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ABSTRACT

Magnetic resonance imaging (MRI) is a sensitive technique for assessing white mat-
ter (WM) lesions in multiple sclerosis (MS), but there is a low correlation between
MRI findings and clinical disability. Because of this, other pathological changes
are of interest, including changes in normal appearing white matter (NAWM) and
diffusely abnormal white matter (DAWM). Even so, the mechanisms leading to
permanent disability in MS remain unclear.

In contrast to conventional MRI, quantitative MRI (qMRI) is aimed at the direct
measurement of the physical tissue properties, such as the relaxation times, T1 and
T2, as well as the proton density (PD). QMRI is promising for characterising and
quantifying changes in MS and for brain tissue segmentation.

The present work describes a novel method of qMRI for the human brain (QMAP),
and a segmentation method based on this. The developed methods were validated
in control subjects and MR phantoms. Furthermore, an application in diseased
human brain was demonstrated in MS patients. In all, 50 healthy controls and 35
MS patients were scanned with qMRI in a total of 225 acquisitions.

One major finding of this work was that qMRI was able to detect and quantify
changes in the MS disease that were not visible using conventional MRI. In particu-
lar, it was found that DAWM appears to constitute an intermediate between focal
white matter (WM) lesions and NAWM. These changes may be caused by patholog-
ical processes that are not entirely attributable to Wallerian degeneration.

This study showed that the QMAP method had high accuracy and relatively high
precision, within a clinically acceptable time. This work also demonstrated that
qMRI could be used for brain tissue segmentation and volume estimation of the
whole brain, using pre-defined tissue characteristics. The results showed that
brain tissue segmentation had high repeatability, which was somewhat lower when
different geometries were acquired or different field strengths used. In particular,
small differences were found between 1.5 T and 3.0 T in deep brain structures, the
cerebellum and the brain stem.

This work leads the way for early clinical applications of qMRI, and the challenge
for the years to come is to understand the connection between qMRI properties of
the brain and underlying biology.
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SAMMANFATTNING

Bildtagning med magnetresonanstomografi (MRT) är en teknik som kan användas
för att upptäcka lesioner i vit substans hos patienter med multipel skleros (MS),
men sambandet mellan lesioner och klinisk funktionsnedsättning är svagt. På grund
av detta har intresset för andra patologiska processer i hjärnan ökat. Exempel är
förändringar i vit substans som ser normal ut vid MRT (NAWM) och även så kallad
diffus vit vävnad (DAWM). Det är emellertid fortfarande oklart vilka mekanismer i
MS som leder till klinisk funktionsnedsättning.

Med kvantitativ MRT (qMRT) kan fysiologiska egenskaper i vävnaden, som till
exempel relaxationstiderna (T1 och T2) samt protontäthet (PD), mätas. QMRT kan
användas för att mäta förändringar i hjärnan hos MS patienter och dessutom för
segmentering av hjärnvävnad vid neurodegenerativa sjukdomar.

I detta arbete beskrivs en ny metod för qMRT applicerat på den mänskliga hjärnan
(QMAP) och en segmenteringsmetod som baserades på denna. Metoderna valid-
erades både i friska kontroller och i MR fantom. Slutligen användes qMRT för att
undersöka hjärnan hos MS patienter. I studierna inkluderades 50 friska kontroller
och 35 MS patienter, där totalt 225 bildtagningar med QMAP utfördes.

Ett viktigt resultat var att qMRT kunde användas för att upptäcka och mäta förän-
dringar i hjärnan hos MS patienter som inte var synliga vid konventionell MRT.
DAWM utgjorde en intermediär mellan NAWM och lesioner i vit vävnad. Re-
sultaten pekade mot att dessa förändringar inte endast orsakades av Wallerisk
degeneration.

QMAP metoden hade hög noggrannhet och relativt hög precision samt kunde
användas med en kliniskt relevant tid för bildtagningen. Genom att använda
förhandsdefinierade vävnadsegenskaper kunde qMRT tekniken även användas för
segmentering av hjärnvävnad och för att beräkna volymer. Segmenteringen hade
hög repeterbarhet men den minskade något när olika geometrier eller fältstyrkor
användes. Små skillnader mellan 1.5 T och 3.0 T detekterades framför allt i djupa
hjärnstrukturer, lillhjärnan och hjärnstammen.

I detta arbete demonstrerades två applikationer av qMRT för hjärnan. Den största
utmaningen för kommande år blir att förstå och förklara sambanden mellan qMRT
och underliggande biologiska egenskaper.
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2 1 Introduction

1.1 | Human Brain

The brain is the centre of the central nervous system (CNS) and consists mainly of
neurons, glia cells and cerebro-spinal fluid (CSF). Neurons are cells that mediate
signals through chemically-induced electric action potentials, and glia cells are
non-neuronal cells in the brain that maintain homeostasis, and provide support and
protection for the neurons. CSF is a clear liquid that carries oxygen and chemicals
from the blood to the neurons and glia cells, and protects the brain from injury. CSF
surrounds the brain and resides in ducts inside the brain, such as the ventricles.

Figure 1.1: Illustration of a neuron, with dendrites and a myelin wrapped axon (Re-printed
from Wikimedia commons, Villarreal M R, 2007).

Each neuron receives electrochemical stimulation from other neurons through
dendrites and communicates the signal through the axon. The site of signal trans-
mission between neurons is called the synapse. When a pulse of electricity reaches
a synapse it causes a chemical, called a neurotransmitter, to be released, which
binds to receptors on the other cell, thereby transmitting the signal. The axon
can be wrapped in isolating myelin sheets, which increase the propagation speed
of the electric signals. The myelin is created by glia cells called oligodendrocytes.
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Figure 1.1 shows an illustration of a neuron with dendrites and a myelinated axon.
Regions of the brain that are myelinated have a white colour and are therefore
termed white matter (WM), while unmyelinated parts of the brain are termed grey
matter (GM). Grey matter forms a cortex around the myelinated WM as well as
structures inside the WM, called deep GM.

1.1.1 | Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic disease of the CNS. The pathophysiological
characteristics of MS are inflammation, demyelination, and the formation of multi-
ple lesions. Recent studies, however, suggest that the spectrum of MS pathology is
much broader and heterogeneous (1).

The pathogenesis of MS involves the clonal expansion of auto-reactive T lympho-
cytes (T cells) in peripheral lymph nodes and the spleen, and the migration of these
cells into the CNS via the blood-brain barrier (BBB). Once inside the CNS the T
cells are re-activated by resident immune cells, and subsequently attack the myelin
and initiate an inflammation, with destruction of myelin and axonal transection (2).
B lymphocytes (B cells) are also involved, which can be observed in the production
of oligoclonal bands in the CSF. MS has been considered to be an autoimmune
disease where the primary reaction is the immune response against self-antigens
causing inflammatory lesions (3). This is supported by animal models of MS where
experimental allergic encephalomyelitis (EAE) was induced by the injection of
a myelin-derived protein into rodents (4). The rodents developed an immune
response where T cells migrated through the BBB and attacked myelin structures,
similar to the auto-immune response in MS. In the early stages of MS the lesions
are often partially re-myelinated by the oligodendrocytes and a remission may take
place. However, the lesions may not be fully restored, and with time there is an
accumulation of neuroaxonal damage. The final result of tissue breakdown in the
lesions is CSF filled cavities.

In addition to the autoimmune inflammatory response in MS, a process of neuro-
degeneration is crucial. An association between focal demyelinating lesions and
axonal damage has been suggested in histopathologic studies, showing that axonal
transection is common in lesions and was related to inflammation (2). However,
recent studies have also shown evidence of axonal damage independent of focal
WM lesions (5–7), suggesting that there may be a component of ongoing neuro-
degeneration in MS that do not depend on focal inflammatory lesions (8).

There are also secondary effects caused by axonal transections within the lesions.
The part of the axon not connected to the neuronal body will disintegrate in time,
leaving empty myelin sheets. This axonal destruction, which may be distant from
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the actual lesion, is termed Wallerian degeneration (5) and has been suggested to
partially explain axonal loss in non-lesional WM without inflammation. The exact
relationship between inflammation and neuro-degeneration, however, remains
unclear.

The clinical presentation of MS is commonly divided into three separate disease
phases (9); (1) the preclinical phase, (2) the relapsing-remitting (RR) phase where
attacks with full or partial remission occur, and (3) the progressive phase where
the disease progress with no or limited remission. Most MS patients follow this
disease course, in which case the third phase is termed secondary-progressive (SP).
In some patients the RR phase is skipped; this is termed a primary-progressive (PP)
disease (10). In early MS inflammation in the CNS is high and lesions are common,
but with time as the disease moves into the progressive phase the focal lesions
become less common and axonal loss without clinical relapse increases (9). The
different phases of MS are illustrated in Figure 1.2.

Figure 1.2: The three phases of MS, (A) the preclinical phase without clinical attacks and
disease progression, (B) the relapsing-remitting phase where attacks with remission occur,
and (C) the progressive phase without remission. The figure also indicates the first clinically
isolated syndrome (CIS), before the diagnosis of MS is made.

MS is the most common neurological disease in young adults, and is about twice as
common in females as in males (11). The worldwide prevalence of MS is estimated
at between 1.1 and 2.5 million cases (11), and the disease is most common in
northern Europe, North America, and Australia, and less common in regions around
the equator (12). The prevalence of MS in Sweden is high with about 188 cases per
100.000 (13). The causal factors of MS are not fully clarified, but there is evidence
that a combination of genes (especially HLA) and enviromental factors (especially
Epstein Barr virus, vitamin D deficiency and smoking) are of importance (14).
There is so far no cure for MS, but there are immunomodulating treatments that
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reduce the number of MS relapses in RR MS, and there is also observations that
this can lead to reduced disease progression (15).

1.1.1.1 | Clinical Assessment of MS

MS is diagnosed by demonstrating dissemination in time and space of MS lesions
while excluding other diseases (16). The diagnose is typically based on clinical
symptoms, MR imaging and laboratory testing of CSF. One single relapse typical
of MS is termed a clinically isolated syndrome (CIS) (17), and the diagnosis of
MS can only be confirmed after a second attack separated in time and space (i.e.
affecting a different functional region of the brain). The second attack can be either
clinical or radiological. MS is diagnosed using the McDonald criteria, of which the
latest revision was in 2011 (18–20).

Disability caused by MS is often assessed using the Expanded Disability Status Scale
(EDSS) (21). This scale measures the disability in eight functional systems of the
brain, such as the cerebellar, brain-stem, sensory- and visual systems. The result is
given on a scale from 0.0 to 10.0 where 0.0 is a normal neurological examination
and 10.0 is death due to MS. Although EDSS measures the accumulated disability
it does not reflect the disease activity. In an older MS patient, a high EDSS score
may not indicate a rapid progression, whereas in a younger patient it would. To
overcome this limitation, a measure of disease progression has been suggested, the
MS Severity Score (MSSS) (22,23). The MSSS is calculated from the EDSS and the
disease duration, so that the progression speed is taken into consideration.

CSF samples, obtained from a lumbar puncture, is tested for intrathecal im-
munoglobulin G production, which is measured by IgG-synthetsis index and oligo-
clonal bands. These are, however, not detected in all MS patients (24).

1.2 | Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a non-invasive medical imaging modality that
images soft tissue in vivo. Magnetic Resonance (MR) is the physical phenomenon
which is utilised to generate and acquire radiofrequency (RF) signals from tissue.

MRI is a versatile technique with many applications in medical imaging, among
others to image tissue properties, blood-flow, dynamic processes and tissue diffusion.
MRI generally images the water content in tissue, contrasted with different tissue
characteristics such as molecule mobility, water compartments and flow.
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(A) (B) (C)

(D) (E) (F)

Figure 1.3: Sample contrast MRI images from a healthy 25-year-old male subject (at 3.0 T)
(A-E) and a 45-year-old female MS patient (at 1.5 T) (F). The top row shows T2-weighted
images in three orientations, (A) axial, (B) coronal, and (C) sagittal. The bottom row shows
two different contrast weightings, where different tissue properties are highlighted; (D)
fluid attenuated inversion recovery (FLAIR) and (E) T1-weighted image. Finally (F) shows
one axial FLAIR slice of the MS patient with typical WM lesions visible.

Sample contrast images, from a healthy 25-year-old male subject and a 45-year-old
female MS patient, are shown in Figure 1.3.

The MR signal was discovered in 1946 by two separate groups, Bloch et al. (25)
and Purcell et al. (26). For their discovery, Bloch and Purcell were awarded the
Nobel prize in physics in 1952. The technique for generating images using spatial
encoding with magnetic field gradients was discovered by Lauterbur (27) and
Mansfield et al. (28). For this Lauterbur and Mansfield were awarded the Nobel
prize in medicine in 2003.
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1.3 | Spin Physics

MR is based on the interaction between nuclear spins and externally applied static
and dynamic magnetic fields. A measurable MR signal is generated when the
thermal equilibrium of spins, in the presence of a static magnetic field, is perturbed
by a radiofrequency (RF) pulse. In order to model the phenomenon of MR a
combination of classical mechanics and quantum mechanics is generally applied.
Quantum mechanics describes the properties of nuclear spins and their interactions,
whereas classical mechanics describes the behaviour of spin isochromates and
macroscopic magnetisation.

This section gives a brief account of MR Physics. For a more comprehensive
description refer to the excellent books by Levitt (29) and Haacke et al. (30).

1.3.1 | Spins

Figure 1.4: A single spin with a pre-
cession, ω, around a static magnetic
B0-field.

In quantum mechanics the nuclear particles are
described in terms of their quantum mechani-
cal properties that determine their interactions
with the surroundings. One of these properties
is the spin, s. Nuclear particles which possess
spin can be referred to as spins. For protons
s = 1

2 , this is referred to as a spin-half system.
Furthermore, each spin is a magnetic dipole
with a magnetic polarisation.

When placed in an external magnetic field, B0,
spins split up into distinct energy states. In a
spin-half system there are two energy states,
spin-up and spin-down, where spin-up is the
lower energy state, aligned with the external
magnetic field. In the transverse plane, perpen-
dicular to B0, the angular momentum causes
the spins to precess around B0. The frequency
of precession, the Larmor frequency, ω, is dependent on the gyromagnetic ratio, γ,
and the external magnetic field, and is given by:

ω = −γB0. (1.1)

The quantum model of a single precessing spin is shown in Figure 1.4
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1.3.2 | Macroscopic Magnetisation

Spins constantly flip between energy states with a slightly higher probability of
favouring the lower energy state. Therefore, there will be a small abundance of
spins in the spin-up state. When the ratio of spin-up and spin-down remains fixed,
the spin-system is in thermal equilibrium. The spin excess in such a system is
predicted by the Boltzmann equation:

spin excess ≈ p0
~γ

2kT B0, (1.2)

p0 is the number of spins in the measured volume, ~ is the reduced Planck’s constant
(~ = h/2π), k is Boltzmann’s constant and T is the absolute temperature in units
of Kelvin.

Since all spins possess an intrinsic magnetic polarisation, this produces a small
macroscopic magnetisation, M0, aligned with the external B0-field. The macro-
scopic magnetisation is several orders of magnitude smaller than the static magnetic
field and cannot be detected in the same direction as the B0-field. A large collec-
tion of spins that generate a macroscopic magnetisation is referred to as a spin
isochromate. The thermal equilibrium magnetisation is found by multiplying the
spin excess (Eq. 1.2) by the magnetic moment component in each spin, in the
direction of B0, which is γ~/2:

M0 = p0
~2γ2

4kT B0. (1.3)

1.3.3 | Radiofrequency Pulse

In order to detect the magnetisation in a spin isochromate it is necessary to flip the
magnetisation to the transverse plane, where it can be detected perpendicular to
B0. A second magnetic field, B1, is applied orthogonally to B0, driving the spins to
precess around both of these fields. Even though spins are precessing at the same
frequency they have different phases, and to achieve persistent magnetisation it is
also necessary to create coherence between the individual spins. This is done by
rotating B1 at the Larmor frequency, causing the spins to precess coherently. The
frequency of B1 is in the radiofrequency domain, and therefore B1 is referred to as
a radiofrequency (RF) pulse. By selecting the Larmor frequency associated with
the nuclei of interest, coherence is only created for this nuclei.

An RF pulse is expressed in terms of its flip angle. A π/2-pulse flips the magnetisa-
tion completely to the transverse plane and a π-pulse inverts the magnetisation.
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In practice the flip angle of the RF pulse is difficult to establish and it varies de-
pending on the spatial location. This has consequences for the MR signal and is
especially crucial in quantitative MR, where the B1-field must often be measured.
The evolution of the macroscopic magnetisation during the application of three
different RF pulses is illustrated in Figure 1.5.

(A) (B) (C)

Figure 1.5: Evolution of macroscopic magnetisation during the RF pulse for (A) a π/2-
pulse, (B) an α-pulse with lower flip angle, and (C) an off-resonance pulse not resulting in
transverse magnetisation.

1.3.4 | MR Signal

The macroscopic magnetisation of a spin isochromate, where the spins have been
made to precess coherently in the transverse plane, induces a measurable current
in a receiving coil. This current is the MR signal, and is termed the free induction
decay (FID).

After the application of the RF pulse the FID quickly diminishes through two
separate relaxation processes which are characteristic of the material measured.
The return to thermal equilibrium is termed the T1 relaxation, and is caused by the
exchange of energy with the surroundings. The de-phasing of the spins is termed
the T2 relaxation and is mainly caused by fluctuations in the local magnetic field.
Whereas T2 relaxation causes an irreversible decay of the transverse coherence,
there is also decay which can be reversed. The combination of reversible and
irreversible transverse coherence decay is termed T2* relaxation.

The FID oscillate at the Larmor frequency, but by applying a rotating frame of
reference these oscillations are removed. In MR experiments the z-axis is placed
in the direction of the B0-field and the x- and y-axes are placed in the transverse
plane, rotating at the Larmor frequency. The magnetisation in the direction of B0
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is labelled Mz and the magnetisation in the transverse plane is labelled Mx and
My respectively.

