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Abstract

ABSTRACT
Teemu Paavilainen
MAGNETIC RESONANCE IMAGING METHODS IN THE FOLLOW-UP OF
MULTIPLE SCLEROSIS AND IN FABRY DISEASE
From the Department of Diagnostic Radiology
University of Turku, Turku, Finland
Annales Universitatis Turkuensis SER. D TOM.1074, Painosalama Oy,Turku, Finland 2013
ISBN 978-951-29-5422-3 (PRINT), ISBN 978-951-5423-0 (PDF), ISSN 0035-9483
Multiple sclerosis (MS) is a chronic immune-mediated inflammatory disorder of the central
nervous system. MS is the most common disabling central nervous system (CNS) disease
of young adults in the Western world. In Finland, the prevalence of MS ranges between
1/1000 and 2/1000 in different areas.
Fabry disease (FD) is a rare hereditary metabolic disease due to mutation in a single gene
coding α-galactosidase A (α-gal A) enzyme. It leads to multi-organ pathology, including
cerebrovascular disease. Currently there are 44 patients with diagnosed FD in Finland.
Magnetic resonance imaging (MRI) is commonly used in the diagnostics and follow-up of
these diseases. The disease activity can be demonstrated by occurrence of new or
Gadolinium (Gd)-enhancing lesions in routine studies. Diffusion-weighted imaging (DWI)
and diffusion tensor imaging (DTI) are advanced MR sequences which can reveal
pathologies in brain regions which appear normal on conventional MR images in several
CNS diseases.
The main focus in this study was to reveal whether whole brain apparent diffusion
coefficient (ADC) analysis can be used to demonstrate MS disease activity. MS patients
were investigated before and after delivery and before and after initiation of diseasemodifying treatment (DMT). In FD, DTI was used to reveal possible microstructural
alterations at early timepoints when excessive signs of cerebrovascular disease are not yet
visible in conventional MR sequences.
Our clinical and MRI findings at 1.5T indicated that post-partum activation of the disease
is an early and common phenomenon amongst mothers with MS. MRI seems to be a more
sensitive method for assessing MS disease activity than the recording of relapses. However,
whole brain ADC histogram analysis is of limited value in the follow-up of inflammatory
conditions in a pregnancy-related setting because the pregnancy-related physiological
effects on ADC overwhelm the alterations in ADC associated with MS pathology in brain
tissue areas which appear normal on conventional MRI sequences.
DTI reveals signs of microstructural damage in brain white matter of FD patients before
excessive white matter lesion load can be observed on conventional MR scans. DTI could
offer a valuable tool for monitoring the possible effects of enzyme replacement therapy in
FD.
Keywords: Multiple sclerosis, pregnancy, Fabry disease, magnetic resonance imaging,
diffusion-weighted imaging, diffusion tensor imaging
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MS-tauti on yleisin immuunivälitteinen keskushermoston krooninen sairaus. Suomessa
taudin esiintyvyys vaihtelee välillä 1-2/1000, ja se on yli kaksi kertaa yleisempi naisilla
kuin miehillä. Suurin osa MS-tautitapauksista ilmenee 20-45 ikävuoden välillä.
Fabryn tauti on harvinainen X-kromosomissa periytyvä aineenvaihdunnallinen sairaus,
jossa α-galaktosidaasi A-entsyymin puutos johtaa sfingolipidien kertymiseen soluihin, mikä
aiheuttaa vakavia komplikaatioita useissa kohde-elimissä.
Magneettikuvausta käytetään yleisesti keskushermoston tautien diagnostiikassa ja
seurannassa. MS-taudin aktiivisuus voidaan osoittaa mm. magneettikuvissa näkyvien
uusien tai Gadoliniumilla tehostuvien plakkien perusteella. Diffuusio- ja
diffuusiotensorikuvaus ovat uudempia magneettikuvauksen menetelmiä, joiden kontrasti
perustuu vesimolekyylien liikkeen eroavaisuuksiin toisaalta normaalin harmaan ja valkean
aineen välillä ja toisaalta normaalin ja poikkeavan aivokudoksen välillä. Näillä
menetelmillä on mahdollista osoittaa poikkeavuuksia, jotka eivät erotu “tavanomaisissa”
magneettikuvissa.
Tämän tutkimuksen päätarkoituksena oli selvittää, voidaanko diffuusiokuvausta käyttää
raskaana olevien MS-potilaiden tautiaktiivisuuden seurannassa, sekä tutkia millaisia
muutoksia tapahtuu MS-potilaiden aivokudoksessa interferonilääkityksen aloittamisen
jälkeen. Lisäksi tutkimme, voidaanko diffuusiotensorikuvauksella löytää poikkeavuuksia
Fabry-potilaiden aivokudoksesta myös sellaisilla alueilla, jotka näyttävät normaaleille
tavanomaisissa magneettikuvissa.
Tutkimuksemme perusteella MS-taudin aktivoituminen muutamien viikkojen kuluttua
s y n n y t y k s e s t ä o n h y v i n t a v a l l i s t a , m i n k ä o s o i t t i v a t s e k ä 1 . 5 Te s l a n
magneettikuvauslöydökset että MS-taudin pahenemisvaiheiden moninkertainen
lisääntyminen synnytyksen jälkeen. Magneettikuvaus on herkkä menetelmä osoittamaan
synnytyksen jälkeinen MS-taudin aktivoituminen. Diffuusiokuvauksen luotettavuutta MStaudin aktivoitumisessa synnytyksen jälkeen rajoittavat aivoissa tapahtuvat raskauteen
liittyvät fysiologiset muutokset.
Diffuusiotensorikuvauksella voidaan nähdä merkkejä Fabryn taudin aiheuttamista valkean
aineen ratojen vaurioista laajoilla aluilla jo silloin, kun tavanomaissa magneettikuvissa on
vielä niukasti Fabryn taudin aiheuttamia muutoksia.
Avainsanat: MS-tauti, raskaus, Fabryn tauti, magneettikuvaus, diffuusiopainotteinen
kuvaus, diffuusiotensorikuvaus
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ABBREVIATIONS AND DEFINITIONS
AD

axial diffusivity

ADC
α-gal A

apparent diffusion coefficient
α-galactosidase A

BA

basilar artery

BBB

blood-brain barrier

BET

Brain Extraction Tool

BVI
CC

brain volume index
corpus callosum

CIS

clinically isolated syndrome

CNS

central nervous system

CSF

cerebrospinal fluid

DMT
DTI

disease-modifying treatment
diffusion tensor imaging

DWI

diffusion-weighted imaging

EBV

Epstein-Barr virus

EDSS

Expanded Disability Status Scale

EPI
ERT

echo-planar imaging
enzyme replacement therapy

FA

fractional anisotropy

FAST

FMRIB´s Automated Segmentation Tool

FD

Fabry disease

FDT
FLAIR

FMRIB´s Diffusion Toolbox
fluid-attenuated inversion recovery

FLIRT

FMRIB´s Linear Image Registration Tool

FMRIB

Functional MR Imaging of the Brain

FNIRT

FMRIB´s Nonlinear Registration Tool

FSL
GA

FMRIB´s Software Library
glatiramer acetate

Gb3

globotriaocylceramide

Gd

gadolinium

IFN-β

interferon-beta
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JCV
MD

John Cunningham virus
mean diffusivity

MELAS

mitochondrial encephalomyopahty, lactic acidosis and
stroke-like episodes

mFs

modified Fazekas score

MNI 152
MRI

Montreal Neurologic Institute 152
magnetic resonance imaging

MS

multiple sclerosis

MTR

magnetization transfer

NAGM

normal-appearing grey matter

NAWM
PBVC

normal-appearing white matter
percentage brain volume change

PML

progressive multifocal leukoencephalopathy

PPMS

primary progressive multiple sclerosis

PRMS

progressive-relapsing multiple sclerosis

RD
RF

radial diffusivity
radio frequency

RRMS

relapsing-remitting multiple sclerosis

SD

standard deviation

SEM

standard error of mean

SIENA

Structural Image Evaluation using Normalization of
Atrophy

SIENAX

adaptation of SIENA for cross-sectional measurement

SPM

Statistical Parametric Mapping

SPMS

secondary progressive multiple sclerosis

TBSS
TE

Tract-Based Spatial Statistics
echo time

TR

repetition time

VBM

voxel-based morphometry

WML

white matter lesion
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Introduction

