oncology meetings
Participation in weekly journal clubs
Organization of journal clubs
Tutor honors program student
Tutor student
Writing scientific articles under
supervision
Education for (scrub) nurses
Writing grant application

Organizer

Year

EC

VUmc Academy
Society of Neuro Oncology

2018
2016-2019

2.0
4.0

Dutch Neuro Oncology
2016-2019
workgroup meeting, Dutch
Radiology Meeting, Dutch
Neurosurgery Wintermeeting
Exemption
Exemption

4.0

VUmc

2016-2019

2.0

VUmc
VUmc
VU
VU
VUmc

2016-2019
2016-2019
2016
2019
2016-2019

4.0
2.0
2.0
2.0
2.0

Amstel Academy
Niels Stensen Fellowship
Awarded

2016-2018
2019

2.0
2.0

Subtotal
Elective
Radiation hygiene
R2 introduction workshop
Subtotal
Total

2.0
3.0
15.0

18.0

Boerhaave
AMC Onco Genomics

2019
2016

1.7
0.5
2.2
35.2
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Date
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Thesis

10-06-2005

Carla Verstappen

Cancer therapy related neurotoxicity

28-09-2005

Maaike Vos

Evaluation of reponse, toxicity and outcome in glioma
therapy

20-12-2005

Birgit Georger

Conditionally replicative adenoviruses for the treatment of
malignant glioma and neuroblastoma

20-12-2005

Jacques Grill

Gene therapy and virotherapy of brain tumors with
recombinant adenoviruses

19-06-2009

Fonnet Bleeker

Mutational profiling of glioblastoma

24-11-2009

Philip de Witt Hamer Glioblastoma: between bed and bench
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Ingeborg Bosma

Cognitive dysfunction in glioma; underlying mechanisms
and consequences

23-09-2010

Christian Badr

Bioluminescence imaging in glioblastom: monitoring of
biological processes and novel therapeutics

08-11-2010

Linda Douw

Neural networks in brain tumors; the interplay between
tumor, cognition, and epilepsy

10-06-2011

Sander Idema

Improving oncolytic viral therapy for glioma

05-10-2011

Anneke Niers

Novel biosensors for preclinical brain tumor analysis

16-11-2011

Krista van Nifterik

In vitro studies on radiation and temozolomide in human
glioma

03-07-2012

Viola Caretti

Pioneering preclinical research in diffuse intrinsic pontine
glioma: towards new treatment strategies
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Leonora Balaj

Exosomes: the biological messengers
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Marjolein de Groot

Epilepsy in brain tumor patients; towards improved and
personalized treatment

04-06-2013

Edwin van Dellen

Lesions in the connected brain; a network perspective on
brain tumors and lesional epilepsy

04-12-2013

Michiel Smits

Micro-RNA and epigenetic signaling in glioma angiogenesis

11-12-2013

Eefje Sizoo

The end-of-life phase of high-grade glioma patients;
towards a dignified death

17-06-2014

Dannis van Vuurden

Innovative treatment targets in pediatric high-grade brain
tumors
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Date

PhD Candidate

Thesis

07-01-2015

Lotte Hiddingh

Treatment sensitizers for high-grade tumors

17-03-2015

Marc Jansen

Diffuse Intrinsic Pontine Glioma: clinical aspects and
imaging

11-05-2015

Florien Boele

Towards improving health-related quality of life in glioma
patients and their informal caregivers

30-09-2015

Johan Koekkoek

Epilepsy in glioma patients; optimizing treatment until the
end of life

19-01-2016

Sjoerd van Rijn

Functional molecular imaging of cancer development and
stem cell regeneration in the nervous system

24-03-2016

Hinke van Thuijl

Molecular characterization of low-grade glial neoplasms

18-05-2016

Avanita Prabowo

Molecular Features of long-term epilepsy-associated
tumours; focus on glioneural tumours

08-06-2016

Ronald Willemse

Functional mapping of the sensorimotor cortex: clinical
studies with MEG and fMRI

