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Abstract
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Cerebral perfusion outlines several parameters which describe the status of cerebral
haemodynamics. Numerous neurological diseases affect cerebral perfusion, thus the importance
of diagnostic measurements. Perfusion magnetic resonance imaging (MRI) is a collection of
non-ionizing magnetic resonance-based perfusion measurement techniques that can be used for
clinical assessment of cerebral perfusion. The aim of this thesis was to investigate potentials
and limitations of perfusion MRI used for clinical assessment of patients with neurological
disorders. Patients with glioblastoma were examined with dynamic susceptibility contrast MRI
(DSC-MRI) and dynamic contrast enhanced MRI (DCE-MRI) before/after treatment with
fractionated radiotherapy (FRT). Radiation-induced changes in normal-appearing brain tissue
were found in the form of decreased cerebral blood volume (CBV) and cerebral blood flow
(CBF) measured with DSC-MRI and increased vascular permeability and increased fraction of
the extravascular extracellular space measured with DCE-MRI. Papers I–II provide valuable
information regarding the possibility that radiation-induced changes could be a confounder
in DSC-MRI and that DCE-MRI could potentially act as a biomarker for vascular damage
secondary to radiation exposure. Additionally, CBF derived from arterial spin labelling (ASL)
was compared to the reference standard 15O-water positron emission tomography (PET).
Simultaneous measurements were acquired with an integrated PET/MR scanner using arterial
blood sampling and zero-echo time-based attenuation correction in healthy subjects and patients
with epilepsy. Correlation- and Bland–Altman analysis showed fair correlation and a negative
relationship with wide limits of agreement in several cortical and subcortical regions. Thus,
agreement with 15O-water is insufficient for absolute quantification with ASL, but ASL provides
reliable relative measures that could potentially be rescaled to absolute values. Moyamoya
disease (MMD) is characterized by progressive stenosis/occlusion in large brain arteries. A
limitation of ASL is the sensitivity to prolonged arterial transit times, which is common in
the collateral vessels of the brain in patients with MMD. Given the non-invasiveness and
non-ionizing exposure, ASL has a pronounced potential for use in diagnostic imaging in
patients with MMD. ASL was performed before and after administration of acetazolamide;
CBF and cerebrovascular reserve capacity were derived for large vascular regions. Artefacts
originating from prolonged arterial transit times were found to have negligible effects on CBF
and cerebrovascular reserve capacity derived from ASL. This thesis adds to the understanding
of potential and limitations of perfusion MRI in neurological diseases.
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2D
3D
4D
ACA
ACZ
ADC
AIF
ASL
ATT
BBB
Bq
CBF
CBV
CI
CVRC
DCE
DSC
EES
FLAIR
FRT
GM
Gy
LD
MCA
MMD
MNI
MR
MRI
MTT
PCA
PCV
PET
PLD
PS
RF
SD

Two-dimensional
Three-dimensional
Four-dimensional
Anterior cerebral artery
Acetazolamide
Apparent diffusion coefficient
Arterial input function
Arterial spin labelling
Arterial transit time
Blood-brain barrier
Becquerel
Cerebral blood flow
Cerebral blood volume
Confidence interval
Cerebrovascular reserve capacity
Dynamic contrast enhanced
Dynamic susceptibility contrast
Extravascular extracellular space
Fluid attenuated inversion recovery
Fractionated radiotherapy
Grey matter
Gray, unit of ionizing radiation dose
Labelling duration
Middle cerebral artery
Moyamoya disease
Montreal Neurological Institute
Magnetic resonance
Magnetic resonance imaging
Mean transit time
Posterior cerebral artery
Procarbazine, Lomustine, and Vincristine
Positron emission tomography
Postlabelling delay
Permeability-surface area product
Radiofrequency
Standard deviation

SEM
SVD
T1
T2
T2*
TE
TR
UTE
VFA
WM
ZTE

Standard error of mean
Singular value decomposition
Longitudinal relaxation time
Transverse relaxation time
Effective transverse relaxation time
Echo time
Repetition time
Ultra-short echo time
Variable flip angle
White matter
Zero-echo time

Introduction

The brain is incapable of storing energy, and, therefore, to maintain functional
and structural integrity, it requires a constant supply of oxygenated blood containing an adequate concentration of glucose. The cerebral perfusion pressure
represents the difference between the arterial pressure and the venous backpressure. This pressure gradient forces blood into the cerebral circulation, i.e.
produces a flow of blood, the cerebral blood flow (CBF)1, 2. A simplified
model of regional blood circulation contains a single arterial input, a tissue
capillary bed with a given blood volume (cerebral blood volume, CBV), and
a single venous output. The extravascular extracellular space (EES) is separated from the intravascular space by cerebrovascular endothelium, the bloodbrain barrier, BBB (see figure 1A).

A

CBF
BBB

Tissue
CBV
EES

CBF

B

CBF

Tissue
CBV

BBB

CBF
Leakage

EES

Figure 1. A) Regional blood circulation with a single arterial input of flowing blood
(CBF) into a tissue capillary bed (CBV) and a single venous output. The blood-brain
barrier (BBB) is intact, i.e. there is no leakage from the tissue capillary bed to the
extravascular extracellular space (EES). B) Similar to A, however, with a disrupted
BBB, and thus, large molecules may leak from the tissue capillary bed to the EES.

From this model, we can define several perfusion parameters, and although
this is not an official expression, it will be used to describe the parameters
derived in the studies that make up this thesis.
There is CBF through the tissue and CBV within the tissue. Furthermore,
the mean transit time (MTT) reflects the average time molecules would reside
within the tissue. MTT is the ratio of CBV to CBF as described by the central
volume principle3. The BBB separates the parenchyma of the central nervous
system from the blood and regulates the passage of essential molecules, such
11

as glucose, while restricting passage of harmful substances. However, if the
BBB collapses, large molecules could pass the BBB, and the simple model in
figure 1A can be extended to the model presented in figure 1B. Adding BBB
disruption to this model, we may also define the term leakage, where molecules, such as contrast agents, may “leak” into the EES.
Several neurological disorders may cause regional fluctuations in cerebral
perfusion parameters. For example, brain tumours, in particularly malignant
tumours, demand increased perfusion in comparison to surrounding tissue
(hyperperfusion) because of their tortious and leaky vessels (figure 2A)4.
Moreover, in patients with Moyamoya disease (MMD), there may be insufficient perfusion to meet the metabolic demand because of occlusion/stenosis
in supplying arteries (hypoperfusion) (figure 2B)1. Therefore, it is intuitively
clear that cerebral perfusion parameter measurements are of great value to clinicians in the assessment of a range of neurological disorders.

Figure 2. A) Patient presenting with glioblastoma (white arrows) on a contrast-enhanced T1-weighted image. Hyperperfusion (increased CBF) is apparent in a CBF
image derived from dynamic susceptibility contrast (DSC)-MRI. B) Patient presenting with unilateral Moyamoya disease. A contrast-enhanced T1-weighted image is
shown as anatomical reference. Hypoperfusion (decreased CBF) is apparent comparing right and left hemispheres in the CBF image derived from arterial spin labelling
(ASL)-MRI.
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Tracer-based kinetic modelling for quantification of perfusion parameters is
well established and is applied to various imaging modalities. For perfusion
measurements with magnetic resonance imaging (MRI), common tracers are
labelled water and gadolinium-based contrast agents. The former can be considered a diffusible tracer, and it is also used in perfusion measurements using
current reference standard positron emission tomography (PET). The latter are
intravenously injected into the patient and can be defined as intravascular or
partly diffusible depending on the state of the BBB. Although, the term
“tracer” in the classic literature is defined as an indicator molecule identical
to the corresponding systemic carrier substance (for example water), the term
will nevertheless be used throughout this thesis. Generally, for perfusion
measurement experiments, the tracer is tracked in the cerebral haemodynamic
system by dynamic image acquisition5. By modelling change in signal or radioactive concentration as a function of time, perfusion parameters can be calculated. However, for each perfusion MRI technique there are potentials
and/or limitations associated with inherent methodological issues and/or arising from application in specific neurological diseases.

Aim
The primary focus of the work presented in this thesis was to investigate potentials and limitations of perfusion MRI used for clinical assessment of patients with neurological disorders. The specific aims of each paper are provided in Contributions.

Disposition
This is a compilation thesis based on four papers, each investigating possible
potentials and/or limitations for common perfusion MRI techniques in patients
with neurological disorders. The introductory chapter of the compilation thesis provides a brief overview on how to measure perfusion. This chapter also
contains a description of the neurological diseases, image analysis, and statistics in the studies that make up this thesis. The four papers included are summarized in Contributions, which is followed by a discussion with conclusions.
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How to measure cerebral perfusion

Magnetic resonance imaging
Summary
In short, while exposed to a static magnetic field, protons can be manipulated
by a radio frequent magnetic field (nuclear magnetic resonance). In return,
the protons will emit signals which can be measured by receiver coils (relaxation). Applying gradient magnetic fields in three directions creating small
spatial differences in the otherwise strong homogenous magnetic field, the
spatial distribution of the emitted signals can be identified. Using a mathematical approach known as Fourier transform, the measured signals can be converted into an image (image generation).
MRI combines high spatial resolution with excellent soft tissue contrast. In
addition, MRI can be sensitive to a variety of biophysical properties, such as
several perfusion parameters. Using different perfusion MRI techniques and
clever mathematics, MRI can estimate, among others, CBV, CBF, and vascular permeability. Three of these techniques are included in this thesis and will
be explained in further detail.

