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Abstract

The aims of the studies were:

¢ to evaluate the spatial resolution of fMRI at 3 T by studying fingersomatotopy
in area 3 b of the primary sensory area (Paper 1);

¢ to investigate the potential of fMRI at 3T as a clinical tool for preoperative
evaluation of patients with intracranial tumors (Paper 2);

e to investigate the effect of glioma resection on the spatial extent of fMRI
activation as compared to the normal within-subject variability (Paper 3);

e to determine whether the apparent diffusion coefficient (ADC) and fractional
anisotropy (FA) can distinguish tumor-infiltrated edema of gliomas from pure
edema of meningiomas and metastases (Paper 4).

Results:

Strict somatotopic organisation in the primary sensory cortex was shown in the group
average; at the subject level the thumb was located laterally, anteriorly and inferiorly
to the little finger in 94 % of subjects (Paper 1).

The sensorimotor and language areas close to intracranial tumors were identified in
95 % of patients. Paradigm effectiveness ranged from 79 to 95 %. The median quality
of the activation maps was high. fMRI contributed to the decision to operate, the
surgical approach and the extent of the resection in 9, 13 and 12 patients, respectively
(Paper 2).

BOLD activation obtained from fMRI with motor, sensory and language stimulation
pre- and postoperatively in glioma patients yielded differences in the spatial extent
similar to those obtained from repeated examinations in healthy controls (Paper 3).
Values and lesion-to-brain ratios of ADC and FA in peritumoral edema did not differ
between high grade gliomas, meningiomas and metastases (Paper 4).

Conclusions:

Our results suggest that the spatial resolution of fMRI using a clinical protocol is
adequate for localisation of the sensory representation of a finger (Paper 1).
Preoperative fMRI for mapping of motor, sensory and language functions at 3 T is
feasible and contributes to neurosurgical decision making (Paper 2).

Longitudinal pre- and postoperative fMRI studies may be performed in patients with
gliomas without concerns for potential effects of the decreased tumor volume on the
BOLD effect as a possible source of error (Paper 3).

Values and lesion-to-brain ratios of ADC and FA may not be useful to distinguish
pure edema from tumor-infiltrated edema in peritumoral areas with T2-signal
changes (Paper 4).

Key words:
Functional Magnetic Resonance Imaging; somatosensory cortex; neoplasms;
diffusion magnetic resonance imaging



Summary in Swedish:

Populérvetenskaplig sammanfattning

Hjarntumorer 4r relativt vanligt forekommande och antalet nydiagnostiserade fall per
ar 4r 1 6kande. Vid utredning och uppfoljning av patienter med missténkt eller
faststdlld hjarntumér spelar bildgivande tekniker en betydande roll, med som
forstahands metod magnetisk resonanstomografi (MR). Under det senaste decenniet
har MR utvecklats fran att framstilla bilder pa hjdrnan till att inkludera mitning av
fysiologiska variabler, som hjirnans blodfléde (perfusion), vattenmolekylernas rorelse
(diffusion) inklusive avbildning av nervbanorna(Diffusion Tensor Imaging, DTI),
bestdmning av hjarnans kemiska sammanséttning (MR spektroskopi, MRS) och
maétning av nervcellsaktivitet (funktionell MR, fMRI). Teknikerna é&r tillgédngliga for
kliniskt bruk och har fétt ytterligare intresse och spridning med introduktionen av
MR-kameror med den hogre féltstyrka 3 Tesla (T), att jimfora med tidigare géingse
1.5 T. I samband med installationen av 3 T MR-kamera p& Neuroroéntgen i Lund i
januari 2002, kunde fMRI utforas i storre utstrackning och med modern teknik. Da
initierades detta avhandlingsarbete.

I avhandlingen undersoks vérdet av tva av dessa tekniker, fMRI och DTI, vid
utredningen av hjarntumorer. fMRI méter dndringar i1 syresdttningen i sma blodkarl nér
nervcellerna aktiveras, exempelvis nir handens kénselbark stimuleras genom att
rytmiskt stryka 6ver handen med ett stravt foremél. Resultatet dr en sé kallad
aktiveringskarta av hjdrnan, dir varje bildelement fargkodats beroende pa dess
aktivitetsgrad. Diffusion Tensor Imaging (DTI) &r en typ av diffusions MR dér
vattenmolekylernas rérelse méts i manga riktningar. Metoden ger en uppfattning om
huruvida denna rorelse foredrar ndgot riktning 1 olika vavnader i hjdrnan, till exempel
sker den 1 den vita substansen foretrddesvis utmed nervbanorna.

I delarbete 1 undersoktes upplosningen vid fMRI genom att kartligga fingrarnas
representation i area 3 b i den sensoriska barken hos tjugo friska forsékspersoner. En
strikt ordning, sasom kénd fran tidigare unders6kningar, aterfanns pa gruppniva med
tummen lokaliserad nedom, framfor och vid sidan om lillfingret och didremellan de
Ovriga fingrarna i vanlig ordning. P4 individniva aterfanns tummen nedom, framf6r
och vid sidan om lillfingret hos 94 % av foérsékspersonerna och de dvriga fingrarna
mer utspridda ddremellan.

I delarbete 2 undersoktes tjugo patienter med intrakraniell tumdr néra rorelse- och
kanselbarken eller sprakfunktionen preoperativt med fMRI for att kartldgga dessa
funktioners lige och bedéma avstandet till tumdren. Den funktionen som 1ag narmast
tumoren enligt vad kunde forvéntas fran anatomin, identifierades hos 95 % av
patienterna. Stimulering med hand- eller fotrorelse pavisade den motoriska barken
hos 90 % av patienterna. Med borstning av hand eller fot pavisades kénselbarken hos
95 %. Sprakuppgifterna, bilda ord pa viss bokstav och rimma, ak



tiverade sprdkomrédena i pann- och tinningloberna i mellan 79 % och 95 % av fallen.
Aktiveringskartorna holl hog eller adekvat kvalitet hos 90 % av patienterna. fMRI var
av virde for att beddma huruvida patienten skulle opereras (9 patienter), for att
planera operationen tekniskt (13) och for att bestimma operationens omfattning(12).
I delarbete 3 undersoktes om variationerna i fMRI-aktiviteten efter operation for
hjarntumor skiljer sig frén variationen hos friska férsokspersoner. Sex patienter med
gliom undersoktes fore operationen samt en vecka och tva manader efter operationen;
sex friska forsokspersoner undersoktes tre upprepade gnger med jamforbart interval.
Antalet bildelement som aktiverades vid stimulering av rorelse, kidnsel och spréak i den
respektive del av hjdrnan bestdmdes och 1ag till grunden f6r berdkning av ett sa kallat
lateralitetsindex (LI), dér aktiveringen i hoger och vénster hjdrnhalva jamfors.
Variationen hos patienterna skilde sig ej fran den hos friska forsokspersoner.

I delarbete 4 undersoktes om tva parametrar som kan beréknas fran DTI-sekvenser,
ndmligen apparent diffusion coefficient (ADC) och fractional anisotropy (FA) dr av
vérde for att skilja mellan tumdrinfiltrerat 6dem hos patienter med gliom och rent
0dem hos patienter med meningeom och hjarnmetastaser. Trettio patienter (18 gliom,
7 meningeom och 5 metastaser) inkluderades. ADC och FA bestimdes (a) i omradet
runt tuméren med signalékning och (b) p&d motsvarande stélle i den andra
hjarnhalvan. Kvoten mellan omrédet runt tuméren och dess motsvarighet i den andra
hjarnhalvan berdknades. Nagon skillnad i ADC eller FA mellan gliom, meningeom
och metastaser framkom inte i varken virde eller kvot.

Sammanfattningsvis talar vara resultat for att ett kliniskt fMRI-protokoll har
tillracklig hog uppldsning for att identifiera enstaka fingrar. Preoperativ fMRI med
kartlaggning av rorelse, kidnsel och sprakfunktionen kan utféras vid 3 T i klinsik
miljé med gott resultat och &r av vérde for den neurokirurgiska bedomningen.
Longitudinella fMRI-studier som inkluderar patienter pre- och postoperativt, kan
utforas hos gliompatienter utan att resultaten drabbas av variationer i utbredningen av
fMRI-aktiviteten. Varden och kvoter av ADC och FA ir ej sdkert av virde for att
skilja mellan tumorinfiltrerat 6dem och rent 6dem.



Abbreviations

ADC
BOLD
CNR
DTI
DWI
EPI
FA
FLAIR
FOV
fMRI
GLM
GRE
ICS
M1
MR/MRI
NAWM
RF
ROI
S1

SE

SI
SNR
SPM

T
T1'W
T2 W
TE

TI

TR
WHO

Apparent Diffusion Coefficient

blood oxygen level dependent
contrast-to-noise ratio

Diffusion Tensor Imaging

diffusion weighted imaging

echoplanar imaging

Fractional Anisotropy

fast fluid attenuated inversion recovery
field of view

functional Magnetic Resonance Imaging
general linear model

gradient echo

intraoperative cortical stimulation
primary motor cortex

Magnetic Resonance/ Magnetic Resonance Imaging
normal appearing white matter
radiofrequency

region of interest

primary sensory cortex

spin echo

signal intensity

signal-to-noise ratio

Statistical Parametric Mapping

Tesla

T1-weighted

T2-weighted

echo time

inversion time

repetition time

World Health Organisation

10



Aims of the thesis:

1.