21-06-2016

Sharyar Mir

Novel treatment targets in high-grade brain tumors

01-07-2016

Femke Froklage

The role of the blood-brain barrier in drug-resistance and
central neurotoxicity

03-11-2016

Thijs Crommentuijn

Development of vector-based strategies against
glioblastoma

28-11-2017

Lot Sewing

Diffuse Intrinsic Pontine Glioma: disease models and
translational research

28-11-2017

Sophie Veldhuijzen
van Zanten

Diffuse Intrinsic Pontine Glioma: a multi-facetted and global
view

22-12-2017

Remco Molenaar

Radiation in cancer. From cellular to clinical effects

23-01-2018

Tonny Lagerweij

Brain tumors: Preclinical imaging and novel therapies

14-09-2018

Ravi Narayan

Radiosensitizing and synergistic targeted therapy for
glioblastoma

27-09-2018
23-01-2020

Friso Hoefnagels
Niels Verburg

Imaging techniques as an adjunct in resective brain surgery
Advanced imaging in glioma treatment; moving the frontier.
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IX. Dankwoord
Ibiza, zomer 2018: “Sorry lief, maar ik moet nu even doorwerken want dan is het dit jaar
nog allemaal klaar. Dat wil jij toch ook?” Dus… ruim een jaar en twee vakanties verder,
waar helaas ook in gewerkt werd, is het nu dan écht zover. Wat begon met een idee over
een onderzoekje naar fluorescerende middelen als coassistent heeft uiteindelijk geleid
tot dit proefschrift aan het einde van mijn opleiding tot neurochirurg. Zoals iedereen
weet is dit natuurlijk geen solo project en hebben er velen geholpen die ik graag wil
bedanken.
Allereerst natuurlijk alle patiënten, en hun families, die kostbare tijd en energie
belangeloos hebben gegeven voor dit project. Het is bijna niet voor te stellen in wat
voor situatie deze mensen zitten. Net geconfronteerd met een ernstige ziekte en met
het vooruitzicht van een hersenoperatie, hebben zij toch uren extra onder de scanner
gelegen en zijn bereid geweest om een langere procedure te ondergaan. Mijn grootste
hoop is dat we met het onderzoek écht hebben bijgedragen aan het verbeteren van de
behandeling van mensen met een diffuus glioom.
Mijn promotor, prof. dr. W.P. Vandertop. Beste professor, voor een promovendus
met haast is bijna niet te beschrijven hoe prettig het was dat elk stuk binnen no-time,
voorzien van zeer scherp en accuraat commentaar, terug kwam in mijn inbox. De precisie
met betrekking tot de Nederlandse en Engelse taal heeft mij niet alleen geholpen in
het schrijven van artikelen en beursaanvragen, maar ook nog eens met het behalen
van het IELTS Engels examen. Dezelfde nauwkeurigheid is er op de OK en in het klinisch
redeneren, waar ik enorm veel van heb geleerd. Daarnaast heb ik mij altijd gesteund
gevoeld in het combineren van opleiding en promotie. Bedankt voor de flexibiliteit in het
inzetten van mijn KWF beurs. Hopelijk kunnen we in de toekomst nog veel samenwerken.
De (twee?)jaarlijkse assistenten BBQ’s ga ik missen!
Mijn promotor, prof. dr. P. Wesseling. Beste Pieter, zonder jou was dit boekje er nooit
gekomen. Jouw kennis, inzicht en kritische blik hebben mij enorm geholpen. Ondanks