Basic principle
Nuclear magnetic resonance
Atomic and subatomic particles possess a property called spin angular momentum or spin for short. The hydrogen nuclide (1H) has a spin number of ½,
and consists of a single proton and is abundant in the body, principally in water
and fat. It is generally the 1H nucleus that provides the signal we measure
during routine clinical MRI. Eigenstates or observable spin states for a nucleus
with spin = I is given by 2I + 1. Hence, for the 1H nucleus, the number of
possible observable spin states is two. These states are commonly referred to
as parallel or anti-parallel. Normally, these states are not observable and are
said to be degenerate. However, if an external magnetic field (B0) is applied,
the two states are separable (Zeeman effect).
Furthermore, the 1H nucleus can be considered a circulating electrical
charge with a magnetic dipole moment (µ). The energy of a magnetic dipole
moment is given by E = -µB0, thus, the energy between the two observable
spin states is given by ΔE = 2µB0 (see figure 3).
14
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Figure 3. Eigenstates or observable spin states for the 1H nucleus in an external
magnetic field. The energy difference (ΔE) between the two states is proportional to
the magnetic dipole moment (µ) and the magnetic field strength (B0).

This correspond to a photon of energy ΔE = hf, where f is frequency in Hertz.
Combining the two expressions for ΔE, we get
Equation 1

𝑓=

#$%
&

𝐵( = 𝛾𝐵(

where µp is the magnetic dipole moment of the proton and h is Planck’s constant. Equation 1 can be rewritten introducing 𝛾 which is known as the gyromagnetic ratio. Equation 1 is known as the Larmor equation and yields f, the
Larmor frequency, for a given magnetic field strength, B0.
Consider the 1H nucleus with its magnetic dipole moment inside an external
applied magnetic field as a tiny magnet with a north pole and south pole – the
observable spin states can be understood as placing the tiny magnet parallel
or anti-parallel to the magnetic field lines. The equilibrium distribution of
spin states is predicted by the Boltzmann distribution. At body temperature,
the Boltzmann distribution would predict a distribution close to zero; however, with a small excess of spins expected in the parallel state. If summed
over an ensemble of 1H nuclides, there will be a net magnetization vector M
along the magnetic field with maximum value M0 (figure 4A-B).
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Figure 4. A) In the absence of a magnetic field, the direction of spin (small black arrows) is random. B) In the presence of a magnetic field, while the direction of spins
is mostly random, there will be a weak tendency to alignment along the direction of
B0, thus creating a net magnetization (M, thick grey arrow). C) The magnetization
needs to be displaced 90 degrees down by an external injection of energy.

Moreover, the spins will start to precess around B0. In a Cartesian coordinate
system, M and B0 are directed along the z-axis, whereas the xy-plane is referred to as the transverse plane. Commonly, the Cartesian coordinate system
is defined as rotating with a frequency equal to the precessing spins. Hence,
the viewer will regard the system as stationary.
We aim to obtain a measurable signal of M; however, this is not possible
when M is aligned with B0, consequently we need to displace M by an external
injection of energy (figure 4C). Typically, this is performed by a short pulse
from a radio frequent magnetic field, in short RF-pulse or B1-field. The RF
pulse is generated by an alternating current at the Larmor frequency for a given
B0, driven through a transmission coil and applied orthogonal to both M and
B0. This cause M to follow a spiral trajectory towards the transverse plane
(figure 5A).

Figure 5. A) When a RF-field at the Larmor frequency is applied, M will follow a
spiral trajectory down towards the transverse plane, thus “flipping” M 90 degrees
from the z-axis (⍺, is known as the flip angle) This process is known as excitation.
B) When the RF-field is turned off, M will return to equilibrium. This process is
known as relaxation.
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This is referred to as excitation, where a complete excitation to the transverse
plane corresponds to a “flip” of M at 90 degrees – defining the term “flip
angle, ⍺” as the angle between the z-axis and M. Thus, the 1H nuclei will
absorb electromagnetic radiation (i.e. the applied RF-pulse) and re-emit electromagnetic radiation when the applied RF-pulse field is switched off; this is,
in short, the nuclear magnetic resonance phenomenon.
Relaxation
When the RF-pulse is turned off, M will, still precessing, return to equilibrium
(figure 5B), this process is known as relaxation. This is divided into two components, the decrease of the Mxy magnetization and the recovery of the Mz
magnetization, which are mathematically given by
Equation 2

𝑀./ (𝑡) = 𝑀( 𝑒45⁄67

and
Equation 3

𝑀9 (𝑡) = 𝑀(:1 − 𝑒 45⁄6= >

where T1 is the longitudinal relaxion time, defined as the time from excitation
to recovery of 63% of M0. And T2 is the transverse relaxion time, defined as
the time required for Mxy to decrease to 37% of its initial value. Of note, the
relaxion rates R1 and R2 are defined as the inverse of T1 and T2 respectively.
The longitudinal relaxation process is basically an energy transfer. After excitation, the potential energy of the spin ensemble is elevated and needs to be
transferred to the surroundings, the lattice, in order to return to equilibrium.
The transverse relaxation process includes dephasing due to static local magnetic field variations and longitudinal relaxation. Moreover, due to inhomogeneities in B0, the process is speed up – thus T2* (corresponding rate is denoted
R2*) can be considered the observed or effective transverse relaxation time.
During relaxation, the precessing magnetization in the transverse plane generates an oscillating magnetic field which induces electric currents in a coil.
Coils are known as receiver coils and are generally placed on or near the tissue
of interest.
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Timing parameters, such as echo time (TE), time between excitation and
signal echo and repetition time (TR), time between two consecutive excitations, are controllable and can be adjusted to manipulate contrast acquired in
the images (also known as weighting, i.e. T1-weighted or T2-weighted images). The signal intensity (S) for a spin-echo sequence is given by
Equation 4

𝑆 = 𝐾 ∙ [𝐻] ∙ :1 − 𝑒 46E⁄6= > ∙ 𝑒 46F ⁄67

Where [H] is the proton density (PD), K is a scaling factor. The image contrast
is a consequence of the fact that different tissues have different T1 and T2 relaxation times. When TE is short compared to T2 the T2-weighted term in
equation 4 will approach 1, thus T2 effects will largely disappear. Moreover,
at a long TR, the T1-weighted term in equation 4 will approach zero, and T1
effects will disappear. Short TE and long TR will generate a PD-weighted
image, since both the T1- and T2-weighted term in equation 4 will be suppressed. Short TE (suppressing T2 effects) and short TR (maximum T1 effect
between tissues) will generate a T1-weighted image. And a long TE (maximum T2 effect between tissues) and a long TR (suppressing T1 effects) will
generate a T2-weighted image. Although the term weighting is commonly
used, all images have mixed contributions from T1, T2, and PD effects.
Image generation
The MR signal is a small electrical current induced in a receiver coil by the
transverse component of M precessing at the Larmor frequency around the zaxis. To obtain images, excitation and MR signal sampling is performed repeatedly. By applying gradient magnetic fields in three dimensions (x, y, z),
we can create small spatial magnetic field differences in the otherwise homogeneous magnetic field B0. Basic types of spatial encoding are slice selection
and frequency- and phase-encoding. When a gradient field is applied the Larmor frequency will change linearly, thus with a defined bandwidth of the RFpulse, we can select the slice to excite. Frequency and phase encoding are
performed within this excited slice. The phase encoding gradient is applied
prior sampling of the signal and will induce phase variations. After phase encoding, a frequency encoding gradient will be applied during sampling, which
results in a spatial variation of frequencies. The MR signal is sampled in a
matrix representing spatial frequencies in the MR image (the k-space). The
MR image is reconstructed to an anatomical image using a mathematical approach known as discrete 2D Fourier transform.
2D MR images use slice selection gradients; however, MR images can also
be acquired in 3D, with two phase encoding gradients and one frequency encoding gradient. This is todays standard regarding high-resolution anatomical
MR images. Moreover, 4D MR images include time as a dimension. These
are also known as dynamic acquisitions.
18

Dynamic susceptibility contrast MRI
Intravenous injection of contrast agents is a common feature in enhancing contrast in MR images. A common contrast agent is based on the chemical element gadolinium and alters the immediate “magnetic environment” when
passing through the human blood stream. In statically acquired images the
gadolinium-based contrast agent injection can, for example, enhance tumours
where the BBB is compromised (the agent will leak out from the vessels). We
can also use dynamic acquisitions to track the contrast agent while passing
through the cerebrovascular system. This perfusion MRI method is termed
dynamic susceptibility contrast (DSC)-MRI. For a given voxel, the measured
signal (T2-weighted) will drop as the contrast agent flows by; this can graphically be displayed as signal plotted against time (see figure 6A).
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Figure 6. A) Signal as a function of time for a voxel in healthy tissue acquired with
DSC-MRI. B) Signal converted to concentration as a function of time6.