To evaluate the spatial resolution of fMRI at 3 T by studying
fingersomatotopy in area 3 b of the primary sensory area (Paper 1)

To investigate the potential of fMRI at 3T as a clinical tool for preoperative
evaluation of patients with intracranial tumors (Paper 2)

. To investigate the effect of glioma resection on the spatial extent of fMRI

activation as compared to the normal within-subject variability (Paper 3)
To determine whether the apparent diffusion coefficient (ADC) and fractional

anisotropy (FA) can distinguish tumor-infiltrated edema in gliomas from pure
edema in meningiomas and metastases (Paper 4)
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Introduction

a. Principles of MRI:

The nuclear magnetic resonance (NMR) phenomenon was first described by Bloch
and Purcell independently in 1946 [1, 2]. Both were awarded the Nobel Prize in
physics in 1952. The NMR imaging technique, later named Magnetic Resonance
Imaging (MRI), was first introduced by Lauterbur in 1973 [3], preceded by the
observation of characteristic relaxation times in tumors by Damadian in 1971 [4]. The
MRI technique is based on the use of a strong magnetic field in combination with
radiofrequency (RF) pulses. An MR scanning unit consists of a magnet, additional
magnetic field gradients and a radiofrequency coil for transmitting and receiving the
MR signal. Image reconstruction requires a high performance computer with
appropriate software.

Hydrogen nuclei (protons) exhibit a magnetic property named spin. The protons tend
to align themselves parallel to the magnetic field and together form a net
magnetisation vector oriented parallel to the main magnetic field. At this point the
protons will precess about the field axis at a characteristic frequency with random
phase. Application of a brief RF pulse will excite the protons to a higher energy level.
The magnetization vector will be tipped away from the direction of the main
magnetic field creating a rotating vector component perpendicular to the main
magnetic field. This results in the introduction of a transient field coherence. The
transverse net magnetisation vector can be detected, since it causes an induced
current in a so called receiver coil placed close to it. Immediately after the RF pulse,
the protons will return to their original state, thereby reemitting the energy as a radio
signal that is dependent on tissue properties and the selected imaging technique.
Through the use of gradients applied in three directions, the MR signal can be
spatially distributed in volume elements, voxels. However, the signal is weak and can
only be observed because of the very large number of protons in the human body.
The MR signal always contains some noise and adequate signal to noise (SNR) can
be achieved by increasing the main magnetic field strength, averaging multiple
measurements and optimally selecting receiver coils for signal detection. MRI
provides excellent soft tissue contrast that is determined by the relaxation parameters
T1 and T2, proton density, susceptibility effects, diffusion, perfusion, and flow
effects. An image can be T1 weighted (T1W) or T2-weighted (T2W) depending on
whether the T1- or T2-relaxation properties will dominate the image contrast. The
T1- and T2-relaxation times of a tissue reflect the reemission of the energy absorbed
from the RF pulse. The T1-relaxation time describes the recovery of the longitudinal
magnetisation vector while the T2-relaxation time is dependent on the rate of the
signal decay (transverse magnetisation). Two factors contribute to the decay of
transverse magnetization: (1) molecular interactions leading to small variations in the
local magnetic field, believed to lead to a pure T2 effect and (2) small variations in
the external magnetic field and local variation due to particles or tissues with
different susceptibilities (e. g. deoxyhemoglobin), believed to lead to an
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inhomogeneous T2 effect. The combined time constant is given the symbol T2*. The
relationship between the T2 from molecular processes and that from inhomogeneities
in the magnetic field is as follows: 1/T2* = 1/T2 + 1/T2 phomo’- Measurement of the
local T2* during task execution is the basis of fMRI.

b. fMRI:

Physiological background:

fMRI provides non-invasive, in vivo mapping of human brain functions by measuring
the hemodynamic response in the area of neuronal activity during stimulation and
rest. The original idea of neurovascular coupling was introduced by Roy and
Sherrington in 1890: “the brain possesses an intrinsic mechanism by which its
vascular supply can be varied locally in correspondence with the local variations of
functional activity”’[5]. The magnetic properties of hemoglobin at its different
oxygenation states are responsible for the signal changes measured during fMRI.
Deoxygenated hemoglobin is paramagnetic and induces a susceptibility effect in its
surroundings by introducing distortions and inhomogeneities in the local magnetic
field. Oxyhemoglobin is diamagnetic, which means it has negligible magnetic effect
on its surroundings [6]. Activation of a brain area results in increased energy
utilisation of its neurons at the synaptic level accompanied by an increase in the
regional cerebral blood flow in that area. The increase in blood flow exceeds the
increased demand by two- or threefold which results in a local increase of
oxyhemoglobin during activation and a relative decrease of deoxyhemoglobin [7].
The result of this neurovascular uncoupling is an increase of the local T2* value and
a corresponding increase of the MR signal from the active brain tissue during
activation relative to rest [8, 9, 10]. The increase of the MR signal due to a local
decrease in the concentration of the paramagnetic deoxyhemoglobin, has been named
the blood oxygen level dependent (BOLD)-contrast [11]. Hence, fMRI based on
imaging of the BOLD-effect, reflects the synaptic activity of neurons indirectly via
MR signal changes due to changes in blood flow, blood volume and blood oxygen
concentration in activated areas of the brain. The quantitative relationship of the
signal change due to the BOLD-effect and the firing rate of neurons has been shown
to be mainly linear [12]. However, the hemodynamic response is sluggish compared
to the action potential: following the onset of stimulation, the T2* signal increase due
to the BOLD-effect appears after approximately 2 seconds, reaches its maximum
after 4-6 seconds and returns to baseline after 10 -12 seconds [13, 14].

Imaging technique:

As mentioned above, loss of the transverse magnetization due to dephasing of the
spins under influence of local field inhomogeneities is named the T2* relaxation. As
a consequence, the hemodynamic changes generating BOLD-effect, are commonly
measured using T2*-weighted measurements. Normally, gradient echo sequences are
used because of their lack of refocusing pulse that cancels out the T2* effect. Echo
planar imaging (EPI), in turn, offers the acquisition speed required for measuring the
BOLD-effect. Data are usually structured in a two-dimensional grid named k-space.
In EPI, a single 90 degree RF pulse is used to fill k-space so that one slice may be
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imaged in 40 ms and a volume of 36 slices covering the whole brain in 2 seconds or
less [15]. A combination of these two techniques, gradient echo echo-planar imaging
(GRE-EPI) is the most commonly used sequence for fMRI.

The MRI signal always contains noise due to movement of charged particles in the
body and small anomalies in the measurement electronics. The signal-to-noise ratio
(SNR) of an image is defined in terms of the variation of values within the image of a
uniform test object and is ideally calculated as the ratio of the average MRI signal to
the standard deviation of the noise. The determination of the average value requires a
region of interest (ROI) placed in tissue with high signal intensity (e. g., white matter
in the corpus callosum). The noise is measured by means of a ROI placed outside the
object in the image background. The SNR is proportional to the field strength and
dependent on magnet shimming, parameters included in the sequence (TR, TE,
T1.T2, flip angle and bandwidth), voxel volume, and coil sensitivity [16, 17]. For
fMRI, the ratio of activation-related signal change to the noise component of the
signal, often referred to as the contrast-to-noise ratio or CNR, is a relevant parameter.
CNR is obtained by dividing the difference in signal intensity between activation (A)
and rest (R) by the background noise (N) : CNR = S(A) - S(R) / N. Since the
relationship between field strength and SNR is linear, SNR will approximately
double when going from 1.5 T to 3 T. As the SNR increases, the CNR also increases
approximately linearly [18]. BOLD imaging gains an additional boost from increased
field strength because susceptibility effects generally increase with the square of the
field strength. Hence, at 3 T, the level of signal increase between activation and rest
can be up to 4%, compared with 2% or less at 1.5 T [19].

Experimental design:

The simplest fMRI experiment uses a sensorimotor or cognitive task (e. g.
fingertapping, word generation) and a resting task that may involve the viewing of a
cross. During one ‘run’ these two tasks are alternated in a so called ‘on-off” or
‘block-design’ while rapid imaging is performed continuously. The optimal duration
of a task allowing for measurement of the hemodynamic response without habituation
or fatigue effects occurring, is considered to be 20-40 seconds. In order to achieve
acceptable CNR, several repetitions of both tasks are performed in one run.

Image processing:

The processing of functional image volumes involves a number of steps, often
performed using software packages such as SPM (Statistical Parametric Mapping) or
Brain Voyager [20, 21].

Correction for head motion is essential for fMRI data because the change in signal
intensity between activation and rest may be smaller than signal intensity variations
due to head motion. Motion correction often involves rigid alignment of the
consecutively acquired images with the first image using a least-square approach
which may be performed in real-time during image acquisition [22].

Coregistration implies aligning of the functional volumes and the anatomical data set
in space so that activation can be overlaid on an image with high resolution.
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Smoothing is a process by which data points are averaged with their neighbours. The
effect is a blurring of the sharp edges in the smoothed data. Smoothing is sometimes
referred to as filtering, because it suppresses high frequency signal and enhances low
frequency signal such as the BOLD-effect. Smoothing will result in increased signal-
to-noise in the data and thus lead to improved sensitivity to potential effects. In
addition it reduces the number of independent observations, by averaging values
across voxels.