je vele functies en neventaken, maakte je altijd tijd voor mij vrij. Mede dankzij jouw
uitgebreide hulp lukte het om de KWF beurs te verkrijgen. Daarnaast kwam ik door
jou in contact met Roel Verhaak en recent heb je weer enorm bijgedragen aan het
verkrijgen van het Niels Stensen Fellowship. Mailtjes rond middernacht, telefoontjes
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op zondagochtend, altijd sta je voor me klaar. Naast mooie academische kwaliteiten,
ben je ook oprecht geïnteresseerd in de mensen om je heen en weet je iedereen te
waarderen (en dit ook te benoemen). Ik hoop in de toekomst nog veel met je te kunnen
samenwerken en biertjes op vliegvelden te drinken na SNO meetings.
Mijn copromotor, prof. dr. P.C. de Witt Hamer. Beste Philip, jij hebt mij wegwijs
gemaakt in de wetenschap. En zoals je dat met alles doet, ging dit gepaard met een
ongelooflijk analytisch vermogen en enorm perfectionisme. Dit heeft mij erg geholpen
en ik heb ontzettend veel van je geleerd. Het is knap hoe jij naast je klinische werk
een onderzoeksgroep heb weten op te richten, wat zeer terecht heeft geleid tot een
hoogleraarschap. Een cursus time management heb jij niet meer nodig, 15 minuten
introductie uitleg in R moet genoeg zijn toch? Naast onderzoek doen, heb ik ook veel van
je geleerd op de OK en de polikliniek. Waarschijnlijk besef je wel dat we nog veel werk te
verzetten hebben, aangezien er nog een whisky & sigaren avond gepland moet worden
en er nog een halve doos FRONTIER wijn op jouw kamer ligt. O ja, misschien moeten we
ook nog éven die RCT opstarten waar we het al jaren over hebben…
Prof. dr. B.M.J. Uitdehaag, prof. dr. G.A.M.S. van Dongen, prof. dr. M. Smits en
dr. A.M.E. Walenkamp. Hartelijk dank voor de tijd en moeite die u heeft genomen
om mijn proefschrift te beoordelen en uw bereidheid om zitting te nemen in de
promotiecommissie. Excuses voor het stalken door zowel promotor als promovendus
om snel het oordeel te vellen, wat zelfs doorging tot op Curaçao. Zonder u was het nooit
gelukt om nog voor mijn start in Cambridge mijn proefschrift te verdedigen.
Prof. dr. R. G. Verhaak. Beste Roel, mijn periode in jouw lab heb ik als zeer inspirerend
en leerzaam ervaren. Een nieuwe wereld ging voor mij open en jij hebt me de kans
gegeven deze zelf te ontdekken. De manier waarop jij je onderzoeksgroep leidt en weet
te motiveren is voor mij een voorbeeld. Je hebt langer dan je gewend bent moeten
wachten op de resultaten van onze samenwerking. Het nadeel van een onderzoeker die
ook nog in opleiding is tot neurochirurg. Nu die opleiding voorbij is durf je het misschien
weer aan om in de toekomst nieuwe gezamenlijke projecten aan te gaan. En ik beloof om
je de volgende keer niet te laten zitten bij de ‘presidential reception’ op de SNO meeting.
Dr. S. J. Price. There are many things to thank you for. It starts with you sharing your data
with us, which led to the meta-analysis. Next, I would like to thank you for your time and
effort of reviewing my thesis in such a short time. Finally, I am very thankful for the great