In the MR experiment the signal is acquired by repeatedly applying RF pulses and
sampling the resulting FID at specific time-points. The time between subsequent
repetitions of the RF pulses is termed the repetition time, TR, and the time from
the generation of the FID to the acquisition of the MR signal is termed the echo
time, TE . If the magnetisation is not allowed to return to thermal equilibrium in
between subsequent repetitions, the spin system reaches a steady-state.

In order to generate an image it is necessary to use spatial encoding. This is done
by application of magnetic gradients in the B0-field, inducing spatial dependency
on the Larmor frequency. These variations can be decoded as variations in phase
and frequency in the measured MR signal. For a detailed explanation of spatial
encoding, refer to (31). The combination of RF pulses and magnetic field gradients
is termed the MR pulse sequence.

The influence of the relaxation processes on the measured signal and on the
generated image is dependent on the specific pulse sequence used and the MR
scanner settings. For example, when the FID is sampled after the application of one
RF pulse in each repetition (using a π/2-pulse in steady-state), it is called a gradient
echo. In this experiment the signal can be modelled by the following equation:

S = Ci ∗M0 ∗ (1− exp (−TR/T1)) exp (−TE/T2∗). (1.4)

In this equation, S is the signal measured in the receiving coil, and Ci is a scaling
constant depending on many different effects, such as the receiver hardware. The
T1 and T2 relaxation processes will be discussed in detail in Sections 1.4.2 and
1.4.3.

1.3.5 | Spin Echo

The T2* decay can be re-phased, only leaving the irreversible T2 relaxation. This is
called the spin echo (32).

The spin echo pulse sequence is initiated with a π/2-pulse, flipping the Mz mag-
netisation to the transverse plane. In the transverse plane, spins begin to de-phase
with T2* relaxation. At another later time-point, TE/2, a π-pulse is applied that
flips the magnetisation from Mx to −Mx. When the magnetisation is inverted, the
precession reverses, and spins start to re-phase again. After the time TE the spins
have re-phased and the effects of T2* relaxation are removed, only leaving the
non-reversible T2 relaxation. Since the refocusing occurs at exactly the time TE ,
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the signal can be modelled using the same equation as for the gradient echo (Eq.
1.4, also in steady-state), changing T2* to T2:

S = Ci ∗M0 ∗ (1− exp (−TR/T1)) exp (−TE/T2). (1.5)

The spin evolution of the spin echo sequence is illustrated in Figure 1.6 and the
magnetisation is shown in Figure 1.7.

The application of π-pulses can be repeated several times, creating multiple spin
echoes after one π/2-pulse. When this is done, π-pulses are applied at times of
n ∗ TE/2 causing the spins to re-phase at each n ∗ TE time-point where a new spin
echo can be acquired. This sequence can be repeated as long as the non-reversible
T2 relaxation permits. This experiment is, however, prone to imperfect flip angles
where the spins are not completely inverted, causing an accumulative error for
each additional application of a π-pulse.

Another way to perform the multiple spin echo experiment is to apply the π-pulses
in quadrature with the π/2-pulse, i.e. rotating the magnetisation around the Mx

axis instead of inverting the magnetisation (rotation around y-axis). This is termed
the Carr-Purcell-Meibom-Gill (CPMG) sequence (33,34). In this way, the spin pre-
cession changes direction, but the spin magnetisation is not inverted. By alternating
the sign of the π-pulses in the multi-echo experiment the accumulative error is
removed and each second echo results in the true signal with T2 relaxation.

1.4 | Quantitative Magnetic Resonance Imaging

Conventional MRI is based on the acquisition of contrast images. These images are
affected by many different contrast mechanisms, such as the MR pulse sequence,
the MR scanner settings, B0- and B1-field inhomogeneities, as well as the different
tissue properties1. In conventional MRI the MR scanner settings are chosen to
highlight or saturate tissue properties (for example in Eq. 1.5), resulting in e.g.
T1-weighted or T2-weighted images.

Conversely, quantitative MRI (qMRI) is aimed at the direct measurement of physical
tissue properties, such as the relaxation times, T1 and T2, as well as the proton
density (PD). These properties are, in theory, independent of acquisition method
and system imperfections.

There are three main reasons that qMRI is not commonly used. First, the acquisition
time to date has been too long to be practical. Second, visualisation of qMRI
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Figure 1.6: The spin evolution during the spin echo experiment. The pulse sequence is
initiated with a π/2-pulse, which flips the spins from the z-axis (A) to the transverse plane
(B) where the spins begin to de-phase (C). After some time, TE/2, the spins have de-phased
(D) and a second π-pulse is applied (E). Now the spins will instead re-phase (F) and at
the time TE a spin echo can be acquired (G) (Re-printed from Wikimedia commons, Filler A,
2010).

Figure 1.7: Magnetisation during the spin echo experiment with six repetitions. After
some time, TE/2, the phase is reversed with a π-pulse, refocusing the magnetisation at the
time-point TE . The echo is not fully refocused because of the irreversible T2 relaxation.
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properties is not trivial, and third, clinical use and clinical evidence for qMRI are in
many cases sparse or lacking.

Only recently have new qMRI techniques has been developed that allows fast
quantification by using methods to speed up the acquisition (e.g. FLASH, EPI and
Compressed Sensing) (35–40), interleaved slice acquisition (41,42), or steady-state
acquisition (43–45).

One way to visualise qMRI tissue properties - one that is important in many
neurological applications - is the classification (or segmentation) of tissue types and
calculation of tissue volumes. This will be discussed in Section 1.6. Another way of
visualisation is that of synthetic MRI2 (46–51), where contrast images are calculated
(or synthesised) by using the qMRI tissue properties in signal equations (e.g. Eq. 1.5,
could be used to generate synthetic spin echo images). Synthetic MRI is particularly
straightforward, as it generates images similar to conventional MRI images, with
the added benefit that any contrast image can be synthesised without the need
for additional MR scans. However, the synthetic MRI images are not identical to
conventional contrast images, and clinical validation is mandatory (52–54). In
particular fluid attenuated images (e.g. FLAIR) are difficult to generate from qMRI
data because of partial volume effects (55). There have also been other attempts
to visualise qMRI data such as color MRI (56,57) and vector MRI (57), but these
methods have not been widely applied.

In the following sections the qMRI tissue properties PD and the relaxation times,
T1 and T2, will be discussed. The physiological basis, principles of measurements
and gold standard methods for acquisition will be presented for each property.

1.4.1 | Proton Density

Protons are often used in MRI because they are abundant in the body. The proton
density (PD) is the number of protons in each imaged volume element. By using
RF pulses at the Larmor frequency associated with protons (Eq. 1.1) only protons
are made to precess coherently; thus a signal is generated only from these nuclei.
Therefore, the number of spins in the thermal equilibrium equation (Eq. 1.3) can be
changed to PD, and the specific gyromagnetic ratio for protons can be inserted:

M0 = PD
~2γ2

p

4kT B0. (1.6)

The thermal equilibrium magnetisation, M0, is in this way only related to the PD,
the external magnetic field, B0, and the absolute temperature, T , apart from known
constants, Cconst = ~2γ2

pk
−1/4:



14 1 Introduction

M0 = Cconst ∗ PD ∗
B0

T
. (1.7)

In MR the measured PD originates from water as these protons have sufficiently
long relaxation times to generate a measurable FID. These protons are therefore
referred to as MRI-visible and PD is sometimes used as a measure of tissue water
contents. There are also MRI-invisible protons that are bound in e.g. lipids, proteins,
nucleic acids, cellular structures etc. The amount of protons that is included in the
MRI experiment is determined by how fast the FID can be acquired.

PD is often measured in percentage units (pu)3 of water PD at the same temperature.
So that water is set to the value of 100 pu.

1.4.1.1 | Measuring Proton Density

Proton density is in principle derived directly from image intensity corrected for all
secondary effects in the signal, such as weightings caused by the relaxation times,
distortions of the static magnetic field, B0, and the RF pulses, B1. In practice, this
often means removal of T1- and T2(*)-weightings (39,58–60).

In the spin echo equation (Eq. 1.5), there is a contribution of both T1 and T2 to
the measured signal. One way to remove this is to measure T1 and T2 and then
extrapolate a PD image where TE → 0 and TR →∞:

lim
TE→0,TR→∞

S = Ci ∗M0 ∗ (1− exp (−TR/T1)) exp (−TE/T2) =

= Ci ∗M0.
(1.8)

However, the signal S is not equal to the equilibrium magnetisation, and M0 is not
only dependent on PD. Combining Eq. 1.8 and Eq. 1.7 results in:

S = Ci ∗ Cconst ∗ PD ∗
B0

T
. (1.9)

In order to extract PD from this equation it is necessary to find a value for Ci. This
can be done by including a reference with known PD (61). This can be either an
internal reference, such as CSF for brain imaging (62), or an external reference e.g.
a water phantom (60). If an external reference is used the temperature difference
must be accounted for. Another approach to finding a value for Ci is to compensate
for all known scaling factors (39):
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Ci = Ccoil ∗ Cload ∗ . . . ∗ Cn. (1.10)

This approach is often impractical as it demands the measurement of several scaling
factors with high precision, and even so there may still remain an unknown scaling
factor, Cn, which must be empirically determined.

Furthermore, when the constant Ci has been determined the signal is also depen-
dent on the external magnetic field, B0, and the applied RF pulses, B1. These fields
are not homogeneous, as discussed in Section 1.3.4; therefore it is necessary to
measure and compensate for local variations (39,60,61).

PD has also been found to strongly correlate with T1 in healthy brain tissue (63–66).
Therefore another approach to measuring PD is to measure the T1 relaxation and
then calculate the PD:

PD ≈ A+ B

T1 . (1.11)

In this equation A is an offset and B a scaling factor, analogous with Ci in Eq.
1.9, which can be determined iteratively. This relationship holds only in healthy
tissue in some anatomies, such as the brain. The relationship does not necessarily
hold in pathological tissue or after the application of a contrast agent. One way
to circumvent this limitation is to exclude regions of pathological tissue in the
determination of A and B (66), but then include these regions again when PD is
calculated.

1.4.2 | T1 Relaxation

T1 relaxation4 is the process where a spin system returns to thermal equilibrium.
Another notion that is sometimes used is the R1 relaxation rate, where R1 = 1/T1.
The relaxation is dependent on the spin energy exchange with the environment,
mainly in the form of thermal vibrations causing the spins to flip between the
spin-up and spin-down energy states. T1 relaxation is often modelled by the Bloch
equation:

dMz(t)
dt

= M0 −Mz(t)
T1 . (1.12)

If the longitudinal magnetisation immediately after an RF pulse is given by M+
z

then the return to thermal equilibrium can be described by solving the above
equation:
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Mz(t) = M0 + (M+
z −M0) exp(−t/T1). (1.13)

Typical T1 relaxation curves for human brain tissue are shown in Figure 1.8. The
longitudinal magnetisation after an RF pulse, M+

z , can be calculated by using the
flip angle of the RF pulse according to:

M+
z = M−z cos (α), (1.14)

where M−z is the magnetisation before the RF pulse. For example, by applying
a perfect π/2-pulse on a spin system in thermal equilibrium, the longitudinal
magnetisation after the RF pulse will be 0 and the return to thermal equilibrium
simply becomes:

Mz(t) = M0(1− exp(−t/T1)). (1.15)

This is how the T1 relaxation is modelled in the signal equation for the spin echo
sequence (Eq. 1.5).

The single component Bloch equation is only valid when the T1 relaxation is mono-
exponential. This is usually sufficient and the T1 relaxation can then be described
by a single value. In real tissue, however, multi-exponential T1 behaviour has been
detected (67), and it may be more accurate to model T1 using several exponents:

Mz(t) = M0,1(1− exp(−t/T11)) + . . .+M0,i(1− exp(−t/T1i)). (1.16)

1.4.2.1 | Measuring T1 Relaxation

In principle, T1 relaxation is measured by sampling the T1 relaxation curve at
multiple time-points and fitting these to a mono-exponential decay curve. This can
be done in any pulse sequence, where T1 can be separated, by modelling the T1
relaxation using Eqs. 1.13 and 1.14. There are three main approaches to estimating
T1; signal measurements at different time points after preparation pulses (35,37,
68), several signal measurements after one preparation pulse (36,38,39,41,69),
and signal measurements using various flip angles (43–45).

When measuring T1 relaxation, either the repetition times must be long or a steady-
state acquisition must be applied. In the latter case the signal at the beginning
and end of each repetition is equal, but not equal to M0. Generally, a crushing or
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spoiling gradient is also necessary. This removes remaining transverse magnetisation
between subsequent pulses.

1.4.2.2 | Inversion and Saturation Recovery

The gold standard method to measure T1 relaxation is the inversion recovery
experiment. In this experiment the magnetisation is prepared with a π-pulse and
then one acquisition is performed after a specific inversion time. This procedure
is repeated after full relaxation with various inversion times, collecting several
time-points on the T1 relaxation curve. The signal equation for the inversion
recovery experiment is:

S = Ci ∗M0(1− (1− cos (Θ)) exp (−TI/T1)). (1.17)

Here TI is varied in several measurements and M0, T1 and the inversion Θ-pulse
are included in a three-parameter fit. It is also possible to use a separately acquired
B1 map to determine Θ, and apply a two parameter fit for M0 and T1.

The inversion recovery method can be acquired faster using a lower flip angle for
Θ, in which case the sequence is termed saturation recovery (68). When a lower
flip angle than π is used it is necessary to employ crushing gradients to remove
transverse relaxation and to avoid spurious echoes.

It is possible to create fast multi-slice saturation recovery sequences by using time
efficient slice ordering (41,42). In this case, slice n is prepared using the saturation
pulse, whereas acquisition is performed on another slice, m. By alternating the
order of n and m the T1 relaxation takes place in one slice while another slice is
acquired. In principle this means that an equal number of slices and time-points on
the T1 relaxation curve can be acquired.

1.4.2.3 | Look-Locker

Look-Locker sequences measure several time-points on the same T1 relaxation
curve after an initial Θ-pulse (36,38,39,41,69). In this experiment the spin system
is prepared by the Θ-pulse, then several fast low angle shots (FLASH) are applied,
sampling the magnetisation at several time points using a low α flip angle.

The Look-Locker sequence is modelled using the inversion recovery Eq. 1.17.
However, the apparent relaxation, T1*, is shorter than the actual T1 relaxation
because the FLASH pulses perturb the longitudinal magnetisation. A two- or three-
parameter fit is then applied in the same manner as for the inversion recovery
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experiment to acquire T1*, Mz and Θ. The actual T1 relaxation can then be
calculated from:

T1 = τ

τ/T1∗ + ln (cos (α)) , (1.18)

where τ is the inter-pulse interval and α is the angle of the FLASH pulses. This
equation is derived from Eqs. 1.13 and 1.14.

1.4.2.4 | Spoiled Gradient Echo

The spoiled gradient echo (SPGR) is a gradient echo sequence where crushing of
transverse magnetisation is applied between subsequent repetitions (43–45). When
this sequence is used to measure T1, a steady-state approach with variable flip
angles is applied. The signal equation for this sequence is:

S = Ci ∗M0 sin (α) 1− exp (−TR/T1)
1− exp (−TR/T1) cos (α) . (1.19)

By making several measurements with TR constant and increasing α a curve
characterised by T1 is generated. This equation can then be linearised, Y = mX+b,
according to:

S

sin (α) = S

tan (α) ∗ exp (−TR/T1) +M0(1− exp (−TR/T1)). (1.20)

Finally, M0 and T1 can be found from the slope and intercept of this curve using
linear regression:


T1 = −TR/ ln(m)

M0 = b/(1−m).
(1.21)

1.4.3 | T2 Relaxation

T2 relaxation5 is the process where a spin system that has been made to precess
coherently in the transverse plane by the application of an RF pulse, loses coherence
and de-phases, causing the MR signal to diminish. Another notion that is commonly
used is the R2 relaxation rate, where R2 = 1/T2. In a spin isochromate the individ-
ual spins interact, and since spins are magnetic dipoles they create variations in
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the local magnetic field. This results in local inhomogeneities in the B0-field which
cause spins to precess at slightly different Larmor frequencies and thus the spins
de-phase. Since spins rapidly change location because of Brownian motion, the
local magnetic fields constantly change and therefore the spin-spin interaction is
dynamic. There are also static relaxation processes caused by macroscopic inho-
mogeneities in the B0-field. These can be reversed using the spin echo sequence,
as discussed in Section 1.3.5. The irreversible relaxation is the T2 relaxation and
the combination of static and dynamic relaxation is termed T2* relaxation. T2
relaxation is often modelled by the Bloch equations:


dMx(t)
dt

= ωMy(t)− Mx(t)
T2

dMy(t)
dt

= −ωMx(t)− My(t)
T2 .

(1.22)

These equations can be simplified in the rotating frame of reference (assuming that
the RF pulse rotates the magnetisation around the y-axis, resulting in transverse
magnetisation in Mx):

dMx(t)
dt

= −Mx(t)
T2 . (1.23)

If the transverse magnetisation immediately after an RF pulse is given by M+
x then

the loss of coherence can be described by solving the above equation:

Mx(t) = M+
x exp (−t/T2). (1.24)

Typical T2 relaxation curves for human brain tissue are shown in Figure 1.8. The
transverse magnetisation after an RF pulse, M+

x , can be calculated by using the flip
angle of the applied RF pulse according to:

M+
x = M−z sin (α), (1.25)

where M−z is the longitudinal magnetisation before the RF pulse, this equation
together with Eq. 1.14 describe how much of the magnetisation is converted from
Mz to Mx using an α-pulse. For example, after application of a π/2-pulse to a spin
system in thermal equilibrium all magnetisation will be converted to transverse
magnetisation and the T2 relaxation can then be modelled by:
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Mx(t) = M0 exp (−t/T2). (1.26)

This is how the T2 relaxation is modelled in the signal equation for the spin echo
sequence, see Eq. 1.5. The same equation is also used to model T2* relaxation, by
changing T2 for T2*.