1. INTRODUCTION
Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous
system (CNS). It is the most common disabling CNS disease of young adults in the
Western world (Compston and Coles 2002). MS is about 2.5 times more common in
females than in males and commonly affects women of reproductive age.
MS has been divided into four different subtypes (Lublin and Reingold 1996). Initially,
80% of the MS patients present a relapsing-remitting MS (RRMS), in which relapses
with random intervals are followed by remission, i.e. partial or complete recovery
(Noseworthy et al. 2000).
The aetiology of MS is unknown and seems to be multifactorial. Genetic factors are
involved to some extent (Chao et al. 2011), but there are also several environmental
factors that seem to increase the risk of MS including Epstein Barr virus (EBV)
infection (Ascherio and Munger 2007), vitamin D deficiency (Munger et al. 2004) and
smoking (Hedström et al. 2009).
There are no curative therapies for MS currently available. The purpose of MS therapy
is to reduce the frequency of acute relapses, to shorten their duration and to thus to
provide relief of symptoms (Cree 2007). The first line treatment of MS includes
interferon beta (IFN-β) and glatiramer acetate (GA). Early commencement of treatment
has been shown to reduce the occurrence of relapses and development of disability
(Clerico et al. 2008; Comi et al. 2001; Jacobs et al. 2000; Kappos et al. 2007).
Pregnancy modulates MS disease activity and is typically a stabilising period in the
clinical course of the disease. During the third trimester the relapse rate can be
approximately 70% lower relative to the year before pregnancy (Confavreux et al.
1998). In contrast, aggravation of the disease is commonly seen soon after delivery
(Vukusic and Confavreux 2006; Vukusic et al. 2004)
Fabry disease (FD) is a rare X-linked metabolic disease first described by Johannes
Fabry in Germany (Fabry 1898) and William Anderson in England (Anderson 1898).
The incidence of FD has been estimated to be 1 per 111,700 live births (Spada et al.
2006). Currently there are 44 patients (30 females, 14 males) with diagnosed FD in
Finland (Kantola et al. 2012).
In FD, sfingolipids accumulate to cells because of α-galactosidase A (α-gal A) enzyme
deficiency. As a consequence, a multi-organ pathology occurs, most seriously affecting
the kidneys, heart and cerebrovascular system (Clarke 2007; Zarate and Hopkin 2008).
As an X-linked disease, FD affects all hemizygous males who exhibit the classic
phenotype of FD due to minimal or completely missing α-gal A activity. In male
patients, the FD typically reduces lifespan by approximately 15-20 years. Most
heterozygous female FD patients are clinically affected but there is more variability in
the clinical course of the disease, depending on the level of α-gal A-activity
(MacDermot et al. 2001; Whybra et al. 2009)
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There is no curative therapy for FD. Enzyme replacement therapy (ERT) has been
shown to slow down the development of major organ complications and to improve the
quality of life. In Finland, ERT preparations have been in systematic use since 2004
(Kantola et al. 2012).
Magnetic resonance imaging (MRI) is the method of choice for imaging pathological
conditions of the CNS. It offers superior contrast compared to computed tomography
without the use of ionising radiation. In MS and FD, the most typical imaging findings
in conventional MRI scans are variable sized lesions appearing bright on T2-weighted
sequences. In FD, the lesions are of ischemic aetiology, whereas in MS, a wide range
of histopathological processes, such as demyelination (Estes et al. 1990), inflammation
(Nesbit et al. 1991), oedema (Ormerod et al. 1987), and gliosis (Stewart et al. 1986),
may result in visible hyperintensities in T2-weighted sequences.
Despite the differences in typical imaging findings between MS and vascular diseases,
they cannot always be differentiated on the basis of single MR imaging. In addition to
vascular diseases, other demyelinating diseases, neurosarcoid, lyme disease and CNS
fungal diseases are also included in the differential diagnosis of MS.
In FD, the shape and distribution of the lesions are nonspecific and have features of
both large-vessel (cortical infarcts) and small-vessel (lacunar infarcts and scattered
leukoaraiotic lesions) disease. In MS, typical lesion distribution differs from the typical
distribution of small-vessel ischemic lesions. Typical MS lesion distribution involves
the corpus callosum, juxtacortical (touching cortical grey matter) and temporal white
matter, which is atypical for leukoaraiotic lesions. MS lesions typically have an ovoid
shape and are perpendicular to the ventricles. In the brain stem, vascular lesions are
typically located centrally, whereas MS lesions usually have a peripheric location. MS
lesions enhancing with Gadolinium are considered as a sign of recent disease activity.
Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) are MR
sequences which can reveal pathologies in brain regions which appear normal on
conventional MR images. The contrast of DWI and DTI images is based on differences
in the random thermal motion of water in different brain regions, and it provides
quantitative information about the tissue structure. In DTI, the most commonly used
parameter to quantitate white matter integrity is fractional anisotropy (FA).
There are numerous reports of MRI findings in MS patients. Moreover, DWI and DTI
have been used to explore MS, and have revealed pathologies in brain regions that
appear normal on conventional MR scans (Gallo et al. 2005; Roosendaal et al. 2009).
However, there are no previous longitudinal reports of pregnant MS patients imaged
with MRI and DWI. There are also only a few longitudinal studies using DWI in MS
patients with DMT (Sämann et al. 2012). In FD, a few studies with DWI and DTI have
been performed (Albrecht et al. 2007; Fellgiebel et al. 2006a; Moore et al. 2002).
These studies have revealed an increase of mean diffusivity (MD) or apparent diffusion
coefficient (ADC) in normal appearing brain tissue, but have not revealed
abnormalities on FA.
The aim of the present study was to explore the nature of alterations taking place in the
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brain tissue of RRMS patients in relation to pregnancy and delivery, and after initiation
of DMT. MR data was correlated with clinical signs of disease activation both before
and after delivery and before and after the initiation of treatment. The main focus was,
using DWI, to follow possible changes taking place in brain tissue which appeared
normal on conventional MR images. Furthermore, we performed a voxelwise DTI
study with FD patients to reveal possible microstructural alterations before excessive
ischemic lesion load is visible on conventional MR sequences.
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2 REVIEW OF THE LITERATURE
2.1. Multiple sclerosis
MS is a chronic immune-mediated inflammatory demyelinating disorder, which can
affect any part of the CNS, but most commonly white matter tracts in the cerebral
hemispheres, brainstem, cerebellum and spinal cord (Morales et al. 2005). The lifetime
risk of MS is about 1 in 400, and it is the most common neurological condition
affecting young adults in the Western world. About 80% of patients are diagnosed
between the ages of 20 and 45 years (Compston and Coles 2002). Finland is among the
high risk regions for MS (Compston 1997; Kurtzke 1977), with prevalences ranging
between 100 and 200 per 100,000 population (Sumelahti et al. 2000; 2001).
Clinically isolated syndrome (CIS) is a term used to describe a first clinical episode in
which patient has signs and symptoms suggesting inflammatory demyelinating
disorder of the CNS (Miller DH et al. 2008). About 85% of patients with MS
experience onset of the disease with CIS (Confavreux and Vukusic 2006; Scalfari et al.
2010). MS has been divided into four subtypes (Lublin and Reingold 1996), but the
two main subtypes of MS are considered to be relapsing-remitting MS (RRMS) and
primary-progressive MS (PPMS), comprising 80% and 20% of MS cases respectively.
In RRMS, relapses with random intervals are followed by remission, i.e. partial or
complete recovery (Noseworthy et al. 2000), whereas PPMS presents from onset with
continuous clinical deterioration without relapse or remission (Compston and Coles
2002). Approximately 65% of patients with RRMS will later transition to secondary
progressive MS (SPMS), in which the patient’s clinical deterioration is also on-going
without interposing remission periods (Compston and Coles 2002). A rare form of MS
is progressive-relapsing MS (PRMS), which is characterised by continuing progression
with subsequent relapses superimposed onto on-going progression (Lublin and
Reingold 1996).
Clinically, the disease severity is estimated using the Expanded Disability Status Scale
(EDSS) ranging from 0 to 10, in which EDSS 0.0 means no disability, EDSS 6.0 means
that the patient needs intermittent or constant assistance to walk about 100 metres with
or without resting, and EDSS 10.0 means death due to MS (Kurtzke 1983). There are a
number of other rating scales to assess the morbidity of MS, such as the Multiple
Sclerosis Severity Score (Roxburgh et al. 2005), Multiple Sclerosis Functional
Composite (Cutter et al. 1999) and Multiple Sclerosis Impact Scale (Hobart et al.
2001). Self-assessment scales of MS disease status include the Patient-Determined
Disease Steps (Kister et al. 2013) and Patient-Derived MS severity score (Vollmer et
al. 1999).
The aetiology of MS is unknown but is, without a doubt, multifactorial. Genetic factors
are involved to some extent, and to date, nearly 100 associated genes have been
identified (Chao et al. 2011). Several infectious agents have been suggested as triggers
of MS, including for example Epstein Barr virus (EBV), human herpes virus 6, and
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Chlamydia pneumoniae. Of these, only EBV has so far been proved to be a consistent
and strong risk factor of MS (Ascherio and Munger 2007). Important environmental
and lifestyle-associated factors also have an influence on the evolution of MS. The use
of a dietary vitamin D supplement has been shown to significantly reduce the risk of
MS development (Munger et al. 2004). A decreased relapse rate and appearance of new
lesions in MRI in paediatric-onset MS has been also been attributed to the use of
vitamin D supplement (Mowry et al. 2010; Mowry et al. 2012). Both active (Hedström
et al. 2009; Hernán et al. 2001; Riise et al. 2003) and passive smoking (Hedström et al.
2011b) are risk factors for MS. Furthermore, smoking seems to increase the risk of
RRMS transforming into SPMS (Hernán et al. 2005). Shift work at a young age
increases the risk of developing MS, which may be associated with a disturbance in
melatonin secretion and enhanced proinflammatory responses (Hedström et al. 2011a).

2.1.1. Diagnosis of MS
An MS diagnosis requires evidence of dissemination of the disease process both in
time and space. The diagnosis is made clinically with the help of paraclinical tools
including MRI, cerebrospinal fluid (CSF) analysis (showing evidence of intrathecal
synthesis of oligoclonal bands or IgG), visual, brainstem or somatosensory evoked
potentials. The McDonald criteria (McDonald et al. 2001) for MS and subsequent
revisions (Polman et al. 2011; Polman et al. 2005) have incorporated MRI and
laboratory testing into the diagnostic scheme and have enabled an earlier diagnosis of
MS following a single clinical monosymptomatic event. According to the revised
McDonald criteria, the diagnosis of MS can be made on the basis of a single MRI
exam, if both enhancing and non-enhancing lesions are seen and the clinical criteria are
fulfilled (Elovaara et al. 2012).
2.1.1.1. MRI findings in MS
The most characteristic pathological features in MS are plaques i.e. areas of
inflammatory demyelination located in the brain and/or spinal cord. They appear
typically as variable-sized hyperintense foci on T2-weighted, proton density and
FLAIR imaging. Typical MS lesion distribution involves the corpus callosum,
juxtacortical (touching cortical grey matter) and temporal white matter, which is
atypical for leukoaraiotic lesions. MS lesions also have a typically ovoid shape, and
they are often perpendicular to the ventricles. In the brain stem, vascular lesions are
typically located centrally, whereas MS lesions usually have peripheric location. A
wide range of histopathological processes in MS, such as demyelination (Estes et al.
1990), inflammation (Nesbit et al. 1991), oedema (Ormerod et al. 1987) and gliosis
(Stewart et al. 1986) may result in visible hyperintensities in the above-mentioned MR
sequences. Hence, it is not possible to determine specific histopathological correlates
for any given T2-imaging abnormality in brain MR images of an MS patient. The
correlation between T2 lesion load and clinical disability is often poor. This
phenomenon is frequently referred to as the clinico-radiological paradox (Barkhof
2002).
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Low-signal lesions in T1-weighted images are less prevalent. The prevalence of lesions
having as low signal as that of CSF, so-called “black holes”, often increases during the
transition of the disease into a secondary progressive phase. They may indicate areas of
irreversible tissue damage, probably because of axonal loss and gliosis (van
Walderveen et al. 1998). The load of T1 “black holes” has a better correlation with
clinical disability than T2-lesion load has (Truyen 1996). T1-weighted images obtained
after Gd permit the identification of new or acute lesions and reflect damage in the
blood-brain barrier (BBB) (Grossman et al. 1986).
MS lesions are not limited to the brain white matter, but cortical and deep grey matter
is also frequently affected (Kidd et al. 1999). It has been shown that using 3T MRI
with a double inversion recovery sequence improves MS lesion detection compared to
1.5T. The improvement of lesion detection with 3T is more prominent in grey than in
white matter (Simon et al. 2010). Using 7T MRI further improves grey matter, but not
white matter, MS lesion detection (de Graaf et al. 2013).
It has been known for a long time that the late stage of MS is associated with marked
atrophy of the brain. With increasing image quality and image processing methods, it
has become evident that subtle atrophy is already present in the early phases of MS
(Brex et al. 2000; Luks et al. 2000). The brain atrophy rate in MS is an important
marker of disease progression and the atrophy rate in the first years of the disease
seems to be a significant predictor of later disability status (Fisher et al. 2002). The
atrophy proceeds through the course of MS, and most of the longitudinal studies have
estimated atrophy rates of around 0.5% to 1% per year (Anderson VM et al. 2006;
Bermel and Bakshi 2006) in MS patients, while brain volume loss in healthy controls is
estimated to be 0.1% to 0.3% per year (Coffey et al. 1992; Pfefferbaum et al. 1994).
The brain atrophy rate in MS seems to be independent of the disease subtype (Kalkers
et al. 2002). The grey matter volume reduction in MS seems occur even in patients
with minimal white matter lesion accumulation (Pagani et al. 2005) and it has been
shown to be present from the earliest stages of the disease (Chard et al. 2002; Dalton et
al. 2004; Sepulcre et al. 2006). White matter volume decreases in MS are rarely
reported in the literature (Chard et al. 2002; Ge et al. 2001; Tedeschi et al. 2005). This
might be a result of disease activity-related inflammation and oedema increasing the
white matter volume and thereby masking the volume loss due to axonal degeneration
(Dalton et al. 2004).
The corpus callosum (CC) is a typical site of MS lesions, and atrophy of the CC is
commonly seen early in the course of MS (Audoin et al. 2007). CC atrophy has been
shown to correlate with EDSS (Audoin et al. 2007) and cognitive impairment (Llufriu
et al. 2012). The measure of the CC atrophy rate during the first year of DMT seems to
be an accurate predictor of future disability accumulation (Vaneckova et al. 2012).