However, we need to convert the signal to tissue concentration of the contrast
agent denoted C. This is possible, given a basic assumption that C is proportional to the change in T2* relaxation rate, ∆𝑅#∗ .
Equation 5

∆𝑅#∗ = 𝑘𝐶

Where k, a proportionally constant, is mostly considered unknown.
The relationship between the signal SC and ∆𝑅#∗ using a gradient echo sequence is given by:
Equation 6

∗

𝑆L (𝑡) = 𝑆( 𝑒 46F∆E7(5)
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where 𝑆( is the pre-contrast signal, TE is the echo time. Equations 5 and 6 can
be combined to:
Equation 7

𝐶(𝑡) = −

M
N6F

𝑙𝑛 Q

RS (5)
RT

U

Equation 7 is a mathematical expression defining, at each point in time, the
amount of contrast agent remaining in the tissue based on the signal measured.
𝐶(𝑡) can also be referred to as concentration-time curve (CTC) due to commonly being shown plotted against time (see figure 6B).
The indicator dilution theory7, 8 forms the generalized basis for the equations to derive DSC-MRI perfusion parameters. The contrast agent is considered intravascular or non-diffusible5. Using DSC-MRI, perfusion parameters,
such as CBV (ml/100g), CBF (ml/100g/min), and MTT (s), are commonly
calculated. In addition, time to peak and delay, all measured in seconds, can
also be calculated.
CBV can be determined from the ration of the areas under a tissue CTC
(𝐶5 (𝑡)) and arterial CTC (𝐶V (𝑡), a CTC measured from a voxel located in an
artery, for example, the left middle cerebral artery) given mathematically by:
[

Equation 8

𝐶𝐵𝑉 =

∫T LY (Z)\Z

[
∫T L] (Z)\Z

CBF can be derived from equation 7 given by:
Equation 9

𝐶5 (𝑡) = 𝐶𝐵𝐹 ∙ 𝑅(𝑡)⨂𝐶V (𝑡)

𝑅(𝑡) is the tissue impulse response function, defined as the fraction of contrast
agent still present in the vasculature at time t after injection. Solved by deconvolution, essentially fitting CBF 𝑅(𝑡) to measured data and as 𝑅(0) = 1 CBF
is determined as the initial height of the tissue impulse response function.
CBV and CBF images from a patient with glioblastoma, including a contrastenhanced T1-weighted image, are presented in figure 7.
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Figure 7. Axial slice of a contrast-enhanced T1-weighted image of a patient with a
glioblastoma (arrows), CBV and CBF are increased in tumour tissue (arrows)6.

In the ideal setting, CBV and CBF would be regarded as absolutely quantifiable by DSC-MRI. However, several limitations exist with regard to quantification and reproducibility issues. First, the suggested proportionality between
∆𝑅#∗ and C (Equation 5) is not true; a more correct description would be a nonlinear relationship, thus assuming a linear relationship introduces quantification errors. Second, to calculate CBV and CBF according to equations 8 and
9, it is necessary to find 𝐶V (𝑡), referred to as the arterial input function (AIF).
The correct measurement of the AIF is crucial for correct quantification, and
incorrect measurement can lead to systematic errors or inaccurate deconvolution. Due to limited spatial resolution in the DSC-MRI images, to define an
arterial voxel without partial volume effects from surrounding tissue is difficult, leading to overestimation of CBV and CBF. Moreover, arterial dispersion
(broadening of the AIF peak) and arterial delay (time shifts between tissue
CTC and AIF) may impact the deconvolution. Model-independent deconvolution algorithms do not in principle rely on any prior assumptions of the vascular system. Singular value decomposition (SVD) is an established modelindependent algorithm for deconvolution and widely used in DSC-MRI data
analysis. Furthermore, using SVD with iterative Tikhonov regularization has
been shown to calculate reasonable perfusion parameters in the brain. Contrast
agent leakage may cause inaccuracies in perfusion parameter calculation; this
commonly occurs in the brain when the BBB is damaged, for example, in glioblastomas9. This issue can be corrected mathematically using the Boxerman
method10. DSC-MRI is often used to assess treatment response in patients with
glioblastomas. To account for the difficulties in absolute quantification, relative measurements are generally used in clinical practice, i.e. tumour values
are normalized to contralateral normal appearing white matter (WM)11.
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Dynamic contrast enhanced MRI
Dynamic contrast enhanced (DCE)-MRI is based on the same principles as
DSC-MRI. Intravenously injected contrast agent is tracked during passage in
the cerebrovascular system using dynamic image acquisition. However, in this
case, the contrast agent is considered a partially diffusible tracer; this is valid
in conditions in which the BBB has been compromized5. The measured signal
is T1-weighted (see figure 8A).
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Figure 8. A) Signal as a function of time for a voxel in healthy tissue acquired with
DCE-MRI. B) Signal converted to concentration as a function of time6.

DCE-MRI is preferred in neurological diseases in which the BBB is disrupted.
In contrast to DSC-MRI, where a damaged BBB may cause inaccurate perfusion estimates, DCE-MRI can estimate the degree of BBB damage by pharmacokinetic modelling of the measured signal12. If the BBB is damaged, contrast agent molecules can pass though into the EES. In DCE-MRI, the signal
will increase because of the presence of the contrast agent (T1-weighted).
The DCE-MRI data analysis requires a native T1(0) map to calculate the
contrast agent concentration from the measured signal. The pre-contrast T1(0)
map is often estimated with the so-called variable flip angle (VFA) method13.
Native T1(0) can be estimated from the known relationship between flip angle,
signal, and T1.
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In DCE-MRI, the tissue concentration of the contrast agent C is given by
Equation 10

M

𝐶(𝑡) = Q6 (5) −
=

M

Ub𝑅a\

6= (()

where RGd is the relaxivity of the contrast agent, and T1(t) can be derived from
the signal equation for the specific dynamic acquisition used (see figure 8B).
DCE-MRI experiments can be modelled by a single compartment model
with a vascular component (see figure 9, and compare to figure 1B). This
model consists of a blood plasma compartment and an EES compartment.
Both compartments reside within a grey rectangle for which the CTCs are
measured. First, the contrast agent enters the blood plasma compartment with
a flow f; a fraction of the contrast agent is transferred at a rate Ktrans passing
through the BBB and enters the EES. The contrast agent is transferred back to
the blood plasma compartment with a rate Kep.

Figure 9. A one-compartment model describing the transfer of contrast agent from
the blood plasma to the EES when the BBB is damaged. Ktrans is the volume transfer
between blood plasma volume and the EES, and Kep is the rate constant between
EES and blood plasma volume (compare to figure 1B)

We define Ktrans (min-1) as the volume transfer between blood plasma volume
and EES, and Kep (min-1) as the rate constant between EES and blood plasma
volume. We also defined Vp as the fraction of blood plasma volume, Ve as the
fraction of EES. Of note, although physiologically related, CBV and Vp should
not be used interchangeably14. The permeability-surface area product (PS)
measures the rate at which contrast agent leaks out of the blood plasma to the
EES per unit tissue volume and plasma concentration. Ktrans is dependent on
CBF and PS, and in tissues where CBF is low and permeability is high, Ktrans
will mainly reflect CBF (flow-limited conditions)15. However, with high CBF
and low permeability, Ktrans reflects PS (permeability limited condition)12,
which is assumed throughout the study.
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The extended Kety model for pharmacokinetic modelling of DCE-MRI
data allows for estimation of Ktrans, Ve, and Vp and is given by:
Equation 11
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Ct(t) and Ca(t) are measured, thus equation 11 can be solved by deconvolution.
Calculated Ktrans and Ve maps are presented in figure 10. In healthy tissue, i.e.
where the BBB is intact, Ktrans is, in theory, equal to zero, hence, normalization
to reference tissue is therefore not an option in DCE-MRI.

Figure 10. Axial slice of a contrast-enhanced T1-weighted image of a patient with
glioblastoma. The tumour has increased Ktrans and Ve as seen on corresponding parametric images6.

Derived absolute values are heavily dependent on the estimated T1(0) map,
and inaccurate AIFs have been shown to induce large errors in Ktrans estimation. In most applications, it is preferred to measure the AIF directly; however,
the AIF is basically conflicted by the same factors described above for DSCMRI. A population-based AIF benefits from high reproducibility and low induction of noise, which is beneficial16.