T2 relaxation is often thought to be multi-exponential in real tissue (70,71). When
a single T2 component is modelled it is strongly dependent on the echo times of
the sequence, echo spacing and the number of echoes. Another approach is to
model either several T2 relaxation components (analogous to multi-exponential T1
relaxation, Eq. 1.16) or a continuous relaxation spectrum:

Mx(t) = M0,1 exp (−t/T21) + . . .+M0,i exp (−t/T2i). (1.27)

1.4.3.1 | Measuring T2 Relaxation

T2 relaxation is estimated using several acquisitions of a pulse sequence where T2
can be extracted, generally acquiring several different echo times and modelling
the signal using Eqs. 1.24 and 1.25. T2 relaxation is either estimated in a mono-
exponential fitting or several relaxing compartments are included. There are
three main approaches to estimating T2; signal measurements at different echo
times (26), signal measurements at multiple echo times after the same RF pulse
(39,68,70), or signal measurement using various flip angles (43,44).

1.4.3.2 | Spin Echo

The gold standard method to measure T2 relaxation is to use the CPMG spin echo
sequence, discussed in Section 1.3.5 (33,34). One spin echo is acquired in each
acquisition using sufficiently long repetition time to remove dependency on T1
relaxation. The signal equation in this case becomes:

S = Ci ∗M0 exp (−t/T2). (1.28)

It is possible to acquire the T2 relaxation curve faster using a multi-echo approach
where multiple spin echoes are acquired after one excitation pulse, using refocusing
pulses (39, 68, 70). In this case, as discussed in Section 1.3.5, each second echo
reflects the true T2 relaxation, whereas odd echoes include errors caused by RF
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pulse imperfections. It is therefore necessary to either discard odd echoes, or
include empirical correction factors.

In principle it is sufficient to acquire two echoes in order to fit a mono-exponential
T2 decay curve. This, however, results in poor reproducibility and large variability
in the T2 measurements, mostly due to noise (61). Whittall et al. (72) noted that
dual-echo mono-exponential T2 measurements with varying echo spacing, in WM,
created artificial statistically significant differences, where in fact there were none.
Dual-echo T2 measurements should be used with caution.

1.4.3.3 | Steady-State Free Precession

The steady-state free precision (SSFP) experiment is similar to the SPGR experiment
for T1 estimation, but without crushing gradients (43,44). By omitting the crushing
gradients a steady-state is achieved for both the longitudinal and the transverse
magnetisation. Extending the signal equation for the SPGR experiment (Eq. 1.19)
to also include T2 relaxation the following signal equation is obtained:

S = Ci ∗Mo sin (α)∗

1− exp (−TR/T1)
1− exp (−TR/T1) exp (−TE/T2)− (exp (−TR/T1)− exp (−TE/T2)) cos (α) .

(1.29)

By holding TR and TE constant, but increasing the RF flip angle, α, acquisitions
depend on both T1 and T2. The equation can be linearised in the same manner as
the SPGR sequence (Eq. 1.20). Finally, if T1 is known, for example from a previous
SPGR acquisition, T2 and M0 can be found using linear regression:


T2 = −TR/ ln ( m− exp (−TR/T1)

m exp (−TR/T1)− 1)

M0 = b ∗ exp (−TR/T1) exp (−TE/T2)− 1
1− exp (−TR/T1) .

(1.30)
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1.5 | MR Relaxation in Brain Tissue

The T1 and T2 relaxation processes are directly influenced by the local biophysical
structure and biochemical environment. In particular T1 and T2 in the brain are
dependent on tissue water mobility, macromolecules, composition of proteins and
lipids, iron concentration and the paramagnetic environment. T1 in the brain
is mainly influenced by water concentration (63, 64, 73–75), but also by iron
concentration (76–79). T2 in the brain is mainly affected by different tissue water
environments (70, 71), such as water inside cells, extracellular water and water
between the myelin sheets, but T2 is also affected by iron concentration (79–82).
The relative sizes of each tissue water environment, as well as exchange rate
among these, affects the T2 relaxation, especially when only one T2 component is
estimated. Generally, several processes concurrently affect T1 and T2, making it
challenging to separate specific biological processes. For example myelin sheets
contain lipids and trap water in close proximity to larger molecules. The myelin
is created by oligodendrocytes which contain iron, affecting both T1 and T2. The
deep GM structure also accumulates iron, and CSF, which consists mainly of free
water, infiltrates tissue, leading to partial volume effects and prolongation of T1
and T2. Manifestations of these processes are seen in the contrast between WM
and GM, where myelin and iron create a difference in T1 and T2 (75). Typical
qMRI values and relaxation curves for the human brain are shown in Figure 1.8.

All of the concurrent processes affecting T1 and T2 lead to low specificity for qMRI.
One way to tackle this is to create tissue-specific models where simulations of
healthy and diseased tissues can be performed. Two approaches for such models
are outlined below.

1.5.1 | Four-Pool Model

One way to model the relaxation properties of brain tissue is to model different
tissue compartments (or pools) that contribute to the MR signal, and the interaction
among these. One such tissue model, suggested by Levesque et al. (83), was created
with two liquid compartments and two semi-solid compartments. The liquid pools
described water environments, the first consisting of intra/extracellular water,
and the second consisting of water in close proximity to lipids, trapped between
myelin sheets around the axons. The semi-solid pools described non-aqueous
environments, the first consisting of myelin semi-solids and the second consisting
of non-myelin semi-solids, such as macromolecules. Figure 1.9 shows a schematic
of the four-pool model with relevant model parameters.
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Figure 1.8: Typical qMRI values (at 1.5 T) and mono-exponential relaxation curves ap-
proximating to WM, GM and CSF in the human brain. T1 relaxation (A) shows the return
to thermal equilibrium and T2 relaxation (B) shows the diminishing of the signal, in the
transverse plane, due to de-phasing. T1 values were obtained using the IR sequence (30),
T2 values were obtained using the CPMG sequence (30), and PD values for WM and GM
were obtained using the multi-component T2 analysis method of Whittall et al. (71). PD for
CSF was set to the reference value of 100.

In this model qMRI properties, volume fractions, and exchange rates between
compartments are parameters and Bloch equations are used to simulate the char-
acteristics of the tissue. This model has been used to predict changes in qMRI
properties induced by different diseases or tissue characteristics in specific MR
pulse sequences (84).

1.5.2 | Myelin Water Fraction

Another approach to modelling the relaxation behaviour in the brain is to estimate
several different exponents in the relaxation (Eqs. 1.16 and 1.27), either on a
continuous spectrum or using discrete distributions (67,70,71,85). These in vivo
models have been created with two (70, 71, 86) or three (87) separate water
environments. By assuming relaxation times of different water compartments, the
relative sizes of the water pools can be estimated. Although a few groups have
attempted to separate intra- and extracellular water compartments (88,89) this is
normally difficult to achieve and the intra/extracellular water is considered as one
compartment (70). A typical T2 distribution spectrum for brain tissue is shown in
Figure 1.10.



24 1 Introduction

Figure 1.9: Illustration of the four-pool model of brain tissue with relevant model param-
eters. T1mw, T2mw, T1ie, T2ie, T1m, T2m, T1nm, and T2nm are the relaxation times for
each compartment respectively, and RD, Rm, Rnm are the exchange rates between the
compartments. Also, the volume fraction of each compartment is included in the model,
these are not shown in the figure.

Figure 1.10: Histogram of typical T2 relaxation spectra for brain tissue with three sepa-
rate water environments, with different T2 times. The intra- and extracellular water are
challenging to separate and are often considered as one component.
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This technique has mostly been used in multi-exponential T2 relaxation (70, 71,
90, 91), but also in T2* relaxation (85), and T1 relaxation (67). By estimating
the relative sizes of the different components this has been used as a surrogate
measure of myelin content in tissue, the myelin water fraction (MWF):

MWF =
∑
Mmyelin∑
Mtotal

. (1.31)

MWF measurements have been applied in vivo to assess changes in myelin contents
in diseased tissue. This will be discussed further in section 1.7.3.

1.5.3 | Brain Iron

Another process that affects both T1 and T2 relaxation in the brain is the iron
concentration (76–82). Deep GM structures are particularly rich in iron (79,81,92).
Furthermore, iron accumulates with age (80, 93) and is abnormal in diseases
such as Alzheimer’s disease (94), Hallevorden-Spatz syndrome (95), Parkinson’s
disease (96–98), and MS (99–104).

Since iron is paramagnetic it creates fluctuations in the local B0-field affecting the
Larmor frequencies of surrounding spins. This affects both the static and dynamic
field inhomogeneities. The effect of iron is greater at higher field strengths, and the
differences in T1 and T2 between iron-rich and iron-depleted regions are enhanced
in higher fields (79,81).

1.6 | Brain Tissue Segmentation

Brain segmentation (or classification) is the assignment of voxels to one or more
class. The classes can either be based on tissue type, or anatomical region. Tissue
types commonly used in brain tissue segmentation include white matter (WM),
grey matter (GM) and CSF. In some methods a fourth tissue type is included, either
for unknown tissue or for partial volume.

Tissue segmentation is insensitive to biological changes in tissue; instead it is
aimed at grouping similar tissues, and estimating volumetric information. Segmen-
tation methods find similarities in the MR data and classify voxels according to
this. Diffuse alterations in tissue properties, from e.g. disease, are generally not
detected by segmentation methods. Instead, global and regional volume changes
are recognised, such as ventricle enlargement or atrophy.
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Brain tissue segmentation has been suggested for analysing several neuro-
degenerative diseases such as multiple sclerosis (105–107), Alzheimer’s disease
(108), and other forms of dementia (109–111), as well as for assessing normal
ageing (110, 112), quantitative patient follow-up (108), and for monitoring the
effects of therapy and rehabilitation (113).

There are two general approaches to brain tissue segmentation, either each voxel
is assigned to one specific tissue class (114–119), or each voxel is assigned a
volume fraction of more than one tissue class (120–123). Allowing more than one
tissue class in each voxel is sometimes referred to as fuzzy segmentation, and the
resulting voxels with tissue fractions are termed mixels. This type of segmentation
has advantages since voxels with more than one tissue are common in the brain,
even at high-resolution imaging, especially close to tissue borders and around the
cortex where in many cases GM and CSF or WM and GM are mixed in voxels.
Furthermore, calculating tissue fractions in the voxels reduces the need for high-
resolution imaging which may allow larger voxels with higher signal-to-noise ratio
(SNR).

Most brain tissue segmentation methods are based on conventional contrast-
weighted MRI (115,116,118–122). Although these images provide high anatomical
detail, segmentation is complicated by the inhomogeneities and the arbitrary grey-
scaling of the contrast images. As discussed in Section 1.3.4, the MR signal is
dependent on the MR pulse sequence, MR scanner settings and hardware. The
complexity of the acquired signal in the contrast images complicate brain tissue
segmentation, and generally the contrast differences in the images are used, in-
stead of absolute pixel intensity. Different methods to normalise the images or
filters (118,122) may be necessary to compensate for variations in the signal across
the imaged volume.

One way to increase the specificity of brain tissue segmentation is to use multi-
channel MR data (114, 117, 118, 120, 121), e.g. T2-weighted and PD-weighted
images. These different images form dimensions in n-dimensional feature space,
where tissue can be segmented based on several different contrast differences.

Conversely to conventional contrast images, qMRI, in principle, remove the scanner
dependency and allows brain tissue segmentation based on physiological tissue
properties. QMRI also allows segmentation in multi-feature space based on the
different qMRI properties of the tissue.
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1.6.1 | Brain Tissue Volumes

The determination of brain tissue volumes is complicated for several reasons. The
delineation between WM and GM is not clear, and partial volume is common.
Furthermore, the qMRI properties of WM and GM vary across the brain, depending
on local differences such as myelination. For example, the parietal WM appears
brighter than the frontal WM. For these reasons the method for separation of WM
and GM is still unreliable and a gold standard method does not exist (61).

The delineation between brain WM/GM and CSF is less complex, since CSF is a
liquid with very distinct qMRI properties and higher uniformity across the brain.
Furthermore, CSF is contained mostly in larger ducts, inside the brain, and partial
volume is therefore limited (61). For this reason it may be beneficial to segment
brain tissue and CSF without separating WM and GM.

Another complication is the relative brain sizes of different subjects. Although it
is known that brain volumes decrease with ageing, and in disease it is difficult
to establish a standard to compare subjects, since the variation in brain volumes
between individuals is high. One way to counter this is to normalise the brain
volumes relative to the total skull size. This estimates tissue fractions, rather
than absolute volumes, such as WM fraction (WMF), GMF and CSFF. In order
to overcome the problem with WM/GM separation it is possible to calculate the
brain parenchymal fraction (BPF) which is the relation of WM+GM to total skull
size (124,125). When calculating brain tissue fractions, however, the result is not
only dependent on the brain tissue segmentation, but also on the skull stripping
algorithm used (126,127).

When using brain tissue fractions, the fractional volumes cannot be interpreted
as absolute volumes. Since all tissue fraction volumes include the volumes of the
other tissues in the calculations they are not independent variables. For example,
the calculation of WMF includes the volumes of WM, GM and CSF:

WMF = WM

WM +GM + CSF
. (1.32)

This creates arithmetically-induced correlations between the different tissue frac-
tions. For example, if subject A has higher GMF than subject B, it is probable that
subject A also has a lower WMF, inducing a negative correlation between GMF and
WMF that has no biological basis.
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Figure 1.11: Illustration of brain tissue clusters in the R1-R2-PD space with projections on
the R1-PD plane.

1.6.2 | R1-R2-PD Space

Healthy brain tissue exhibits narrow ranges of T1, T2 and PD values (117,128–130),
whereas pathological tissue exhibits significantly different tissue characteristics
(131). The observed in vivo qMRI tissue properties can be used in a multi-parametric
space, where each tissue property represents one dimension. Instead of directly
using the relaxation times to construct such a space, the use of relaxation rates,
R1 and R2, allows greater separation of tissue components (117). The observed
R1, R2 and PD values can then be used as coordinates in a 3D feature space, the
R1-R2-PD space (117, 130). Acquisition noise and anatomical variation causes
random variations in the measured R1, R2, and PD values which results in tissue
clusters with a mean position and finite distribution. This parametric space can
readily be used for brain tissue segmentation, e.g. using clustering or threshold
methods. Figure 1.11 shows an illustration of brain tissue clusters in the R1-R2-PD
space.
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1.6.3 | Effects of Field Strength

The MR relaxation rates of tissue depend on the main magnetic field strength, and
this has consequences for brain tissue segmentation (132–135). The R1 and R2
parameters generally decrease when the main magnetic field strength is increased
depending on many factors, such as iron content and water mobility.

Because of this, longitudinal studies and quantitative patient follow-ups can be
seriously limited by system changes from lower to higher field strengths, and for
this reason, combining data acquired at different field strengths has not been
endorsed.

1.7 | MRI in MS

MRI is a sensitive technique for assessing WM lesions in vivo, and T2-weighted
imaging is commonly used to monitor and diagnose MS (136). In the latest revision
of the McDonald criteria for Multiple Sclerosis (20) the use of MRI has been
emphasised, and in some circumstances dissemination in space and time can be
established from a single MRI scan. The McDonald criteria describe MRI findings
for dissemination in time and space, including gadolinium-enhancing lesions and
T2-weighted lesions in regions typical of MS.

There is low correlation between focal WM lesions, detected with T2-weighted
imaging, and clinical disability, a phenomenon that has been known for many years
and is referred to as the clinicoradiologic paradox (137). Some lesions, when viewed
on T1-weighted images, appear hypo-intense compared to surrounding WM ,and
the inclusion of T1-weighted imaging may increase the correlation with clinical
disability, but only to a limited degree (138, 139). Factors believed to explain
this discrepancy include cortical reorganisation (140), where other parts of the
brain may compensate for focal injury; brain plasticity (141, 142), where signal
transmissions may use alternative pathways; and the consideration of strategic
lesion location (143,144). Subsequently, other pathological changes have been of
interest in recent years, including lesions in cortical GM (145,146), changes in deep
GM (147,148) and changes in normal appearing white matter (NAWM) (5,149–153).
Even so, the mechanisms leading to permanent disability in MS need further
exploration.
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1.7.1 | Diffusely Abnormal White Matter

In addition to NAWM and WM lesions there are diffuse signal intensity changes that
are seen on conventional T2-weighted images, but these changes are unaccounted
for in the radiological criteria for MS. These regions, which have fuzzy borders
and a signal intensity that is intermediate between NAWM and focal MW lesions,
are referred to as diffusely abnormal white matter, or dirty-appearing white matter
(DAWM) (154–158). DAWM is believed to be either a separate pathological entity
(155, 157, 158) or caused by Wallerian degeneration (156). Histopathological
examinations have shown that DAWM has reduced axonal density as well as
reduced myelin, but to a lesser extent than focal lesions (149,156,157,159).

Regions of DAWM are difficult to characterise in conventional T2-weighted imaging
because of their diffuse nature, and NAWM is indistinguishable from WM in healthy
subjects. Recent studies, however, suggest that these changes may be important
markers of disease progression (157,158). Technological developments have there-
fore been suggested to characterise and quantify DAWM, as well as to detect changes
in NAWM. These techniques include diffusion tensor imaging (DTI) (157,158,160),
quantitative magnetisation transfer imaging (qMTI) (84,155,158), quantitative MR
spectroscopy (qMRS) (161,162), and qMRI (84,157,158).

1.7.2 | MRI Negative MS

In a minority of MS patients very few focal WM lesions are detected in the brain
using conventional MRI, even after a disease period. These patients constitute a
subgroup of MS (162–164) that is of interest for investigating changes in NAWM
and DAWM without WM lesions, and with probably less Wallerian degeneration. In
this group of MS patients the clinical investigation must be extraordinarily thorough
before the diagnose of MS can be established, especially concerning the radiological
investigation (163).