Statistical analysis:

The image volumes acquired during an fMRI study consist of volume elements,
named voxels. The measured parameter is the signal intensity in each voxel, which
has been determined for each TR. The signal intensity within a given voxel in an
activated area will vary in response to the stimulus in our paradigm. The analysis
aims at identifying areas in the brain which show an effect of stimulation using a
statistical test. In software packages like SPM or Brain Voyager this analysis is
performed for each voxel individually and simultaneously.

In SPM, the general linear model (GLM) is used to analyze the variance of the signal
intensity using multiple regression [23, 24]. The first step involves computing
statistics that give evidence supporting the rejection of the null hypothesis (i.e. that
there is no effect of stimulation). The signal intensity over time is our observed
response variable ¥; where j=1, ..., J indexes the observation. Suppose that we have
a set of L explanatory variables denoted by x;;, where / = 1, ..., L indexes the
explanatory variables. The GLM explains the response variable in terms of a linear
combination of the explanatory variables plus an error term:

Yj=xj1 *ﬂ1j+ eoe +x]',*ﬂ,+ cos +ij *pL+8j

where B is an unknown parameter that represents the relative contribution of each of
the L explanatory variables. Estimation of B is achieved using the least squares
method that will find the ‘best fit’ of the data to the model. We can now identify a
regionally specific effect of stimulation expressed as a difference between parameter
estimates for separate explanatory variables. In fMRI explanatory variables are often
named conditions. The regional effect due to a first condition x;; relative to a second
condition xj, is evaluated using the linear contrast ¢ with ¢; =1 and ¢,=-1. In each
voxel the statistical variable

_ apf+e,pb,
=

(with B the estimated parameters and €’ the estimated standard error) is calculated
resulting in a t-map for this contrast. In the study of fingersomatotopy, only one
condition was evaluated using the linear contrast ¢ = 1. The second step of the
analysis comprises the application to the map of a threshold value for t, above which
‘unlikely’ values are interpreted as regional activation.

t
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1. Image acquisition during stimulation

1rst image

2. Image processin

motion correction coregistration smoothing

3. Voxel-by-voxel statistical testing

signal_

I linear correlation

4. Voxels that survive a chosen threshold are color coded

Activation map for word generation
from a presented letter ('d-dog’)

Fig 1: Subsequent steps in an fMRI-study. In this example, linear correlation is used for
statistical analysis.
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In linear correlation a model of the hemodynamic response is matched to the MRI
signal intensity time series [25]. The correlation coefficient r is used to answer the
question whether a change in the stimulus over time is associated in a linear fashion
with a change in the measured signal in each voxel over time. The correlation
coefficient r is calculated as:

XXX -T)
X=Xy (-7

where X, is the signal intensity in a given voxel in each of the image volumes, X is
the mean signal intensity in that voxel over time, Y,is the reference function over time
and Y is the mean reference function. A value of r = 1.0 or r = -1.0 suggests the
strongest linear relationship between the two variables.

The resulting t- or r-maps, named ‘activation maps’ below, will display the areas of
the brain with significant signal change during stimulation. The activation can be
overlaid on either an EPI-image or on high resolution anatomical images. A summary
of the subsequent steps in an fMRI study is presented in Figure 1.

b. DTI

Physiological background:

While conventional MR primarily images morphological tiussue structures using the
contrast obtained by differences in proton density and relaxation times, sequences can
also be sensitized to measure the diffusion properties of tissue water. In a free
medium, water molecules constantly move and collide randomly with one another, a
phenomenon called Brownian motion. In brain tissue, cell membranes and large
molecules limit the Brownian motion with the geometrical and physical properties of
the tissue determining the rate and preferable diffusion direction [26, 27]. We can
thus infer the microstructure of tissue by measuring the water self-diffusion. For
example axons in parallel bundles and their myelin sheaths facilitate motion along
their main direction where the diffusion is three to six times faster than in the
perpendicular direction [28, 29].

Imaging technique and data-analysis:

Sequences sensitized to diffusion usually consist of a echo-planar imaging sequence
that includes two strong encoding gradients as first described by Stejskal-Tanner
[30]. These gradients which are balanced with respect to stationary protons, induce a
diffusion-dependent phase dispersion resulting in a signal loss in areas with higher
diffusion. The diffusion sensitivity of the pulse sequence is expressed as the b-value
in units s/m and is primarily related to the duration and strength of the diffusion
encoding gradient pulses. Measurements including at least two b-values (for example,
b =0 s/mm’ and b= 1000 s/mm?) allow for plotting the logarithmic signal intensity
(SI) versus the b-value for a region-of-interest (ROI) or a volume element

(voxel) [26]. The slope of this curve is referred to as the apparent diffusion
coefficient (ADC) that can be calculated for each voxel. It should be noted that in this

17



a. Self- diffusion of water molecules leads to loss of MR signal
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Fig 2: Diffusion Tensor Imaging, (a) showing the principle of diffusion weighted measurements,
comprising the application of two gradients balanced with respect to stationary spins and inducing
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a phase dispersion for moving spins; (b) determination of the tensor by measurement of the
diffusion in six non-colinear directions that describe a Cartesian 3 D coordinate system and the 3
angles that define the orientation of the diffusion in the voxel; (c) solving the 3 x 3 tensor matrix
and calculation of parameters; (d) brain maps of Trace, ADC and FA.

diffusion weighted imaging (DWI) as used in the clinical setting e. g. to diagnose
stroke or classify brain tumors [31, 32, 33].

In DTI, diffusion weighted measurements are performed in at least six non-colinear
directions, resulting in ADC values in six (or more) diffusion encoding directions for
each voxel [34, 35]. The ADC analysis calculated from these multiple directions
gives the diffusion tensor (D), a 3 x 3 matrix, in each voxel. The diffusion tensor is
then solved and the eigenvalues of the tensor are determined. According to the tensor
model where the diffusion is described by a sphere or ellipsoid, the eigenvalues
reflect the magnitude of the diffusion along the three principal axes of the sphere or
ellipsoid [29]. Furthermore, the preferential diffusion direction is given by the largest
eigenvalue A,. Strictly speaking, the trace of the diffusion tensor is defined as the sum
of the three eigenvalues, however in practise the trace denotes the mean of the three
eigenvalues. The mean ADC in a voxel is often a good approximation of the trace. In
addition, the fractional anisotropy (FA) index can be determined as:

oy \f\/ (h=2) +(4 =4 ) + ﬂs/% (W
il+/12+

X Tr(D

where A, Ay A3 are the eigenvalues and Var(}) is the variance of the eigenvalues [34].
The FA estimates the degree of anisotropy, i.e. the degree to which water molecules
move in one predominant orientation. If diffusion is unconstrained (i.e. isotropic), FA
is close to zero; if diffusion has one primary orientation (i.e. is anisotropic), FA
approaches 1 [36]. Diffusion calculations are generally carried out on a voxel-by-
voxel basis, resulting in Trace (mean ADC)- and FA-maps of the brain. A summary
of the principle of diffusion weighted measurements and calculation of the diffusion
parameters is presented in Figure 2.

c. Intracranial tumors:

According to the World Health Organisation (WHO) classification of nervous system
tumors, intracranial tumors comprise primary tumors derived from normal cellular
constituents or from embryologically misplaced tissues and secondary tumors derived
from extracranial primary sites that metastasize to the central nervous system [37].
The two largest subgroups of primary tumors are (1) neuroepithelial tumors, in turn
subdivided into glial tumors (so called gliomas), neuronal and non-glial tumors and
(2) meningeal tumors, including meningiomas. Gliomas are named according to their
supposed cell origin. The two most common types of glioma, astrocytic and
oligodendroglial tumors, can both be graded according to their degree of malignancy,
astrocytomas in four grades with glioblastoma multiforme being the most malignant,
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and oligodendrogliomas in two grades. Gliomas grade III and IV, anaplastic
astrocytoma and glioblastoma, respectively, account for approximately 38% of
primary brain tumors [38]. Tumors with a low grade of malignancy have an intrinsic
tendency for malignant progression during the course of the disease, so that
glioblastoma multiforme can either arise de novo or progress from a tumor with a
lower degree of malignancy [39]. Among the primary intracranial tumors of
mesenchymal origin, meningiomas are the most common and account for
approximately 27%. Meningiomas are typically well-circumscribed slow-growing
tumors, most often with benign histology. Metastases have been reported to occur in
20% to 40% of patients with systemic cancer [40]. They may comprise roughly one
third of all intracranial tumors and occur in the skull and dura, leptomeninges and
brain parenchyma.

d. The role of MRI in the workup of patients with intracranial tumors:

Although there is no specific symptom of intracranial tumors, slowly progressive
focal neurological signs as well as signs of elevated intracranial pressure, should raise
suspicion of an intracranial tumor. In addition, a sudden onset of symptoms, such as
an epileptic seizure or sudden intracranial hypertension due to bleeding within the
tumor, brain swelling or acute hydrocefalus, may occur [38]. Any suspicion of a brain
tumor will lead to imaging, with conventional MRI before and after adminstration of
intravenous contrast medium being the test of choice [41]. Some imaging features are
characteristic of a certain type of intracranial tumor, for example an extra-axial
homogenously enhancing mass lesion with dural extension will suggest meningioma
as the tentative diagnosis [42]. However, imaging findings may be non-specific and
the definitive diagnosis is based on histological examination of tumor samples
obtained by means of biopsy or surgery. Surgical treatment of low grade gliomas is
still under debate, however evidence that more extensive surgery may have a positive
effect on outcome is growing [43, 44]. Surgery for high grade glioma provides
palliative survival benefit [45], while the role of adjuvant therapies still is under
discussion [46]. Meningiomas are often treated by total resection [47]. Resection of
metastases may extend survival in properly selected patients [48].