Arterial spin labelling
Arterial Spin Labelling (ASL) was introduced already in the early 1990s as a
non-invasive MRI-based CBF measurement technique using the patient’s own
water as a freely diffusible tracer17-20. Following continuous technical advancements, ASL matured as a readily available technique for CBF measurements in several clinical applications. To show the path through the dense jungle of different labelling and read-out strategies, a consensus statement was
published in 2015 recommending pseudo-continuous ASL as labelling strategy with 3D segmented read-out applying background suppression21. This
method has been used in papers III-IV and the term ASL will refer to this
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ASL method if not stated otherwise. Moreover, ASL is completely non-invasive, repeatable, with demonstrated potential in several neurological disorders.
The basic principle of ASL is simple: prior to an image volume read-out of
the brain, the inflowing arterial blood is “magnetically labelled” by applying
a RF-pulse to excite the 1H nuclei in the water of the blood at large supplying
blood vessels (see figure 11).

Figure 11. ASL labelling scheme. The labelling plane labels inflowing arterial blood
in large supplying blood vessels. The labelled blood will flow to the imaging volume
(i.e. the brain); thus, at read-out, the image will contain labelled blood.

The acquired images of the brain will contain “labelled blood”, where the
measured MR signal will be different from an image acquired without labelled
blood. Hence, we will also collect a baseline image without labelled blood.
Subtracting baseline and labelled images provides a relative measure of CBF.
ASL is in many ways analogous to 15O-water PET; the contrast agent is
“labelled” water and magnetization decay mirrors radioactive decay.
An important adjustable parameter is the postlabelling delay (PLD). The
PLD is defined as the time between the labelling RF-pulse and image volume
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read-out, i.e. the time labelled blood flows to the tissue of interest (see figure
12). Moreover, the labelling duration (LD) is the time duration the labelling
RF-pulse is active.

Figure 12. The labelling duration (LD) is the time duration the labelling RF-pulse is
active. The PLD is the time between the labelling RF-pulse and start of image volume read-out.

For an ASL acquisition using a single PLD, the kinetic model to calculated
CBF is based on a one-compartment model22, 23, although relatively basic, it
works under a few major assumptions:
•
•
•

The entire labelled bolus is delivered to the tissue of interest. This implies
that the PLD should be larger than the arterial transit time (ATT) for labelled blood.
There is no outflow of labelled blood water. This is generally a valid assumption.
The relaxation of the labelled spins is only affected by blood T1. Although
this assumption is not likely to be strictly true, any errors introduced are
typically relatively small.

Under these assumptions, voxel-wise CBF (ml/100g/min) can be calculated
using
vwx

Equation 12
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where λ is the brain/blood partition coefficient in mL/g, and SIcontrol and SIlabel
are the time-average signal intensities in the control and label image, respectively, T1,blood is the longitudinal relaxation time of blood in seconds, ⍺ is the
labelling efficiency, SIPD is the signal intensity of a PD-weighted image, and
τ is the LD21.
One inherent limitation with single PLD labelling in ASL, i.e. single-delay
ASL, is the dependency on ATT, i.e. time for labelled blood to flow from the
labelling plane to the tissue of interest. This is known as the ATT artefact and
has two different effects on derived CBF depending on the extent to which the
blood flow is delayed. First, at very long ATTs, where the blood has not
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reached the imaging slice in time for readout, derived CBF will be low and
underestimated. Second, the ATT artefact will appear as a bright intravascular
signal when the blood has reached the imaging slice but not the capillary bed,
i.e. is found in precapillary arterioles, presenting as hyperintense areas in the
derived CBF images, thus overestimating CBF. The recommended PLD for
paediatric and adult populations is 1500 ms and 2000 ms, respectively. However, in patients with cerebrovascular diseases, the ATT artefact may be apparent in regions where the ATT is prolonged. This is a well-known limitation
for applying single-delay ASL in patients with occlusion/stenos in supplying
vessels.
Multi-delay ASL is less vulnerable to ATT artefacts and has been proposed
as an imaging technique for patients with prolonged ATTs24 and is modelled
using a two compartment model25. However, single-delay ASL has signal-tonoise and scan time advantages over multi-delay ASL26. Moreover, Alsop et
al.21 hypothesized that large regions-of-interest would not be affected by the
ATT artefact, which was investigated in paper IV.

Position emission tomography
PET is a molecular imaging modality which can assess a range of physiological and molecular functions in-vivo. Positron-emitting isotopes are used in
conjunction with a biologically active molecule, forming a radiolabelled compound, a tracer. The radioisotopes will decay, thus emitting a positron that
travels a very short distance before interacting with an electron, creating a
positron-electron annihilation. This produces two (annihilation) photons,
emitted simultaneously in opposite direction, with an energy of 511 keV. So,
the tracer will, depending on the biologically active molecule, target specific
physiological and molecular functions while emitting annihilation photons
which are detectable using PET scanners. The standard use of fluorine-18 (18F)
attached to fludeoxyglucose (an analogue to glucose) to indicate metabolic
activity for the assessment of possible cancer metastasis provides the reader
with a good example.
The PET scanner consists of rings of detector elements working in coincidence with multiple detector elements on the opposite side to detect annihilation photons (see figure 13). Detector elements generally consist of scintillator
crystals (bismuth germinate or lutetium oxyorthosilicate) or silicon photomultiplier tubes. The detector elements can detect annihilation events by simultaneously detection of the annihilation photons; thus, a line between the active
detector elements provides an indication of where in the body the positron was
emitted.
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Figure 13. An injected tracer will decay emitting positrons. Positrons will interact
with electrons creating a positron-electron annihilation whereby two annihilation
photons are emitted simultaneously in opposite directions with energy 511 keV. Detector elements working in coincidence will detect the annihilation photons.

Millions, so called coincidence events, as described above, are collected by
the PET scanner and are reconstructed into a tomographic image, which is
corrected for attenuation, random coincidences, scattered radiation, dead time,
and physical decay of the radioisotope and shows the distribution of the tracer
as the radioactive concentration (Bq/ml).
Most annihilation photons are lost due interaction within the examined
body, hence are not detected as true coincidences. This is known as attenuation
and will lead to severe artefacts unless corrected for. In stand-alone PET systems, attenuation correction is performed based on a transmission scan using
an external radioactive positron-emitting source, usually 68Ge/68Ga. In
PET/computed tomography (CT) systems, a low-dose CT scan is performed,
whereas attenuation correction can be approximated by conversion from
Hounsfield units.
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O-water PET

To date, 15O-water PET is considered the reference standard for CBF measurements27, 28. The tracer, 15O-water is the radioactive alternative of regular
water and is freely diffusible and is not metabolized. The half-life of 15O is
short (122 seconds) and decays quickly; consequently, 15O-water PET scans
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require an on-site cyclotron. Simultaneously with injection of 15O-water, a dynamic PET scan is started29.

Figure 14. The one-compartment model (compared to figure 1A). Ca(t) and Ct(t) is
the activity concentration in arterial blood and tissue, respectively, as a function of
time. K1 and k2 represent the rate constants, F is blood flow or perfusion, Vd is the
volume of distribution of water (or partition coefficient).

CBF can be calculated based on the Kety–Schmidt one-compartment model
(figure 14); substituting K1 with F and k2 with F/Vd, the model can be described mathematically by
Equation 13
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Where Ct(t) is activity concentration in tissue, t = time, F = blood flow or
perfusion, Ca(t) = activity concentration in arterial blood as a function of time,
Vd = volume of distribution of water (or partition coefficient). The solution to
equation 13 is given by
Equation 14
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including correction for arterial blood volume, where Va is the arterial blood
volume fraction. By fitting the model to the time activity curve extracted from
the dynamic PET scan CBF (F, ml/100g/min) can be estimated. However, this
requires Ca(t), which is measured through continuous blood sampling by arterial cannulation and is a prerequisite for absolute quantification of CBF. The
fitting can be performed using basis function methods found to be suitable for
CBF studies30. The demand for a cyclotron makes 15O-water PET less accessible for wide-spread use, and arterial blood sampling is invasive and may not
be clinically feasible in seriously ill patients31.
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PET/MR technology
The idea to combine PET and MRI as an integrated imaging modality has been
around for decades. And today, three commercial integrated PET/MR systems
are available on the market. For integrated PET/MR systems, a wide-bore MR
system is used, where a PET detector ring is “squeezed” inside, thus sharing
the same “field-of-view” as the MRI scanner. This creates the possibility for
truly simultaneously acquired PET and MRI data32.
The physiological cerebral perfusion state is time dependent, i.e. the time
interval between methods comparing CBF measurements is likely to have a
confounding effect on the correlation and methods agreement analysis. And
as previously mentioned, today’s references standard regarding CBF measurements is 15O-water PET, and any evaluation of agreement, as for example CBF
derived from ASL, would thus ideally be performed on an integrated PET/MR
system28.