1.7.3 | QMRI in MS

In MS pathology several separate processes lead to increased T1 and T2 (decreased
R1 and R2) and increased PD (83,165,166). There are three main pathological
processes in MS that affect qMRI properties; (1) increased water contents and
changes in the relative sizes of the water compartments, (2) demyelination and
decreased myelin density, and (3) axonal loss and decreased axonal density. Eval-
uations of qMRI properties of tissue pathology are complicated by the fact that
pathological processes often occur concurrently. A further complicating factor may
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be the accumulation and presence of iron as a result of the MS disease, influencing
the T1 and T2 times (99–104).

In acute WM lesions T1, T2 and PD are all substantially increased (73,84,167–169)
which, during the following months, decreases towards slightly elevated T1, T2 and
PD seen in chronic lesions (84,170). The main pathological process in the initial
increase is attributed to inflammatory oedema, causing increases in both T1 and
T2, as well as PD. Then, as the oedema resolves the increase due to excess water is
reduced and other pathological processes affecting T1 and T2 become apparent.

In particular the initial increase in T1 has been attributed to the increased water
content in the free water pool, with long T1 relaxation (71,73). After the initial
oedema resolves, lesions which remain elevated in T1 have shown lower levels of
N-acetyl-aspartate (NAA), which is considered a marker of neuronal integrity, and
increased concentration of cholin, which is considered a marker of cell membrane
turnover (138,171–175). These correlations suggest that a persisting elevation of
T1 may be related to axonal damage in the lesion (138). In histopathological studies
T1 in chronic lesions has been shown to correlate with axonal density (176,177),
but not with myelin density (177). This suggests that T1 in chronic lesions may
be a marker of axonal integrity. Furthermore, assessments of T1-weighted chronic
lesions have been shown to correlate with disease progression (178,179).

The initial increase in T2 of the lesion has also been attributed to increased water
content due to the oedema (84,168). Over time, T2 decreases to that of chronic
lesions (84,139,170), similar to the behaviour of T1. One study detected mono-
exponential relaxation in acute WM lesions, which became bi-exponential during
remission, and finally returned to mono-exponential as the lesion turned into a
chronic lesion (168). This suggests that the free water pool is the main source
of T2 relaxation during the initial increase, whereas during the remission the
water trapped between the myelin sheets remains for some time, resulting in bi-
exponential relaxation. When the lesion turns into a liquid CSF-filled cavity the
compartmentalisation of water breaks down and the myelin water disappears.

Since T1 and T2 may describe different characteristics of the lesion development,
where T1 is mainly influenced by axonal integrity and T2 is mainly influenced
by myelin contents, the PD may provide additional discriminating power, as it
can be used to determine the amount of oedema remaining in the lesion. During
remyelination of the lesion, T1 and T2 levels decrease towards that of WM, but
never fully recover (170) and finally as the lesion turns into a liquid CSF-filled
cavity the T1, T2 and PD levels approach that of CSF.

In NAWM both T1 (151,180–187) and T2 (169,180,188,189) have been shown
to increase compared to WM in healthy controls. Studies have shown globally
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increased T1 affecting all WM, consistent with axonal loss to some degree indepen-
dent of focal lesions (149,172,190,191). It has, however, also been suggested that
the abnormalities in NAWM is due to increased glia cell numbers, without evidence
for axonal loss (192). The increase in T1 was more pronounced in supratentorial
WM, compared to infratentorial WM. In other studies the increase of T1 depended
on the distance to focal WM lesions (193, 194) and the subtype of MS (SP MS
compared to PP MS) (193). The mean T1 of NAWM showed higher correlation to
disability than focal WM lesions (184). In a similar manner, T2 has been found to
be shifted globally in NAWM (169,183,188,189), where the genu and splenium of
the corpus callosum had the highest increase (169,189). Furthermore, regions in
NAWM that developed lesions had pre-lesional elevated T2 (170). Also the increase
of T2 depended on MS subtype (189), similar to the increase in T1.

In DAWM, T1 and T2 were prolonged to a greater extent than in NAWM (156,157).
Also, T1 of DAWM differed between PP MS and SP MS (158).

Multi-component measurements of T1 (67) and T2 (70, 71) have been used as
surrogate measures of myelin in MS in order to demonstrate demyelination (195–
200). This is especially interesting as the bi-exponential behaviour varies during
the different phases of the lesion development. When the MWF is calculated,
however, caution should be exercised when interpreting the data. Even when
there is no myelin loss the process of inflammation, which results in increased free
water, produces a decrease in the relative amplitude of the short T2 component,
resulting in reduced MWF. One way to circumvent this limitation is to include
a separate water pool for the free water and subsequently remove this in the
calculation (87).

As has been outlined in this section the dynamic processes in the lesions and
heterogeneity lead to a wide range of qMRI properties in focal lesions, in NAWM,
and in DAWM. This makes it challenging to separate the different pathological
processes underlying the change in qMRI properties. The precise identification of
the pathological processes that occur in MS is of considerable importance to increase
accuracy of diagnosis and to understand the mechanisms and dynamics leading to
tissue degeneration. The ability to differentiate the processes is enhanced when
several qMRI properties are combined, e.g. PD may be used to separate oedema
from axonal loss and demyelination, assessed with T1 and T2. Furthermore,
multi-component analysis may discriminate demyelination from inflammation
(201,202).
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1.8 | Aims

The aims of this work were to develop and investigate methods for qMRI and in par-
ticular the visualisation of qMRI properties in the human brain. The main method
of visualisation was tissue segmentation (or classification). The developed methods
were validated in healthy subjects and an application of qMRI was investigated in
MS.

The aim of Paper I was to develop a novel qMRI method optimised to accommodate
clinical use, especially concerning acquisition time. This method was then applied
in Paper II, where the aim was to develop and validate a fully automatic brain
tissue segmentation method based on qMRI that was insensitive to partial volume
effects. The segmentation method was validated further in Paper III, where the
aim was to compare the acquisition and calculation of brain tissue volumes at two
field strengths. Finally, in Paper IV one application of the qMRI method in diseased
human brain was explored in subjects with MS. In this work, the qMRI properties
of brain tissue were compared among two groups of MS patients and one group of
healthy controls.

In summary, this work has considered the qMRI acquisition on the MR scanner
and two different applications; the first being brain tissue segmentation in healthy
subjects, and the second the direct application of qMRI in diseased human brain.

Notes
1Sometimes the notion tissue parameters is used instead of tissue properties. This, however, indicates

that the ’parameters’ can be altered, which is generally not the case for in vivo tissue. The term
’parameter’ may be preferred when discussing tissue models.

2The terms synthetic MRI and quantitative MRI are sometimes confused, and are used to describe the
same phenomenon. Quantitative MRI is the obtaining of qMRI properties, whereas synthetic MRI is the
generation of synthetic contrast images.

3Percentage units (pu) is used instead of percent (%) to make clear that the percentage is not in
absolute units, but rather relative to a temperature dependent reference. Which in this case is the PD of
water at the same temperature (This notion is further described by Tofts (61), Chapter 4).

4T1 relaxation is also referred to as spin-lattice relaxation or longitudinal relaxation.

5T2 relaxation is also referred to as spin-spin relaxation or transverse relaxation.
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2.1 | Implementation of qMRI for Brain Imaging

A rapid multi-slice, multi-echo and multi-saturation recovery qMRI method was
implemented (Paper I). The method was called quantification of relaxation times
and proton density by multi-echo acquisition of a saturation-recovery using spin-
echo readout (QMAP) and was designed to quantify T1, T2 and PD with B1-field
inhomogeneity correction within a clinically acceptable time.

2.1.1 | Pulse Sequence Design

The qMRI pulse sequence consisted of interleaved saturation pulses and a CPMG
acquisition. The pulse sequence was divided into two different phases that were
executed on different slices, using slice-selective magnetic field gradients. The
first phase was the saturation phase, which was applied on slice n; the second
phase was the acquisition phase, which was applied on a different slice, m. During
the saturation phase a saturation pulse with flip angle Θ was applied, followed
by crushing of the transverse magnetisation, leaving only magnetisation in the z
direction. In the acquisition phase an excitation pulse with flip angle α was applied,
followed by a CPMG multi-echo acquisition. The complete pulse sequence with
both saturation and acquisition was repeated several times, with different orders of
the slices n and m with respect to each other. In this way several acquisitions with
different saturation delay times were performed. The pulse sequence is shown in
Figure 2.1.

Figure 2.1: The QMAP pulse sequence, with two phases. First, in the saturation phase, a
slice-selective saturation pulse was applied to slice n. In the second acquisition phase a
slice-selective excitation pulse was applied followed by acquisition of multiple echoes using
a CPMG acquisition with refocusing pulses, on a different slice m. In this figure the magnetic
field gradients are omitted.
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By acquiring multiple echoes during the CPMG acquisition several time-points on
the T2 relaxation curve were acquired, and by performing several repetitions with
different saturation delays, several time-points on the T1 relaxation curve were
acquired. Furthermore, by using a saturation pulse it was possible to determine the
B1-field inhomogeneity, as will be detailed below.

The acquisition could be accelerated by reading several image encoding lines in
each acquisition, a technique called echo planar imaging (EPI), or by using sensitivity
encoding (SENSE), a technique in which the complete image data is not acquired.

2.1.2 | Data Fitting

When the qMRI sequence was repeated several times with a different order of the
slices n and m, several acquisitions with different saturation delay times, TD, were
acquired. The magnetisation, MT D, at any specific delay time was modelled using
the Bloch equations (Eqs. 1.13 and 1.14). By including both the saturation RF
pulse and the excitation RF pulse, the magnetisation during the entire repetition
time, TR, was modelled:


MT D = M0 − (M0 −MT R cos (Θ)) exp (−TD/T1)

MT R = M0 − (M0 −MT D cos (α)) exp (−(TR − TD)/T1),
(2.1)

where M0 was the thermal equilibrium magnetisation and MT R was the steady-
state magnetisation at the end of a repetition, just before the subsequent saturation
pulse, in the next acquisition. Θ was the flip angle of the saturation pulse, and
α was the flip angle of the excitation pulse. Combining these equations gave the
magnetisation for each saturation delay time, as a function of TD and TR:

MT D = M0
1− (1− cos (Θ)) exp (−TD/T1)− cos (Θ) exp (−TR/T1)

1− cos (Θ) exp (−TR/T1) cos (α) . (2.2)

This equation was included in a least-square fit to determine T1 and M0, using
several different measurements with varying TD. Furthermore, from the determined
T1 relaxation curve it was possible to determine the effective local saturation flip
angle, Θe, and the influence of the local B1-field inhomogeneities. This was done
by measuring the ratio between the magnetisation just before the saturation pulse,
MT R, and just after, MT 0 (in a similar manner as in e.q 1.14):
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Θe = arccos (MT 0/MT R). (2.3)

In order to relate Θe to the effective excitation flip angle, αe, a Bloch simulation
was performed of the complete pulse sequence, where the pulse envelopes for each
of the RF pulses were obtained from the MR scanner software. In the simulation the
relative effects of Θe and αe were estimated and this estimation was subsequently
used to recalculate T1 using the effective flip angles. The RF pulse profiles of the
QMAP sequence, exported from the MR scanner, are detailed in Figure 2.2.

(A) (B) (C)

Fig. RF Pulse Flip angle∗ Duration Max amp. Gradient Dir.
(rad) (µs) (µT) (mT/m)

(A) saturation 2/3 ∗ π 7418 5.7804 5.2845 x
(B) excitation 1/2 ∗ π 2701 6.2712 4.8930 x
(C) refocusing π 3002 26.9283 5.8717 y

* Nominal flip angle unaffected by B1-field inhomogeneities and other effects.

Figure 2.2: Details of the RF pulses included in the QMAP acquisition, with the associated
gradient field strengths. The pulses were (A) the saturation pulse, (B) the excitation pulse,
and (C) the refocusing pulse.

The data fitting algorithm was performed in six steps:

1. The images were acquired as phase and modulus images after a saturation pulse,
with a higher flip angle than π/2. Because of this, the sign of each voxel in the
images was restored using the phase images with longest saturation delay time,
assuming that these images only had positive magnetisation. This resulted in
real images.

2. All images with the same echo time, but different saturation delay times were
summarised to increase SNR. A least-square mono-exponential fit for T2 was
then performed on these echo images.

3. The T2 information, retrieved in step 2, was used to extrapolate all images
to TE = 0, thus removing the effect of T2 relaxation. Then all images with
the same saturation delay time were summarised, generating dynamic images.
These images were used to perform a least-square mono-exponential fit for T1
and M0 using Eq. 2.2.
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4. The B1-field was estimated using Eq. 2.3.

5. T1 and M0 was recalculated using the effective flip angles, Θe and αe.

6. Finally, PD was calculated by scaling M0 using several empirically determined
scaling factors, analogous to Eq. 1.10.

A summary of the acquired data, and operations to estimate the T1 and T2 re-
laxation curves are shown in Figure 2.3. The fitting algorithm was implemented
in C++ as part of the SyMRI software (Synthetic MR AB, Linköping, Sweden,
2007).

2.2 | Implementation of Brain Tissue
Segmentation

A brain tissue segmentation method based on qMRI was implemented (Paper II).
The segmentation method required prior knowledge of (1) ’pure tissue clusters’
in the R1-R2-PD space and (2) the characteristics of partial volume voxels in this
space. The pure tissue cluster positions and variances were measured using region
of interest (ROI) measurements in healthy subjects at both 1.5 T (Papers I and
III) and 3.0 T (Paper III), which is described in Section 2.3 on data acquisition.
The characteristics of partial volume voxels were assessed using simulations where
synthetic tissue was created with mixtures of two tissue types. The simulations were
performed using a Bloch simulator, with which the complete qMRI acquisition was
simulated.

2.2.1 | Bloch Simulator

A numerical Bloch simulator was implemented to simulate the signal from one
single voxel, with specified R1 and R2 properties, during the qMRI acquisition. The
simulated voxel contained equidistantly aligned spin isochromates in the direction
of the external magnetic field, causing each spin isochromate to experience slightly
different effects of RF pulses and magnetic field gradients.

The spin isochromates were implemented as column vectors containing the mag-
netisation in x, y and z directions separately, according to M = [Mx,My,Mz]>. The
initial equilibrium state magnetisation for all isochromates was set to M = [0, 0, 1]>.
The T1 and T2 relaxation processes were simulated in time-steps of ∆t = 1 ns
according to:
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Figure 2.3: Summary of all the acquired data for one slice of the QMAP sequence. Different
echo times, TE , in combination with different saturation delay times, TD, resulted in a
matrix of images. The different images at different saturation delay times were combined to
form the echo images, and the images at different echo times were combined to form the
dynamic images. These were then used to estimate T2 and T1 relaxation respectively.
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Mn+1 =

 exp (−R2∆t) 0 0
0 exp (−R2∆t) 0
0 0 exp (−R1∆t)

 ∗Mn+

+

 0
0

1− exp (−R1∆t)

 .
(2.4)

During the application of RF pulses and magnetic field gradients the evolution
of the magnetisation was simulated in time-steps of ∆t = 1 µs using rotation
matrices:

Mn+1 = RRF (t) ∗RGR(d) ∗Mn, (2.5)

where RRF described the rotation around the x- or y-axis caused by the RF pulse,
and RGR described the rotation around the z-axis caused by the magnetic gradient
field strength. The rotation angle, α, of RRF depended on the amplitude of the RF
pulse, Apulse(t), at each time-point, and the rotation angle, β, of RGR depended
on the gradient field strength, Sgradient(d), at each position:

α = Apulse(t) ∗ 2π ∗ γ∆t,

β = Sgradient(d) ∗ 2π ∗ γ∆t.
(2.6)

The RF pulses and gradients (detailed in Figure 2.2) as well as the timings for the
qMRI sequence were implemented as a script for the Bloch simulation. For each
specific combination of saturation delay time, TDi, and echo time, TEj , the vector
sum of all isochromates was recorded, forming a magnetisation state matrix, E:

E =


MT D1,T E1 MT D1,T E2 · · · MT D1,T Ej

MT D2,T E1 MT D2,T E2 · · · MT D2,T Ej

...
...

. . .
...

MT Di,T E1 MT Di,T E2 · · · MT Di,T Ej

 . (2.7)

This matrix was formatted similarly to in vivo data (see Figure 2.3) and the fitting
procedure, described in Section 2.1.2, was applied to calculate T1 and T2 values.
R1 and R2 were calculated by inverting T1 and T2 (R1 = 1/T2 and R2 = 1/T2).

All simulations were performed in Matlab R2008a (MathWorks, 2008).
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2.2.2 | Partial Volume Simulations

The Bloch simulator was used to estimate the observed R1, R2 and PD values for
synthetic partial volume voxels with two different tissue types in the combinations
WM+GM, WM+CSF and GM+CSF, for 1.5 T (Papers II and III) and 3.0 T (Paper
III). The tissues were combined with different volume fractions to cover a range of
0 to 100% in incremental steps of 0.1%, so that the sum of the two tissue fractions
always resulted in 100%.

By assuming that each tissue generated a signal independently of the others,
and that there was no interaction between the tissues, then the synthetic partial
volume voxel signal was approximated as the sum of the signals from the two
tissues independently. The Bloch simulator with the qMRI sequence was therefore
executed once for each pure tissue in order to simulate the resulting magnetisation
states for each tissue separately, EW M , EGM and ECSF . For each specific partial
volume mixture of two tissues the total voxel signal from the combinations was
estimated by weighting Etissue1 and Etissue2 with the respective PD values and
volume fractions, α:

Ecombined = α ∗ PDtissue1 ∗Etissue1 + (1− α) ∗ PDtissue2 ∗Etissue2. (2.8)

The presence of noise was simulated by including the synthetic partial volume
voxels in Monte Carlo simulations where noise was simulated by adding a matrix,
N, containing random white noise in the interval [−1, 1] scaled with an SNR

factor:

Ecombined,noise = Ecombined + N/SNR. (2.9)

This procedure was performed for noise levels of SNR = 20 (Papers II and III),
SNR = 10 and SNR = 40 (Paper II). Each Monte Carlo simulation was repeated
10,000 times.