MRI is helpful for the neurosurgeon by providing information about the spatial
relationship between the tumor and important brain functions and the extent of tumor
growth.

Functional MRI localizes hemodynamic changes in areas of neuronal activity using
the blood oxygenation level dependent (BOLD) contrast and has been used
extensively to study the organization of cerebral functions, especially cognition, in
the normal brain [49]. Clinical fMRI is challenging because paradigms must be
adapted to the pathology and mental state of the patient and results may be difficult to
interpret due to abundant motion artifacts [76]. Despite these difficulties, fMRI may
replace intraoperative cortical stimulation (ICS), the ‘gold standard’ for localization
of brain functions. Several studies have demonstrated satisfactory correlation
between the site of response to ICS and the area of activation obtained with
preoperative fMRI [50-60]. Contrary to ICS, fMRI is non-invasive and can be carried
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out preoperatively. However, there are some shortcomings of fMRI that must be kept
in mind. fMRI maps an indirect measurement of neuronal activity, namely the
hemodynamic response. Coupling of neural activity to BOLD signal may not be
constant in the brain or between subjects and decreases in blood flow and oxygen
delivery have been reported in the aging population [61]. In addition, fMRI activation
is often present in a number of areas that correlate with, but are not necessary for a
behavioral task. For example, the cingulate gyrus exhibits activation in language
tasks [62], but damage to this structure does not affect speech production to as
dramatically as damage to Broca’s area. ICS, on the contrary, will reversibly disrupt
the function and the effect this has on the patients” language performance is observed,
thereby directly assessing the necessity of an area for language.

The pathological hallmark of a glioma is that of a highly infiltrative neoplasm. The
tumor extent in high and low grade gliomas tends be underestimated in conventional
MR imaging when compared to histopathology [63]. In high grade gliomas, tumor
cells typically extend microscopically several centimetres away from the area with
signal changes [64]. DTI has been proposed as an alternative to conventional MR
imaging for differentiation of signal abnormalities on conventional T2 weighted
images between pure edema and tumor-infiltrated edema.
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Background of the thesis

Fingersomatotopy in area 3 b of the primary sensory area (Paper 1)

A prerequisite for fMRI to guide safe maximisation of tumor resection is that its
spatial resolution is adequate for identifying functional areas. Ever since the BOLD-
effect was described, attempts have been made to produce activation maps at
increasingly higher spatial resolution. For example, the ocular dominance columns,
the functional modules of the visual cortex that are 0.8 -1 mm wide and 20 mm deep,
have been mapped using 4 T with a resolution of 0.547 x 0.547 mm [65]. For clinical
purposes, the preferred approach has been to identify the somatotopical
representations of the body parts in the primary motor (M1) and sensory (S1) cortex
that stretch along the pre- and postcentral gyrus. In agreement with the classic
homunculus, movement of the hand elicited activation in a digitation of the precentral
gyrus, movement of the lips in the lower portion of the gyrus inferior and lateral to
the hand area and of the foot at the superior termination of the gyrus near the vertex
[54]. It might be of interest to study the representation of body parts smaller than lips,
hands and feet. Considering the accurate anatomical definition of the hand area on
conventional MR images [66], investigation of fingersomatotopy is an option. The
hand representation in the primary sensory cortex (S1) and its subdivions (areas 3a,
3b, 1 and 2) is somatotopically organised along the central sulcus with the thumb
located laterally, anteriorly and inferiorly to the little finger [67]. Area 3b contains
neurons that are predominantly responsive to stimulation of cutaneous receptors and
possess discrete receptive fields with a homuncular organisation that may be
particularly distinct [68]. Previous studies on fingersomatotopy in the hand area of
the primary sensory cortex (S1) using functional Magnetic Resonance Imaging
(fMRI) have yielded varying results. Gelnar et al. failed to show somatotopy in S1 in
response to stimulation of the first, second and fifth finger [69]. Maldjian et al.
demonstrated somatotopy in three out of five subjects by stimulating all fingers [70].
Kurth et al., using electrical stimulation of two fingers, found somatotopically
arranged activation in five out of twenty subjects [71]. In a follow-up study the same
authors reported a general somatotopy without specification [72]. The methods used
in these three studies varied considerably with regard to field strength, number of
subjects and anatomical considerations. Maldjian et al. used the highest field strength,
4 Tesla (T), while both Kurth et al. and Gelnar et al. used 1.5 T [69-72]. However,
Maldjian et al. included a small number of subjects (five) and did not contribute
activations to any area in S1 [70]. In the present study we readdressed the issue of
somatotopy in the hand area as assessed with fMRI. We aimed at optimising our
results by including a large number of subjects (twenty), by focussing on area 3 b,
where homuncular organisation expectedly is most distinct, and by performing fMRI
at3 T.

fMRI for preoperative evaluation of intracranial tumors (Paper 2)
The use of fMRI for preoperative evaluation of patients with intracranial tumors is
challenging in a number of aspects. Firstly, it must be possible to have the task
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paradigms performed by patients who may have functional deficits due to the target
lesions adjacent to functional areas. The most commonly mapped functions are motor
control, touch and language. Sensory tasks involve presentation of cutaneous stimuli:
an assistant outside the scanner delivers rubbing of the hand or foot at 1 Hz. Motor
tasks involve active repetitive movements of the appropriate body part (tongue, hand
or foot). In paretic patients, passive movement can be used alternatively: movement
of the contralateral, healthy hand will then elicit activation in the ipsilateral, affected
cortex [73]. Language testing generally involves a verb generation task, also named
verbal fluency task, that requires both language comprehension and expression, for
example generating words from a presented letter (d - dog) [74]. In the clinical
situation simple paradigms with word generation alternated with fixation are often
used. In the worst case scenario, where the patient is unable to produce language but
can understand it, the paradigm might consist of listening to a text and fixation.
Secondly, the task paradigms should elicit robust activation on the subject level
resulting in activation maps that allow for unequivocal identification of important
functional areas. Motor and sensory stimulation with fingertapping and rubbing of the
hand, respectively, may fulfil these requirements provided no motor and sensory
deficits are present [75]. Since movement artefacts during motor stimulation can
cause major problems when activation maps are evaluated, instruction of the patient,
head fixation and supervision by an assistant outside the scanner are critical [76].
Artefacts associated with language stimulation using silent word generation as
opposed to overt word generation have been shown to be less frequent because of
decreased head and neck movements [77, 78]. One disadvantage of silent word
generation is the inability to monitor subject performance of the task. This
disadvantage can be corrected for by involving the use of a response box with the
patient or subject pressing one of several buttons depending on the task.

Thirdly, the therapeutic relevance of preoperative fMRI as regards its ability to
estimate the risk of surgical treatment must be evaluated. Lee et al reviewed the
medical records of 46 patients who had undergone fMRI and determined the extent
and nature of influence on patient management with special attention to 1) the use of
fMRI for assessing the risk associated with, and hence feasibility of the proposed
surgery (70 %), 2) its use for guiding placement of the bone flap (43 %) and 3) its use
for determining the need for ICS (52 %) [79]. Haberg et al reported the use of fMRI
activation maps for preoperative planning in 75 % of cases by the neurosurgeons at
their institution [80]. The same authors found that the risk for postoperative function
loss was significantly reduced when the distance between tumor periphery and BOLD
activation was 10 mm or more, well in accordance with previous studies comparing
fMRI and ICS [52] and evaluating ICS [81].

Bearing this mind, we started a prospective study on preoperative fMRI as a tool for
localisating brain functions at the time when a 3 T MR scanner became available for
clinical purposes. Twenty patients were studied using simple paradigms applicable in
clinical routine. We rated the diagnostic quality of the activation maps, taking into
consideration the achievement of fMRI and the presence of artefacts. Finally, we
report on the influence of fMRI on neurosurgical decision-making regarding
operability, surgical approach and extent of the resection.
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The effect of glioma resection on fMRI activation (Paper 3)

High grade gliomas may show rapid progression even after primary surgery and
patients may be operated upon several times during the course of their disease.
Preoperative fMRI may thus be performed before and after glioma resection and even
after a second or third resection. The assessment of activation maps from
postoperative fMRI may be hampered by alterations in the hemodynamic response in
the vicinity of glial tumors where pathologic vessels may interfere with neurovascular
coupling. Hitherto results are inconsistent and include reports on lower numbers of
voxels activated during motor stimulation near gliomas than in the vicinity of
nonglial tumors [82, 83]. Comparisons between gliomas and healthy controls resulted
in a lack of change during language stimulation [84] and increase during PET and
language stimulation in one patient with a high grade glioma [85]. On the other hand,
the test-retest reproducibility of the spatial extent of fMRI activation is low in healthy
controls. For example, the ratio of the number of voxels that is active in both of two
iterations of a task to the number active in either iteration, is 1.0 in case of perfect
correlation, but was 0.57 for motor and sensory stimulation [86] and 0.24 for
language stimulation using a verb generation task [87]. Therefore, we wanted to
determine the spatial extent of motor, sensory and language activation pre- and
postoperatively in glioma patients and compare the results to those obtained from
repeated examinations in controls.