280

Dankwoord

opportunity you have given me by allowing me to join your group in Cambridge for my
Niels Stensen Fellowship. I am looking forward to our collaboration.
De FRONTIER onderzoeksgroep, prof. dr. F. Barkhof, prof. dr. O.S. Hoekstra, prof. dr. R.
Boellaard, prof. dr. J.J. Heimans, dr. P.J.W. Pouwels, dr. M.M. Yaqub, dr. J. Reijneveld
en T. Koopmans. Beste Frederik, Otto, Ronald, Jan, Petra, Maqsood, Jaap en Thomas,
zonder jullie was de FRONTIER studie nooit geslaagd. Het was een uitdaging om met al
onze verschillende achtergronden dezelfde taal te spreken. Toch is dit gelukt en heeft het
tot mooie resultaten geleid. Jullie hebben veel bijgedragen aan mijn wetenschappelijke
vorming waarvoor dank. En nu op naar het vervolg van de FRONTIER!
The Verhaak crew, Kevin, Floris, K2, Samir and Hoon. You made me feel really welcome at
the Jackson Lab. Besides extending my R and basic data analyses skills, you have thought
me a lot about the American culture: drinking IPA, watching superbowl, not to drive in
a snowblizzard and courtyard beerpong. I am looking forward to future SNO meetings.
Prof. dr. A.J.M. Rozemuller. Beste Annemieke, bedankt voor al je tijd en moeite die je
hebt gestoken in het beoordelen, en soms nogmaals gezamenlijk beoordelen, van alle
samples.
Dr. J.A.M. Belien. Beste Jeroen, zonder jou was ik nu nog steeds bezig geweest met het
bepalen van de MIB index. Eén van mijn grootste onderschattingen van dit project. Met
behulp van jouw pipeline kon de enorme hoeveelheid data toch verwerkt worden. Dank
hiervoor.
De CCA laboranten, Dirk, François en Paul. Zonder jullie enorme inspanning was het
nooit gelukt om het moleculaire project op de rails te krijgen. Onder grote tijdsdruk
hebben jullie topwerk geleverd. Daarnaast hebben we geleerd dat Molfix toch niet de
beste keuze was…
Alle PET en MRI laboranten. Dit logistiek méér dan uitdagende project was nooit gelukt
zonder jullie inzet. Ondanks problemen met de tracers, de meerdere scans op één dag
en ook nog eens ontelbaar veel bloedsamples hebben we het voor elkaar gekregen. Het
creatief plannen van Judith was onmisbaar. Bedankt allemaal.
Beste Gem, bedankt voor het afnemen van bloedmonsters bij patiënten.
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Alle OK-assistenten van de neurochirurgie. 174 biopten neem je niet zonder een goed
team. Jullie hulp bij dit uitdagende onderdeel was geweldig!
PICTURE groep, Domenique, Roeland en Martin. Het is nooit helemaal gelukt om de
FRONTIER en PICTURE bij elkaar te krijgen, maar aan jullie heeft het niet gelegen. Nog
elke week moet ik de PICTURE meeting afspraak in mijn agenda weigeren. Vaak zijn jullie
een klankbord geweest waarvoor dank. Hopelijk komen binnenkort de eerste PICTURE
boekjes uit.
Mijn opleider, prof. dr. S. M. Peerdeman. Beste Saskia, zonder jouw flexibiliteit in
mijn opleidingsschema was het allemaal nooit gelukt. Daarnaast heb je mij altijd goed
geholpen om mijn focus te houden ondanks de vele andere interessante projecten die
op mijn pad kwamen. Met dit boekje komt ook een einde aan mijn opleiding. Ik heb
enorm veel van je geleerd, zowel op OK als daarbuiten. De manier waarop jij kliniek en
management weet te combineren is een voorbeeld. Ik ga de jaarlijkse AIOS etentjes bij
jou thuis erg missen.
Stafleden Amsterdam UMC, locatie Vumc. Beste Hans, David, Ronald, Ricardo en
Sander. Dank voor jullie onuitputtelijke kritische academische blik die altijd op zeer
subtiele wijze kenbaar werd gemaakt. Ondanks het feit dat jullie je de helft van de tijd je
afvroegen waar ik was en wat ik in vredesnaam aan het doen was, heb ik toch veel van
jullie geleerd. Voornamelijk slechte grappen, koffie drinken en wat skiën. Maar gelukkig
ook nog opereren. Ik heb het enorm naar mijn zin gehad op de Boelelaan, Mahler en
de verschillende Alpenretraites. Ik hoop nog veel met jullie samen te kunnen werken,
bedankt!