2.1.2. Treatment of MS
Currently there are no curative therapies available for MS. The aim of MS therapy in
general is to shorten the duration of acute relapses, to reduce their frequency, and to
thus provide relief of symptoms. Early initiation of the treatment can potentially reduce
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the occurrence of relapses and subsequent development of disability (Clerico et al.
2008; Comi et al. 2001; Jacobs et al. 2000; Kappos et al. 2007). Traditional first-line
treatment of MS includes IFN-β and GA. Also natalizumab and fingolimod, which are
usually used as second-line therapies, can be used as a first-line treatment in cases of
exceptionally aggressive disease (Elovaara 2012). Due to the significant but yet limited
efficacy of first-line treatments, there is a substantial need for the development of new
therapeutic agents for MS.
2.1.2.1. Disease-modifying therapies
The IFN-β drugs used in MS are naturally occurring cytokines secreted by immune
cells. IFN-β has a wide variety of immunomodulatory activities (Hussien et al. 2001;
Leppert et al. 1996; Sharief et al. 2001; Yong 2002; Yong et al. 1998). It also has
antiviral activity, and this is the reason that IFN-βs were originally developed as
therapeutic agents for MS (Borden et al. 2007). The IFN-β has been shown to reduce
the amount of relapses by approximately one third, and they are recommended for
RRMS patients who are intolerant to GA (Francis et al. 2001). Randomised, doubleblind, placebo-controlled trials have shown that the use of IFN-β in MS patients
reduced lesions visible in MRI by 50 to 80% (Li DK et al. 1999; Simon et al. 1998).
GA is a synthesised polypeptide mixture consisting of four different amino acids. In
MS, GA is administered by subcutaneous injection. It has been shown to reduce the
relapse rate by about one third, and to reduce lesion volume and the amount of Gdenhancing lesions significantly (Comi et al. 2001). GA is recommended as a first-line
treatment in RRMS patients and in patients who are intolerant to IFN-β drugs, or who
have neutralising antibodies against IFN-β.
Natalizumab is a humanised monoclonal antibody administered intravenously once a
month. In a pivotal phase III study, natalizumab treatment reduced the relapse rate 68%
when compared to a placebo and reduced Gd-enhancing lesions during the second year
by 92% and new or enlarging T2-lesions over 2 years by 83% (Polman et al. 2006).
Despite being an efficient therapy against MS, natalizumab treatment has an important
safety issue: an increased risk of an opportunistic infection caused by one type of
human polyomavirus, John Cunningham virus (JCV) (Langer-Gould et al. 2005). This
disease is called progressive multifocal leukoencephalopathy (PML), and often leads to
death or several disability (Koralnik 2004). Prior use of immunosuppressants and
increased duration of natalizumab treatment in combination with JCV seropositivity
are factors which increase the risk of PML (Bloomgren et al. 2012). In addition,
fingolimod has been shown to reduce relapse rate considerably, but it also has
relatively rare but substantial adverse effects (Cohen et al. 2010).
2.1.2.2. Treatment of relapses
Intravenous or oral corticosteroids are typically used as treatment for acute relapses in
MS patients. The exact mechanism of corticosteroids in MS is not completely clear.
They have several modes of action, including reducing of oedema, stabilising BBB,
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decreasing proinflammatory cytokines and inducing T cell apoptosis (Gold et al. 2001).
Several studies have shown that the administration of high dose corticosteroids
accelerates the recovery of disability caused by acute relapse, but does not have an
influence on the final outcome after a relapse or the risk of subsequent relapse
(Brusaferri and Candelise 2000; Miller DM et al. 2000). MRI studies have shown that
the number of Gd-enhancing lesions decreases after corticosteroid treatment on acute
relapse (Barkhof et al. 1991; Miller DH et al. 1992). Plasmapheresis is used as a
second-line treatment in severe relapses that are not responding to corticosteroid
treatment (Wiendl et al. 2008).

2.1.3. MS and pregnancy
During pregnancy, a wide variety of immunological and hormonal changes occurs,
leading to downregulation of cell-mediated immunity and enhancement of humoral
immunity (Coyle 2012).
Pregnancy modulates MS disease activity and typically stabilises the clinical course of
the disease. Moreover, the onset of MS disease during pregnancy is unusual
(Runmarker and Andersen 1995). During the third trimester, the relapse rate can be
approximately 70% lower relative to the year before pregnancy (Confavreux et al.
1998). In contrast, aggravation of the disease is commonly seen soon after delivery.
During the first three months after the delivery, the relapse rate is as much as 70%
higher compared to the pre-pregnancy rate, and after that decreases to the prepregnancy level (Vukusic and Confavreux 2006; Vukusic et al. 2004). In spite of the
common aggravation of MS soon after the delivery, pregnancy might have a favourable
effect on the long-term outcome of MS (D'Hooghe et al. 2010; Runmarker and
Andersen 1995). Furthermore, it has been shown that the number of pregnancies is
inversely related to the first MS attack in CIS patients (Daumer et al. 2012; Ponsonby
et al. 2012).

2.2 Fabry disease
FD is a rare X-linked metabolic disease first described by Fabry and Anderson in 1898.
The incidence of FD has been estimated to be 1 per 111,700 live births (Spada et al.
2006). There are currently 44 patients (30 females, 14 males) with diagnosed FD in
Finland (Kantola et al. 2012). FD is caused by a mutation in the GLA-gene in the Xchromosome leading to deficiency in the lysosomal enzyme, α-gal A. The error in αgal A leads to accumulation of sfingolipids, especially globotriaocylceramide (Gb3), in
cells. As a consequence, a multi-organ pathology occurs, most seriously affecting the
kidneys, heart and cerebrovascular system (Clarke 2007; Zarate and Hopkin 2008). As
an X-linked disease, FD affects all hemizygous males who have completely missing or
minimal α-gal A activity and exhibit the classic phenotype (MacDermot et al. 2001).
Most heterozygous females are also clinically affected, although there is more
variability in α-gal A activity level and in the onset and disease severity than in
hemizygous females (MacDermot et al. 2001; Whybra et al. 2009).
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2.2.1. Clinical picture of FD
The first symptoms of FD emerge at between 3 and 10 years old in males and between
6 and 15 years old in females (Wilcox et al. 2008). However, especially in females, the
diagnosis is often delayed at least three or even 20 years despite clinical symptoms and
positive family history (Wilcox et al. 2008). The typical initial signs and symptoms of
FD include neuropathic pain crises, angiokeratomas, hypohidrosis, and gastrointestinal
problems, including diarrhoea, constipation, abdominal pain, nausea and vomiting
(Ramaswami et al. 2006). FD patients typically present with major organ involvement
in their 30s. Almost all male patients experience kidney dysfunction presenting first
with mild proteinuria and progressing to loss of glomerular filtration rate (Schiffmann
et al. 2009). Without ERT, end-stage renal disease is usually reached by the age of 40
in male FD patients (Ortiz et al. 2010; Ortiz et al. 2008). Cardiac manifestations are
also common in FD. Typical cardiac complications in FD include left ventricular
hypertrophy, valve thickening and conduction abnormalities (Kampmann et al. 2008).
The major organ involvement together with other pathologies associated with FD leads
to significant decrease in quality of life in both female and male patients. In male
patients, FD typically reduces lifespan by approximately 15-20 years.

2.2.2. Brain MRI Findings in FD
The most typical finding on conventional MR scans is widespread progressive white
matter lesions (WML) that are best detectable on T2 weighted images (Fellgiebel et al.
2006b; Moore et al. 2003; Reisin et al. 2011). Dolichoectasia has been reported to be a
common finding in the intracranial arteries. The basilary artery (BA) diameter of stroke
patients with FD has been shown to be significantly higher compared to stroke patients
without FD, and the measure of BA may be a suitable screening tool in differential
diagnosis of young patients with cryptogenic stroke (Fellgiebel et al. 2011). In
addition, cerebral microbleeds have been shown to be relatively common, even among
FD patients without a clinical history of cerebrovascular accident (Reisin et al. 2011).
Symmetrical hyperintensity of the posterior thalami (pulvinar region) on T1-weighted
images – the so-called pulvinar sign - is an almost pathognomonic finding in FD.
However, the sensitivity of the pulvinar sign is weak. Burlina et al. (2008) found the
pulvinar sign in 25% of male FD patients, but none of their 43 female FD patients
showed this finding.

2.2.3. Enzyme replacement therapy in FD
Currently, two forms of ERT are available for the treatment of FD: Agalsidase alfa
(Replagal, Shire Human Genetic Therapies, Inc., Cambridge, MA, USA) and
agalsidase beta (Fabrazyme, Genzyme Corporation, Inc., Cambridge, MA, USA).
Agalsidase alfa is produced in a human cell line by gene activation. Agalsidase beta is
produced in Chinese hamster ovary cells. Both of these preparations are administered
intravenously every other week (Schiffmann et al. 2001). Based on the studies
available, it cannot be concluded whether one of the ERT preparations is better than the
other. A randomised study with an 18-month following time showed no difference in
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treatment effects between agalsidase alfa and agalsidase beta (Sirrs et al. 2009). There
are numerous studies on the effect of ERT in FD. The reports strongly support the
clinical benefit with ERT, although there is considerable variation in the response to
ERT, probably due to variation in the phenotypic expression in patients with FD. In a
randomised, double-blind, placebo-controlled trial, agalsidase-beta therapy slowed
progression of renal, cardiac and cerebrovascular complications compared with the
placebo in patients with advanced FD (Banikazemi et al. 2007). ERT has also been
shown to reduce symptoms and to improve quality of life in FD patients (Parini et al.
2008).

2.3 MRI
MRI is the method of choice for imaging diseases affecting the CNS. MR offers
superior tissue contrast compared to computed tomography and is free of artefacts
caused by bony structures. A significant additional advantage of MRI is that no
ionising radiation is needed. Longer scanning times are a disadvantage of MRI and
makes it susceptible to motion artefacts. Contraindications to MRI include cardiac
pacemakers, cochlear implants, implanted neurostimulators, older ferromagnetic
aneurysm clips and metal in the eye (Shellock et al. 1993).

2.3.1 Diffusion-weighted imaging
DWI utilises the random thermal motion of water molecules, also known as Brownian
motion. In DWI, a conventional MR sequence is modified by adding two additional
gradient pulses. These two pulses are strong and symmetrical in relation to a 180˚
rephasing radio frequency (RF) pulse. The first gradient pulse dephases the spins of
water molecules and, if the water molecules were completely immobile, the second
gradient pulse rephases these spins. When the water molecules move in the direction of
the diffusion gradients during the time interval between the applications of the two
gradients, the rephasing effect by the second gradient pulse remains imperfect and
causes signal attenuation that depends on the level of diffusion within a voxel. The
amount of signal attenuation can be calculated as
e-bD,
where D is the diffusion coefficient within a tissue and the b-factor indicates the
amount of diffusion weighting of the diffusion imaging sequence. The b-factor depends
on the timing and strength of the diffusion gradients and is determined by the following
relationship:
b=γ2G2δ2(Δ-δ/3),
in which γ is the gyromagnetic ratio for hydrogen nucleus; G is the magnitude and δ is
the duration of the diffusion gradient, and Δ the time between the centres of the two
diffusion gradients (Le Bihan et al. 2001).
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If pure diffusion, which is not hindered by any physical obstacle, is measured, D can
properly summarise the diffusion of water molecules. On the contrary, in a biological
system where the diffusion is affected by multiple factors, another term is used: the
“apparent” diffusion coefficient (ADC) (Beaulieu 2002).
The signal of the diffusion-weighted image depends on both T2 signal intensity and the
level of diffusion:
S1=S0 x e-bD,
where S1 is the diffusion-weighted signal and S0 is the signal at the same voxel without
the addition of the diffusion-sensitising gradients (b=0). Hence, a high signal on DWI
may be related not only to reduced diffusion but also to T2 prolongation (T2 shinethrough). When DWI imaging is acquired with at least 2 different b-values, ADC maps
can be calculated. When hyperintense areas on DW images are seen, the ADC maps
must be surveyed along with the DW images to distinguish between T2 prolongation
and diffusion restriction.
The diffusion distance of a water molecule decreases in an anisotropic environment,
such as brain tissue. This restriction of diffusion is caused by obstacles which are
formed by surrounding structures such as membranes and cell organelles.
The sensitivity of one diffusion-weighted sequence is limited to diffusion in the
direction of the gradients. Therefore, it must be repeated in 3 orthogonal directions to
obtain the image weighted in global diffusion (trace image).
Diffusion-weighted imaging can be performed using several different types of
sequence. Diffusion-weighted sequences are highly sensitive to macroscopic motion,
for example due to patient motion or vascular pulsations. The most widely used
technique is the diffusion-weighted single-shot echo-planar imaging sequence (DWEPI) (Turner et al. 1990). The very fast read-out makes DW-EPI less vulnerable to
motion artefacts. On the other hand, echo planar imaging is prone to artefacts caused
by susceptibility and magnetic field homogeneity variations. Another drawback is the
weak spatial resolution due to the rapid T2* decay which occurs during the acquisition
of the gradient echo train.
DWI is clinically used on daily basis. It is a very sensitive tool in modern
neuroimaging for detecting acute brain ischemia (Harris et al. 2009). It is also useful in
the evaluation of brain tumours (Gerstner and Sorensen 2011) and detecting brain
infectious conditions (Ebisu et al. 1996; Tung and Rogg 2003) and diffuse axonal
injury, especially in the acute setting (Liu AY et al. 1999).