DTI for characterisation of tumor edema (Paper 4)

Studies on the use of DTI for characterisation of T2-signal changes surrounding high
grade gliomas, have compared measurements from high grade gliomas with those
from meningiomas and sometimes metastases, under the assumption that T2-signal
changes surrounding meningiomas and metastases consist of pure edema [88-101].
The results are conflicting: one study found a difference between high grade gliomas
and meningiomas in peritumoral ADC and FA [88]; a second study found a
difference between tumor types in peritumoral ADC, but not in peritumoral FA [95];
and a third study found no difference between tumor types in peritumoral ADC or FA
[98]. The fact that measurements were compared regardless of the location of the
tumor may be a drawback in these studies. ADC and especially FA are known to vary
substantially within the brain.

We compared measurements from high grade gliomas with those from meningiomas
and metastases, under the assumption that T2-signal changes surrounding
meningiomas and metastases consist of pure edema. Because ADC and especially FA
are known to vary substantially within the brain, we calculated lesion-to-brain ratios
of ADC and FA from measurements in brain tissue with peritumoral signal changes
and the adjacent normal appearing white matter (NAWM) and in the corresponding
anatomical site in the contralateral healthy hemisphere.
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Material and Methods

Fingersomatotopy in area 3 b of the primary sensory area (Paper 1)

Twenty healthy, self-reportedlly right-handed volunteers (6 male and 14 female, age
21-43 years, mean 29.4 years) were included in the study.

Tactile stimulation consisted of brushing the glabrous skin of the two distal phalanges
of each finger continuously forwards and backwards with a tooth brush. The
frequency was 1 Hz; no forced pressure was exerted.

Functional echo-planar image volumes of the whole brain (number of slices = 49,
thickness = 3 mm, voxel size = 3 x 3 x 3 mm’, no gap) sensitized to the BOLD-effect
(echo time = 30 ms) were acquired using a 3 T head scanner (Siemens Allegra) with a
quadrature birdcage coil. A session included 92 functional volumes with a temporal
resolution of 3 seconds. The first two volumes in each session were discarded to
allow for initial T1-equilibrium effects. A heavily T2-weighted FLAIR-sequence
(TR=9000 ms/TE=81 ms/TI=2500 ms) was performed to rule out pathology and a T1
weighted 3 D magnetization prepared gradient echo sequence (MPRAGE, TR=2500
ms/TE 4.38 ms, voxel size 1 x 1 x 1 mm) was acquired for coregistration.

Image processing and analysis were carried out using the SPM99 soft ware package
[19]. All functional images were resliced to voxel size 1.5 x 1.5 x 1.5 mm? and then
realigned to the first image and coregistered to the T1-weighted image volume. All
data were spatially smoothed using an isotropic 4 mm, full-width, half-maximum
Gaussian kernel. A high pass filter (cut off frequency 0.008 Hz) was applied to
eliminate low frequency signal fluctuations.

Task specific effects were estimated using the general linear model (GLM) as
implemented in SPM. The spatial coordinates of the peak activation voxel in area 3b
were determined using an operational definition of area 3 b as the anterior wall of the
postcentral gyrus [102, 103]. The spatial coordinates of the peak voxel for the thumb
(D1) were defined as being at origo (0, 0, 0) in a 3D Cartesian coordinate system.
Somatotopy was assessed by determining the average distances for the whole group
from each finger to the thumb. Euclidian distances between fingers as well as from
each finger to the thumb (D1) were calculated. Non parametric statistics were used.
Each finger's distance to the first finger was compared to that of the directly
neighbouring fingers using the Wilcoxon matched pairs test with a significance level
of p <0.05. The Euclidian distances to the first finger were compared for each finger
using the Wilcoxon matched pairs test with a significance level of p < 0.05.

fMRI for preoperative evaluation of intracranial tumors (Paper 2)

Twenty patients (13 male and 7 female, mean age 42.1 years, range 27-60 years)
considered for neurosurgical treatment of an intracranial tumor were prospectively
examined with fMRI in addition to previous morphological MRI. A putative
relationship (distance 2 cm or less) between the tumor and the primary sensorimotor
or language cortex on conventional MRI was required for inclusion in the study.
Histological diagnosis was available for eighteen patients. In two patients the
probable diagnosis of low grade glioma was based on imaging findings.
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Motor, sensory and language stimulation was performed. Motor stimulation consisted
of finger tapping, sensory stimulation was performed by brushing the right hand with
a rough sponge. Language stimulation included a verbal fluency task (generation of
words beginning with a predefined letter) and rhyming. Each paradigm consisted of
three activation blocks and four baseline blocks of 30 s each. The baseline task
consisted of viewing a cross.

Functional echo-planar image volumes of the whole brain (number of slices = 36,
thickness = 3 mm, voxel size = 3 x 3 x 3 mm’, gap= 0.9 mm) sensitized to the
BOLD-effect (echo time = 30 ms) were acquired using a 3 T head scanner (Siemens
Allegra) with a quadrature birdcage coil. A session included 72 functional volumes
with a temporal resolution of 3 seconds; the first two volumes were discarded to
allow for initial T1-equilibrium effects. A heavily T2-weighted FLAIR-sequence
(TR=9000 ms/TE=81 ms/TI=2500 ms) was performed to visualise non-enhancing
tumor and edema. For the purpose of coregistration a T1 weighted 3 D magnetization
prepared gradient echo sequence (MPRAGE, TR=2500 ms/TE 4.38 ms, voxel size 1
x 1 x 1 mm) was acquired after injection of a gadolinium based contrast agent (0.1
mmol/kg body weight).

Raw data were corrected for head motion using an algorithm supplied by the
manufacturer of the MRI scanner [104]. Slice timing, linear trend removal and high
pass filtering were performed using commercially available software (Brain Voyager
4.9, Brainlnnovation BV, Maastricht, The Netherlands) [20]. Coregistration with the
high resolution anatomical sequence was performed. Significantly activated pixels
were identified by cross-correlation with the use of a reference function reflecting the
activation, shifted by one image volume to account for hemodynamic latencies [25].
Voxels surviving a threshold of 1,,,,>0.4 in clusters of 3 or more were accepted for
further analysis and displayed on anatomical 3D-data sets.

Data analysis focused on paradigm effectiveness, quality of the activation maps and
neurosurgical decision making. The effectiveness of each paradigm was determined
as the percentage of patients in whom activation in the functional area of interest was
found relative to the number in whom the paradigm was performed. The combined
effectiveness of motor and sensory stimulation and of the two language paradigms
was determined using a logical ‘or’ decision. The quality of the activation maps was
assessed subsequent to establishing a working threshold that was generated by
increasing the threshold in steps of 0.02 until activation could be separated from
motion artefacts and noise. The presence of susceptibility artefacts on EPI-images
was noted. The quality of the activation maps was rated on a scale from 1 to 3 where
3 represents high diagnostic quality allowing for unequivocal identification of
important functional areas, 2 indicated quality that was adequate for diagnostic
purposes, but inferior to 3 due to motion or other artefacts and 1 was applied in cases
where activation was insufficient for localisation purposes due to either unsuccessful
stimulation or failure to separate activation from motion artefacts. The distance
between the tumor and the functional area of interest was calculated as the shortest
Euclidian distance between the margin of the activated area at the working threshold
and the tumor margin as assessed from 3D T1-weighted and FLAIR-images; the
value was approximated to the nearest 0.5 cm. Activation maps, clinical symptoms,
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tentative histological diagnosis, tumor location and its relationship to functional areas
were reviewed together with the neurosurgeon. Operability (a), surgical approach (b),
and the extent of resection (c) were assessed and the influence of fMRI on a, b and ¢
was reported by the neurosurgeon. Non parametric statistics were used and analyses
were performed using Friedmans test, Wilcoxon’s matched pairs test and McNemars
test for correlated proportions; p < 0.05 was considered significant.

The effect of glioma resection on fMRI activation (Paper 3)

Six patients with low or high grade gliomas in the left hemisphere in putative close
proximity (distance 2 cm or less) to primary sensorimotor or language cortices were
included in the study. All patients were recruited from the material of twenty
consecutive patients studied in Paper 2 and underwent fMRI preoperatively as well as
early (within 1 week) and late (after 2 months) postoperatively. Six neurologically
healthy controls underwent fMRI twice within one week and on a third occasion two
months later.

The experimental protocol and imaging parameters were similar used to those in
Paper 2. Processing of functional volumes prior to analysis differed from that in
Paper 2, in that coregistration with anatomical images was not performed.

Data analysis included calculation of the number of activated voxels in regions of
interest (ROI) drawn in both hemispheres in the hand area in the primary motor and
sensory cortex and the left and right frontal language areas located in the inferior and
middle frontal gyri. For all paradigms the laterality index (LI) was determined as LI =
(L-R)/(L+R), where L and R represent the number of activated voxels in the left and
right frontal lobe, respectively [105].

Statistical analyses were performed using Wilcoxon’s matched pairs test for within-
group comparisons and Mann Whitney U test for between-group comparisons; p <
0.05 was considered significant.

DTI for characterisation of tumor edema (Paper 4)

Thirty patients were included: 18 WHO grade III or IV gliomas, seven meningiomas
and five metastatic lesions. All gliomas, four of the meningiomas and three metastatic
lesions were biopsy-proven. In two of the meningiomas diagnosis was based on
typical imaging findings. In one patient with metastases from breast cancer, diagnosis
was based on imaging findings and clinical history; in a patient with metastases from
carcinoma of the ureter, the diagnosis was provided by cytology from cerebrospinal
fluid.