Attenuation correction
Integrating PET with other imaging modalities has been accomplished before;
the first combined PET/CT was commercially available in 200133. The x-ray
attenuation information provided by the CT provides a solid method to correct
for attenuation during reconstruing of PET images. However, MRI cannot provide direct measures of attenuation, which has triggered extensive research.
Several attenuation correction methods have been suggested, including atlasbased, segmentation-based, ultra-short echo time (UTE)-based, and zero-echo
time (ZTE)-based attenuation correction. Dixon-based segmentation methods
may neglect bone, which in brain PET/MR studies can introduce significant
bias in the area of the cortex34. UTE-based and ZTE-based attenuation correction are both vendor specific; therefore, head-to-head comparison is difficult35.
The ZTE-based attenuation correction, is a research prototype recently made
commercial on the SIGNA PET/MR platform by GE Healthcare36, has some
technical advantages over UTE-based attenuation correction: the acquisition
time is substantially shorter and loss of signal in tissues with short T2* relaxation, such as cortical bone, is minimized due to faster switching from transmit
to receive. Moreover, ZTE-based is less prone to eddy current artefacts compared to UTE-based attenuation correction37. Consequently, ZTE is a promising technique for attenuation correction in brain PET/MR. Technical in-depth
discussion of ZTE-based attenuation correction including post-processing is
provided by Wiesinger et al.36, 37.
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Neurological disorders

Glioblastoma
Background
Glioblastoma is the most aggressive form of glioma type brain tumours and is
composed of cells that histologically resemble glial cells (supporting and protecting the neurons in the brain)38. It is classified as grade IV by the World
Health Organization, and the annual incidence of gliomas in Sweden is 4–6
cases per 100 000 inhabitants39, where 63% are classified as glioblastomas40.
The prognosis is poor; relative 5-year survival is 3–5%. Current standard treatment consists of surgical resection, followed by fractionated radiotherapy
(FRT) with radiation dose 60 Gray (Gy), fractionalized into 2 Gy/fraction, and
concomitant chemotherapy with temozolomide41, 42. If tumours progress or recur, patients are given second-line treatment (adjuvant) in the form of a combination of drugs: temozolomide, bevacizumab and/or procarbazine, lomustine, and vincristine (in combination known as PCV)43.

Perfusion MRI in Glioblastoma
Perfusion MRI is useful for diagnostic evaluation, longitudinal response evaluation, and prognostication. The most widely clinically applied perfusion MRI
imaging technique with the potential to be included in the response assessment
in neuro-oncology criteria is DSC-MRI 4, 44. As briefly touched upon in the
last chapter, DSC-MRI is not without limitations that affect the perfusion
measurement. Generally, relative measurements are performed, i.e. tumour
perfusion is normalized to normal appearing brain tissue. Although, the reference tissue can be defined in several ways, most commonly, contralateral normal appearing WM is used11, 45. Standard treatment includes radiotherapy,
which has been improved technically during the last decade; however, the
dose delivered is not confined to the tumour and its immediate surrounding.
Normal appearing brain tissue will, to some extent, also be exposed. Since,
normal appearing WM is a common reference, should it be considered “normal appearing”?
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Radiation-induced changes in brain tissue can be divided into three categories based on the time of onset of effects: acute, early delayed, and late effects
(see figure 15)46, 47.

Figure 15. Primary and secondary complications after radiation exposure for different time frames6.

It has been suggested that vascular damage secondary to radiation exposure is
the primary cause of acute and early delayed effects, which later developing
into WM necrosis (late effects). Vascular damage, such as vessel wall thickening, vessel dilation, reduction of endothelial cell density, and BBB damage,
has been described previously46, 48-50. Both acute and early delayed effects are
considered reversible46, 47, 51. Today, a small number of studies have reported
contradictory results on if and how perfusion parameters derived by DSC-MRI
are affected by radiotherapy in normal appearing brain tissue. Generally, a
reduction in CBF and CBV is found after the completion of radiotherapy or
single fraction radiosurgery, with an inverse dose-response relationship52.
BBB damage is well recognized after radiotherapy, and with DCE-MRI
being considered the standard MRI approach for assessing vascular permability12, 53, the use of DCE-MRI as an imaging biomarker for radiation-induced
changes may not be far-fetched. Using pharmacokinetic modelling on DCEMRI data estimates of Ve, Ktrans and Vp can be extracted, where, Ktrans can be
considered a quantitative measure of BBB permeability and Ve to have an inverse relationship to cell density15, 54, 55.
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Moyamoya disease
Background
MMD is a cerebrovascular disorder characterized by progressive steno-occlusion of the distal portions of the internal carotid arteries, the proximal anterior
cerebral arteries (ACA), or the middle cerebral arteries (MCA), with the posterior circulation being mostly unaffected56, 57. The cerebral perfusion pressure
may drop distal to the steno-occlusive lesion, resulting in impaired CBF; consequently, patients with MMD are at an increased risk of stroke, transient ischaemic attack, and haemorrhage58-60. In MMD patients, collateral vessels are
often recruited to help compensate for CBF deficits59, 61. If the collateral circulation is insufficient, cerebral autoregulation will dilate local resistance vessels to keep CBF constant26, 60, 62. As a consequence, CBF measurement alone
is inadequate to assess cerebral haemodynamics when constant CBF is maintained by collateral circulation and/or vasodilation63, 64. Cerebrovascular reserve capacity (CVRC) reflects the degree of vasodilatory autoregulation present and is defined as the maximum percentage increase in CBF after a vasodilatory challenge64. Autoregulatory vasodilation has a maximum limit; thus
the derived CVRC for a region where supplying vessels are dilated should be
less than for a given region supplied by healthy vessels60, 63. Reduced CVRC
is associated with increased risk of stroke and transient ischaemic attack; furthermore, it is also a predictor of clinical outcome after revascularization surgery58, 59, 65. Acetazolamide (ACZ) is a vasodilatory agent which can be safely
administrated intravenously to achieve dilative effects on resistant vessels,
thus increasing CBF60, 64. Peak CBF augmentation is expected to occur 10 to
15 minutes post-injection, with an increase in CBF of 30% to 60% in healthy
subjects64, 66, 67.

Perfusion MRI in Moyamoya disease
As previously mentioned, the reference standard for CBF measurement, thus
also CVRC, is 15O-water PET. Due to the limitations of 15O-water PET, ASL
has emerged as a potential candidate for clinical assessment of several neurological diseases, including MMD. However, there is still a need to assess and
compare CBF derived from ASL to 15O-water PET in general (paper III) and
to evaluate the intrinsic limitations of ASL in MMD patients (paper IV).
In the former case, four major methodological considerations need to be
addressed when comparing CBF derived from ASL and 15O-water PET.
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•
•
•
•

Comparison studies should be based on simultaneously acquired ASL and
O-water PET CBF measurements using an integrated PET/MR system
since the physiological cerebral perfusion state is time dependent28.
CBF derived from 15O-water PET is considered the reference standard
when CBF is calculated by kinetic modelling using an AIF based on arterial blood sampling28
The lack of CT data for attenuation correction of PET images requires an
alternative approach. ZTE-based attenuation correct has recently been
proved to be an adequate method for PET/MR applications29, 36, 37
PLD is an essential parameter for single-delay ASL in patients with prolonged ATT. However, this can be neglected in normal populations and/or
patients with neurological diseases which do not affect the ATT26.
15

ATT artefacts is common in patients with MMD, i.e. CBF may be both underestimated an overestimated in regions supplied by collateral flow in CBF images derived from single-delay ASL. However, single-delay ASL has been
shown to provide important information on the extent of collateral flow in
patients with MMD68. Additionally, Alsop et al.21 suggested that CBF measurement may still be valid in large regions-of-interest despite the presence of
high intravascular signal. Still no effort has been made to test this hypothesis.
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Image analysis

The work presented in this thesis relies heavily on methods for image analysis.
The contrast and spatial resolution of perfusion parametric images are often
inadequate to define the specific regions and structures in the brain, and manual segmentation is time consuming. Using image processing methods such as
registration, normalization, and cortical parcellation, perfusion parameters can
be extracted from specific cortical and subcortical regions. This requires highdetail anatomical images, often a 3D high resolution T1-weighted image. In
this thesis, the image registration and normalization were performed using
Statistical Parameter Mapping 12 (SPM12) toolbox (Wellcome Trust Centre
for Neuroimaging, London, UK). Cortical parcellation was performed using
SPM12
or
Freesurfer
processing
pipeline
(version
6.0,
69
http://surfer.nmr.mgh.harvard.edu) .

Image registration
Image registration is performed to obtain a voxel-to-voxel mapping between
two images; one is generally considered the reference and the second is referred to as the source image. The latter may be rigidly translated and rotated
to match the reference image without affecting the shape. Throughout this thesis, the reference image is constantly a high-resolution 3D-T1-weighted image,
i.e. the source image is the perfusion parametric image. After a successful registration – a voxel in the reference image would correspond to the same voxel
in the source images, i.e. from a registered parametric image – perfusion parameters from thalamus defined on the 3D-T1-weighted image can be extracted (see figure 16).
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Figure 16. The source image, in this example a CBF image derived from ASL, is rotated and translated to fit the T1-weighted image, referred to as the reference. The result with the delineation of the T1-weighted image on top of the CBF image is shown
at the bottom.