2.3.2 Diffusion tensor imaging
DTI is an advanced form of DWI, in which the gradients must be applied in at least six
different directions, which makes it possible to create a mathematical model of
diffusion in three-dimensional space, known as the diffusion tensor (Alexander et al.

Review of the Literature

23

2007; Mukherjee et al. 2008). From this measured tensor, it is possible to calculate the
principal eigenvalues, which are annotated as 1, 2 and 3, in order of largest to smallest
magnitude of diffusivities (Neil 2008; Nucifora et al. 2007) and their orientations,
called eigenvectors (Pierpaoli and Basser 1996). The eigenvector having the largest
eigenvalue reflects the diffusion parallel to the axonal fibres and is also called axial
diffusivity (AD). The two smaller eigenvectors are orientated perpendicular to the
axonal fibres. The average of the eigenvalues of these two smaller eigenvectors is the
radial diffusivity (RD). The average of all three eigenvalues is the mean diffusivity
(MD).
Several different parameters are obtainable from DTI images. The most commonly
used diffusion parameter is FA, which is a measure of the magnitude of anisotropic
diffusion with values ranging from 0 to 1 (Le Bihan et al. 2001). For isotropic
diffusion, the diffusivities are the same in all directions and FA equals 0. In a
theoretical case where the diffusion only occurs in one direction (i.e. the second and
third eigenvalues equal 0), FA reaches its maximal value of 1. FA values are
independent of the frame of reference, of the direction of the applied diffusion
gradients, and of the direction of the tissue structures within each voxel (Basser et al.
1994).

2.3.3. Methods of analyzing MRI data
2.3.3.1. Region of interest-based methods
One way to analyse DWI or DTI derived images is to manually fit region of interests
(ROI) to selected brain regions and measure parameter values within the ROIs (Bester
et al. 2008; Lin et al. 2008; Wu et al. 2009). The ROIs are usually located on the basis
of b0 images, the direction-coded anisotropy maps or conventional sequences obtained
at the same imaging session as the DWI imaging (Bartha et al. 2007; Counsell et al.
2006; Provenzale et al. 2007; Saksena et al. 2008). The ROI method is an operatordependent method; the accuracy of positioning of the ROIs is based on the anatomical
knowledge of the researcher performing the measurements. There is regional
variability in the reproducibility of ROI-based DTI measurements (Marenco et al.
2006; Ozturk et al. 2008). The reproducibility of ROI-based measurements seems to be
best in areas which can be delineated precisely, such as the internal capsule, whereas
other areas, especially in the vicinity of CSF spaces, are much more challenging
(Lepomäki et al. 2012).
2.3.3.2. Histogram-based methods
ADC histogram analysis has been shown to be a robust and reproducible method
(Steens et al. 2004). Histogram-based methods have been frequently used in analysing
DWI derived data in MS (Cercignani et al. 2001; Sämann et al. 2012). This method has
been used for the whole brain tissue after extracting CSF from the images. There are
also tools to extract visible brain lesions and to segment grey and white matter to
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separate volumes. Hence, histogram analysis can also be performed for normal
appearing white (NAWM) or grey matter (NAGM) (Oreja-Guevara et al. 2005; Rovaris
et al. 2002). Magnetization transfer (MTR) histogram analysis of the brain of MS
patients has also been used (Catalaa et al. 2000; Fernando et al. 2005).
The advantage of the histogram method compared to ROI-based methods is that it is
not operator dependent. Furthermore, with histogram analysis, the three-dimensional
diffusion information of the entire brain can be reduced to a single number used for
intersubject comparisons. On the other hand, histogram analysis does not produce any
spatial information on possible abnormalities in the brain studied, and possible small
regional areas with modest diffusion abnormalities may have such small impact on the
global whole brain diffusion parameters that they might be missed with histogram
analysis (Oreja-Guevara et al. 2005).
2.3.3.3. Tract-Based Spatial Statistics
Tract-Based Spatial Statistics (TBSS) is a voxel-based method having advantages over
ROI-based on histogram-based methods: it is not user dependent and it can reveal
regional white matter abnormalities of DTI parameters on a group level. In TBSS, two
or more groups of study subjects are compared and the DTI data are projected onto an
“FA skeleton” which is common to all subjects participating the study (Smith et al.
2006; Smith et al. 2007a).
TBSS has been widely used in studies of different diseases, such as mild cognitive
impairment and Alzheimer disease (Liu YW et al. 2011), Lewy body disease (Watson
et al. 2012), temporal epilepsy (Afzali et al. 2011), MELAS (mitochondrial
encephalomyopahty, lactic acidosis and stroke-like episodes) (Virtanen et al. 2011) and
pathological gambling (Joutsa et al. 2011). TBSS has also been used to measure white
matter maturation of preterm infants (Lepomäki et al. 2013).
TBSS is provided by FMRIB (http://www.fmrib.ox.ac.uk/fsl/). It includes the
following steps: All of the subject´s FA images are aligned to common registration
target using nonlinear registration (Andersson et al. 2007a; b). Then, a mean FA image
is built based on all of the subject´s aligned FA images. The mean FA image is thinned
to create a mean FA skeleton that represents the centres of all of the tracts common to
all subjects. Each subject´s aligned FA images are then projected onto the mean FA
skeleton and the resulting data can be fed into voxelwise cross-subject statistics. With
TBSS, the voxelwise analysis can also be performed for any other DTI parameter data
by applying nonlinear registration to the data which is then projected onto the mean
FA skeleton (Smith et al. 2006). The FA data is then used to find the projection vectors
for voxelwise analysis of the desired DTI parameter.
2.3.3.4. Brain volume measurements
Volumetric brain MR imaging has been an important part of neuroimaging studies for
almost as long as MR imaging has been available. Volumetry has been widely used not
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only in neurodegenerative disorders such as Alzheimer disease (Mueller et al. 2010),
MS (Kalincik et al. 2012), frontotemporal dementia and amyotrophic lateral sclerosis
(Lillo et al. 2012), but also in many other conditions, e.g. schizophrenia (Iwashiro et al.
2012), epilepsy (Farid et al. 2012), MELAS (Virtanen et al. 2011) and narcolepsy
(Brabec et al. 2011).
When whole brain volumes are measured, the absolute volume measurements are not
comparable between different subjects because of the variation of the size of the
cranium between individuals. One option for standardising the brain volume
measurements is computation brain volume index (BVI), dividing brain volume
(intracranial volume-CSF volume) by intracranial volume (Mascalchi et al. 2004).
Nowadays, automated algorithms for the normalisation of brain volumes have been
developed.
Structural Image Evaluation using Normalization of Atrophy (SIENA) and its
adaptation for cross-sectional measurements (SIENAX) (Smith et al. 2001; Smith et al.
2002) are widely used, fully automated whole brain atrophy algorithms provided by
FSL (Smith et al. 2004). SIENAX measures the volume of the brain from a single MRI
and is useful for cross-sectional studies, whereas SIENA measures the percentage brain
volume change (PBVC) between two scans of the same subject and has been
developed for longitudinal studies (Smith et al. 2007b).
In SIENA, after extracting the brain and skull images from the single whole-head input
data (Smith 2002), the two brain images of the same subject are aligned to each other
(Jenkinson et al. 2002; Jenkinson and Smith 2001); both brain images are resampled
into the space halfway between the two. Then, a tissue-type segmentation is performed
to find the brain/non-brain edge points, and perpendicular edge displacement between
the two time points is estimated. The final step in SIENA is the conversion of the mean
edge displacement into a global estimate of PBVC between the two timepoints.
SIENAX starts by extracting the brain and skull images from the single whole-head
input data (Smith 2002). These are then registered to the Montreal Neurologic Institute
152 (MNI 152) (Jenkinson et al. 2002; Jenkinson and Smith 2001) space using the
skull image to determine the registration scaling. The final step in SIENAX is the
tissue-type segmentation procedure (Zhang et al. 2001) and estimation of total brain
tissue volume, gray matter volume and white matter volume.
FMRIB´s Software Library´s (FSL) optimised tool for voxel based morphometry style
analysis (FSL-VBM) (Douaud et al. 2007; Good et al. 2001) is used to perform voxelwise comparisons of the local volume of grey matter in different brain regions between
two groups of study subjects.
FSL-VBM starts by extracting the brain tissue from the original images (Smith 2002),
after which a tissue-type segmentation (Zhang et al. 2001) producing grey matter
partial volume images is performed. The resulting data is then aligned to MNI-152
space using the affine registration tool, FMRIB´s Linear Image Registration Tool
(FLIRT) (Jenkinson et al. 2002; Jenkinson and Smith 2001), followed by nonlinear
registration using FMRIB´s Nonlinear Registration Tool (FNIRT) (Andersson et al.
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2007b), which uses a b-spline representation of the registration warp field (Rueckert et
al. 1999). These images are then averaged to create a study-specific template, to which
the native grey matter images are non-linearly re-registered. The registered partial
volume images are then modulated to correct for local expansion or contraction. These
data are then smoothed with an isotropic Gaussian kernel with an appropriate sigma
value. The resulting data can be used for voxelwise testing of differences of local grey
matter volumes between study groups.
Results obtained with FSL-VBM have been shown to correlate strongly with another
VBM-style analysis, SPM-VBM (based on Statistical Parametric Mapping software
package) (Battaglini et al. 2009). FSL-VBM has been used to study MS (Bendfeldt et
al. 2010), vascular dementia (Li CM et al. 2011), attention-deficit/hyperactivity
disorder (Seidman et al. 2011) and restless legs syndrome (Rizzo et al. 2012).

Aims of the present study

27

3. AIMS OF THE PRESENT STUDY
The general aim of this study was to explore the usefulness of brain MRI, DWI and
DTI in monitoring MS activity and to reveal brain tissue changes in FD at 1.5 T.
The more specific aims were:
I

To evaluate whether MRI and DWI could reveal early activation of MS during
the post-partum period by longitudinal MRI and DWI follow-up of pregnant
RRMS patients.

II

To evaluate what kinds of change take place in the brain white matter of pregnant
RRMS patients.

III

To evaluate what kinds of change take place in the brain white matter of patients
with newly diagnosed RRMS having disease-modifying treatment.

IV

To reveal possible disturbances of white matter integrity of patients affected by
Fabry disease by using voxelwise analysis of DTI parameters.