Imaging was performed with a Siemens Allegra head scanner in twenty-four patients
and with a Philips Intera scanner in six patients (three gliomas, two meningiomas and
one metastasis). The imaging protocol included conventional T1-weighted spin echo
images before and after contrast injection (Allegra:TR/TE = 600 ms/11 ms;

Intera: TR/TE=500 ms/10 ms), turbo spin echo T2-weighted images (Allegra:TR/TE
= 4000 ms/23 ms; Intera:TR/TE=3000/80) and diffusion sensitized sequences for
diffusion tensor imaging (DTI). The conventional sequences contained 23 slices of 5
mm thickness and 0.5 to 1.5 mm interslice gap. The gadolinium based contrast agent
was injected after DTI had been performed.
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On the Allegra, the DTI image data set was acquired by means of a sequence with
diffusion encoding performed in twelve non-colinear gradient directions, using three
b-values (0, 300 and 1000 s/mm?). On the Intera, the DTI data set was acquired by
means of a single shot-EPI diffusion weighted sequence provided by the
manufacturer with diffusion encoding performed in fifteen non-colinear gradient
directions, using two b-values (0, 800 s/mm?). Four averages of b=800 s/mm” were
acquired using SENSE with reduction factor 2.5.

ADC and FA values were determined using 20-30 mm? large ROIs on the ADC- and
FA-maps in the peritumoral areas with T2-signal changes as well as the adjacent
NAWM in both hemispheres. Lesion-to-brain ratios were calculated by dividing the
value in either the peritumoral signal changes or the adjacent NAWM with the value
in the normal brain at the same anatomical site contralateral to the tumor.

Values and lesion-to-brain ratios of ADC and FA in peritumoral areas with T2-signal
changes and in adjacent NAWM were compared between gliomas, meningiomas and
metastases using the Kruskall Wallis ANOVA by ranks test and further analyzed with
the Mann Whitney U test. The level of significance was set at P < 0.05.
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Results

The following is a summary of our results. For more detailed information, the reader
is referred to Papers I-1V.

The spatial resolution of clinical fMRI (Paper 1)

Significant activation observed for all five fingers in area 3b present of seventeen
subjects was available for analysis. A somatotopic organisation with the
representation of the thumb located laterally to the little finger was present in 16 out
of 17 subjects, with the thumb located anteriorly to the little finger in 14 out of 17
subjects and with the thumb located inferiorly to that of the little finger in 16 out of
17 subjects. Group averages of the distances from D2 to D1 (D2-D1), D3 to D1(D3-
D1), D4 to D1 (D4-D1) and D5 to D1 (D5-D1) indicate a strict somatotopy with the
distance to D1 increasing for every finger in each of the three directions (Figure 3).
The Euclidian distance from D1 to D2 was 10.6 mm (SEM =+ 1.5). The distance from
D2 to D3 was 5.5 mm (£ 0.9), from D3 to D4 7.4 mm (£ 1.1) and from D4 to D5 6.8
mm (z 1.2), resulting in an average for D2-D3, D3-D4 and D4-D5 of 6.6 mm. The
spatial extension of the representation of the hand in area 3b, defined as the Euclidian
distance between D1 and D5 was 17.2 mm (£ 2.0 mm).

=
o

Figure 3 : Distance to the thumb (D1) of each finger (mm), mean (diamonds) and SEM (errorbars),
P=posterior, A= anterior, S=superior, [=inferior, M=medial, L=lateral

fMRI for preoperative evaluation of intracranial tumors (Paper 2)

The main functional area of interest for the neurosurgeon was the central sulcus in
eight patients and the frontal or temporal language areas in twelve patients.
Paradigm effectiveness: The contralateral M1 was identified in 18 out of 20 patients
and the contralateral S1 in 18 out of 19 patients; this result was similar for the
combination of paradigms according to the logical ‘or’ decision. Word generation
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and rhyming were equally effective at activating the left and right IFG as well as the
left and right STG (McNemars test, p=1.0, p=0.22, p=0.24 and p=0.75).

Quality assessment: The median quality of the activation maps rated 3 (high) on an
ordinal scale for all paradigms (Figure 4). In 19 out of 20 patients three of four
paradigms generated activation maps rated as 2 or 3, making the fMRI study as a
whole successful. In patient 17, no activation maps of diagnostic quality were
obtained for any paradigm. Due to severe motion artefacts no working threshold cwas
obtained in this patient. Susceptibility artefacts observed on EPI-images in nine
patients were caused by drill holes in seven cases and blood within a tumor cyst in
two cases. Such artefacts were located within 2 cm of the functional area in three
cases (patient 11, 13 and 16).

p < 0.000602

Figure 4 : Spatial relationship between tumor and fMRI activation in (a) the sensorimotor area and
(b) Broca’s area in the left IFG; axial, sagittal and coronal views. (a) High quality activation map
from sensory stimulation of the right hand in patient 12 with a biopsy-proven low grade
astrocytoma in the left superior parietal lobule. Activation in the contralateral, left sensory motor
cortex anterior to the tumor at a distance of 0 cm is marked by crosshairs. fMRI aided in deciding
not to resect the tumor.

(b) : High quality activation map from language stimulation (word generation) in patient 2 with a
melanoma metastasis in the frontal operculum in the language dominant hemisphere. Activation is
present bilaterally in the inferior frontal gyrus, predominantly in the left that is marked by
crosshairs. The distance between the tumor and activation in Broca’s area is 0 cm. fMRI facilitated
the decision-making regarding the decision to operate and the extent of the resection.

Relation between tumor and activation: For tumors close to the sensorimotor cortex,

the median distance to the activation was 0.5 cm (range 0-2 cm). For tumors near
language areas, the median distance to the activation was 1 cm (range 0-2 cm). Mass
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effect was present in fifteen patients leading to sulcal effacement and subsequent
difficulties in the interpretation of the anatomy from morphological images in twelve.
Neurosurgical decision-making: Seventeen patients were accepted for tumor
resection, aiming at radical excision in patients with putative metastasis and
meningioma. In patients with primary brain tumors, resection aimed at debulking of
the tumor mass. fMRI influenced the surgical approach in thirteen patients and the
extent of the resection in twelve. Twelve patients were operated upon within three
months after fMRI was performed, with a transient postoperative paresis contralateral
to the tumor occurring in two of these.

The effect of glioma resection on fMRI activation (Paper 3)

A comparison of the data from the three time points for examination failed to reveal a
longitudinal difference in LIs for any paradigm between the groups (Figure 5 a, b, ¢
and d). The median LIs for motor and sensory stimulation did not differ between
patients and controls (Table 3). Since the LIs for verbal fluency and rhyming were
larger than O in all volunteers, but lower than 0 in patient 5 for both tasks and in
patient 3 for rhyming, no between group comparison was done for language
stimulation.
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Figure 5 a, b, ¢ and d: Laterality indices for motor (a) and sensory stimulation (b), for the verbal
fluency task (c) and for rhyming (d) from each patient and control preoperatively (1), early (2) and
late postoperatively (3) and the first (1), second (2) and third (3) examinations; patients are
represented by red and controls by black symbols.
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DTI for characterisation of tumor edema (Paper 4)

The value of ADC, the lesion-to-brain ratios of ADC, the value of FA and the lesion-
to-brain ratio of FA in the peritumoral areas with T2-signal changes did not differ
between the three tumor types (p=0.4014, p=0.4027, p=0.6144, p=0.3408, Kruskall
Wallis ANOVA by ranks). The value of ADC as well as values and lesion-to-brain
ratios of FA in the adjacent NAWM did not differ between tumor types (p=0.7350,
p=0.2483 and p=0.3064). The lesion-to-brain ratio of ADC in the adjacent NAWM
was higher in gliomas than in meningiomas and metastases (p=0.0041). However, an
overlap of the ranges of this ratio for the three tumor types was observed (Table).

Table: ADC and FA values and lesion-to-brain ratios in peritumoral T2-changes and
adjacent NAWM, median (range)

Gliomas Meningiomas Metastases
Peritumoral FA value 0,194 0,163 0,164
T2-changes (0,089 - 0,451) (0,108 - 0,206) (0,108 - 0,195)
FA ratio 0,423 0,363 0,357
(0,203 - 0,716) (0,256 - 0,417) (0,256 - 0,385)
ADC value 1,505 1,635 1,527
(10 ** mm?/s) (0,887 - 1,976) (1,528 - 1,887) (1,174 - 1,784)
ADC ratio 1,885 2,089 1,857
(1,112 - 2,630) (1,820 - 2,430) (1,638 - 2,086)
Adjacent FA value 0,395 0,389 0,353
NAWM (0,255 -0,593) (0,290 - 0,561) (0,279 - 0,561)
FA ratio 0,928 0,836 0,938
(0,485 -1,175) (0,763 - 1,109) (0,763 - 1,057)
ADC value 0,820 0,796 0,815
(10 > mm?s) (0,713 -0,937) (0,706 - 0,926) (0,706 - 0,862)
ADC ratio 1,059* 0,996* 1,006*
(0,933 - 1,131) (0,948 - 1,019) (0,948 - 1,035)

*: p=0.0041, Kruskall-Wallis ANOVA for ranks, when tumor types are compared
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Discussion

General remarks: fMRI and field strength

The introduction of 3 T MR scanners for use on a broader basis than basic research,
including clinical use, was triggered by the interest among neuroscientists in pursuing
fMRI studies on cognition at a higher field strength. Increases in spatial resolution,
number of activated voxels, t-value in activated voxels and percentage of signal
change between activation and rest have been reported in response to increases in
field strength from 1.5 T to 3 T or 4T for motor and visual stimulation as well as for a
working memory task [19, 106-109]. The advantages of using higher field strengths
include increased sensitivity to susceptibility, increased contrast to noise and
improved sensitivity and spatial specificity for detection of task-related brain
activation. The latter is a result of the observation that the rate of transverse
relaxation, 1/T2* or R2*, scales with the square of the external magnetic field for
small blood vessels and capillaries, whereas the change is linear for large blood
vessels [110, 111]. In one study on motor and visual stimulation, the increase in field
strength from 1.5 T to 3 T a gain in the contrast to noise ratio (CNR) of more than 2
in the average activated brain voxel was accompanied by a 1.8 fold increase in the
mean z-score in activated brain regions [107]. During a working memory task (two-
back task) activation volumes in the frontal and parietal lobes were increased at 3 T
as compared to 1.5 T [108]. Activation in several regions has been detected at 3 T but
not at 1.5 T [108, 109]. While this thesis does not attempt to offer a direct comparison
of fMRI at different field strengths, such comparisons can be found in the literature.