Image normalization
In group analysis, it may be more convenient to register all subjects’ images
to a common reference space. All subject-specific images will then be mapped
to fit a standard brain template. SPM12 uses a voxel-intensity-based approach
for normalization, and the estimation of the deformation is a two-stage procedure involving affine registration and non-linear registration, where the standard brain template (Montreal Neurological Institute, MNI) will be manipulated to fit the subjects’ image (3D-T1-weighted image). A deformation field
is created, describing the transformation from the subject-space to standard
brain template space. The inverse of the deformation field can be calculated,
i.e. describing the transformation from standard brain template space to the
subject-specific space (see figure 17). In papers III–IV, the inverse deformation field was applied to a standard vascular territory template to transfer it
on to each subject’s individual 3D-T1-weighted image.
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Figure 17. The inverse deformation field describes the transformation of Montreal
Neurological Institute (MNI) space to subject-specific space. Thus, the vascular territory template can be transferred to subject-specific space.

Cortical parcellation
Delineation of specific regions-of-interest may be performed manually by an
operator. However, this is time consuming and the resulting region is operator
dependent. Freesurfer is an automatic computer-based image analysis pipeline
which can delineate several cortical and subcortical regions (see figure 18). In
paper III, regions from Freesurfer were used in the data analysis to extract
anatomical perfusion metrics. Furthermore, in papers I–IV, grey matter (GM
and WM images were created using the segmentation routine in SPM12.

Figure 18. Cortical and subcortical regions automatically segmented by the Freesurfer pipeline based on a subject’s 3D-T1-weighted- and 3D-T2-weighted FLAIR
image.
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Statistics

A common denominator for all papers included in this thesis is the collection
of data based on image analysis. This data are collected from a sample of subjects or patients, which in theory represents the population of interest. Statistical methods are used to condense these data in meaningful ways and to extract useful information from which conclusions can be drawn. This chapter
will briefly touch upon the statistical methods used in this thesis.

Descriptive statistics
Generally, data consist of several measurements, i.e. corresponding to included number of patients or subjects. A common way to summarize data is
to calculate an average and a measurement of spread. Throughout papers I–
IV, the arithmetical mean is calculated and presented with different measurements of spread: standard deviation (SD), standard error of mean (SEM), 95%
confidence interval (95% CI), and range. Descriptive statistical methods used
is presented in the Methods section in Contributions for each paper respectively.

Hypothesis testing
While comparing an average and a measurement of spread between two different groups, for example, one affected group and one unaffected group, we
may see trends indicating differences between the groups. In this case it is
useful to perform hypothesis testing where we usually define the null hypothesis as there is no difference between the groups and the alternative hypothesis
as there is a difference between the groups.
The Wilcoxon matched-pairs signed-rank tests is a nonparametric test that
compares observations from two paired groups and was performed in papers
I–II. The test will compute a P-value. If the P-value is small, we can reject
the null hypothesis; if the P-value is large, we cannot conclude that that there
is a difference between the groups, i.e. we do not have compelling evidence
to reject the null hypothesis. Conventionally, a P-value of less than 0.05 is
considered sufficient evidence to reject the null hypothesis, and we would
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describe our results as significant. On the other hand, given a P-value more
than 0.05, would classify our result as non-significant.

Method comparison
A common question in medical research is whether two methods measuring a
particular variable produce the same result. If a given method is considered to
“agree” with, for example, a reference method, both accuracy and precision
should be sufficient. Method comparison is performed between ASL and 15Owater PET in paper III, where the latter is considered the reference standard.

Pearson’s correlation coefficient
The most commonly used test to determine whether two methods give the
same results is Pearson’s correlation coefficient (r). It reflects the degree of
linearity between two variables ranging from +1 to −1. A correlation of +1
means that there is a perfect positive linear relationship whereas −1 means that
there is a perfect negative linear relationship. A correlation of 0 means that
there is no linear relationship. However, the correlation coefficient has several
weaknesses. A linear association and a non-linear association may have the
same correlation coefficient; therefore, it is important to visually inspect the
data in a correlation plot to determine whether a relationship actually is linear.
Moreover, the correlation coefficient is sensitive to the range of values included. Furthermore, the correlation coefficient does not reveal information
on the presence of a systematic difference70, 71. Another common way to interpret the value r is to calculate r square (r2). This value ranges from 0 to 1 and
is the fraction of variation in variable A that can be explained by variation in
variable B.

Bland–Altman analysis
The preferred statistical method for analysing agreement between two methods is the Bland–Altman analysis. The Bland–Altman plot is a scatter plot in
which the difference between the measurements is plotted against their mean
value. Any systematic difference can usually be assessed visually. Limits of
agreement are defined as the mean +/− 2 SD and are plotted as lines in the
graph. Wide limits of agreement would underline insufficient agreement72. If
systematic differences are identified, i.e. as a relationship between difference
and mean in the Bland–Altman plot, log transformation of the data may remove this relationship. If this does not work, a regression approach could be
tested. Regression-based limits of agreement account for the relationship and
do not under- and overestimate the limits of agreements in the measurement
range73.
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Contribution

Paper I
Perfusion magnetic resonance imaging changes in normal appearing
brain tissue after radiotherapy in glioblastoma patients may confound
longitudinal evaluation of treatment response
M. Fahlström., E. Blomquist., T. Nyholm., E-M Larsson
Radiology and Oncology; 52(2): 143-151, 2018.
Aims
To assess acute and early delayed radiation-induced changes in normal appearing brain tissue measured with DSC-MRI and the dependence of these
changes on the radiation dose given.
Materials and Methods
Seventeen patients, 18 years or older, with glioma WHO grade III-IV treated
with FRT were included in this prospective study. Seven patients were excluded because of inconsistent FRT protocol or missing examinations. All patients had undergone surgical resection or biopsy. DSC-MRI and contrast-enhanced 3D-T1-weighted images were acquired prior to and on average (SD):
3.1 (3.3), 34.4 (9.5) and 103.3 (12.9) days after FRT. GM and WM was segmented based on the pre-FRT 3D-T1-weighted image and was also used as
reference image to which calculated CBV and CBF images were registered to.
Seven radiation dose regions were created for each tissue type: 0-5 Gy, 5-10
Gy, 10-20 Gy, 20-30 Gy, 30-40 Gy, 40-50 Gy and 50-60 Gy (see figure 19).
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Figure 19. Dose distribution with a pre-FRT contrast-enhanced 3D-T1-weighted image. Dose distribution was divided into seven binary regions (0-5 Gy, 5-10 Gy, 1020 Gy, 20-30 Gy, 30-40 Gy, 40-50 Gy and 50-60 Gy). Resection cavity, post-FRT
effects and tumour tissue were excluded52.

Average CBV and CBF were calculated for each dose region and normalised
(nCBV and nCBF) to average CBV and CBF in 0-5 Gy WM and GM reference
regions, respectively. Descriptive analysis included average mean, 95% CI
and SEM. A Wilcoxon matched-pairs signed ranks test was performed to compare post-FRT and pre-FRT data. Derived P-values are two-sided and presented as exact values and were considered significant if lower than 0.05. A
linear regression model was applied to assess a possible dose-response relationship between mean relative change and received radiation dose.
Results
Regional and global nCBV and nCBF in WM and GM decreased after FRT,
followed by a tendency to recover (figure 20). The response of nCBV and
nCBF was dose-dependent in WM but not in GM.
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Figure 20. Average global nCVB and nCBF with 95% CI for the performed examinations in consecutive order. Derived P-values are included, and emphasized in bold
and italics if less than 0.0552.

Conclusions
Our data suggest that radiation-induced perfusion changes occur in normal
appearing brain tissue after FRT. This can cause an overestimation of relative
tumour perfusion using DSC-MRI, and can thus confound tumour treatment
evaluation.
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Paper II
Dynamic contrast-enhanced magnetic resonance imaging may act as a
biomarker for vascular damage in normal appearing brain tissue after
radiotherapy in patients with glioblastoma
M. Fahlström., S. Fransson., E. Blomquist., T. Nyholm., E-M. Larsson
Acta Radiology Open; 7(11): 1-9, 2018.
Aim
To assess whether radiotherapy induces changes in Ktrans and Ve measured
with DCE-MRI in normal appearing brain tissue in patients with glioblastoma
and whether a possible dose-response relationship exists.
Materials and Methods
Includes the same patients as in paper I, however five patients were excluded
because of inconsistent FRT protocol or missing examinations. DCE-MRI,
contrast-enhanced 3D-T1-weighted and T2-weighted FLAIR images were acquired before and on average (SD): 3.3 (4.7), 30.6 (11.0), 101.6 (16.5) and
185.7 (18.4) days after FRT. GM and WM tissue segmentation, excluding all
non-healthy tissue, were performed based on 3D-T1-weighted and registered
T2-weighted FLAIR images. Ktrans and Ve were calculated using the extended
Kety model with the Parker population-based AIF. A native T1(0)-map was
obtained through the VFA method and applied to the model. Six radiation dose
regions were created for each tissue type, based on each patient’s CT-based
dose plan (see figure 21).
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Figure 21. Pre-FRT contrast-enhanced T1-weighted image (A, top left) axial slice
displaying contrast-enhancement and resection cavity. Ktrans and Ve images are presented in B (top middle) and C (top right). Segmented GM (D, bottom left) and WM
(E, bottom middle) with color-coded derived dose regions74.