In order to retrieve the R1, R2 and PD values of the synthetic tissue mixture, the
QMAP fitting procedure was applied to Ecombined,noise. The different combinations
of two synthetic tissues are illustrated in Figure 2.4.

As tissue fractions were altered in steps of 0.1% in three partial volume transitions
this resulted in 3,000 multi-variate tissue clusters in the R1-R2-PD space. These
simulations were performed three times in total, once for 1.5 T (Paper II) and
for both 1.5 T and 3.0 T separately (Paper III). The multi-variate tissue clusters
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Figure 2.4: Two simulated tissues are combined to form several synthetic partial volume
voxels in a partial volume transition, covering 100% down to 0% of each tissue.

were tested for normal distribution using skewness and kurtosis tests. Skewness
is a measure of the asymmetry of a distribution, and kurtosis is a measure of the
concentration of data in the distribution. For normal distribution, skewness and
kurtosis are zero, but any value below two is a strong indication that the data
may be normally distributed (203). For normally distributed data, covariance
matrices were calculated and these were used as prior knowledge to describe the
characteristics of partial volume voxels in the segmentation procedure.

2.2.3 | Brain Tissue Segmentation

Once the prior knowledge about pure tissue clusters and the partial volume tran-
sitions in the R1-R2-PD space had been established, lookup grids in R1-R2-PD
space were constructed. The lookup grids translated in vivo qMRI data into tissue
fractions of WM, GM and CSF.
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The lookup grids were constructed using the 95% prediction ellipses, which were
calculated from the covariance matrices of simulated partial volume voxels. The
95% prediction ellipses were defined as tilted ellipses in the R1-R2-PD space
encompassing 95% of the simulated data, such that measured qMRI values were
expected to fall inside the prediction for 95% of measurements. The lookup grids
were constructed such that voxels within the 95% prediction ellipses of the pure
tissue clusters were mapped to 100% of that tissue. All the remaining clusters,
with different simulated tissue fractions, were overlaid on the lookup grids, and
voxels within any of these clusters were mapped to the closest simulated tissue
mixture. The remaining voxels outside the pure tissue and partial volume clusters
were defined as unknown tissue and termed Non-(WM/GM/CSF) (NON).

Where different combinations of qMRI properties led to identical coordinates in
R1-R2-PD space these ambiguous voxels were determined using the neighbouring
voxels. The two most common tissue types among the surrounding 48 voxels (7x7
kernel, except the middle voxel) were used to determine which partial volume
transition was most probable.

The total volumes of WM, GM, CSF and NON in the brain were calculated by
summation of all volume fractions from each voxel, multiplied by the voxel volume.
The brain parenchymal volume (BPV) was calculated as the sum of WM, GM and
NON. The intracranial volume (ICV) was calculated as the sum of BPV and CSF,
and finally the brain parenchymal fraction (BPF) was calculated as the ratio of BPV
to ICV (BPV/ICV). The tissue segmentation was implemented in C++ as part of
SyMRI.

Skull-stripping, to remove tissue outside of the brain, was automatically performed
by an existing function in SyMRI and was not part of this work.

2.3 | Subjects and Data

This work included subjects in four different cohorts, where the first three cohorts
(i, QMAP, ii, QMR-Segment, and iii, QMR-3T) were healthy subjects included for
validation of qMRI and brain tissue segmentation (Papers I-III). The fourth cohort
(iv, QMR-MS) included patients diagnosed with MS as well as age- and sex-matched
healthy controls. These were included to investigate qMRI in MS (Paper IV) and
to exemplify the application of qMRI and segmentation on MS patients (Papers I
and II). In total, 50 healthy controls and 35 MS patients were scanned with qMRI
in a total of 225 acquisitions. Of these, 185 acquisitions were performed on a
Philips Achieva 1.5 T scanner (Philips Medical Systems, Best, The Netherlands)
and 40 were performed on a Philips Ingenia 3.0 T scanner. The different subject
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cohorts and data acquisition protocols are summarised in Table 2.1. Furthermore,
phantom measurements were performed on two phantoms on four MR scanners,
for validation of qMRI.

Quantitative tissue maps of T1 (or R1), T2 (or R2) and PD were calculated for all
cohorts, using the fitting algorithm described in Section 2.1.2. Region of Interest
(ROI) analysis was performed in cohort i and iii in order to determine the normal
values for brain tissues, and these were then applied as prior knowledge in the
brain tissue segmentation. ROI analysis was also done on cohort iv to investigate
qMRI tissue characteristics in MS patients. For all acquisitions in cohort ii and iii
brain tissue maps and total volumes of WM, GM, CSF, and NON were calculated.
Furthermore, the ICV, BPV and BPF were calculated for these subjects.

All studies and MR acquisitions were approved by the regional ethical review board
in Linköping6.

2.3.1 | Cohort i (QMAP)

In this cohort, in vivo measurements were performed with a Philips Achieva 1.5
T scanner on 10 healthy subjects (eight male, two female, mean age 29). The
qMRI acquisition settings were: repetition time (TR) = 2600 ms with five echoes in
intervals of 20 ms. Voxel size was 4x0.8x0.8 mm3 in 20 slices, and no slice gap was
applied. Scan time was 9 min per acquisition. In addition, in one subject, standard
measurements were performed with inversion recovery (IR) to determine T1 and
multi-echo spin echo to determine T2. The acquisition settings for the IR sequence
were TR = 10 s, inversion times = 100/400/700/1500/5000 ms. The acquisition
settings for the spin echo sequence were TR = 3000 ms with 15 echoes in intervals
of 15 ms.

2.3.2 | Cohort ii (QMR-Segment)

In vivo measurements were performed with a Philips Achieva 1.5 T scanner on 10
healthy subjects (five male, five female, aged 27 (22-39) (median (range)) years).
Six axial acquisitions were performed where the in-plane resolution varied among
1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 mm, leaving all other parameters constant. Also,
one coronal and one sagittal acquisition were performed at 2.0-mm resolution.
Changing the voxel size or the geometry introduced variations in the partial volume
effects. The qMRI acquisition settings were: TR = 2600 ms with five echoes in
intervals of 20 ms. The number of slices varied in the range of 26-29 in order to
cover the whole brain, and slice thickness was 5 mm with no slice gap. The scan
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time was 7 min for the 1.0 mm resolution, decreasing to 4 min for the 2.0 mm
resolution.

2.3.3 | Cohort iii (QMR-3T)

In this cohort in vivo measurements were performed with a Philips Achieva 1.5 T
scanner and a Philips Ingenia 3.0 T scanner on 10 healthy subjects (four male, six
female, aged 25 (21-29) years). Health status was assessed using a questionnaire
where brain disorders were ruled out. The qMRI acquisition settings were: TR =
5000 ms with six echoes in intervals of 16 ms. The voxel size was 3x1.3x1.3 mm3 in
40 slices and a slice gap of 0.5 mm was applied in order to reach full brain coverage.
The sequence was identical on 1.5 T and 3.0 T and the scan time was 6 min. In
addition, conventional T2-weighted images were acquired. For each of the two
scanners all subjects were scanned in two separate sessions, and the subject was
removed from the scanner room between sessions. Furthermore, two acquisitions
were performed in each session. This resulted in a total of eight acquisitions for
each subject (two scanners * two sessions * two acquisitions).

2.3.4 | Cohort iv (QMR-MS)

A total of 35 clinically definite MS (CDMS) patients and 20 healthy subjects were
included in this cohort. Of these, 15 MS patients had shown two or fewer T2-hyper-
intense WM lesions on a previous clinical MR examination. These were included in
the low-lesion MS group, MRIneg. Some of these patients could have developed
lesions before the present examination, but were included in the MRIneg group
nevertheless. The remaining 20 MS patients fulfilled the ’Barkhof-Tintoré criteria’
as defined in (18), and these were included in the MS group with typical WM
lesions, MRIpos. All patients, in both MS groups, fulfilled the Poser criterion; with
at least two relapses, separated in space and time (204). All patients had been
confirmed positive for oligoclonal bands in the CSF. Table 2.2 lists the clinical
parameters of the subjects. The qMRI acquisition settings were: TR = 3000 ms
with five echoes in intervals of 14 ms. The voxel size was 4x0.8x0.8 mm3 in 30
slices and no gap was applied.

In addition, the qMRI acquisition was part of a more extensive investigation in-
cluding clinical imaging sequences, as well as measurements of WM metabolite
concentrations assessed using quantitative MR spectroscopy (qMRS) (161,162). The
qMRS acquisition was performed using the point-resolved spectroscopy sequence
(PRESS) (205), with TR = 3000 ms, TE = 30 ms and 128 transients were av-
eraged. Two MRS volumes of interest (VOIs) were placed bi-laterally in NAWM,
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Parameter HC MRIpos MRIneg

Number of subjects 20 20 15
Age, (median (range)) 48 (27-72) 46 (20-66) 57 (32-69)
Sex (M/F) 5/15 6/14 1/14
MS type (RR/SP/PP) N/A 12/7/1 10/3/2
EDSS (median (range)) N/A 3.25 (1.0-8.5) 2.50 (0.0-6.5)
MSSS (median (range)) N/A 3.74 (0.45-9.57) 3.65 (0.05-9.38)
Disease duration years (median (range)) N/A 13 (2-35) 16 (2-44)
Number of MS lesions (median (range)) N/A 16 (3-30) 1 (0-20) † † †
BPF (mean±SD) 0.881±0.035 0.806±0.046 *** 0.868±0.024

Table 2.2: Clinical parameters of MS patients and healthy controls in cohort iv. The MS
patients were divided in two groups; the MRIneg showed two or fewer T2-hyper-intense WM
lesions, on a previous clinical MR examination, whereas the MRIpos fulfilled the ’Barkhof-
Tintoré criteria’ as defined in (18). *** p<0.001 compared to control group (2-sample
t-test), † † † p<0.001 compared to MRIpos (Mann-Whitney U test).

and absolute aqueous fraction concentrations of creatine (tCr-Aq), myo-Inositol
(mIns-Aq), glutamate and glutamine (tGlx-Aq), N-acetyl aspartate (tNA-Aq), and
cholin (tCho-Aq) were calculated using the procedure described in (161).

2.3.5 | Phantom Acquisitions

Phantom measurements were performed on two phantoms in four MR scanners.
The scanners were a Philips Achieva 1.5 T, a Philips Ingenia 3.0 T, a GE 450W 1.5
T (GE Healthcare, Waukesha, USA) and a GE 750 3.0 T. In all MR scanners the
QMAP measurements were repeated five times for each phantom.

Two phantoms were prepared with test-tubes, the first phantom for simultaneous
measurements of T1 and T2 within the clinical range, and the second for PD
measurements. Test-tubes were placed in random order in a water-bath. The
T1-T2 phantom consisted of 24 test-tubes where water was mixed with solutions of
Agarose (Sigma-Aldrich, St. Louis, USA) and Magnevist (Bayer-Shering, Leverkusen,
Germany), in order to lower water T1 and T2 respectively. The PD phantom
consisted of 33 test-tubes where water was mixed with deuterium oxide (D2O)7

(Cambridge Isotope Laboratories Inc, Tewksbury, USA). Deuterium has no MR
visible protons and was therefore used to saturate the MR signal. Each test-tube
had a volume of 40 mL, and micro-pipettes were used to dilute the solutions.
Concentrations were prepared in fractions of 0%-100% in steps of 10%, and each
fraction was prepared in three test-tubes. Figure 2.5 shows annotated synthetic
T2-weighted images of the central slices of each of the two phantoms.

The T1-T2 phantom was scanned using IR and a multi-echo spin echo sequence,
at Philips 1.5 T and Philips 3.0 T, to determine reference values for both field
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(A) (B)

Figure 2.5: Synthetic T2-weighted images from (A) the T1-T2 phantom and (B) the PD
phantom (at 1.5 T).

strengths. QMAP scans were subsequently performed on all four MR scanners in
five repetitions. Table 2.3 lists the MR scanner settings used for each MR pulse
sequence. QMAP data fitting for Philips data was performed using SyMRI 0.9.10,
and for GE data it was done using SyMRI 0.14.9 (which supported the GE DICOM
format). Multi-echo spin echo data was fitted using SyMRI 0.9.10 and IR data was
fitted using an in-house built IDL application.

2.3.6 | ROI for Quantitative Imaging Analysis

In order to measure brain qMRI values for different tissue types, standardised ROIs
were positioned manually in the subjects of cohort i, iii and iv. In cohort i the
ROIs were placed by a technician, in cohort iii by a neuro-radiologist, and finally in
cohort iv by a radiologist. In all cohorts the ROI size was 3x3 voxels (corresponding
to 2.4 mm2 in cohort i and iv and 3.9 mm2 in cohort iii). ROIs were placed on
synthetic T2-weighted images, with conventional T2-weighted images as visual
references where available. The synthetic T2-weighted images were generated
from the same data as the qMRI maps and were therefore perfectly registered,
removing the need for additional data registration. The average ± SD for T1 (or
R1), T2 (or R2) and PD of all measured tissue types was calculated from the voxels
in the ROIs.
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MR Scanner Sequence Acquisition Settings
Slices (thickness + gap), resolution
TR, TE

Philips 1.5 T QMAP 32 (4+0 mm), 1.1 mm
TR = 4500 ms, TE = 6*15 ms

IR 9 (5+0 mm), 1.0 mm
TR = 8 s, TI = 100/200/400/800/1600/3200/5000 ms

ME 9 (5+0 mm), 0.8 mm
TR = 3000 ms, TE = 20*10 ms

Philips 3.0 T QMAP 32 (4+0 mm), 1.0 mm
TR = 4500 ms, TE = 5*17.5 ms

IR 9 (5+0 mm), 1.0 mm
TR = 10 s, TI = 100/200/500/1000/2000/5000 ms

ME 9 (4+0 mm), 1.0 mm
TR = 5000 ms, TE = 20*10 ms

GE 1.5 T QMAP 30 (4+0 mm), 0.8 mm
TR = 4000 ms, TE = 31/94 ms

GE 3.0 T QMAP 30 (4+0 mm), 0.5 mm
TR = 4000 ms, TE = 32/97 ms

Table 2.3: Acquisition settings for phantom measurements.

2.3.6.1 | ROIs in Cohort i

ROIs were placed in the structures of WM, GM and CSF. WM was measured in
the frontal WM, in the occipital WM, and in the genu and splenium of the corpus
callosum. GM was measured both in the cortex, and in the deep GM structures of
the thalamus, putamen, and in the head of the caudate nucleus. CSF was measured
in the ventricles.

2.3.6.2 | ROIs in Cohort iii

ROIs were placed on 1.5 T and 3.0 T data in the same session to minimise systematic
differences in positioning between the field strengths. ROIs were placed in both
data-sets from the first session of each subject in each scanner, resulting in four
data-sets for each subject (two for each field strength). ROIs were placed on the
structures of WM, GM and CSF. WM was measured peri-trigonally (left and right),
frontally (left and right), parietally in the centrum semiovale (left and right) and in
the genu and splenium of the corpus callosum. GM was measured para-sagittally
in the frontal lobe, anterior to the genu of the corpus callosum where the cortex is
thick (left and right). CSF was measured in the frontal horns (left and right). For
WM, each tissue region was measured separately, as was an average of all eight
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ROIs. Sample ROI placements for both field strengths, in one subject, are shown in
Figure 2.6.

1.5 T 3.0 T

Figure 2.6: Sample ROI placements in a healthy 25-year-old male subject. Only the ROIs in
the current slice are shown. The ROIs for the 1.5 T image are (A) WM in the splenium of
the corpus callosum, (B) GM in in the frontal lobe, and (C) CSF in the frontal horns. The
ROIs for the 3.0 T image are (A) WM in the frontal lobe, (B) WM in the genu of the corpus
callosum, (C) WM in the splenium of the corpus callosum, (D) GM in in the frontal lobe,
and (E) CSF in the frontal horns.

2.3.6.3 | ROIs in Cohort iv

In the healthy controls, two ROIs were placed in the frontal and in parietal WM,
in the centrum semiovale (left and right). Similarly, in the MS patients two
ROIs were placed in the NAWM (left and right), frontally and parietally in the
centrum semiovale, making sure that DAWM and WM lesions were excluded. Two
ROIs were also placed in areas of DAWM, and two additional ROIs were placed
in focal WM lesions, whenever present. The radiological DAWM definition was
adapted from (157), and it was defined as a diffuse uniform, non-focal area in WM,
preferentially periventricular and of increased signal intensity in the T2-weighted
image. Compared with the signal intensity of WM lesions, DAWM was observed
as subtly, but distinctly increased signal intensity. The DAWM signal intensity
decreased towards the border with NAWM, leading to a relatively poorly defined
border of DAWM areas, compared to focal WM lesions. Typical ROI placements are
shown in Figure 2.7.
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2.3.6.4 | ROIs in Phantoms

For each of the phantoms, ROIs were placed in each test-tube in one of the central
slices, where every test-tube was clearly visible and surrounded by the water bath.
For Philips data, the ROI size was 5x5 voxels (corresponding to 5 mm2), and
for GE, which was acquired at higher resolution, the ROI size was 10x10 voxels
(corresponding to 8 mm2 at 1.5 T and 5 mm2 at 3.0 T).

(A) (B) (C)

(D) (E) (F)

Figure 2.7: Typical ROI placements in MS patients and a healthy control (at 1.5 T); (A)
WM in a healthy control, (B) NAWM in MRIneg, (C) DAWM in MRIneg, (D) WM lesion in
MRIpos, (E) NAWM in MRIpos, (F) DAWM in MRIpos. Healthy control was a 42-year-old
female, MRIneg subject was a 43-year-old female and MRIpos subject was a 66-year-old
female.
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2.4 | Statistical Analysis

Statistical analyses were performed to validate the QMAP method (Paper I), in order
to validate the brain tissue segmentation (Papers II and III), and to investigate qMRI
in MS patients (Paper IV). Furthermore, validations were performed to compare
QMAP to gold standard qMRI sequences.