Fingersomatotopy in area 3 b of the primary sensory area (Paper 1)

The main result of this paper was that the observation that the strict somatotopic
organisation in the primary sensory cortex known from studies using a variety of
modalities, was reproduced in the group average. The average activations of the
fingers were laid out on the body map, with the thumb located most laterally,
anteriorly and inferiorly and the little finger most medially, posteriorly and superiorly
and the remaining fingers in between. The distance to the thumb increased for every
finger in each of the three directions. In individual subjects the arrangement in the
hand representation of the thumb located laterally, anteriorly and inferiorly to the
little finger was observed frequently, while the remaining fingers might display the
orderly lateral-to-medial, anterior-to-posterior and inferior-to-superior organisation
'D1-D2-D3-D4-D5' . These results suggest that the spatial resolution of fMRI at 3 T
in a clinical setting is sufficient to delineate the functional areas of interest as regards
preoperative functional mapping. The cortical surface devoted to an individual digit
in area 3b is in the order of 0.5 to 1 mm? in the owl monkey [112] and given the
difference in brain size between macaques and humans, the expected cortical area
devoted to a single fingertip in humans should be about 5 mm®. This is well in
concordance with our results where the average Euclidian distance from D2 to D3,
D3 to D4 and D4 to D5 was 6.6 mm with distances calculated between the peak
activated voxels of the fingers. Furthermore, the average extension of the hand
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representation in area 3b of 17 mm with a somatotopic arrangement of fingers 1-5 as
described above is consistent with results from previous studies using a range of
modalities [69-72, 113-115]. For example, by using magnetoencefalography, Hari et
al. calculated equivalent current dipoles (ECD) from magnetic field patterns obtained
during electrical stimulation of the fingers [113]. ECDs for eight subjects were
concentrated to strips of <2 cm in length with the thumb generally represented more
laterally and the fifth finger most medially.

Previous studies on somatotopy in the hand area using functional Magnetic
Resonance Imaging (fMRI) have applied different types of sensory stimulation
including vibratory stimuli generated with inhouse developed devices [69, 70] and
electrical stimulation using ring electrodes [71, 72]. While all these methods are
likely to activate neurons in area 3b, they may differ as regards the number of
activated voxels. When comparing the effect of electrical stimulation of the median
nerve at two different frequencies and of tactile stimulation of the right index finger
using a watercolour camel-hair paintbrush, Boakye et al failed to detect a difference
in activation volumes between electrical and tactile stimulation [116]. Possible
factors influencing results of our study as compared to the works mentioned above
may include the number of subjects, the number of fingers studied, the field strength
and other imaging parameters as well as anatomical considerations taken into account
during data analysis. Due to lack of neuroanatomical landmarks, exact delineation of
the cytoarchitectonically defined areas within S1 cannot be achieved in MR images.
The operational definition that we used with area 3b being located in the anterior
bank of the postcentral gyrus is easily applied in transverse images [102, 103].
However, its application in coronal or sagittal orientation, especially when slice
thickness is large, is more challenging. In addition, the well defined landmark of the
motor hand knob situated on the precentral gyrus and protruding into the central
sulcus, is identified in the transverse plane. Gelnar et al. studied the first, second and
fifth fingers in eight subjects without demonstrating somatotopy [69]. In their study
eight coronal slices with high in-plane but relatively low through-plane resolution
(1.56 x 1.56 x 6 mm”) were obtained. Maldjian et al. stimulated all fingers in five
subjects and found somatotopy in three where the thumb to fifth finger with a lateral
to medial, inferior to superior and anterior to posterior relationship [70]. Activated
voxels were attributed to S1 without distinguishing between areas within S1. Kurth et
al. studied the second and fifth finger and found somatotopically arranged activation
patterns area 3 b in 5 out of 20 subjects [71]. The same authors reported a general
somatotopy without specification in a follow-up study where activation of all fingers
in area 3b was found in 7 out of 10 subjects, [72]. However, Kurth et al performed
this study at 1.5 T. Our finding of somatotopy with the thumb to fifth finger having a
lateral to medial, inferior to superior and anterior to posterior relationship in 16 out of
17 subjects may be due to the use of higher field strength.

fMRI for preoperative evaluation of intracranial tumors (Paper 2)

In this study, the sensorimotor and language areas close to intracranial tumors were
identified in 95 % of patients by using fMRI at 3 T. Paradigm effectiveness was 90 %
for motor and 95 % for sensory stimulation and ranged from 79 to 95 % for language
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stimulation. The median quality of the activation maps was 3 (high) for all
paradigms. fMRI contributed to the decision to operate in 9 patients, the surgical
approach in 13 patients and the extent of the resection in 12 patients.

Paradigm effectiveness: Our use of multiple paradigms aimed at maximising their
effectiveness in localising the sensorimotor cortex and language areas. Finger tapping
and passive touch activate the primary motor and sensory cortex, and word
generation and rhyming both activate the IFG and STG. The reported increase in
paradigm sensitivity associated with multiple paradigms [75, 87] was not confirmed
in the present study. However our confidence in assessing activation maps was
increased due to the availability of results from two paradigms.

Quality assessment: Evaluation of activation maps in a clinical setting requires a
cautious approach. The optimal threshold for a paradigm in a particular patient is
never known: increasing the threshold may generate false-negative results and
decreasing the threshold certainly generates false positive activation. We opted to
define a working threshold for each patient, that was as close as possible to the
minimum threshold r>0.4 without including motion artefacts interfering with
identification of functional areas. Our median working correlation threshold for all
paradigms was 0.44, range 0.40-0.60. For comparison, in a recent study at 1.5 T the
mean working threshold was 0.54 with standard deviation + 0.08 [80]. Our results
indicate that clinical fMRI at 3 T might have the advantage of generating high quality
activation maps at lower thresholds.

Relation between tumor and activation: The threshold used for the activation maps,
influences the distance between the tumor and the functional area. For the purpose of
reporting our results, we used the working threshold to measure the distance in
multiples of 0.5 cm. We informed the neurosurgeon of the impact of the threshold
and the potential lack of activation in primary functional areas as well as of other
limitations of fMRI. Due to their sensitivity to magnetic susceptibility changes, EPI
images are often associated with distortion, notably in the vicinity of air cavities. The
distortion may increase with increased field strength. We determined the distortion in
the EPI-images produced by our system by means of a field map [117]. The average
displacements were smaller than +3 mm (SD <Imm) in the sensorimotor cortex and
the frontal language area.

Neurosurgical decision-making: Decisions regarding operability, surgical approach
and extent of resection were based on the information gathered from clinical history
and examination, tentative histological diagnosis and results from fMRI. By
providing results preoperatively, fMRI offers a major advantage to the neurosurgeon
compared to e g ICS [79]. In addition, fMRI results can be correlated with results
from other imaging modalities and thereby facilitate preoperative decision-making
and planning [118]. The procedure therefore contributes to a well informed and
critical discussion with the patient regarding the risks and benefits of surgical
intervention.

The effect of glioma resection on fMRI activation (Paper 3)
The main result of our study was the observation that BOLD activations obtained
from motor, sensory and language stimulation using pre- and postoperative fMRI in
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glioma patients yielded differences in the spatial extent similar to those obtained from
repeated examinations in healthy controls. Our findings suggest that longitudinal
studies using fMRI can be performed in patients undergoing glioma resection without
concerns about negative effects of the decreased tumor volume on the BOLD effect.
Gliomas have been reported to influence the BOLD response in different directions
during preoperative fMRI. Schreiber et al. found reduced BOLD activation near
gliomas and unaffected activation near nonglial tumors during a bilateral motor task
[83]. In this work the authors refer to unpublished data from two healthy volunteers
examined 11 and 12 times on different days, with a variability of 23 % in the voxel
ratio (the ratio of the numbers of voxels activated in the contra- and ipsilateral
hemisphere). However, in a comparison between eight controls and six patients with
gliomas of various grade, Schlosser failed to detect a difference in the mean voxel z-
score and cluster size during language stimulation [84]. Recently Kokkonen et al.
sought to further explore the effect of gliomas on the BOLD response by performing
fMRI pre- and postoperatively [119]. Seven patients were examined pre- and
postoperatively using bilateral motor and auditory stimulation, five underwent fMRI
early and late postoperatively. The extent of the fMRI activation, expressed as the
voxel ratio, varied at the three time points, with an increase in some patients and a
decrease in others.