Stafleden Amsterdam UMC, locatie AMC. Beste Gert Joan, Rick, Bert, Michiel, Pepijn,
Dennis, Friso, Jantien, Mariam, Maarten en René. Ik heb mijn altijd zeer welkom gevoeld
in het AMC en het OLVG West. Ook jullie hebben je vaak afgevraagd waar ik nu weer was
en waarom ik nog steeds niet klaar was met de opleiding. Ik heb veel van jullie geleerd
op de onderdelen die we op de locatie Boelelaan niet zo vaak zien. Ook met jullie hoop
ik nog veel samen te kunnen werken in de toekomst, bedankt!
Mede-AIOS Rob, Paul, Ivar, George, Roos, Hisse, Steven, Anil en Yasmine. Eindelijk is het
zover, niet meer die eeuwige AIOS als chief resident. Ik besef dat mijn exorbitant lange
opleiding niet altijd even fijn voor jullie is geweest, maar gelukkig was ik er vaak ook
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niet. Jullie begrijpen natuurlijk wel dat ik me enigszins zorgen maak over de aankomende
Alpenretraite, aangezien ik jullie niet meer kan chaperonneren. Ditzelfde geldt natuurlijk
voor de NVNA cursussen, waarbij ik wel verwacht dat de Amsterdamse academische eer
hoog gehouden wordt. Ik kijk ernaar uit om in de toekomst met jullie samen te werken.
ANIOS locatie VUmc. Beste Myron, Yvette, Victoria en Sophie. Bedankt dat jullie de
echte Heroes of the Ward zijn!
Secretariaat neurochirurgie Amsterdam UMC, locatie VUmc. Beste Wendy, Ingrid en
Brigitte. Bedankt voor al het zichtbare en onzichtbare werk.
OK technicus Walter. Bedankt voor al je hulp bij de verschillende technische uitdagingen
van deze studie en alle andere projecten.
Alle verpleegkundigen, medisch secretaressen en voedingsassistenten van het
neurocentrum Amsterdam UMC, locatie VUmc. Bedankt voor de goede zorg voor de
patiënten en altijd fijne sfeer op de afdeling.
De wijnsnobs Jurjen, Peter, Willem, Reinier, Jeroen, Rob en Rogier. Ondanks dat we van
schrale pils over zijn gegaan op pretentieuze Bordeauxs en we in plaats van vier dagen
per week elkaar vier uur per maand zien, is er verder weinig veranderd. Geen grap wordt
onbenut gelaten. Bedankt voor de broodnodige afleiding en ik hoop elkaar weer vaker
te kunnen zien.
Bonifanten Rutger, Arthur, Iris en Loekie. Wat bijzonder om nog steeds bevriend te zijn
sinds de eerste klas middelbare school. Ik hecht hier veel waarde aan en hoop ook jullie
in de toekomst weer vaker te kunnen zien. Helaas voor jullie is Cambridge net zo duur en
ongezellig als Amsterdam…
Mijn paranimf Bart. Gezien onze symbiose kon dit boekje niet uitblijven. Vanaf nu mag
ik weer aan dezelfde tafel zitten als onze vrouwen en jou. Naast onze geweldige en voor
mij zeer belangrijke vriendschap, ben jij ook wetenschappelijk een voorbeeld met je
prachtige onderzoekscarrière tot nu toe. Misschien dat we in de toekomst nog een keer
samen kunnen publiceren. En als het allemaal niet lukt hebben we altijd nog onze HNP
bus om op terug te vallen.
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Mijn paranimf Jacob. Ons werk als (neuro)chirurg, gezamenlijke fanatisme in spelletjes
en voorliefde voor feestjes zijn een rode draad in onze vriendschap. De vele vakanties
in het huis van jouw oom in Perletto hebben de wijnsnobs gevormd. Hoewel we nooit
samen hebben geopereerd, was het OK complex wel de plek om even bij te praten in
onze blauwe pakken. Geen biertjes meer bij Mahler voor ons, maar wie weet waar wel
in de toekomst.
Lieve Ien en Willem. Bedankt voor jullie constante oprechte interesse. Jullie zijn als
familie voor me.
Lieve Flip. Bedankt voor jouw kritische en analytische denken, gecombineerd met een
perfectionisme in taal, waarmee je mij enorm hebt geholpen bij meerdere brieven en
het essay voor de aanvraag van mijn Niels Stensen Fellowship.
Lieve Menso, Tourette en Maria. Ik ben ontzettend blij met jullie als schoonfamilie. Altijd
zeer betrokken en erg geïnteresseerd in wat ik doe. Daarnaast een enorme hulp als oppas
van Feline en Pepijn wat regelmatig nodig was met al mijn nationale en internationale