Note: The roman numerals refer to the original publications
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4. SUBJECTS AND METHODS
4.1. MS studies (Studies I, II and III)
4.1.1. MS patients and clinical follow up
4.1.1.1. Pregnant MS patients (Studies I and II)
Study I included 28 and Study II 19 pregnant patients with RRMS. The characteristics
of the patients in studies I and II are displayed in Table 1. Patients were clinically and
radiologically examined in the University hospitals of Turku (11 patients in both
studies), Helsinki (12 patients in Study I, 8 patients in Study II) and Tampere (5
patients in Study I). The majority of the patients joined the study during the first
trimester of pregnancy and they were followed up for 6 months post-partum with
recording of relapses. Neurological examinations were performed at 10-12 and 26-28
weeks of gestation and 4-5 weeks and 6 months post-partum with assessment of
disability by EDSS and recording of relapses. The pregnant patients examined in Study
I were also included in Study II with the following exceptions: the 5 patients examined
in Tampere were excluded because of the lack of diffusion-weighted images; 4 patients
examined in Helsinki were excluded because the DWI images were not technically
sufficient to produce a proper ADC map.
MRI presents no known risk to the foetus during pregnancy (Baker et al. 1994; Myers
et al. 1998; Reeves et al. 2010). However, during the first trimester, MRI is
recommended only when it is considered necessary for the mother´s health (http://
www.valvira.fi/files/tiedostot/l/h/LH-2000-1_magneettitutkimukset.pdf). Our interest
was to obtain MRI images during the third trimester, which is known to be clinically
the most stable period of pregnancy in MS (Vukusic et al. 2004). The scans were
focused mainly on the beginning of the third trimester for the convenience of the
patients. For the same reason, the post-partum scans were not performed sooner than 4
weeks after the delivery. The study was approved by the ethical committee of the Turku
University Hospital, and a written informed consent was obtained from all subjects.
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Table	
  1.	
  MS	
  patients	
  characteristics	
  in	
  studies	
  I	
  and	
  II.	
  EDSS,	
  Expanded	
  Disability	
  Status	
  
Scale;	
  SD,	
  standard	
  deviation.
No.	
  of	
  patients
	
  	
  	
  Study	
  I

28

	
  	
  	
  Study	
  II

19

Age	
  at	
  onset	
  of	
  pregnancy	
  (years;	
  mean	
  ±	
  SD)
	
  	
  	
  Study	
  I

30.2	
  ±	
  3.9

	
  	
  	
  Study	
  II

31.6	
  ±	
  4.6

Duration	
  of	
  disease	
  at	
  onset	
  of	
  pregnancy	
  
(years;	
  mean	
  ±	
  SD)
	
  	
  	
  Study	
  I

5.4	
  ±	
  4.1

	
  	
  	
  Study	
  II

5.9	
  ±	
  4.4

Number	
  of	
  relapses	
  before	
  the	
  study	
  onset	
  
(mean	
  ±	
  SD)
	
  	
  	
  Study	
  I

3.8	
  ±	
  2.1

	
  	
  	
  Study	
  II

4.3	
  ±	
  2.4

EDSS	
  at	
  3rd	
  trimester
	
  	
  	
  Study	
  I

1.2	
  ±	
  1.1

	
  	
  	
  Study	
  II

1.3	
  ±	
  1.0

EDSS	
  at	
  6	
  months	
  post-‐partum
	
  	
  	
  Study	
  I

1.5	
  ±	
  1.2

	
  	
  	
  Study	
  II

1.4	
  ±	
  1.2
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4.1.1.2. Non-pregnant MS patients with newly diagnosed MS (Study III)
Nine (eight women, one man) MS patients were included in Study III. All of them had
newly diagnosed RRMS and had experienced two or three relapses during the year
preceding the study (mean number of relapses ± standard deviation [SD] was 2.33 ±
0.5). The mean age of the patients was 32.4 years (SD 6.3 years, range 23-42 years).
All patients started IFN-β therapy. All patients were neurologically examined,
including assessment of EDSS, both before and three months after initiation of
treatment. Mean EDSS was 1.56 (SD 0.81, range 1.0-3.5) at the beginning of the study
and 1.72 (SD 0.94, range 1.0-3.5) at the end of the clinical follow-up. The patient
characteristics are shown in Table 2.

Table	
   2.	
   Demographic	
   and	
   clinical	
   data	
   and	
   number	
   of	
   new	
   T2-‐lesions	
   in	
   the	
   imaging	
  
performed	
  3-‐4	
  months	
  after	
  initiation	
  of	
  interferon	
  beta	
  treatment.

Pat.	
  nro Age/sex

New	
  T2(1

EDSS(2

Relapses
before/follow-‐up(3

Delay	
  from	
  
relapse	
  to	
  MRI(4

1

37	
  f

0

2.0/2.0

2/1

2

2

38	
  f

0

1.0/1.0

2/1

5

3

27	
  f

0

1.5/1.0

3/0

2

4

42	
  f

0

1.5/1.5

2/0

1

5

23	
  f

4

1.0/1.0

3/1

7

6

37	
  f

2

1.5/1.5

2/1

2.5

7

28	
  f

1

1.0/1.0

2/0

6

8

32	
  f

9

1.0/3.0

3/1

1

9

28	
  m

6

3.5/3.5

2/1

4

1) Number	
  of	
  new	
  T2	
  lesions	
  in	
  the	
  second	
  MRI
2) EDSS	
  before	
  and	
  three	
  months	
  after	
  initiation	
  of	
  the	
  treatment
3) Number	
   of	
   relapses	
   during	
   one	
   year	
   preceding	
   the	
   initiation	
   of	
   the	
   treatment	
   and	
  
during	
  the	
  Tirst	
  year	
  of	
  the	
  treatment
4) Number	
  of	
  months	
  between	
  the	
  last	
  relapse	
  and	
  the	
  Tirst	
  MRI
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4.1.2. Timing and image acquisition protocol of MRI (Studies I, II and III)
In Study I, a maximum of four serial MR examinations were performed. Every patient
was scanned at least once during pregnancy and once post-partum. The mean time
interval between the imaging performed during pregnancy (if imaged twice, the last
imaging date) and post-partum (if imaged twice, the first imaging date) was 15.6 weeks
(range 7-25 weeks). All scans performed during pregnancy were performed during the
third trimester. Five patients were scanned twice during the third trimester. All postpartum scans were performed within 12 weeks of delivery; the majority (23, or 82%)
within six weeks. Four patients were scanned for a second time post-partum between
weeks 10 and 12.
In Study II, one pre-partum and one post-partum imaging of all 19 patients were
included. If imaging was performed twice pre- or post-partum, the first image was
included in the study. Hence, all included pre-partum images were obtained between
weeks 25 and 28 and the post-partum images between weeks 4 and 7, apart from one
patient who was imaged 10 weeks post-partum. The timing of MR scans related to the
gestational and post-partum weeks in Studies I and II is illustrated in Figure 1. The
mean time interval between the pre- and post-partum imaging was 18 weeks (range
12-25 weeks) in Study II.
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Figure	
  1.	
  The	
  timing	
  of	
  MRI	
  during	
  pregnancy	
  and	
  postpartum	
  in	
  studies	
  I	
  and	
  II.	
  Tku,	
  Turku;	
  Hki,	
  Helsinki;	
  Tre,	
  Tampere
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In Study III, all patients were studied twice by MRI. The first MRI was performed
immediately before initiation of IFN-β treatment and the second about three months
after the initiation of the treatment. The mean time interval between the first and
second imaging was 103 days (range 84-125 days).
MRI imaging for Study I was performed in three different imaging centres (Helsinki,
Turku and Tampere). The field strength of each scanner was 1.5T (Helsinki: Magnetom
Vision, Siemens, Erlangen, Germany; Turku Gyroscan Intera, Philips, Best, The
Netherlands; Tampere Genesis Signa, GE Medical Systems, Milwaukee, USA). The
same image material, with the above-mentioned exceptions, was used in Study II. The
patients imaged in Study III were scanned in Turku with the same scanner used in
Studies I and II.
T2-weighted sequences with 5-mm transverse slices (scanning parameter ranges:
repetition time [TR], 3696 – 5060 msec; echo time [TE], 90 – 126 msec; 1mm
interslice gap) were obtained from the foramen magnum to vertex. T1-weighted scans
(TR, 560 – 660 msec; TE, 12 – 15 msec) were obtained in the same scan plane,
thickness and position as the T2 scans. Gd-enhanced T1-weighted sequences with
scanning parameters, slice thickness and patient position identical to the non-enhanced
T1-weighted sequence were obtained in all post-partum scans performed in Turku and
in one post-partum scan performed in Tampere, and also in all of the scans included in
Study III. Fluid-attenuated inversion recovery (FLAIR) sequences (scanning parameter
ranges: TR, 9002 - 11000 msec; TE, 105 - 187 msec; inversion time [TI], 2200 – 2500
msec) with 5-mm contiguous slices were obtained in the sagittal plane. In the scans
performed in Helsinki and Turku multislice diffusion-weighted images (DWI) were
obtained with echo planar imaging (TR/TE 4000-4666/86-139 msec; b values: 0 and
1,000 s/mm2 in Turku; 50, 500 and 1000 s/mm2 in Helsinki) in the axial plane with slice
thickness of 5 mm and interslice gap of 1 mm. All axial slices were arranged in parallel
on the line between the inferior margin of the splenium and the genu of the corpus
callosum.

4.1.3. Image analysis (Studies I, II and III)
4.1.3.1. MS lesion load recording (Studies I, II and III)
Lesions appearing in T2-weighted images as new or enlarging when compared with a
pre-existing scan were considered to be “active lesions”. A sagittal FLAIR scan was
used to increase confidence in lesion identification. White matter lesion total volumes
were determined from sagittal FLAIR scans using a semiautomated thresholding
technique using Advantage Workstation (v.3.1.) software installed on a SUN
workstation (SUN Microsystems). The FLAIR sequence was chosen for lesion volume
measurement because of its convenience in assessing intensity limits of separate MS
lesions having high signal compared to normal appearing brain tissue and especially of
CSF having no signal in the FLAIR sequence. From the diffusion trace images, with a
b-value of 1000 s/mm2, lesions appearing as clearly hyperintense related to normal
appearing white matter were calculated and considered to be “DWI-positive” lesions in
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Study I. ADC maps were inspected alongside with diffusion-weighted images to detect
possible lesions with diffusion restriction (Fig. 2). From each MRI the numbers of T1hypointense were also registered. Both “black holes” and lesions having lower
intensity than NAWM but higher intensity than CSF were included in T1-hypointense
lesions. Also the enhancing lesions were counted, when Gd was used.
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Figure	
  2.	
  Pregnant	
  patient	
  with	
  MS	
  having	
  several	
  lesions	
   in	
  the	
  centrum	
  semiovale	
  in	
  T2-‐weighted	
  images	
   (A).	
  Many	
  of	
  
these	
   lesions	
   appear	
   bright	
   on	
  diffusion-‐weighted	
   image	
   with	
   b-‐value	
   of	
   1000	
   s/mm2	
   (B).	
   In	
   the	
   ADC	
   map	
  (C),	
   the	
  
corresponding	
  lesions	
  appear	
  bright,	
  consistent	
  with	
  elevated	
  ADC.	
  Hence,	
  the	
   high	
  signal	
   in	
  diffusion-‐weighted	
  images	
  
is	
  due	
  to	
  T2	
  shine-‐through,	
  but	
  not	
  diffusion	
  restriction.
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4.1.3.2. Segmentation, histogram analyses and brain volume analyses (Studies II and
III)
4.1.3.2.1 Study II
Brain tissue was first segmented from non-brain tissue by using the Brain Extraction
Tool (BET), part of FSL 4.1 (Smith 2002). Then, to segment brain parenchyma from
CSF, for each b0 image we created a binary brain mask by using the FMRIB’s
Automated Segmentation Tool (FAST 4.1, part of FSL 4.1) 2-class segmentation
function (Zhang et al. 2001). This mask was applied to the ADC maps using the
fslmaths tool (part of FSL 4.1) for voxel-by-voxel data extraction. ADC histograms
with 256 bins were generated using the fslstats tool (part of FSL 4.1). After
normalisation for brain volume, the mean and peak positions of the whole-brain ADChistograms were computed using the Prism software, Version 5 (Graph Pad software,
San Diego, California).
Brain volumetry was performed by measuring the PBVC on the T1 images with
SIENA (Smith et al. 2001; Smith et al. 2002), part of FSL 4.1 (Smith et al. 2004).
SIENA starts by extracting brain and skull images from the two-timepoint whole-head
input data (Smith 2002). The two brain images are then aligned to each other
(Jenkinson et al. 2002; Jenkinson and Smith 2001) (using the skull images to constrain
the registration scaling); both brain images are resampled into the space half way
between the two. Next, tissue-type segmentation is carried out (Zhang et al. 2001) in
order to find the brain/non-brain edge points, and then perpendicular edge
displacement (between the two timepoints) is estimated at these edge points. Finally,
the mean edge displacement is converted into a (global) estimate of PVBC between the
two time points.
4.1.3.2.2. Study III
The ADC-map post-processing was performed using the method previously described
by Mascalchi et al. (2002), and included the following steps: manual segmentation of
the extracranial tissues; application of a threshold value of 2.39 x 10-3 mm2/s to separate
brain from pixels containing CSF; and computation of whole-brain ADC histograms.
The lower quartile, median, upper quartile, mean and peak positions were determined
from the ADC histograms. BVIs were calculated by dividing the brain volume by the
sum of brain volume and CSF volume.