Longitudinal fMRI studies are known to be associated with low within-subject test-
retest reproducibility, an issue that has been addressed mainly in healthy volunteers
[86, 87]. Measurement parameters have included the number of overlapping voxels
and the distance between centers of mass as calculated from the voxel location in a
Cartesian 3 D coordinate system. Postoperative brain displacement precludes the
ready use of these parameters for comparative studies pre- and postoperatively. We
decided to use the laterality index (LI) that offers the additional advantage of relating
activation in one hemisphere to the corresponding activation in the opposite
hemisphere. Thus potential global variations in the number of activated voxels are
minimized, hence making the LI a suitable parameter for longitudinal studies. The LI
is a well-known parameter for determination of hemispheric language dominance
[105]. In our study the LIs in motor and sensory stimulation were slightly, although
not significantly smaller in patients as compared to controls. This may be attributed
to the more abundant motion artefacts in patients [76], leading to an increase of the
number of voxels activated bilaterally and to a somewhat lower LI. Alternatively, this
may be explained by a reduction of the local activation seen in the vicinity of
gliomas.

Titanium fixation clamps were implanted intraoperatively in patients 2, 4 and 6 and
were present preoperatively due to biopsy or surgery in patients 1, 3 and 5. This could
be a possible source of concern, since these clamps have the disadvantage of
extinguishing the MR-signal in their vicinity resulting in a signal void of
approximately 1.5 x 1.5 x 1.5 cm®. We are nevertheless confident that we have been
successful in accurately identifying the functional areas stimulated and determine the
number of activated voxels. In patients 2, 4, and 6 the tumor and the adjacent
functional area of interest were located at some distance from the clamps. Patient 1, 3
and 5 had been operated previously and the clamps were reimplanted at the same
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location so that the possible error due to signal extinction was similar in the pre- and
postoperative study.

DTI for characterisation of tumor edema (Paper 4)

Our main observations were a lack of difference in ADC and FA between high grade
gliomas, meningiomas and metastases when values and lesion-to-brain ratios from
peritumoral areas with T2-signal changes were compared. This suggests that DTI
may not be adequate for differentiating between pure edema and tumor-infiltrated
edema in peritumoral areas. In the adjacent NAWM the lesion-to-brain ratio of ADC,
was higher in gliomas than in meningiomas and metastases. However, ranges
overlapped for the three tumor types, suggesting that such measurement may not be
suitable for clinical evaluation.

ADC values range from 0.6 to 1.0 x 10~ mm?*/s in most areas and may reach 1.25 x
10 mm?/s in the posterior periventricular regions with lower WM myelinisation
[120]. Hence calculation of lesion-to-brain ratios, which implies the normalisation of
individual data, provides an obvious advantage. While we failed to detect a difference
between gliomas, meningiomas and metastases with respect to the ADC values in
peritumoural signal changes, conflicting observations can be found in the literature.
Krabbe et al. and Lu et al. compared high grade gliomas to metastases and to
meningiomas, respectively [94, 95]. Both groups found elevated ADC in the
peritumoral area with T2-changes surrounding metastases. In a study that included
high and low grade gliomas, meningiomas and metastases, Lu et al. failed to
reproduce these findings [96]. This lack of converging evidence suggests that the
usefulness of ADC in the characterisation of peritumoral signal changes may be
questionable. Values of ADC in adjacent NAWM have been reported by Provenzale
et al. [98], who compared gliomas to meningiomas. In gliomas the average ADC in
the NAWM adjacent to the tumor (0.683 x 10~ mm?/s) was decreased as compared to
that in the contralateral white matter (0.723 x 10° mm?/s). However, this difference
falls within the normal range for ADC. We have chosen to attribute the small
differences between the ADC values in the adjacent NAWM in our material to the
normal variation of ADC in the brain.

FA varies between different regions of the brain and is typically 0.1-0.2 in grey
matter, rising to 0.6—0.8 in densely packed white matter bundles such as the corpus
callosum [29]. Reports on the use of FA for assessment of tumor extension in gliomas
describe a difference between gliomas and meningiomas in peritumoral areas with
increased T2 as well as a lack of change between high grade gliomas and metastases
[88, 95, 98]. The large variation of FA within the brain may complicate its usefulness
in the evaluation of tumor extension. In addition, differences in FA values between
tumors of one histological type may in part reflect the primary location of the tumor,
since tumor locations vary in clinical materials. While FA may be affected by
moderate tumor cell invasion into white matter tracts of high anisotropy such as the
corpus callosum, it may still remain higher than in regions with lower FA, such as the
optic radiation. Furthermore, high grade gliomas, although similarly classified, may
vary in their behavior [37]. For example, some exert a mass effect on the surrounding
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tissue resulting in compression of the adjacent white matter while others destruct
white matter fibres.

Steroid treatment (dexamethasone) has been reported to reduce ADC in peritumoral
areas with T2-signal changes in all three tumor types, by decreasing the water content
[121]. As this effect is independent of tumor type, and the treatment was given to 73
% of patients with high grade gliomas and to 75 % of patients with meningiomas or
metastases, we assume that steroid treatment has not affected our results. The field
strength of 3 T was used in our study. Increased field strength results in higher signal
to noise ratios. In addition, the gradients of the new 3 T equipments are higher. These
two properties contribute to the usefulness of DTI for measuring small differences in
the location of protons in multiple directions. The use of higher field strength for the
measurements of ADC and FA can therefore be expected to be appropriate for
distinguishing tumor-infiltrated edema in gliomas from pure edema in meningiomas
and metastases. Finally, our study as well as work referred to above lacks a direct
correlation with histopathology. This should be the final step in evaluating DTI for
assessment of tumour spread in high grade gliomas, presumably using stereotactic
biopsies or post mortem follow-up.

Future aspects

High grade gliomas, the most common primary brain tumors in adults, remain
associated with poor prognosis despite therapeutic advances [122]. MRI with its
sensitivity for soft tissue details is the imaging modality of choice as regards
diagnosis and monitoring of therapy [41]. The introduction of MRI techniques aiming
at measurement of physiologic parameters in vivo has brought the comprehensive
neuroradiological workup of patients with intracranial tumors a step beyond
conventional MRI including T1- and T2 weighted images before and after contrast
enhancement. The use of fMRI and DTI has been described previously in this thesis.
Diffusion Weighted Imaging enables the neuroradiologist to differentiate between the
putative diagnoses of abscess and tumor, to differ between different tumor types and
to evaluate therapy response [123, 124, 91, 125, 126]. Perfusion Weighted Imaging
(PWI) mapping cerebral blood flow and blood volume, facilitates the assessment of
malignancy in gliomas and aids in the differentiation between radiation necrosis and
recurrent tumor [127-130]. Magnetic Resonance Spectroscopy (MRS) allows for
differentiation between infiltrating and non-infiltrating intracranial tumors (gliomas
and metastases, respectively) [131, 132].

Functional MRI for preoperative mapping of brain functions will become
increasingly available due to the increasing number of modern MR scanners. For
example, manufacturers deliver new scanners with software for advanced motion
correction of functional time series and for real time fMRI, that displays the statistical
analysis while the patient is performing the paradigm, to name some examples. The
emergence of functional neuroimaging as a significant clinical tool will trigger a
growing need for specialized training among neuroradiologists, neurologists and
neurosurgeons. Basic understanding of how an fMRI study is performed, paradigm
design and data analysis will be required as well as familiarity with the limitations of
fMRI and the implications these have when interpreting fMRI results. In the absence
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of standardized study protocols, each site establishes its routines as regards MR
protocol, stimulation, data analysis and interpretation of activation maps. Quality
control aimed at optimizing these procedures for distribution and general use in the
clinical functional neuroimaging community is an issue to be addressed in the future.
Although the value of DTI for characterisation of tumor edema in gliomas has not
been established, other applications may contribute to the preoperative evaluation of
patients with intracranial tumors. The principal direction of the diffusion tensor, A,,
can be calculated for each voxel. A given voxel can then be connected to an adjacent
voxel in accordance with the direction of A;, and thus white matter fibre tracts can be
reconstructed [133, 134]. DTI tractography may be of use in combination with fMRI,
for example for demonstrating displacement or interruption of fibre tracts closely
connected to a functional area. In patients with intracranial tumors where mass effect
precludes the identification of functional areas, fMRI might be used to localise the
primary motor cortex. DTI can then localise the corticospinal tract, starting from the
motor cortex as shown by fMRI [135, 136]. Reports however are largely single-
center, uncontrolled, preliminary findings and must be cautiously interpreted and
need further evaluation.

In order for MRI to contribute optimally to early diagnosis and adequate therapeutic
monitoring of patients with intracranial tumors, a comprehensive work-up that
utilizes all available parameters must be developed, validated and optimized. This
task will be a challenge for the years to come.
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Conclusions

Our results suggest that the spatial resolution of fMRI using a clinical protocol is
adequate for localisation of the sensory representation of a finger (Paper 1).

Preoperative fMRI for mapping of motor, sensory and language functions at 3 T is
feasible and contributes to neurosurgical decision making (Paper 2).

Longitudinal pre- and postoperative fMRI studies may be performed in patients with
gliomas without concerns for potential effects of the decreased tumor volume on the
BOLD effect as a possible source of error (Paper 3).

Values and lesion-to-brain ratios of ADC and FA may not be useful to distinguish

pure edema from tumor-infiltrated edema in peritumoral areas with T2-signal
changes (Paper 4).
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