2.4.1 | Validation of qMRI

QMRI measurements were compared to gold standard measurements in one subject
(Paper I).

For the phantom measurements, the accuracy of QMAP was estimated using root-
mean-square (RMS) error, and precision was estimated using inter-measurement
standard deviation (SD). For each test-tube in each experiment with the T1-T2
phantom, the mean T1 and T2 values were compared to gold standard measure-
ments, and inter- and intra-measurement variability were calculated. For each
test-tube in each experiment with the PD phantom, the mean PD was compared
to the known reference value and inter- and intra-measurement variability were
calculated.

Statistical Analyses performed in SPSS Statistics 19 (IBM, USA, 2010).

2.4.2 | Validation of Brain Tissue Segmentation

For all acquisitions in cohort ii and iii, the volumes of WM, GM, CSF, NON, ICV,
BPV and BPF were calculated. The within-subject standard deviation, sw, was
estimated as the square-root of the mean within-subject variance. The repeatability
was calculated as:

repeatability = 1.96 ∗
√

2 ∗ sw ≈ 2.77 ∗ sw, (2.10)

as suggested by Bland and Altman (206). Using this definition of repeatability, any
two measurements for the same subject are expected to be less than this value for
95% of pairs of observations. Furthermore, the repeatability of each tissue type
was related to the complete ICV as repeatability/ICV. Finally, the within-subject
coefficient of variation (CV) was calculated. In cohort ii these calculations were
performed for (1) only the axial acquisitions at different resolution, and (2) only
the 2.0-mm acquisitions at different geometries. For cohort iii these calculations
were performed for the first acquisition in each session for each field strength
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separately. In cohort ii Kendall’s tau-b rank correlation coefficients were calculated
to check whether the standard deviations were unrelated to the magnitude of the
measurements (Paper II). In cohort iii Shapiro-Wilk’s test was used to test volume
measurements for normal distribution (Paper III).

Statistical Analyses performed in SPSS Statistics 19 (IBM, USA, 2010).

2.4.2.1 | Effects of Field Strength

Analyses were performed to assess both the global and regional effects of field
strength on the brain tissue segmentation in cohort iii (Paper III).

A general linear model (GLM) analysis was performed to examine the effects of
field strength on the total brain tissue volumes. In the analysis; field strength,
subject and session were included as fixed effects. Analyses of main effects were
performed where significance was found.

Regional differences in brain tissue volume estimation between 1.5 T and 3.0 T
were determined using voxel-wise t-tests of the tissue maps. Before calculating the
statistics, maps of WM, GM, and CSF were normalised to a standard stereotactic
space in Montreal Neurological Institute (MNI) coordinates using the T2-weighted
template available in SPM8. Synthetic T2-weighted images, which were smoothed
with an 8 mm Gaussian kernel to reduce the individual anatomical details, were
used as source images to calculate the transformation matrix. A 12-parameter
(translation, rotation, shear, zoom) affine regularisation was used to transform
the synthetic T2-weighted images of each subject to the template. The resulting
transformation matrices were then applied to the WM, GM, and CSF maps. The
resulting maps were re-gridded to 2x2x2 mm3 voxel size to obtain an isotropic
data-set. Voxel-wise differences between maps acquired at 1.5 T and 3.0 T were
estimated by one-tailed paired t-tests of each tissue type. The resulting t-maps were
initially thresholded at p=0.001, uncorrected for multiple comparisons. Based on
those initially thresholded maps, ROI analyses were made of regions representing
the different divisions of the brain: the frontal, temporal, parietal, occipital, and
the limbic lobes; the latter including the cingulate cortex and the hippocampal
formation; as well as the cerebellum (anterior and posterior lobes), pons, medulla,
midbrain, i.e. the upper brain stem, and the sub-lobar regions comprising the
thalamus and the basal ganglia. The results are reported as significant if cluster
p<0.001, Family Wise Error (FWE) corrected, and cluster size was at least 20
voxels.

Voxel-wise t-tests were performed using SPM8 (Wellcome Department of Imaging
Neurosience, London, UK, 2009).
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2.4.3 | Analysis of qMRI MS Data

In cohort iv three different sets of statistical tests were performed (Paper IV). First,
descriptive statistics were calculated for qMRI measurements of the tissue types
WM in healthy controls, NAWM in both groups of MS patients, DAWM in both
groups of MS patients, and WM lesions in both groups of MS patients, where
available. Comparisons were performed using two separate general linear models
(GLM1 and GLM2) where subject and ROI were included as random effects in the
analysis. In GLM1, the tissue types NAWM, DAWM, and WM lesions were compared
to WM in healthy controls. Analyses were performed for each group of MS patients
separately. In GLM2, the same tissue type was compared between the two MS
groups (e.g. DAWM in MRIpos compared to DAWM in MRIneg).

Second, correlations were calculated between the qMRI measurements in NAWM
and DAWM and a battery of clinical parameters (see Table 2.2). Correlations were
also calculated between qMRI measurements and NAWM metabolite concentrations
in the same subjects, previously reported in (162). In these subjects a second qMRI
measurement was also performed inside the MRS VOIs, and correlations between
the qMRI measurements and WM metabolite concentrations were also calculated in
the same VOIs. Initially, Pearson correlations were calculated for all variables, and
Spearman correlations were subsequently calculated for EDSS and MSSS scores, if
significant, to verify the findings.

Third, regression analyses were performed in both MS groups combined to assess
associations between qMRI measurements and BPF, EDSS and MSSS. The analyses
were reported in Paper IV, except associations between qMRI measurements and
EDSS, which are previously unpublished.

Statistical Analyses performed in SPSS Statistics 21 (IBM, USA, 2013).

Notes
6The reference number for the approval was Dnr: M88-07 T93-08.

799.9% D2O, ρ = 1.107 g/mL at 25 ◦C.
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3.1 | QMRI of the Brain

Absolute quantification of T1, T2, and PD was performed on all subjects in all
cohorts, using the QMAP sequence. Representative qMRI maps of one slice in
a healthy subject from cohort ii are shown in Figure 3.1 Furthermore, synthetic
contrast images were calculated for the same slice, shown in Figure 3.2.

(A) (B) (C)

(D) (E) (F)

Figure 3.1: Sample qMRI maps from a healthy 25-year-old male subject (at 3.0 T); (A)
T1-map, (B) T2-map, (C) PD-map, (D) R1-map, (E) R2-map, (F) reference synthetic T2-
weighted image, calculated from the qMRI maps (Images generated with SyMRI 0.9.12).

Table 3.1 summarises the pure brain tissue clusters, measured in cohort i, for
various anatomies of the brain. These values corresponded well with the literature.
The average values of WM varied across the brain and T1 was shorter in the frontal
WM than in the occipital WM, while T2 was slightly higher in the central WM.
The thalamus showed varying values across the tissue and the values of its centre
are reported. Most voxels containing cortical GM were affected by partial volume
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(A) (B) (C)

(D) (E) (F)

Figure 3.2: Sample synthetic MR images compared to conventional images, from a healthy
25-year-old male subject (at 3.0 T); (A,D) T2-weighted images, (B,E) FLAIR images, and
(C,F) T1-weighted images. The top row, (A-C) shows the synthetic images, and the bottom
row, (D-F) shows the conventional images. The lower imaging resolution of the synthetic
images can clearly be seen (Synthetic images generated with SyMRI 0.9.12).

effects with CSF or WM, and the absolute GM value was therefore difficult to
retrieve. The PD of CSF appeared higher than the expected 100 pu. Even so, the
average pure brain tissue values for the healthy subjects in cohort i were within a
narrow range.

The QMAP sequence results from a single slice of the brain in one of the healthy
subjects were compared to the gold standard measurements of T1 and T2. The
gold standard measurements of T1 and T2 were also combined to estimate PD, and
the results were compared to the PD estimated from the QMAP sequence. Results
from these comparisons are reported in Paper I, Figure 5. The mean difference for
the measured T1 values, comparing QMAP with IR, was 6.2%. The mean difference
for the measured T2 values, comparing QMAP with multi-echo spin echo was 5.2%.
The mean difference of the values for PD was 12.1%.
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Anatomy T1 T2 PD
(ms) (ms) (pu)

Frontal WM 561 ± 12 73 ± 2 66 ± 1
Occipital WM 589 ± 19 78 ± 3 67 ± 4
Genu 556 ± 15 72 ± 4 64 ± 3
Splenium 598 ± 11 83 ± 7 66 ± 3
Cortex 1048 ± 61 94 ± 6 88 ± 4
Thalamus 738 ± 39 76 ± 2 79 ± 2
Putamen 832 ± 25 75 ± 3 88 ± 3
Head of caudate nucleus 917 ± 43 82 ± 2 91 ± 2
CSF 3940 ± 340 1910 ± 520 103 ± 3

Table 3.1: Pure brain tissue clusters, measured in the 10 healthy subjects of cohort i. Average
± SD are reported for T1, T2 and PD of the average from each ROI.

MR Scanner RMS Error SD
T1 T2 PD T1 T2 PD
(%) (%) (%) (%) (%) (%)

Philips 1.5 T 4.34 13.55 13.12 0.84 1.39 6.07
Philips 3.0 T 12.71 7.96 15.43 2.55 2.61 5.98
GE 1.5 T 5.66 20.65 19.32 1.68 2.08 3.56
GE 3.0 T 11.13 9.96 46.64 1.08 1.40 4.02

Table 3.2: Root-mean-square (RMS) error and inter-subject SD for phantom measurements
at four different MR scanners.

3.1.1 | Phantom Measurements

Phantom measurements were performed in order to compare T1 and T2 values
from the QMAP sequence with gold standard measurements and to compare PD
values to known reference values. Measurements were performed on four MR
scanners at two different field strengths, and repeated five times. RMS error and
inter-subject SD for all measurements in all MR scanners are reported in Table
3.2. Bland-Altman plots of T1 and T2 compared to the gold standard, as well as
regression plots of PD compared to reference values are shown in Figure 3.3.

3.2 | Brain Tissue Segmentation

Brain Tissue segmentation was performed on all subjects in cohorts ii and iii.
Representative results of WM, GM, CSF and NON segmentation in vivo performed
with different geometries are shown in Figure 3.4. Representative results for brain
tissue segmentation at the two field strengths, 1.5 T and 3.0 T, are shown in Figure
3.5.
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Figure 3.3: Comparisons of T1 and T2 to gold standard measurements and PD to reference values
in four different MR scanners. T1 and T2 results are shown as Bland-Altman plots were the limits
of agreement and measurements mean (bias) are shown as dashed lines. PD results are shown as
regression plots. Note the different scales on the y-axes in the Bland-Altman plots.
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Figure 3.4: Segmentation results from axial (A, D, G, J), coronal (B, E, H, K), and sagittal
(C, F, I, L) acquisitions from a healthy 21-year-old female subject (at 1.5 T) in cohort ii.
The top row (A-C) shows WM in blue, the second row (D-F) shows GM in green, the third
row (G-I) shows CSF in purple, and the last row (J-L) shows NON in yellow overlaid on
synthetic T2-weighted images.
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Figure 3.5: Segmentation results from one axial slice from a healthy 29-year-old-female
subject in cohort iii comparing acquisitions at 1.5 T and 3.0 T. The top row (A-D) shows the
1.5 T results and the bottom row (E-H) shows the 3.0 T results. From left to right; (A, E),
synthetic T2-weighted images, (B, F) WM in blue, (C, G) GM in green, and (D, H) CSF in
purple. All segmentation maps where overlaid on synthetic T2-weighted images.

3.2.1 | Prior Knowledge

The presented brain tissue segmentation method required prior knowledge of pure
brain tissue cluster positions and the characteristics of partial volume voxels in
the R1-R2-PD space. Pure tissue clusters for the segmentation with different axial
resolutions and geometries were copied from the QMAP validation (Paper II) and
measured using ROIs (Paper III). Results from these ROI measurements at both
1.5 T and 3.0 T are reported in Table 3.3. The pure tissue cluster positions were
used in the subsequent partial volume simulations and in order to create the partial
volume lookup grids.

The partial volume simulations resulted in 3,000 multivariate clusters in the R1-R2-
PD space, one for each specific mixture of two tissues in the transitions WM↔GM,
WM↔CSF and GM↔CSF. The simulations were performed with three different
SNR settings, SNR = 10, SNR = 20 and SNR = 40, at 1.5 T. The procedure was
also performed for 1.5 T and 3.0 T separately. In these simulations the SNR was set
to 20. The results of the simulations with different SNR settings and field strengths
are shown in Figure 3.6. The indicated ellipses enclose 95% of the R1-R2-PD
estimates from the Monte Carlo simulations. The clusters are symmetrical in the
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Anatomy n R1 R2 PD
ROIs (s−1) (s−1) (pu)

1.
5

T

Frontal WM 2 1.67 ± 0.09 13.55 ± 0.63 64.86 ± 2.04
Peritrigonal WM 2 1.64 ± 0.12 12.66 ± 0.90 62.03 ± 3.07
Centrum semiovale 2 1.51 ± 0.08 11.80 ± 0.56 68.53 ± 1.75
Genu 1 1.78 ± 0.14 14.23 ± 0.73 59.88 ± 2.26
Splenium 1 1.58 ± 0.12 12.46 ± 0.79 65.33 ± 2.92
Average WM 8 1.62 ± 0.14 12.84 ± 1.09 64.51 ± 3.77
Frontal cortex 2 0.81 ± 0.08 10.29 ± 0.59 88.06 ± 3.76
CSF 2 0.24 ± 0.01 0.87 ± 0.55 103.76 ± 3.54

3.
0

T

Frontal WM 2 1.39 ± 0.06 14.49 ± 0.57 66.31 ± 1.46
Peritrigonal WM 2 1.41 ± 0.08 13.57 ± 0.89 63.14 ± 2.90
Centrum semiovale 2 1.31 ± 0.04 12.77 ± 0.56 68.27 ± 1.51
Genu 1 1.46 ± 0.07 15.29 ± 0.58 63.72 ± 1.46
Splenium 1 1.38 ± 0.09 13.11 ± 0.83 65.61 ± 2.37
Average WM 8 1.38 ± 0.08 13.76 ± 1.10 65.60 ± 2.84
Frontal cortex 2 0.77 ± 0.08 10.69 ± 0.76 86.88 ± 2.86
CSF 2 0.32 ± 0.09 0.79 ± 0.59 94.40 ± 6.59

Table 3.3: Pure brain tissue clusters, measured in the 10 healthy subjects of cohort iii, at
both 1.5 T and 3.0 T field strengths. Average ± SD are reported for R1, R2 and PD from
each ROI.

R1-R2 plots, indicating a low correlation between R1 and R2. In the R1-PD and
R2-PD plots, however, the clusters are tilted, which indicates correlation of R1 and
R2 with PD. Skewness and Kurtosis measurements indicated that the tissue clusters
were normally distributed in the R1-R2-PD space.

The lookup grids, which were subsequently used in the brain tissue segmentation,
were created from the measured pure tissue clusters and the partial volume simu-
lations. When the 95% prediction ellipses of the 3,000 simulated partial volume
clusters were joined together in the R1-R2-PD space, curved bands were formed.
In Figure 3.7 these lookup grids, two for 1.5 T, and one for 3.0 T are shown. The
lookup grids were defined so that 95% of the in vivo brain voxels containing WM,
GM and CSF, acquired at a noise level of SNR = 20, were expected to fall within
the indicated regions. Figure 3.7 also shows simulation results without added noise.
These results are shown as curves between the mean values of the pure brain tissue
clusters.

3.2.2 | Volume Measurements

The average ± SD as well as within-subject standard deviation, sw, repeatability
and coefficients of variation (CV) for volume measurements are listed in Table
3.4. Results from cohort ii are reported for all the axial acquisitions at different
resolutions, as well as only the 2.0-mm acquisitions at different geometries. Results
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Figure 3.6: Simulated pure tissue clusters WM, GM, CSF, and the mixtures of 50% WM/GM,
50% WM/CSF and 50% GM/CSF shown in the R1-R2-PD space. Projections on (A, D) R1-R2,
(B, E) R1-PD, (C, F) R2-PD planes. The top row, (A-C), shows simulations at the different
noise levels, SNR = 10, SNR = 20 and SNR = 40. The lowest SNR gave the widest ellipses.
The bottom row, (D-F), shows simulations at 1.5 T and 3.0 T. Coloured clusters are for 3.0
T and corresponding grey clusters are for 1.5 T. Contour lines show the 95% prediction
ellipses.

from cohort iii are reported for 1.5 T and 3.0 T separately. In cohort ii Kendall’s τ
indicated that no relation existed between the magnitude and standard deviation of
the measurements (τ < 0.25, P > 0.3). In cohort iii the Shapiro-Wilk test indicated
that tissue volumes were normally distributed.