Average Ktrans and Ve with SEM together with mean and SEM of differences
between post-FRT and pre-FRT were calculated globally, including all values
irrespective of received radiation dose. A Wilcoxon matched-pairs signed
ranks test was performed to compare post-FRT and pre-FRT data. Possible
dose-response relationship concerning relative change and received radiation
dose was assess by applying a linear regression model. Derived P-values are
two-sided and presented as exact values and were considered significant if
lower than 0.05.
Results
Global Ktrans and Ve demonstrated mostly non-significant changes with average values higher for post-radiotherapy examinations in both GM and WM
compared to pre-FRT (figure 22). No relationship to radiation dose was found.
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Figure 22. Average and standard error of mean (SEM) for Ktrans (min-1) and Ve (dimensionless) presented for each examination in consecutive order. Color circles describes the number of patients given chemotherapy (including drug) and during
which examination74.

Conclusions
Additional studies are needed to validate if Ktrans and Ve derived from DCEMRI may act as potential biomarkers for acute and early-delayed radiationinduced vascular damages. No dose-response relationship was found.
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Paper III
Evaluation of pseudo-continuous arterial spin labeling MRI – agreement with 15O-water PET with arterial input function and use of
integrated PET/MR
M. Fahlström., L. Appel., T. Danfors., M. Engström., G. Antoni.,
E. Kumlien., J. Wikström., E-M. Larsson., M. Lubberink
Manuscript
Aims
To evaluate agreement in CBF between simultaneously acquired ASL
(CBFASL) and 15O-water PET (CBFPET) in resting state using AIF and ZTEbased attenuation correction on an integrated PET/MR system.
Materials and Methods
The data comprised CBFASL and CBFPET measurements in resting state from
eighteen subjects (eight patients with focal epilepsy and ten healthy controls)
ranging in age between 21 and 61 years. All examinations were performed on
an integrated 3T PET/MR system. A dynamic PET scan with arterial blood
sampling was performed simultaneously with a 3D fast-spin echo pseudo-continuous ASL acquisition. In addition, the protocol included a high-resolution
3D-T1-weighted image and a 3D-T2-weighted-FLAIR as anatomical references. Vascular regions were defined by spatial normalization to an MNIbased vascular regional template, including arterial cerebral artery (ACA),
middle cerebral artery (MCA) and posterior cerebral artery (PCA). Cortical
and subcortical regions were automatically segmented using the Freesurfer
processing pipeline. Regional CBFASL and CBFPET were compared using descriptive statistics, correlation analysis with Deming regression and regression-based Bland-Altman analysis.
Results
In GM, average CBF was 60 ± 10 and 75 ± 22 ml/100g/min, for ASL and 15Owater PET respectively. Significant positive strong correlations were mainly
observed in lobes and vascular regions (r = 0.75 to 0.83, for occipital and PCA
r = 0.68 and r = 0.69). Furthermore, slightly weaker correlations were found
in limbic (r = 0.63 and 0.65) and basal ganglia regions (r = 0.60 to 0.66, pallidum r = 0.42). In GM, a significant positive linear association of strength r
= 0.78 (p < 0.001) was found (figure 23A). Figure 24 (A-C) presents correlation plots with Deming regression line for all vascular regions.
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Figure 23. (A) Relation between CBFASL and CBFPET in GM and corresponding
Deming regression (solid line). The dashed line is the line of identity. (B) Bland-Altman plot for GM, including bias (dotted lines) and limits of agreement (dashed
lines). Dark blue shaded area indicates the 95% CI of the bias and light blue shaded
area indicates 95% CI of limits of agreement. (C) Bland-Altman plot for GM with
regression-based limits of agreement.

A significant negative bias was found for CBFASL in all regions except the
temporal lobe. Bias in GM was -15 ml/100g/min with lower limit of agreement at -45 ml/100g/min and upper limit of agreement at 16 ml/100g/min (figure 23B). Linear regression of the difference versus the magnitude showed a
negative relationship which was significant for all regions. The distance from
the regressed bias to the lower and upper regression-based limits of agreements were -17 and 18 ml/100g/min for GM (see figure 23C).

Figure 24. Correlation plots with Deming regression lines for arterial cerebral artery,
ACA (A), middle cerebral artery, MCA (B) and posterior cerebral artery, PCA (C),
and corresponding Bland-Altman plots with regression-based limits of agreement
(E-F).
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Conclusion
Agreement between CBFASL and CBFPET is not sufficient for absolute quantification of CBF using ASL. As it has previously been shown that ASL provides reliable and reproducible relative measures of CBF, CBFASL can potentially be rescaled to absolute values using the relationships between ASL and
15
O-water PET found in the present work.
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Paper IV
High intravascular signal arterial trans time artifacts have negligible effects on cerebral blood flow and cerebrovascular reserve capacity measurement using single post-label delay arterial spin labeling in patients
with Moyamoya disease
M. Fahlström., A. Lewén., P. Enblad., E-M. Larsson., J. Wikström
American Journal of Neuroradiology 2020. Epub ahead of print.
Aims
To assess to which extent vascular region-based ASL CBF and CVRC are
affected by ATT artefacts defined by means of histogram analysis.
Materials and Methods
Eight patients with MMD were included before or after revascularization surgery. CBF images were acquired using a 3D pseudo-continuous ASL sequence before and 5, 15 and 25 minutes after an i.v. ACZ injection and were
registered to each patient’s 3D-T1-weighted images. Vascular regions were
defined by spatial normalisation to an MNI-based vascular regional template.
The ATT artefact was defined as voxels with high signal intensity corresponding to the right tail of the histogram for a given vascular region, cut-off selected by visual inspection (see figure 25).

Figure 25. Contrast-enhanced 3D-T1-weighted image with CBF image with/without
high intravascular signal arterial transit time (ATT) artefacts (in red).

ATT artefact maps were created and applied as masks to exclude ATT artefacts on CBF images to created corrected CBF images. CVRC was calculated
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as CBF after ACZ injection relative to CBF at baseline, for corrected and uncorrected CBF values respectively.
Results
A total of sixteen examinations were analysed. ATT artefacts were mostly
present in MCA whereas PCA was generally unaffected. The largest differences between corrected and uncorrected CBF and CVRC values, reported as
patient group average ratio and percentage point (pp) difference respectively,
were 0.978 (0.968-0.988, 95% CI) found in right MCA at 15 minutes post
ACZ injection and 1.8 pp (0.3-3.2 pp, 95% CI) found in left MCA at 5 minutes
post ACZ injection (figure 26).
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Figure 26. Average and 95% CI for difference (in percentage points, pp) between
corrected and uncorrected cerebrovascular reserve capacity (CVRC).

Conclusion
ATT artefacts have negligible overestimation effects on calculated vascular
region-based CBF and CVRC values derived from single-delay 3D pseudocontinuous ASL.
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Discussion

Perfusion MRI is a collection of MR-based methods used to acquire a range
of perfusion parameters. Each method can provide valuable information for
one or several neurological diseases but also retain inherent limitations originating from the method itself or in combination with the specific neurological
disease examined. The focus in this thesis is on two different neurological
diseases, glioblastoma and Moyamoya disease, and possible potentials and
limitations of perfusion MRI with respect to these. The framework of this discussion will be divided according to the neurological disease studied.