4.1.4. Statistical analysis (Studies I, II and III)
A paired two-tailed Student´s t-test was used to compare annualised relapse rates and
EDSS values at different time points in Studies I and II. To compare the ADC values
(Studies II and III) and the number and volume of the lesions (Studies I,II,III) during
and after pregnancy, the Wilcoxon matched-pairs signed-ranks test was used. The
Mann-Whitney U test was used to determine the difference in ADC histogram
parameter change (magnitude) between patients with and without active MS lesions in

Subjects and Methods

37

Study III.
To correlate the percentage mean ADC change (ADC%) with PBVC and percentage
lesion volume change (VOL%), the Spearman rank correlation coefficient was
calculated in Study II. The associations between the number of new T2-lesions and
ADC parameter changes (magnitude) in Study III were also calculated using the
Spearman rank correlation coefficient.

4.2. Fabry disease (Study IV)
4.2.1. FD patients
Study IV included 12 clinically affected FD patients (mean age, 39 years; range 16-68
years; 4 men, 8 women) and 13 healthy controls (mean age, 46 years; range, 32-66
years; 2 men, 11 women). Diagnosis was confirmed by genetic analysis. The mutation
was not found in one patient. However, this female patient was an obligate carrier with
typical clinical findings and missing α-gal A activity. One patient (male, at age 48) had
undergone renal transplantation because of end-stage renal failure caused by FD. At the
time of MRI, 7 patients (58%) were receiving ERT (agalsidase beta) (mean duration of
ERT=4.5 years, range=4.1 – 6.1 years). The demographic characteristics of all of the
patients are shown in Table 3.

Subjects and Methods
38

Renal

Fabry	
  disease	
  manifestations

Angiokeratoma Cardiac

-‐
-‐
-‐
-‐
+
-‐
-‐
-‐

Stroke/TIA

+
+
-‐
+
-‐
+
-‐
-‐

-‐
-‐
-‐
-‐

Neuropathic

+
+
+
+
+
+
-‐
-‐

+
-‐
-‐
-‐

Duration	
  of

-‐
-‐
-‐
+
-‐
+
+
+

+
-‐
+
-‐

Age/years

+
+
+
-‐
+
-‐
+
+

+
+
+
+

dysfunctionc

4.3
4.3
4.4
-‐
4.3
-‐
-‐
-‐

+
+
+
-‐

dysfunctionb

68
61
48
47
46
32
19
16

4.2
6.1
4.1
-‐

pain

54
31
24
17

ERTa/years

Table	
  3.	
  Demographic	
  characteristics	
  of	
  Fabry	
  disease	
  patients.

	
  	
  Patient
	
  	
  number

	
  	
  Females
	
  	
  1
	
  	
  2
	
  	
  3
	
  	
  4
	
  	
  5
	
  	
  6
	
  	
  7
	
  	
  8
	
  	
  Males
	
  	
  9
	
  10
	
  11
	
  12

aDuration	
  of	
  enzyme	
  replacement	
  therapy	
  at	
  the	
  time	
  point	
  of	
  MR	
  imaging
bIncluding	
  arrhythmias,	
  left	
  ventricular	
  hypertrophy,	
  cardiomyopathy
cIncluding	
  proteinuria,	
  renal	
  insufTiciency
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4.2.2. MRI protocol
The imaging protocol for conventional MR images included an axial T1-weighted 3D
(TR, 25 ms; TE, 4.6 ms; flip angle 30°, slice thickness 1.6 mm, spacing 0.8 mm)
sequence, axial T2-weighted (TR, 4438 ms; TE, 100 ms, slice thickness 5.0 mm,
spacing 6.0 mm) sequence and coronal FLAIR (TR, 11000 ms; TE, 140 ms; TI 2800
ms, slice thickness 5.0 mm, spacing 6.0 mm) sequence. DTI data were collected using
a single-shot echo-planar imaging sequence (TE=89 ms, TR=5451-5616 ms) with 16
gradient-encoding directions, a section thickness of 3 mm and an intersection gap of 1
mm. The DTI data were obtained with a matrix size of 112 X 112. The b-values used
for diffusion weighting were 0, 600 and 1200 s/mm2.

4.2.3. Image analysis
4.2.3.1. Conventional MR image analysis
The WML load was rated according to a modified Fazekas scale by an experienced
neuroradiologist, who was blinded to the clinical data of the study subjects. The
original Fazekas (Fazekas et al. 1987) classification on WML severity has been shown
to reflect different aetiologies of MRI signal abnormalities. Hyperintense caps and a
smooth halo around the lateral ventricles seem to be of nonischemic aetiology (Fazekas
et al. 1993). Therefore a modified Fazekas score (mFs) was used (Andréll et al. 2005).
Accordingly, WML load severity was graded with a scale ranging from 0 to 3
(0=absence of WMLs; 1=punctate foci; 2=beginning confluence of lesions; 3=large
confluent areas). An mFs of 0 or 1 was considered a “mild” burden of WML and an
mFs of 2 or 3 was considered a “severe” burden. In addition, the presence of lacunar or
cortical infarctions was registered.
4.2.3.2. DTI data analysis
DTI data analysis was carried out following the standard procedure of voxelwise crosssubject analysis using TBSS (Smith et al. 2006). First, the raw diffusion data were
corrected for eddy current-induced distortions. The FA, MD and eigenvector maps
were calculated using the FMRIB´s Diffusion Toolbox (FDT) program. The first
eigenvector corresponds to axial diffusivity (AD). A measure of radial diffusivity (RD)
was produced with fslmaths by calculating the average of the second and third
eigenvectors of each voxel. Automatic brain extraction was performed for the resulting
maps using BET (Smith 2002). The FA data for all of the subjects were then aligned
into a common space using FNIRT (Andersson et al. 2007a; b). Next, a mean FA image
was created and thinned to create a mean FA skeleton representing the centres of all of
the tracts common to the group. The threshold of the mean FA skeleton was set at 0.2.
Each subject´s aligned FA images were then projected onto the mean FA skeleton and
the resulting data fed into voxelwise cross-subject statistics.
Voxelwise cross-subject TBSS analysis for the MD, AD and RD data was performed
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by applying nonlinear registration to the corresponding DTI parameter maps, which
were then projected onto the original mean FA skeleton. The FA data were used to find
the projection vectors for the voxelwise MD, AD and RD analyses.
We performed voxelwise cross-subject TBSS-analysis for FA and MD to compare all
12 patients and 13 controls. Voxelwise cross-subject analysis for FA and MD was also
performed to compare patients receiving ERT (mean age, 47 years; range, 24 to 68
years; 3 men, 4 women) with patients without ERT (mean age, 26 years; range, 16 to
47 years; 1 man, 5 women). Both of these analyses were performed using age and
gender as covariates.
Guided by the TBSS findings, we performed a ROI analysis for the 8 FD patients
having a mFs of 0 or 1. Eight healthy controls with an mFs of 0 or 1 were also chosen
for ROI analysis (Table 4). The ROI analysis was performed for the each subject’s FA,
MD, AD and RD skeletons using one large ROI mask containing all of the voxels
showing significant FA reduction in FD patients. We also performed separate TBSS
analyses for FA, MD, AD and RD for these 8 FD patients and 8 controls with mFs 0 or
1. Age and gender were also used as covariates in these analyses.
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TBSS	
  ANALYSIS

Controls

Table	
  4. White	
  matter	
  lesion	
  load,	
  age	
  and	
  gender	
  of	
  study	
  subjects	
  in	
  DTI	
  analyses.	
  mFs,	
  modiTied	
  Fazekas	
  score.

FD	
  patients

3/2
2/1
2/1
1/0

female/male

13

6
6
1
0

number

46.2	
  ±	
  10.1

38.7	
  ±	
  5.5
51.2	
  ±	
  8.5
60.9

11/2

6/0
5/1
0/1

female/male

number
23.0	
  ±	
  7.8
43.8	
  ±	
  18.6
56.8	
  ±	
  10.0
46.4
8/4

age
(mean	
  ±	
  SD)

mFsa
5
3
3
1
38.6	
  ±	
  17.8	
  

age
(mean	
  ±	
  SD)

0
1
2
3
12

ROI	
  ANALYSIS

Controls

total

FD	
  patients
number

23.0	
  ±	
  7.8
43.8	
  ±	
  18.6

5/3

3/2
2/1

female/male

8

5
3

number

41.2	
  ±	
  7.4

37.6	
  ±	
  5.4
47.2	
  ±	
  6.7

7/1

5/0
2/1

female/male

mFsa

5
3

30.8	
  ±	
  15.8

age
(mean	
  ±	
  SD)

0
1

8

age
(mean	
  ±	
  SD)

total
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4.2.3.3. Volumetry
The brain tissue volumes of the study subjects, normalised for subject head size, were
estimated using SIENAX (Smith et al. 2001; Smith et al. 2002). First, brain tissue was
extracted from the original 3D T1-weighted images using BET (Smith 2002). The
extracted brain images were then affine-registered to standard (Montreal Neurologic
Institute 152, Montreal, Quebec, Canada) space (MNI152) (Jenkinson et al. 2002;
Jenkinson and Smith 2001). The final step was a tissue-type segmentation procedure
(Zhang et al. 2001), producing estimates of total brain tissue volume, grey matter
volume and white matter volume.
We used FSL´s voxel-based morphometry style analysis (FSL-VBM) (Ashburner and
Friston 2000; Good et al. 2001) to analyse regional differences in grey matter volume.
After extracting the brain tissue from the original 3D T1-weighted images with BET
(Smith 2002), tissue-type segmentation (Zhang et al. 2001) producing grey matter
partial volume images was performed. The resulting data were then aligned to
MNI-152 space using FLIRT (Jenkinson et al. 2002; Jenkinson and Smith 2001),
followed by nonlinear registration using FNIRT (Andersson et al. 2007a; b), which
uses a b-spline representation of the registration warp field (Rueckert et al. 1999).
These images were then averaged to create a study-specific template, to which the
native grey matter images were then non-linearly re-registered. The registered partial
volume images were then modulated to correct for local expansion or contraction.
These data were then smoothed with an isotropic Gaussian kernel with a sigma of 3
mm. The resulting data were used for voxelwise testing.