3.2.2.1 | Field Strength

In cohort iii, further analysis was performed using the GLM to compare 1.5 T
and 3.0 T segmentation. The results revealed statistically significant differences
in total volume between the field strengths for WM (p<0.001), GM (p<0.001),
CSF (p<0.001), BPV (p<0.001), and BPF (p<0.001) but not for NON and ICV.
Analyses of main effects showed that WM was underestimated, while GM and CSF
were overestimated, on 1.5 T compared to 3.0 T. The differences are detailed in
Table 3.5. Bland-Altman plots comparing the results for each tissue volume at the
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Figure 3.7: Lookup grids formed when joining the 3,000 simulated partial volume clusters
appear as dashed lines. The transition GM↔WM is shown in green, WM↔CSF in red and
GM↔CSF in blue. The top panels (A-C) show the lookup grid used to segment images in
cohort ii, the middle panels (D-F) show the lookup grid used to segment the 1.5 T images in
cohort iii and the bottom panel (G-I) show the lookup grid for 3.0 T images in cohort iii.
The solid lines show simulations without added noise, where each diamond represents a
change of 20% tissue fractions, and each dot represents a change of 10% tissue fractions.
Projections on (A, D, G) the R1-R2 plane, (B, E, H) the R1-PD plane, and (C, F, I) the R2-PD
plane.
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Subject WM GM CSF NON ICV BPV BPF
(mL) (mL) (mL) (mL) (mL) (mL) (%)

co
ho

rt
ii

ax
ia

l 1
.0

-2
.0

m
m

F38 705±14 619±9 121±2 14±6 1444±9 1323±7 91.65±0.12
F26 732±16 663±16 127±2 12±1 1522±7 1395±6 91.68±0.10
F24 546±6 495±9 162±2 14±2 1203±4 1041±4 86.51±0.15
F23 556±8 633±4 113±4 9±1 1301±9 1188±6 91.33±0.23
F21 553±36 674±37 149±5 10±3 1375±9 1226±6 89.17±0.32
M32 796±18 714±18 127±8 15±4 1637±22 1510±14 92.23±0.41
M29 623±8 625±11 159±2 16±1 1407±6 1248±6 88.72±0.11
M28 622±18 667±19 149±13 15±1 1439±15 1289±4 89.63±0.81
M26 778±10 715±7 171±1 15±2 1664±10 1493±9 89.73±0.06
M23 678±12 704±11 169±3 13±2 1552±11 1382±8 89.09±0.12

sw 16.67 16.62 5.58 2.81 11.29 7.54 0.33
rep. 46.18 46.05 15.46 7.78 31.27 20.87 0.90
CV 0.023 0.021 0.030 0.18 0.0069 0.0052 0.0027

co
ho

rt
ii

ax
,c

or
,s

ag

F38 716±41 621±42 110±11 13±2 1445±7 1334±11 92.38±0.77
F26 759±68 647±72 115±13 14±2 1521±12 1406±10 92.44±0.79
F24 512±35 537±46 162±3 13±2 1211±10 1049±12 86.63±0.36
F23 516±44 681±48 101±14 8±0 1298±8 1197±6 92.19±1.01
F21 587±27 647±32 131±15 10±3 1366±14 1234±10 90.39±1.03
M32 768±46 742±45 109±19 15±4 1619±22 1510±3 93.26±1.11
M29 627±9 633±17 512±8 18±2 1412±13 1260±15 89.26±0.55
M28 596±48 699±61 133±8 18±2 1429±6 1296±12 90.68±0.60
M26 736±52 771±55 159±13 21±7 1666±8 1507±5 90.47±0.74
M23 656±47 742±53 158±12 13±3 1555±6 1398±9 89.85±0.76

sw 44.30 49.08 12.44 3.02 11.63 9.83 0.80
rep. 122.71 135.96 34.45 8.35 32.21 27.24 2.23
CV 0.064 0.070 0.094 0.17 0.0073 0.0072 0.0085

co
ho

rt
ii

i

1.
5

T

F29 540±3 697±4 155±1 13±0 1405±2 1250±2 88.95±0.07
F27 448±3 713±4 156±0 10±0 1328±2 1171±1 88.20±0.00
F26 452±8 723±9 131±2 8±0 1314±1 1183±1 90.10±0.14
F25 564±1 768±1 166±3 12±1 1511±1 1345±1 89.00±0.14
F24 505±3 774±0 104±0 13±1 1396±2 1292±2 92.55±0.07
F21 383±0 679±2 80±0 9±0 1151±2 1071±2 93.05±0.07
M25 568±0 840±1 177±0 12±0 1598±1 1420±1 88.90±0.00
M23 556±3 839±0 170±0 15±0 1580±2 1410±2 89.20±0.00
M23 596±1 911±3 206±1 22±1 1735±0 1530±2 88.15±0.07
M21 521±7 824±7 130±1 11±0 1486±1 1357±1 91.25±0.07

sw 3.75 4.23 1.19 0.50 1.66 1.72 0.08
rep. 10.38 11.73 3.29 1.39 4.59 4.76 0.22
CV 0.0057 0.0043 0.0059 0.0329 0.0011 0.0013 0.0007

co
ho

rt
ii

i

3.
0

T

F29 611±5 659±8 127±9 12±2 1409±8 1282±1 91.00±0.57
F27 509±4 684±2 127±9 9±1 1329±4 1202±6 90.45±0.64
F26 517±17 680±4 107±0 8±0 1312±13 1205±13 91.85±0.07
F25 620±3 741±8 135±4 11±0 1508±1 1373±5 91.05±0.21
F24 564±7 746±14 81±2 10±2 1402±3 1321±6 94.20±0.14
F21 438±6 644±4 57±1 9±0 1149±4 1092±2 95.00±0.14
M25 633±9 807±13 137±0 8±0 1586±5 1448±4 91.35±0.07
M23 645±25 763±6 142±6 18±1 1568±13 1426±20 90.95±0.49
M23 671±1 871±20 167±15 23±3 1732±2 1565±17 90.35±0.92
M21 592±4 769±6 104±1 14±0 1480±11 1375±10 93.00±0.00

sw 10.59 9.95 6.78 1.34 7.83 10.26 0.44
rep. 29.33 27.57 18.77 3.71 21.70 28.42 1.21
CV 0.0141 0.0111 0.0371 0.0716 0.0045 0.0061 0.0036

Table 3.4: Segmentation results for the 20 healthy subjects in cohort ii and cohort iii. The columns list the average
± SD for each subject. The last rows of each section tabulate the within-subject SD, sw, the repeatability and the
coefficient of variation (CV). The first section shows segmentation results for cohort ii when all the axial acquisitions
with resolutions 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 mm were considered. The second section shows segmentation results
for cohort ii when only the 2.0-mm acquisitions in the three planes; axial, coronal and sagittal, were considered. The
last two sections show results for cohort iii at 1.5 T and 3.0 T separately.
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Tissue Mean Diff. RMSE Mean Diff. 95% CI of Diff.
1.5 T - 3.0 T (mL) (mL) (%) of 1.5 T (mL)

WM -66 68 -12.85 [-72, -61]
GM 40 43 5.15 [34, 47]
CSF 29 30 19.66 [26, 33]
NON 0 2 0.00 [-1, 1]
ICV 3 7 0.21 [-1, 7]
BPV -26 27 -2.00 [-31, -22]
BPF (%) -1.99 2.00 -2.21 [-2.18, -1.79]

Table 3.5: Results from pair-wise comparisons of tissue volumes between the 1.5 T and 3.0
T segmentation in cohort iii.

two field strengths are shown in Figure 3.8.

The voxel-wise comparisons of tissue maps at 1.5 T and 3.0 T revealed regional
differences in WM, GM and CSF volume estimations. In general, differences
occurred in deep brain structures where tissue classified as mostly GM at 1.5 T
was instead classified as mostly WM at 3.0 T. Statistically significant differences for
CSF were only found in one small region close to the midline anterior cingulate

(A) (B) (C)

(D) (E) (F)

Figure 3.8: Bland-Altman plots comparing volumes between 1.5 T and 3.0 T measured in
cohort iii. Volumes of (A) WM, (B) GM, (C) CSF, (D) NON, (E) ICV and (F) BPV.
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gyrus in the limbic lobe (cluster size 26 voxels). Statistically significant regional
differences in WM and GM estimation between 1.5 T and 3.0 T were found in
bilateral and symmetrical regions in the following structures: the cerebellum, the
anterior parts of the hippocampal formation, dorsal parts of the medulla and pons,
midbrain structures comprising the thalamus, substantia nigra, red nucleus, and
the dorsal midbrain tegmentum, as well as in several clusters in sub-lobar WM
and GM including the putamen. Figure 3.9 shows the results of the voxel-wise
t-test where the WM estimate was significantly greater at 3.0 T compared to 1.5 T,
the regions where GM estimates were significantly larger at 1.5 T were virtually
symmetrical.

3.2.3 | Application in MS

One MS patient from cohort iv was segmented using the lookup-grid created from
the QMAP pure tissue cluster measurements ((A-C) in Figure 3.7). One example
slice from the brain tissue segmentation of WM, GM, CSF and NON is shown in
Figure 3.10. A synthetic T2-weighted image was included for visual guidance.
Partially liquefied periventricular lesions are visible in the T2-weighted image. In
the tissue segmentation these were attributed to NON and CSF. The tissue volumes
of the MS patient were estimated to be: WM 517 mL, GM 485 mL, CSF 380 mL,
NON 24 mL, ICV 1407 mL, BPV 1026 mL and the BPF was 73.0%. The ICV was
comparable to that of healthy subjects. The WM and GM volumes, however, were
lower, and CSF volume was higher. The resulting BPF was substantially lower than
that of healthy subjects. NON was higher in the MS patient than in any of the
healthy subjects from cohort ii and iii.

3.3 | QMRI in MS

NAWM was present, and measured, in all MRIpos and MRIneg patients. DAWM
was present in all MRIpos patients, and in 12 of the MRIneg patients. WM lesions
were found in all MRIpos patients, and in nine of the MRIneg patients. No WM
lesions at all were observed in six of the MRIneg patients, and DAWM was not
observed in three of the MRIneg patients.

Descriptive statistics and results of the group comparisons, both comparing MS
patients to healthy controls and also comparing MRIneg to MRIpos, are presented
in Table 3.6. BPF was significantly lower in the MRIpos group compared to the
healthy controls, but this was not observed in the MRIneg group (see Table 2.2).
Details of the qMRS measurements are reported elsewhere, see Tisell et al. (162).
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Figure 3.9: Results from voxel-wise t-tests comparing brain tissue segmentation from all
10 subjects in cohort iii between 1.5 T and 3.0 T. Statistically significant differences are
indicated where WM volume is estimated to be larger in the 3.0 T system.
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Figure 3.10: Segmentation results from a 45-year-old female MS patient in cohort iv (at 1.5
T). Segmentation maps are shown in (A-D), where (A) shows WM in blue, (B) shows GM
in green, (C) shows CSF in purple and (D) shows NON in yellow. A synthetic T2-weighted
image is shown for reference in (E). Several partially liquefied lesions are visible (red
arrows in (E)). These were segmented as NON with a CSF centre. There are also some GM
misclassifications visible around the lesions.
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Group Tissue n R1 R2 PD
subjects (s−1) (s−1) (pu)

HC WM 20 1.65 ± 0.10 12.87 ± 0.66 65.83 ± 1.66

MRIpos NAWM 20 1.61 ± 0.13 12.74 ± 1.01 66.60 ± 3.04
DAWM 20 1.22 ± 0.19*** 8.80 ± 1.30*** 76.91 ± 5.08***
Lesion 20 1.09 ± 0.11*** 7.97 ± 0.91*** 82.16 ± 3.78***

MRIneg NAWM 14 1.57 ± 0.10* 12.64 ± 0.66 68.59 ± 2.23***†
DAWM 12 1.25 ± 0.15*** 9.24 ± 0.70*** 75.63 ± 4.21***
Lesion 9 1.18 ± 0.11*** 9.46 ± 0.82***† † † 78.69 ± 3.36***†

Table 3.6: Descriptive statistics and group comparisons for tissue types in cohort iv. Stars
indicate p-levels of comparisons to WM in healthy controls, and daggers indicate p-levels
of comparisons of the same tissue type in MRpos- and MRIneg groups.* p<0.05 compared
to WM in healthy controls, ** p<0.01 compared to WM, *** p<0.001 compared to WM.
† p<0.05 compared to the same tissue type in MRIpos, †† p<0.01 compared to the same
tissue type in MRIpos, † † † p<0.001 compared to the same tissue type in MRIpos.

3.3.1 | Normal Appearing White Matter

NAWM ROIs could be placed parietally in the centrum semiovale, similarly to
placements of WM ROIs in the healthy controls.

Statistical analysis revealed that NAWM in the MRIneg group had significantly
lower R1 and higher PD than WM in the healthy controls. Moreover, NAWM in the
MRIneg group had significantly higher PD than in the MRIpos group. NAWM in the
MRIpos group, on the other hand, was not significantly different from WM in the
healthy controls.

No correlations between the qMRI properties of NAWM and clinical parameters
were observed in the MRIneg group. In contrast, R1 and R2 in the MRIpos group
were negatively correlated with EDSS (p<0.05) and MSSS (p<0.05), and these
correlations were confirmed when the Spearman correlations were calculated.
Furthermore, a significant positive correlation between R1 of NAWM in MRIpos
and tCho-Aq concentration (p<0.05) was also observed. Correlation analysis
of qMRI measurements and qMRS measurements inside the MRS VOIs revealed
negative correlations between R1 and R2 of NAWM in the MRIneg group and tNA-
Aq concentration (p<0.05). In contrast, such correlations were not observed in
the MRIpos group. Positive correlations were also obtained between R1 of NAWM
in MRIpos and tCho-Aq concentration (p<0.05). Finally, a positive correlation
was detected between R2 of WM in healthy controls and mIns-Aq (p<0.05), and
a negative correlation was detected between PD of WM in healthy controls and
mIns-Aq (p<0.05).
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Regression analyses revealed no associations between any qMRI properties of
NAWM and BPF, MSSS or EDSS when both MS groups were pooled.

3.3.2 | Diffusely Abnormal White Matter

DAWM was mostly detected in periventricular WM, and only rarely in the centrum
semiovale. DAWM was observed in proximity to focal WM lesions, but also in areas
with no visible WM lesions. DAWM was detected in the majority of the MRIneg
patients with very few or no focal WM lesions. Such DAWM usually extended over
large areas, and the border with NAWM was not clearly distinguishable. DAWM
ROIs could be placed avoiding the borders with NAWM, as has been suggested by
Seewann et al. (157).

Statistical analysis revealed that DAWM was significantly different from WM in
healthy controls, in both MS groups for all qMRI measurements. Conversely, no
statistically significant difference in DAWM was detected between the two MS
groups.

When correlating qMRI properties of DAWM with clinical parameters, a significant
negative correlation was found between age and R2 of DAWM in the MRIneg group
(p<0.05). No other significant correlations were detected.

Regression analyses revealed an association between R2 of DAWM and BPF
(β=0.038, p<0.05). No similar association was observed between the qMRI
properties of DAWM and MSSS or EDSS.
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4.1 | Present Work

In the present work a method for qMRI, capable of quantifying the complete brain
in about 5-8 minutes, was developed. This method was applied in two separate
applications; the first was the visualisation and volume calculation of brain tissues
in healthy subjects, and the second was the measurement and investigation of
qMRI properties in MS patients. The current work is summarised in Figure 4.1.
The qMRI method and the brain tissue segmentation were thoroughly validated in
control subjects and MR phantoms.

The most important findings of this work were that qMRI could be used for brain
tissue segmentation with high repeatability (Papers II and III), and that qMRI could
detect and quantify changes in MS that were not discernible using conventional
MR imaging (Paper IV).

Figure 4.1: The current work consisted of three parts, the first was the development of a
qMRI sequence for full brain quantification in a clinically acceptable time, the second part
was the development of a brain segmentation method based on qMRI. Finally, the qMRI
method was applied in MS patients to investigate qMRI properties in diseased brain tissue.

4.2 | QMRI for Brain Imaging

A novel qMRI method (QMAP) was developed and optimised to accommodate
clinical requirements for brain imaging. The method was a 2D multi-slice, multi-
echo and multi-saturation recovery MR sequence. The QMAP data was fitted with
an algorithm based on least-squares optimisation. The method was capable of
quantifying the clinically relevant properties T1 (or R1) relaxation, T2 (or R2)
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relaxation and proton density (PD), with intrinsic B1-field correction. The main
challenge in qMRI, which has persisted for many years, has been the acquisition
time, which is too long to be clinically acceptable. The presented method performed
quantification of the full brain in a mere 5-8 minutes.

The in vivo QMAP quantification corresponded well with gold standard qMRI mea-
surements and literature references. Brain tissue was heterogeneous throughout
the brain and varied depending on region, both for WM and GM. CSF on the
other hand, was less heterogeneous. Even so, healthy brain tissues exhibited a
narrow range of qMRI properties, agreeing with previous studies on qMRI of the
brain (117,129,130).

QMAP was further validated using phantom measurements, in which it was found
that the RMS error of the qMRI measurements was in the order of 5-20% in four
separate MR scanners of two vendors (Philips and GE) at two field strengths (1.5 T
and 3.0 T). One of the measurements, PD measured at the GE 3.0 T system, did
show a larger RMS error. Conversely, this was not detected in either the Philips 3.0
T system or the GE 1.5 T system, indicating that this may have been related to the
specific scanner. Bland-Altman analysis revealed systematic errors in T1 and T2
measurements for long relaxation times, compared to gold standard measurements.
This was detected in all systems for relaxation times which are longer than those of
healthy WM and GM, but not longer than relaxation of CSF. One reason for this
may be that QMAP is based on steady-state acquisition where full relaxation does
not have time to occur. This effect is normally outside the clinically relevant range,
but caution should be exercised when longer relaxation times are of interest, such
as e.g. in oedema where the water contents of the tissue increase and the relaxation
times are prolonged. Within the clinical range the phantom measurements showed
that QMAP had high accuracy and precision.

The relatively short acquisition time combined with high accuracy and precision
makes QMAP an interesting method for clinical applications. A second hurdle,
which was also addressed in this work, is the visualisation of qMRI properties in
a clinically relevant way. One straightforward approach to maintain the common
conventional MR images while performing quantification is to utilise synthetic MR.
This approach, which was suggested in the eighties (46), allows the calculation of
synthetic contrast images mimicking the appearance of conventional MRI. There
are, however, differences in conventional MR images and synthetic contrast images
that should be considered. Although the images are deceivingly similar, some
studies have reported higher contrast in synthetic images (53,54), deviations in
FLAIR images (55), and high levels of noise (54). Synthetic MRI has the potential
to reduce the overall examination time by synthesis of multiple contrast images
from the same qMRI acquisition. A standard MR imaging protocol may be as long



78 4 Discussion

as 15 minutes, compared to the 8 minutes for QMAP.