Glioblastoma
The vascular hypothesis for acute and early delayed radiation-induced
changes in normal appearing brain tissue is well documented by others46, 49, 75,
76
. Still, reports of radiation-induced necrosis in the absence of vascular
changes have been published; thus, there is an increasing body of data suggesting that the vascular hypothesis alone cannot explain radiation-induced
changes in normal appearing brain tissue74. It is now recognized that the process is dynamic and interacting, involving glial cells as well as vascular endothelial cells46, 77.
In paper I, we studied perfusion changes in normal appearing brain tissue
in patients with glioblastoma treated with radiotherapy. We found decreasing
perfusion values, indicating acute and early delayed radiation-induced
changes. We also observed a dose-response relationship in WM but not in
GM. This observation is supported by others78-81; however, contradictory findings have also been reported82-84. Moreover, we did not find a dose-dependent
decrease in GM, which has been reported by others. Several publications have
shown that the GM volume decreases after radiotherapy85-88; thus while both
CBV and CBF are tissue volume dependent parameters, a possible dose-dependency may be removed. In theory, perfusion changes (as demonstrated in
paper I) may be the result of radiation-induced vascular structural changes,
such as dilation, thickening of vessels, decreased vessel density, BBB disruption, and endothelial cell damage46, 47, 78.
Moreover, in paper II, we found mostly higher Ktrans and Ve after radiotherapy; although changes were generally non-significant, they may suggest
increased BBB permeability and decreased cell density in normal appearing
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brain tissue. However, Ktrans and Ve are not widely established as biomarkers
for vascular damage. Ktrans is, however, a well-studied parameter for assessing
BBB permeability; still, data mostly apply to tumours, whereas in paper II,
the focus was on normal appearing brain tissue12, 89. On the other hand, Ve is
a direct estimate of EES volume15, and the EES is presumed to have an inverse
relationship with cell density in tumours54, 55. Presuming that the apparent diffusion coefficient (ADC) also reflects the size of the EES55 and given that the
ADC along with the similar parameter mean diffusivity has been found to increase in normal appearing WM after radiotherapy, increasing Ve after radiotherapy is expected90, 91.
Papers I–II are based on the same patient material and thus share the common limitation of concomitant and adjuvant chemotherapy given to the patients. The drug administration scheme is highly variable and patient dependent, and given the diversity, it is hard to draw any conclusions regarding possible confounding effects. Moreover, we aimed to keep a consistent radiotherapy protocol, which led to exclusions.

Conclusion
Radiation-induced changes may overestimate relative tumour perfusion values; however, to what extent and with what possible clinical consequence
were beyond the scope of this study. Still, the issue can easily be addressed by
using information from radiation dose plans to assist in the selection of a reference WM region to assess DSC-MRI perfusion parameters.
Median survival time has been moderately increased because of treatment
improvements, although treatment is still insufficient92. Cognitive impairment
secondary to radiotherapy in patients with brain tumours 6 months after treatment is about 50–90%46. Imaging biomarkers can assist in evaluating normal
brain tissue injury in association with improved radiotherapy techniques and
assessment of neuroprotective therapy, and thereby increase the quality of life
of patients with glioblastomas. DCE-MRI shows potential, but further evaluation using established consensus-based recommendations for data acquisition
and post-processing is encouraged.

Moyamoya Disease
In paper III, ASL and 15O-water PET CBF measurements were acquired with
an integrated PET/MR system with arterial blood sampling. In addition to ten
healthy volunteers, eight patients with epilepsy were included in whom imaging was performed during the interictal phase. Since data analysis was performed using a large volume-of-interest, interictal focal hypoperfusion should
have a negligible impact on our results.
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Furthermore, average CBFPET in GM was 75 ml/100g/min. In contrast, previous studies using 15O-water PET with arterial sampling have reported CBF
values in GM ranging from 37 to 67 ml/100g/min in healthy subjects93, 94. A
generally accepted and well-cited average normal whole-brain CBF in
younger adults is 50 ml/100g/min95. Average whole-brain, GM, and WM CBF
in neurological normal subjects were established to be 5, 80, and 20
ml/100g/min using the Kety–Schmidt technique with intra-arterial injection93,
96, 97
, which is in line with CBFPET values found in paper III. A possible source
of error could be arterial blood sampling which is more challenging in the MR
environment and requires dedicated equipment98, 99 and trained staff. We
found considerably wide limits of agreements that suggests that agreement
between ASL and 15O-water PET is not sufficient for absolute quantification
of CBF with ASL valid. Regression-based limits of agreements were narrower
and in line with previously reported results99, 100. Moreover, ASL demonstrated reliable relative measurements of CBF with reasonably fair correlation.
Given the established reproducibility21, ASL can potentially be rescaled to absolute values using the relationship between ASL and 15O-water PET found
here.
Given its non-invasiveness and general availability, ASL has several advantages over the current reference standard for CBF measurements 15O-water
PET. Additionally, with the results of paper IV, we add to the potential of
single-delay ASL, demonstrating that the extent of the high intravascular ATT
artefact has negligible effects on derived CBF and CVRC in patients with
MMD. Although we did not assess regional hypoperfusion secondary to low
signal ATT artefacts, which is an important limitation, it would have had minor impact on our results and conclusion
In patients with MMD, CBF images for a given MR-examination is generally compared to previously performed MR-examinations or are used to derive
CVRC which is by definition a ratio i.e. generally relative measurements are
used. Thus, ASL is a potential valuable diagnostic tool for patients with
MMD. However, applying the results from a resting perfusion state population
to patients with altered perfusion state should be done with caution.

Conclusion
Agreement between CBFASL and CBFPET is not sufficient for absolute quantification of CBF using ASL. However, ASL provides reliable relative measures
of CBF that could potentially be rescaled to absolute values using the relationships between ASL and 15O-water PET found here.
Furthermore, high intravascular signal ATT artefacts have negligible effects on calculated CBF and CVRC derived from single-delay 3D pseudocontinuous ASL. Thus, papers III–IV add to the evidence that ASL is a potential stand-alone method for clinical assessment in patients with MDD.
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Populärvetenskaplig sammanfattning

Cerebral perfusion sammanfattar flera parametrar kopplade till blodcirkulationen i hjärnans kärl, som t.ex. blodflöde, blodvolym och vaskulär permeabilitet. Flera neurologiska sjukdomstillstånd påverkar cerebral perfusion därav
vikten att med radiologiska metoder för att utvärdera cerebral perfusion.
Magnetresonanstomografi (MRT) är en bildgivande teknik som inte exponerar patienten för joniserande strålning. Det finns flera MRT-metoder för att
mäta cerebral perfusion. Även om potentialen med MRT-perfusion är stor för
flera neurologiska sjukdomstillstånd finns också flera nackdelar. Syftet med
den här avhandlingen är att undersöka potential och nackdelar med MRT-perfusion i neurologiska sjukdomstillstånd. DSC (från engelskans dynamic
susceptibility contrast) och DCE (från engelskans dynamic contrast enhanced) är MRT tekniker där man genom upprepade bildtagningar följer hur
signalen i bilderna påverkas av ett injicerat kontrastmedel. Med dessa tekniker
kan man mäta blodflöde och blodvolym (DSC) och vaskulär permeabilitet
(DCE).
Standardbehandling vid elakartade hjärntumörer är strålbehandling och kemoterapi. Strålningen som ges vid strålbehandling kan, förutom att påverka
tumören också påverka frisk hjärnvävnad. Vid DSC dividerar man alltid blodflöde- och blodvolymvärden från tumören med ett värde från frisk hjärnvävnad. I denna avhandling undersöktes hur mätning av blodflöde och blodvolym
med DSC påverkas av strålning och vi fann att en reduktion inträffar efter
strålbehandling. Detta kan leda till att de mätvärden man tar fram från tumören
kan vara överskattade. Vi undersökte också om DCE tillhandahåller s.k. biomarkörer för strålinducerade skador i normalhjärnvävnad efter strålbehandling och såg vaga tendenser till ökad vaskulär permeabilitet. Detta stämmer
dock väl med teorin om att strålningen skadar blod-hjärnbarriären vilket är
synonymt med ökad vaskulär permeabilitet.
ASL (från engelskans arterial spin labelling) är en icke-invasiv MRT-perfusionsteknik för mätning av blodflöde och använder kroppens egna vatten
som kontrastmedel. Patienter med moyamoyasjukdom (MMS) har en progressiv tilltagande förträngning av hjärnans större artärer vilket leder till påverkat
blodflöde och ökad risk för stroke. Dagens standardteknik för att mäta blodflöde är 15O-vatten positronemissionstomografi (PET) med arteriell blodsampling. Stålningen från den radioaktiva isotopen i vatten kan registreras
med en PET-kamera vilket möjliggör beräkning av blodflödesbilder. Idag är
15
O-vatten PET standardmetod för att mäta blodflöde men är också invasiv
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och exponerar patienten för strålning. ASL har med sina fördelar stor potential
för att följa upp patienter med MMS, men saknar utförlig validering mot 15Ovatten PET och är känslig för ett långsammare blodflöde som drabbar artärer
efter förträningen. Vi undersökte överensstämmelsen mellan ASL och 15Ovatten PET i en s.k. PET/MR-kamera där mätningarna sker samtidigt. Detta
är viktigt eftersom blodflödet kan ändras mellan mätningarna om de inte sker
samtidigt. Vi kunde visa att ASL och 15O-vatten inte överensstämmer för att
mätvärdena skall motsvara varandra men det kan finnas möjlighet för kalibrering. Relativa värden bedöms vara mer tillförlitliga. Vi kunde också visa att
känsligheten för långsamt arteriellt blodflöde inte påverkar blodflödesmätningarna i hjärnvävnad i sådan utsträckning att det påverkar den kliniska bedömningen. Avhandlingens ingående delarbetens samlade bild ger ökad förståelse om för- och nackdelar med MRT-perfusionteknik.
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