4.2.4. Statistical analysis
A two-tailed unpaired t-test was used to analyse the difference in brain volumes
between the FD patients and the controls. The two-tailed unpaired t-test was also used
in the ROI analysis to compare differences in DTI parameter values between the
patients and controls. A result with p<.05 was considered statistically significant. The
statistical analysis was performed using GraphPad InStat software (GraphPad
Software, San Diego, California).
The Randomise tool (FMRIB), a permutation program enabling modelling and
inference (thresholding) using the standard general linear model design setup (Nichols
and Holmes 2002), was used for two-regressor analysis (equivalent to an unpaired ttest) to perform voxelwise analysis of the FA, MD, AD, RD and volumetric analysis
(Smith and Nichols 2009). Five thousand permutations of the data were generated to
build up the null distribution. Age was used as a covariate for both voxelwise analysis
of DTI parameters and volumetric analysis. Gender was also used as a covariate for
voxelwise TBSS analyses.
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5. RESULTS
5.1. MS in pregnancy (Studies I and II)
5.1.1. MS disease activity in pregnancy and post-partum (Studies I and II)
5.1.1.1. Clinical MS disease activity (Studies I and II)
The annualised relapse rate before, during and after pregnancy are shown in Figure 3.
In Study I, the annualised relapse rate in the third trimester was significantly lower
compared to the relapse rate during the year before pregnancy (p=0.04) and to the
relapse rate 0-3 months post-partum (p=0.002). The relapse rate 0-3 months postpartum was higher than year before pregnancy (p=0.048). Of the 28 patients taking part
in the study I, 68% were entirely relapse-free during pregnancy. During the 6-month
post-partum follow-up, 15 of the 28 patients had experienced 19 relapses and the
EDSS was slightly increased during the entire follow-up period of 35 weeks (0.95 ±
0.20 at 10-12 gestational weeks vs. 1.39 ± 0.22 6 months post-partum; mean ± standard
error of mean [SEM]; p=0.048, paired Student´s t-test). In Study II with its lower
number of study subjects (n=19), the alteration in EDSS during follow-up remained
non-significant (1.24 ± 0.29 at 10-12 gestational weeks vs. 1.45 ± 0.28 6 months postpartum; mean ± standard error of mean; p=0.21, paired t-test).

Figure	
   3.	
   Annualised	
  relapse	
  rates	
   before,	
  during	
  and	
  after	
   pregnancy	
  in	
  studies	
  I	
  (n=28)	
  
and	
  II	
  (n=19).
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5.1.1.2. Number of MS lesions (Studies I and II)
The numbers of lesions in the MRI scans performed during the third trimester and
post-partum are shown in Table 5. There was a significant increase in the hyperintense
lesions in T2-weighted and DW images as well as in the total lesion load measured
from FLAIR images in scans performed after the delivery when compared with the
scans taken during pregnancy (Fig. 4). Lesions with diffusion restriction, i.e. having a
lowered signal compared to NAWM on ADC maps, were not observed. No alteration
was observed in the number of T1-lesions. Fourteen and eleven (50% in Study I; 58%
in Study II respectively) of the patients showed radiological signs of MS activity (i.e.
the scans contained one or more new, enlarging or Gd-enhancing lesions) in at least
one of their post-partum scans.
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Table	
  5.	
  Numbers	
  of	
  lesions	
  appearing	
  hyperintense	
  on	
  T2-‐weighted	
  images,	
  hypointense	
  
(“black	
   holes”	
   and	
   lesions	
   darker	
   than	
   NAWM	
   but	
   brighter	
   than	
   CSF)	
   on	
   T1-‐weighted	
  
images	
   and	
  hyperintense	
   on	
  DW	
  images	
   on	
  the	
  Tirst	
   MRIs	
   imaged	
  in	
  the	
   third	
   trimester	
  
and	
   post-‐partum.	
   Total	
   volume	
   of	
   lesions	
   appearing	
   hyperintense	
   on	
   FLAIR-‐images.	
   p-‐
values	
  are	
  for	
  Wilcoxon	
  matched-‐pairs	
  signed-‐rank	
  test.	
  SEM,	
  standard	
  error	
  of	
  mean.
third	
  trimester post-‐partum
p-‐value
T2	
  LESIONS
Study	
  I	
  (n=28)
	
  	
  mean	
  ±	
  SEM
27.2	
  ±	
  5.5*
28.9	
  ±	
  5.6*
0.002
	
  	
  range
2-‐120
2-‐120
	
  	
  median
13
15.5
Study	
  II	
  (n=19)
	
  	
  mean	
  ±	
  SEM
27.3	
  ±	
  7.2
29.2	
  ±	
  7.3*
0.007
	
  	
  range
5-‐120
4-‐120*
	
  	
  median
12
13
T1	
  LESIONS
Study	
  I	
  (n=28)
	
  	
  mean	
  ±	
  SEM
4.1	
  ±	
  0.9*
4.5	
  ±	
  1.0*
0.188
	
  	
  range
0-‐18
0-‐18
	
  	
  median
3
3
Study	
  II	
  (n=19)
	
  	
  mean	
  ±	
  SEM
4.0	
  ±	
  1.0*
4.6	
  ±	
  1.2*
0.188
	
  	
  range
0-‐18*
0-‐18*
	
  	
  median
3*
3
DWI	
  HYPERINTENSE	
  LESIONS
Study	
  I	
  (n=23)
	
  	
  mean	
  ±	
  SEM
3.3	
  ±	
  0.5*
3.8	
  ±	
  0.6*
0.016
	
  	
  range
0-‐10*
0-‐12*
	
  	
  median
3
4
Study	
  II	
  (n=19)
	
  	
  mean	
  ±	
  SEM
3.5	
  ±	
  0.6
4.1	
  ±	
  0.7
0.024
	
  	
  range
1-‐10
0-‐12
	
  	
  median
3
4
TOTAL	
  LESION	
  LOAD	
  (ml)
Study	
  I	
  (n=28)
	
  	
  mean	
  ±	
  SEM
11.8	
  ±	
  3.2
12.8	
  ±	
  3.3
0.027
	
  	
  range
0.5-‐78.6
0.4-‐82.4
	
  	
  median
6.16
6.96
Study	
  II	
  (n=19)
	
  	
  mean	
  ±	
  SEM
11.3	
  ±	
  2.8
12.3	
  ±	
  2.9
0.029
	
  	
  range
2.1-‐46.2
2.3-‐45.9
	
  	
  median
6.65
7.44
* Error in the original publication. The errors had no effect on the significance of the p-values.
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27TH	
  GESTATIONAL	
  WEEK	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  WEEK	
  POST-‐PARTUM

A

B

C

D

Figure	
   4.	
   Patient	
  with	
  MS	
  having	
  small	
  lesions	
   in	
  the	
  centrum	
  semiovale	
  and	
  periventricularly	
  
in	
   the	
   beginning	
   of	
   the	
   third	
   trimester	
   in	
   T2-‐weighted	
   (A)	
   and	
   FLAIR-‐images	
   (B).	
  
Corresponding	
  images	
  (C	
  and	
  D)	
  obtained	
  in	
  the	
  5th	
  post-‐partum	
  week	
  show	
  two	
  large	
  lesions	
  
with	
  surrounding	
   oedema	
   in	
  the	
   right	
   centrum	
   semiovale.	
   One	
   of	
   these	
  large	
   lesions	
   is	
   new	
  
compared	
  to	
   the	
  pre-‐partum	
  image	
  and	
  the	
  other	
  has	
   grown	
  substantially.	
   In	
  the	
  left	
   centrum	
  
semiovale,	
   one	
   lesion	
   has	
  grown	
  compared	
  to	
   the	
   pre-‐partum	
   image	
   and	
   there	
   are	
  also	
   three	
  
new	
  relatively	
  small	
  lesions.
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5.1.1.3. Clinical vs. radiological activity (Study I)
Eight of the 14 patients (Study I) with active lesions in a post-partum scan experienced
a clinical relapse during the follow-up period and 8 of the 14 patients with new or
enlarging T2-lesions also had Gd-enhancing lesions. A total of 6 patients were scanned
twice during the third trimester of pregnancy. Two of these 6 patients had T2-activity in
the second pregnancy scan, as well as in the scan performed after the delivery. Another
2 of these 6 patients had T2-activity only in the post-partum-scan and 2 patients had no
T2-activity in any of the scans. The numbers of new or growing lesions as a function of
time in patients imaged more than once during, or after, pregnancy are illustrated in
Figure 5. Six patients had early post-partum MRI activity but no clinical relapse within
6 months of delivery. On the other hand, 6 patients who did experience a relapse at
8-26 weeks post-partum showed no MRI activity in the scan performed 5-6 weeks
post-partum, probably due to the delay between imaging and the time of relapse.
During the post-partum period in total, 21 out of 28 (75%) patients demonstrated MS
disease activity either by a clinical MS relapse or by T2-activity in the MRI scans.

Figure	
   5.	
   Demonstration	
  of	
  the	
  number	
  of	
  active	
  lesions	
  (y-‐axis)	
  as	
   a	
  function	
  of	
  time	
   (x-‐
axis,	
   stacks	
  at	
  weekly	
  intervals)	
  in	
  Tive	
   patients.	
  The	
  number	
   of	
   active	
  lesions	
   on	
  each	
  MR	
  
scan	
  is	
  indicated	
  by	
  black	
   dots.	
   The	
  time	
  point	
  at	
   which	
  each	
  curve	
  turns	
   darker	
  indicates	
  
the	
  time	
   of	
  delivery.	
  In	
  all	
  of	
   these	
  patients,	
   active	
  lesions	
   are	
   present	
   at	
   least	
  in	
  the	
   last	
  
post-‐partum	
   scan.	
  The	
  other	
  four	
  patients	
  imaged	
  more	
  than	
  twice	
  showed	
   no	
  T2-‐activity	
  
on	
  their	
  scans.
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5.1.2. Whole-brain ADC histograms in pregnancy and post-partum (Study
II)
The average of the mean ADC-value was significantly lower in post-partum images
than pre-partum images (p=0.026). The peak position of the ADC histogram was also
significantly shifted to lower values in the post-partum images (p=0.014). The ADC
data of patients scanned in the two imaging centres are detailed in Table 6. The
averaged whole-brain ADC histograms of the patients imaged in Turku are shown in
Figure 6.
Despite the overall lower ADC values in the post-partum setting, we observed higher
mean ADC values in three patients (Fig. 7). The patient with the most prominent
elevation in their mean ADC experienced a relapse severe enough to necessitate
methylprednisolone pulse therapy at week six (deteriorated vision, clumsiness and
dysesthesia in right hand, difficulties in walking). This took place shortly after the
imaging. This patient also had the most prominent disease activation assessed by
conventional MR scans, with 14 new T2 lesions and a 92% increase in lesion volume
(6.4 ml pre-partum and 12.3 ml post-partum).

Table	
   6.	
   Whole	
   brain	
   ADC	
   histogram	
   parameters	
   of	
   the	
   patients	
   imaged	
   in	
   the	
   two	
  
different	
  imaging	
  centres.	
   The	
  ADC	
  histogram	
   parameter	
   values	
   are	
  expressed	
   in	
  units	
  of	
  
mm2s-‐1	
  x	
  10-‐6	
  .	
  ADC,	
  apparent	
  diffusion	
  coefTicient;	
  SD,	
  standard	
  deviation.

pre-‐partum

post-‐partum

p-‐value

	
  	
  	
  mean	
  ±	
  SD

781	
  ±	
  22

771	
  ±	
  23

0.042

	
  	
  	
  peak	
  position	
  ±	
  SD

766	
  ±	
  22

753	
  ±	
  24

0.014

	
  	
  	
  mean	
  ±	
  SD

896	
  ±	
  34

886	
  ±	
  36

0.313

	
  	
  	
  peak	
  position	
  ±	
  SD

889	
  ±	
  33

875	
  ±	
  34

0.313

TURKU	
  (n=11)

HELSINKI	
  (n=8)

ALL	
  PATIENTS	
  (n=19)
	
  	
  	
  mean

0.026

	
  	
  	
  peak	
  position

0.014
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Figure	
   6.	
   Mean	
  ADC	
  histogram	
  of	
  patients	
  imaged	
  in	
  Turku	
  showing	
  a	
  shift	
  to	
   lower	
  ADC	
  
values	
  after	
  delivery	
  (dotted	
  line)	
  compared	
  with	
  late	
  pregnancy	
  (solid	
  line).