A more intuitive approach is that of brain tissue segmentation, where real physi-
ological tissue maps and volumes are calculated from the qMRI properties. This
subject is discussed later on.

4.2.1 | Limitations

Even though qMRI has several advantages compared to conventional MRI, it also
presents new challenges. In particular the implementation of qMRI has greater
requirements of specificity and precision than conventional MRI because of the
desire to acquire real absolute quantitative measurements. In qMRI, many of
the sources of inhomogeneities and imperfections in the MR scan are of great
concern, even though these do not matter as much when acquiring contrast images.
In particular, the inhomogeneity of the RF pulses, B1-field, must be considered
and compensated for. Also, MR artefacts, such as spurious echoes caused by off-
resonance spins, and cross-talk between slices in 2D acquisition have a greater
effect on qMRI than on conventional MRI.

Furthermore, it is well known that brain tissues exhibit multi-exponential T1 (67)
and T2 relaxation (70,71), reflecting the underlying water compartments in the
microscopic environment. When a single mono-exponential relaxation is assumed,
as is done in QMAP, the actual estimated values of T1 and T2 depend to some
degree on the specific number of echoes used, the number of saturation delays, the
echo times, and the saturation delay times. Shorter times favour short relaxation
components whereas long times favour the longer relaxation components, resulting
in shifts of the estimated T1 and T2 values. Few time-points and mono-exponential
fits are therefore limited (61). While increasing the SNR, by more acquisition time
for each raw image, this is at the expense of quantitative value.

4.3 | Brain Tissue Segmentation

In this work a method for automated whole brain tissue segmentation and volume
estimation on a sub-voxel basis was implemented. The acquisition strategy was
based on qMRI and the segmentation procedure was carried out in the R1-R2-PD
space, similar to the approach of Alfano et al. (117). The segmentation procedure
required prior knowledge of pure tissues and partial volume voxels. This was
determined using ROI measurements and Bloch simulations. The prior knowledge
was subsequently used to construct lookup grids which related R1, R2 and PD
values of in vivo voxels to tissue fractions of WM, GM and CSF. The segmentation
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procedure was implemented for both 1.5 T and 3.0 T scanners and validated in 20
healthy controls. All controls were scanned on the 1.5 T and 10 were scanned on
both the 1.5 T and 3.0 T.

There are significant advantages in using qMRI for brain tissue segmentation. First,
the qMRI acquisition is quantitative and therefore the segmentation procedure is
based on real physical properties of the tissue itself and not the arbitrary grey-
scale of conventional MRI images. This, in principle, reduces the dependency
on the MR scanner hardware and settings and allows segmentation based on the
properties of the brain tissue itself. One major advantage is the reproducibility
across subjects, MR scanners and even across different sites. Furthermore, the sub-
voxel segmentation reduces the dependency on MR scanner acquisition resolution,
and allows for a significant decrease in scan time or, alternatively, an increase
in SNR. This was evident in the validation where acquisition at 1.0 mm in-plane
resolution gave similar results to acquisitions at the 2.0 mm in-plane resolution.

Even so, there is one dependency that is not removed in the qMRI acquisition.
That is the dependency on main magnetic field strength, which directly affects the
measured R1 and R2 rates (79,81,135). In general, R1 and R2 decrease when the
main magnetic field is increased; this relation is complex and depends on tissue
composition. Furthermore, in some cases the R1, R2 and PD values were similar
for different tissue mixtures. This generally occurred close to the ventricles where
partial volume voxels with WM and CSF were common. These voxels showed
similar characteristics to GM voxels in the R1-R2-PD space, and in the present
segmentation procedure a geometrical iteration was performed to replace these
voxels with the correct partial volume transition. This was challenging as there
are deep GM structures close to the ventricles, such as the caudate nucleus, which
should not be classified as WM↔CSF. Some misclassifications occurred in these
regions.

The SNR is difficult to determine in qMRI since the SNR of the acquired raw images
is not directly related to the SNR in the qMRI maps. For example some level of
noise may cause the fitting algorithm to become unstable. In the present work the
level of noise was empirically established by comparing the three simulated noise
levels of SNR = 10, SNR = 20 and SNR = 40 to in vivo acquired qMRI data. The
noise level of SNR = 20 most closely resembled in vivo data, and therefore this
level was chosen in the lookup grids. The same noise levels were used for 1.5 T
and 3.0 T. In general, the noise may be less on the 3.0 T scanner, but instead the
dynamic range of R1 and R2 values decreased, leading to similar segmentation
precision, and even lower repeatability than in the 1.5 T system.

Some differences in segmentation results were found across field strengths and
geometries. The differences were less or comparable to those reported in other
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popular segmentation methods. Pfefferbaum et al. (135) found regional volume
differences between 1.5 T and 3.0 T, where some structures were measured as being
up to 15% larger at 3.0 T, while other structures were instead down to 19% smaller,
when using an SRI24 atlas-based approach. In another study, Jovicich et al. (133)
found, when using the Freesurfer tool that both the magnitude and signs of regional
volume differences depended on brain structure and field strength. The volume
differences between field strengths in the current method were about 5-20% for
each tissue type and about 2% for the total brain volume. Interestingly, it seemed
that the volume estimations had some dependency on the angle of the image plane,
leading to differences in volume estimation between the axial, coronal and sagittal
acquisitions. A similar effect has recently been reported for T2* measurements of
WM where T2* depended on the angle of WM fibres to the B0-field (207).

The high precision of the presented method, together with the fast acquisition time
and sub-voxel classification, are promising for clinical applications, and this was
exemplified in one MS patient. In particular, the BPF was shown to be less in this
patient, which is consistent with other studies (124,125).

4.3.1 | Limitations

In practice there are limitations to qMRI, as discussed in section 4.2.1, and these
also affect the brain tissue segmentation. In particular, the mono-exponential
fitting results in a dependency on the qMRI acquisition settings, such as number
of echoes and timings. Because of this it was essential to use the same QMAP
sequence and scanner settings in all steps of the brain tissue segmentation, i.e. in
the determination of pure brain tissue clusters, in the Bloch simulations, and finally
in the acquisition of in vivo data.

Furthermore, one limitation of the segmentation procedure was the assumptions
involved in the creation of the lookup grids. These were (1) that there are at
most two tissues present in each voxel and (2) there is no interaction between
the tissues. In real brain tissue, on the other hand, several different tissues and
tissue compartments are present in the voxels, and the water protons are rapidly
exchanged between these compartments. This is highlighted in the four-pool tissue
model (83) and could be incorporated in the brain tissue segmentation in future
developments.

Since the R1, R2 and PD differences in tissue characteristics between the two field
strengths, 1.5 T and 3.0 T, were considered, using separate lookup grids, it was
expected that tissue volumes would be similar at both field strengths, but some
variations were found. These differences could to some degree be caused by the
complex relationship between R1 and R2 values and field strength, in different
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regions of the brain. When the bulk WM, GM and CSF is considered, as was done
in the presented segmentation method, regional information was lost. Regional
tissue characteristics may vary between 1.5 T and 3.0 T in a non-linear manner, and
this has been attributed to iron deposits in different anatomical regions (79,81).
Schenck et al. (81) found that the R2 dependence on field strength is greatest in
regions which are rich in iron concentration, and pointed out that the substantia
nigra and the red nuclei are prominent indicators of this phenomenon. One study
found that the dependence of R2 on field strength for ferritin, which accumulates
in deep brain nuclei, was linear (208), whereas another in vitro study found the
relation to be non-linear (209). These studies were, however, performed on low
field strengths. Furthermore, it has been shown that the increase of T1 and T2
(decrease of R1 and R2), which is dependent on the main magnetic field strength,
is higher in the globus palladius, the red nucleus, substantia nigra, the putamen,
the thalamus and the splenium, compared with relatively iron-depleted regions of
the mid brain (81). In the present study, regional voxel-wise t-tests were performed
to investigate the differences in brain tissue segmentation at 1.5 T and 3.0 T of
the whole brain, and the voxels which were differently classified closely resembled
these regions.

Finally, in the validation of the brain tissue segmentation a low number of young
and healthy subjects were investigated. The included subjects did not show any
signs of the degeneration or disease in the brain that would be expected in an
elderly group or patient group. Such degeneration includes changes due to tissue
atrophy and small unspecific age-induced changes in the WM. The segmentation
procedure was exemplified in one MS subject, and it was shown that the WM lesion
was classified as NON and CSF, which was expected. Other diffuse changes in MS,
such as the increase of PD in WM may result in misclassification between WM and
GM, which can be difficult to detect.

4.4 | QMRI in MS

We used qMRI to investigate diffuse WM changes in two groups of clinically definite
MS (CDMS) patients. One of the MS groups, MRIneg, showed very few focal WM
lesions in a previous clinical examination; this group was useful for investigating
WM in the absence of focal lesions. In this group of patients the clinical investigation
was thorough before a diagnosis of CDMS was made.

We included normal appearing white matter (NAWM), diffusely abnormal white
matter (DAWM), and focal WM lesions in the investigations. Comparisons were
performed both between MRIneg and typical MS patients with focal lesions, MRIpos,
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as well as with WM in healthy controls. Furthermore, correlation analyses were
performed between qMRI measurements and a battery of clinical parameters, and
metabolite concentrations in NAWM. The latter were measured using quantitative
magnetic resonance spectroscopy (qMRS), reported previously in (162). Finally,
regression analyses were performed to determine the associations between qMRI
measurements and BPF, MSSS and EDSS.

4.4.1 | Normal Appearing White Matter

Changes found in NAWM have previously been attributed to axonal disruption
(149, 172, 190, 191), but also to increased glia cell numbers, without evidence
for axonal loss (192). In the present study we did not observe any significant
difference between NAWM in MRIpos and WM in healthy controls, but NAWM in
the low-lesion MRIneg group was characterised both by significantly higher PD and
lower R1 than in normal subjects.

In the MRIpos group it was found that R1 and R2 of NAWM were correlated with
both EDSS and MSSS, something which may suggest that R1 and R2 are related to
brain atrophy.

A positive correlation was found between the tCho-Aq concentration of NAWM and
R1 in MRIpos patients. Since tCho has previously been shown to be a marker for
membrane turnover (174,175) this suggests that R1 may be related to this process.
Furthermore, the mIns-Aq concentration of WM in healthy controls correlated
negatively with R2 and PD. This could be due to an effect of age (162).

The MRS VOIs were large compared to the qMRI ROIs, and mean qMRI values
were also measured inside these volumes, and subsequently correlated with qMRS
measurements in the same volumes. An interesting observation was that there
was a negative correlation between R1 and R2 in the MRS VOIs with tNA-Aq
concentration in the MRIneg patients. This indicates that the tNA-Aq concentration
in these VOIs actually increased as R1 and R2 decreased. Since tNA is considered
a marker of neuronal density (138, 172–174) this result suggests that there was
a process of demyelination, indicated by decreased R1 and R2, without neuronal
loss in these patients. The neuronal density of the tissue (per volume) may in fact
increase as myelin diminishes, caused by a net shrinkage of the tissue, leading
to more axons inside the VOI. The correlation was not observed in the MRIpos
patients, indicating that these patients suffered from axonal loss as well in the
NAWM. This could be attributed to Wallerian degeneration, which is considered to
be secondary to focal WM lesions (149,156,159).
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4.4.2 | Diffusely Abnormal White Matter

Previously, changes in DAWM have been attributed mainly to Wallerian degenera-
tion. Seewann et al. (157) showed in their comprehensive histopathological study
that decreased R1 and R2 in DAWM were associated with axonal loss and decreased
myelin. In our present study, DAWM was observed in both the MS group with
typical MR presentation, and in the MS group with a low number of focal lesions.
Moreover, the qMRI properties of DAWM were similar in both groups. Since DAWM
was found to a large extent also in the group with a low number of lesions, this
might suggest that DAWM is not exclusively due to Wallerian degeneration, but
that it is also a process in the WM which to some extent is independent of the
presence of focal WM lesions.

One major finding of this study was that DAWM appeared to constitute an interme-
diary between focal WM lesions and NAWM for all qMRI measurements, in both
groups of MS patients. This is consistent with previous findings where Vrenken
et al. (158) showed that DAWM was an intermediary in T1 . This may reflect
the relative increase of the extracellular water of the tissues, where focal lesions
have the highest increase, DAWM has a less pronounced increase, and NAWM only
has a slight increase. This is supported by previous studies which have shown
that decreased R1 and R2 are linked to increased water contents due to increased
size of extracellular spaces caused by a combination of axonal loss and demyeli-
nation (156,157,171,190). This is also consistent with the observed increases of
PD. Conversely, the WM lesions detected in the MRIneg group were significantly
different from the lesions in the MRIpos group, the lesions in the MRIneg group
seem to constitute an intermediate between the MRIpos lesions and DAWM.

Another important finding was that DAWM was common in both groups of MS
patients. The MRIneg group had similar disability and clinical presentations as the
MRIpos group, even though the number of WM lesions was low and the BPF was
unaffected. Furthermore, focal WM abnormalities detected in the MRIneg group
were significantly different from the WM lesions detected in the MRIpos group.
These abnormalities were more like those in DAWM, and some of them may in fact
have been small regions of DAWM misinterpreted as focal lesions.

4.4.3 | Limitations

This study was cross-sectional and as such it was not possible to investigate changes
of qMRI properties over time, nor their relation to disease progression. Nevertheless,
associations between measurements and clinical parameters as well as metabolite
concentrations were observed.
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In the present study a single component of R1 and R2 was measured. In this way
the different compartments were averaged together and it was therefore difficult
to establish whether decreased R1 and R2 rates were due to loss of myelin or
increased water content.

4.5 | Future Perspective

The application of qMRI and the concept of absolute quantification of tissue proper-
ties are truly elegant. As MRI moves into the next decade it is time for a paradigm
shift from the qualitative to the quantitative. In order to facilitate this shift emphasis
must be on clinical evidence.

In the past decade the challenges of qMRI were those of acquisition speed, uncer-
tainty and reproducibility. New emerging sequences, such as the QMAP sequences
presented in this work, have bridged the gap to clinically acceptable times. Now,
as the qMRI sequences are in place and the accuracy and specificity have been
demonstrated, a second challenge is of increasing interest. Now that qMRI can
be performed in a clinical setting, the question is, what do these qMRI properties
mean? Do they relate to pathophysiological changes in disease? And most impor-
tantly how can they influence clinical research, diagnosis and in the end patient
care?

Figure 4.2: Future work should combine the concepts of brain tissue segmentation, devel-
oped in the present work, with knowledge of qMRI in MS, in order to create the brain tissue
segmentation for the MS disease. This may well give further insights into the diffuse changes
in MS and show correlation with disease progression and disease status, something which is
much sought after today.
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The gap in clinical practice has moved from the technique to the clinical validation
and application. In this work, two applications of qMRI are demonstrated; brain
tissue segmentation and application in MS subjects. A future step that should be
taken based on this work is to combine the concepts of brain tissue segmentation
and the lessons learned on qMRI in MS, and extend the brain tissue segmentation
to MS patients, see Figure 4.2. Even though (as exemplified in Paper II), the
brain tissue segmentation was able to demonstrate focal WM lesions in MS, there
are, as we know, diffuse processes which may relate better to disease status and
disease progression. The brain tissue segmentation for MS patients should consider
these diffuse changes and must incorporate a model for the disease, similar to the
four-pool model. This holds great promise to supply surrogate measures for disease
progression; something which is much sought after today.

Moreover, this is only one of the possible applications of qMRI. As qMRI sequences
are becoming readily available in clinical settings, work should be carried out for
clinical validations and visualisations in brain disorders such as hydrocephalus,
dementia’s, brain tumours, and in normal ageing. Also, other anatomies could be
investigated with qMRI.

With all this said it is important to know the limitations of qMRI and keep the focus
on clinical evidence. The main challenge for the years to come is to understand the
connection between the qMRI properties of the tissue and underlying biology.
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Magnetic resonance imaging (MRI) is a sensitive technique to assess white matter
(WM) lesions in Multiple Sclerosis (MS), but there is a low correlation between
MRI findings and clinical disability. To date, mechanisms leading to permanent
disability in MS remain unclear and new techniques to assess changes in MS as
well as methods for brain tissue segmentation in neuro-degenerative diseases are
much sought after.

The present work describes one novel method of quantitative MRI (qMRI) for the
human brain (QMAP) and a segmentation method based on this. Furthermore, one
application in diseased human brain was demonstrated in MS patients.

One major finding of this work was that qMRI was able to detect and quantify
changes in the MS disease that were not visible using conventional MRI. In par-
ticular it was found that diffusely abnormal white matter (DAWM) appears to
constitute an intermediate between focal WM lesions and normal appearing white
matter (NAWM). Furthermore, the results suggest that diffuse changes in WM can
be caused by pathological processes that are not entirely attributable to Wallerian
degeneration.

The presented methods for qMRI and brain tissue segmentation are highly promis-
ing for application in different MR systems from different vendors and with different
field strengths, but the differences should preferably be considered before combin-
ing field strengths in the same study or in clinical practice.

In conclusion, this study showed that the QMAP method had high accuracy and
relatively high precision, within a clinically acceptable time. This work also demon-
strated that qMRI could be used for brain tissue segmentation and volume esti-
mation of the whole brain, using pre-defined tissue characteristics. The results
showed that brain tissue segmentation had high intra-scanner repeatability, which
was somewhat lower when different geometries were acquired, or different field
strengths used. In particular, differences were found between 1.5 T and 3.0 T in
deep brain structures, the cerebellum and the brain stem. The difference in total
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brain volume was, however, less than that of individual tissues, since differences in
WM and GM had different signs.

This work leads the way for early clinical applications of qMRI, but much work
remains. The challenge for the years to come is to understand the connection
between the qMRI properties of the brain and underlying biology.
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