verplichtingen. In de toekomst gelukkig weer meer tijd om Sinterklaas voor te bereiden.
Lieve oma, lieve Rie. Helaas mocht jij niet studeren van je vader. Ik weet zeker dat
je een voortreffelijk wetenschapper had kunnen worden met jouw onuitputtelijke
nieuwsgierigheid. Jammer dat Lex niet meer bij mijn promotie kan zijn. Echter was dit
misschien ook niet helemaal zijn ding, aangezien hij me na het horen van mijn KWF
beurs vroeg of ik niet eerst een keer moest gaan werken voordat ik weer ging studeren.
Bedankt dat er iets van jouw nieuwsgierigheid aan mij is doorgegeven.
Lieve pap en mam, lieve Dick en Sjan. Tijdens het schrijven van het essay voor het Niels
Stensen Fellowship besefte ik mij weer goed dat jullie mij gemaakt hebben tot wie ik ben
en dat ik hier enorm dankbaar voor ben. Jullie idealisme is bewonderingswaardig en een
voorbeeld voor me. Ik heb mij altijd enorm gesteund gevoeld in de keuzes in mijn leven,
waaronder ook dit proefschrift. Daarnaast hebben jullie ook enorm geholpen door op
te passen op Feline en Pepijn. Nu er weer meer tijd is hoop ik jullie vaker te zien en te
spreken.
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Lieve Feline en Pepijn, misschien vinden jullie ooit een ondergestofte doos vol met
boekjes op zolder en bladeren jullie er doorheen. Weet dat ik alles eraan heb gedaan om
dit proefschrift niet in de weg te laten staan van mijn tijd met jullie. Dus gooi het boekje
maar snel terug in de doos en dan gaan we iets leuks doen.
Mijn lief, Hannah. Van iedereen heb jij het meeste moeten verduren van mijn promotie.
De vele avonden dat ik met een laptop op de bank zat, jij hoogzwanger van Pepijn
alleen voor Feline moeten zorgen toen ik in het lab in Amerika was en mijn afwezigheid
tijdens de internationale congressen. Ondanks dit alles ga je ook nog met mij mee naar
Cambridge. Er zijn geen woorden hiervoor, maar ik dank je voor alles wat je hebt gedaan.
Weet dat jij en de kinderen het allerbelangrijkste in mijn leven zijn. Ik hou van je!
En nu is het tijd voor een klein drankje…!
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X. Curriculum Vitae
Niels Verburg was born on September 11, 1984 in Utrecht, The Netherlands. After
obtaining his atheneum diploma at the St. Bonifatiuscollege in Utrecht in 2002, he
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started to study Medicine at the Free University, Amsterdam. Between his study and
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as a medical doctor in 2010, he started as a resident not in training at the department
of Neurosurgery, VU Medical Center, Amsterdam. In 2012 his neurosurgical training
commenced at the department of Neurosurgery, VU medical center, Amsterdam (chair:
prof. dr. W.P. Vandertop) under guidance of prof. dr. S.M. Peerdeman. He trained for 6
months in spinal surgery under guidance of dr. G.J. Bouma at the OLVG West, Amsterdam.
His training has completed in December 2019.
In 2011 he started his collaboration with prof. dr. P.C. de Witt Hamer, who just started a
research group for diffuse glioma imaging. After receiving a grant of the Cancer Center
Amsterdam in 2012, they initiated the FRONTIER study. In 2015, Niels obtained a Dutch
Cancer Foundation Resident Grant, which allowed him to combine his residency with
PhD research under guidance of prof. dr. P.C. de Witt Hamer, prof. dr. W.P. Vandertop
and prof. dr. P. Wesseling. In 2017, he spent two months as a visiting scientist in the
Computational Biology laboratory of prof. dr. R.J.W. Verhaak at the Jackson Laboratory
for Genomic Medicine (Farmington, USA), which has led to an ongoing collaboration. The
results of this collaboration and his PhD research are presented in this thesis. Recently
he was awarded a Niels Stensen Fellowship that allows him to continue his research at
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