Figure	
   7.	
   Bar	
   graph	
   showing	
   percentual	
   change	
   of	
   the	
   mean	
   ADC	
   in	
   each	
   individual	
  
patient	
   (1-‐19)	
   after	
   delivery.	
   Only	
   three	
   patients	
   had	
   higher	
   ADC	
   values	
   post-‐partum.	
  
Patient	
   no.	
   16,	
   having	
   the	
   most	
   prominent	
   rise	
   in	
   ADC,	
   was	
   the	
   only	
   patient	
   who	
   had	
  
signiTicant	
  clinical	
  deterioration	
  post-‐partum.
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5.1.3. Brain volumetry in pregnant MS patients (Study II)
PBVC (mean -0.65, SD 1.1) showed a shift to larger brain volumes in 6 out of 19
patients and a shift to smaller volumes in 13 out of 19 patients. The ADC% did not
exhibit correlation with the PBVC (r=- 0.18, p=0.46) or with VOL% (r=0.26, p=0.27).

5.2. MS patients with IFN-β treatment (Study III)
5.2.1. T2 lesion load (Study III)
At least one new T2 lesion was detected in the second MRI in 5 out of 9 nine patients.
The same 5 patients had at least one Gd-enhancing lesion either in the first or second
MRI. There was no significant change in the lesion volumes between the first and
second MRI (p=0.57). The average lesion volume was 12.7 ml (SD 18.5 ml, range
0.9-60 ml) in the first MRI and 11.1 ml (SD 14.6 ml, range 0.3-48 ml) in the second
MRI. The highest lesion load was 60 ml in the first MRI. The same patient also had the
highest (48 ml) lesion load in the second MRI. In all other patients, the lesion load was
less than 18 mls in both MRIs.

5.2.2. ADC histograms in the follow-up (Study III)
There was no statistically significant difference in ADC parameter values between the
first and second imaging. Four of the five patients with new T2-lesions had a decrease
(shift to lower values) in ADC histogram parameter values and one had an increase
(shift to higher values). The ADC histograms of the patient with the increase as well as
the histograms of one of the five patients with a decrease in ADC values are shown in
Figure 8. The five patients with continuous disease activity had a significantly larger
magnitude of change in histogram parameter values of the upper quartile (p=0.016)
and mean (p=0.032) when compared to the four patients without new T2-lesions (Fig.
9). The difference in magnitude of change of median (p=0.19) and lower quartile
(p=0.14) of the ADC histogram remained non-significant.
The number of new T2 lesions showed a positive correlation with the magnitude of
change of the mean (r=0.79, p=0.014) and upper quartile (r=0.77, p=0.021) values of
the ADC histogram, whereas the correlation between the number of new lesions and
the magnitude of change of median (r=0.52, p=0.15) and lower quartile (r=0.46,
p=0.21) values was not significant.
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A

B

Figure	
   8.	
   ADC	
   histograms	
   at	
   the	
  initiation	
   of	
  the	
   study	
   and	
   at	
   three-‐month	
  follow-‐up	
  in	
  
two	
  patients	
  with	
  new	
  T2	
  lesions.	
  A	
  shift	
   either	
  to	
   lower	
  (A)	
  or	
  higher	
   (B)	
  ADC-‐values	
   on	
  
the	
   second	
   imaging	
   is	
   possible.	
   The	
   vertical	
   lines	
   represent	
   the	
   positions	
   of	
   the	
   upper	
  
quartile	
  of	
  the	
  histograms.
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Figure	
  9.	
  ADC	
  histogram	
  upper	
  quartile	
  (active	
  vs.	
  inactive,	
  p=0.016)	
  and	
  mean	
  (active	
  vs.	
  
inactive,	
  p=0.032)	
  value	
  change	
  of	
  four	
  patients	
  without	
  and	
  Tive	
  patients	
  with	
  signs	
  of	
  
disease	
  activity	
  on	
  T2-‐weighted	
  images	
  three	
  months	
  after	
  initiation	
  of	
  
immunomodulatory	
  treatment.	
  Columns	
  on	
  the	
  left:	
  patients	
  without	
  new	
  T2-‐lesions.	
  
Columns	
  on	
  the	
  right:	
  patients	
  with	
  new	
  T2-‐lesions.	
  ADC	
  value	
  is	
  expressed	
  in	
  units	
  of	
  
10-‐6mm2/s.
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5.2.3. Brain volume analysis (Study III)
There was no significant difference in BVIs between the first and second MRI, and the
difference in BVI between the first and second MRI was less than 0.5 percentage units
in all patients. The change in BVIs did not correlate with the change in ADC values.

5.3. Fabry disease (Study IV)
5.3.1. White matter lesion load in FD (Study IV)
The mFs was 0 or 1 in 8 (67%) of the FD patients. Of those patients having a mild
WML load, 5 had no T2-lesions and 3 had a mFs of 1. None of the study subjects
having a mild WML load had lacunar or cortical infarctions visible on MR scans.

5.3.2. Voxelwise DTI analysis of FD patients (Study IV)
5.3.2.1. TBSS-analysis
With voxelwise TBSS analysis, we found widespread areas of decreased FA values in
FD patients compared to healthy controls. Areas of reduced FA were found bilaterally
in the pons along the corticospinal tract, the thalami, internal capsules, external
capsules, corpus callosum and parietal white matter. Also, local areas of reduced FA
were detected in the inferior longitudinal fasciculus and inferior fronto-occipital
fasciculus and frontal white matter of the right side, and in the dorsal cingulum of the
left side (Fig. 10). In voxelwise MD analysis, we found significantly increased MD
values in both cerebellar hemispheres, the corona radiata and thalami and in the genu
and splenium of the corpus callosum of the FD patients. Significant MD increases were
also observed in the right frontal and parietal white matter and capsula interna of the
FD patients (Fig. 11). We did not find any regional increases in the FA values or
decreases in the MD values of FD patients compared to healthy controls.
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Figure	
   10.	
   Statistically	
   signiTicant	
   group	
   difference	
   of	
   FA	
   values	
   lower	
   in	
   FD	
   patients	
  
(n=12)	
  compared	
  to	
   controls	
  (n=13).	
   Red-‐yellow	
   scale	
  represents	
  p	
  values	
  0.05-‐0.005.	
  All	
  
p-‐values	
   are	
   family-‐wise	
   error	
   corrected	
   for	
   multiple	
   comparisons.	
   The	
   signiTicant	
  
Tindings	
  are	
  overlaid	
  on	
  a	
  standard	
  MNI152	
  image.

Figure	
   11.	
   Statistically	
   signiTicant	
   group	
   difference	
   of	
   MD	
  values	
   higher	
   in	
  FD	
   patients	
  
(n=12)	
  compared	
  to	
  controls	
   (n=13).	
  Blue-‐light	
   blue	
  scale	
  represents	
   p-‐values	
  0.05-‐0.005.	
  
All	
   p-‐values	
   are	
   family-‐wise	
   error	
   corrected	
   for	
   multiple	
   comparisons.	
   The	
   signiTicant	
  
Tindings	
  are	
  overlaid	
  on	
  a	
  standard	
  MNI152	
  image.
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5.3.2.2. TBSS-guided ROI analysis
Patients with a severe burden of WMLs (i.e. a mFs of 2 or 3) were excluded from the
ROI analysis. In the ROI analysis, which was guided by the TBSS findings, the 8 FD
patients with mild WML load had significantly lower FA values compared to 8 healthy
controls (Table 7). Also, significantly elevated RD values in FD patients were detected
in this analysis. In contrast, no statistically significant MD differences were detected in
the TBSS-guided ROI analysis.
The TBSS analysis between 8 FD patients and 8 controls did not reveal significant
differences in FA, MD, AD or RD. Moreover, the TBSS analysis between patients with
and without ERT revealed no significant differences in any of the four measured DTI
parameters.

Table	
  7.	
  Mean	
  DTI	
  parameter	
  values	
  and	
  standard	
  deviations	
  of	
  study	
  subjects	
  in	
  TBSS-‐
guided	
  ROI	
  analysis.	
  FA,	
  fractional	
  anisotropy;	
  MD,	
  mean	
  diffusivity;	
  AD,	
  axial	
  diffusivity;	
  
RD,	
  radial	
  diffusivity.
FA	
  (Mean±SD)

patients
controls
p

0.492	
  ±	
  0.019
0.526	
  ±	
  0.014
0.0013

MD	
  (Mean±SD)
(x	
  10-‐6	
  mm2/s)

patients
controls
p

642	
  ±	
  12
626	
  ±	
  15
0.037

AD	
  (Mean±SD)
(x	
  10-‐6	
  mm2/s)

patients
controls
p

1019	
  ±	
  20
1030	
  ±	
  14
0.240

RD	
  (Mean±SD)
(x	
  10-‐6	
  mm2/s)

patients
controls
p

471	
  ±	
  48
424	
  ±	
  17
0.020
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5.3.3. Brain volume analysis in FD (Study IV)
Normalised total brain tissue volume (patients 1488 ± 129 cm3, controls 1501 ± 87.0
cm3) and grey matter volume (patients 784 ± 118 cm3, controls 765 ± 54.0 cm3) did not
significantly differ between FD patients and controls. FD patients had lower
normalised white matter volumes (704 ± 30.0 cm3) than normal controls (735 ± 45.9
cm3), but the difference did not attain statistical significance (p=0.057).
The FSL-VBM analysis did not reveal regional differences in grey matter volumes
between patients and controls.
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6. DISCUSSION
In the present study, MRI and DWI of the brain have been used to follow changes
occurring in the brain tissue of RRMS patients, comparing clinical and MR data before
and after delivery and before and after initiation of DMT. The main focus was to
investigate whether DWI can reveal changes that are not visible on conventional MR
scans. Furthermore, we performed a voxelwise DTI study with FD patients to reveal
possible microstructural alterations before excessive WML load is visible on
conventional MR sequences.

6.1. DWI in pregnant MS patients
6.1.1. MS disease activity during pregnancy and post-partum (Studies I
and II)
In Studies I and II, using MRI imaging, we have demonstrated that MS is activated
soon after delivery, as the majority of the patients demonstrated new T2-lesions in
images taken as soon as 4-5 weeks post-partum. There was also a statistically
significant increase in DWI hyperintense lesions in the post-partum scans compared to
images taken in the third trimester of pregnancy. During the 6-month post-partum
follow-up period, disease activity was observed either in the form of a clinical relapse
or as T2-activity in the MRI in 75% of the patients. The relapse rate was significantly
reduced during the third trimester of pregnancy and increased post-partum. MRI seems
to be a more sensitive method for assessing MS activity than recording relapses,
because nearly half of the patients with early post-partum MRI activity experienced no
symptoms or signs of clinical relapse during the follow-up period.
A few earlier prospective studies have addressed the relapse rate of MS during and
after pregnancy. In the first two studies performed no change was observed in the
relapse rate during pregnancy when compared to a self-control group (Sadovnick et al.
1994) or to a matched control group (Roullet et al. 1993). The PRIMS study
(Confavreux et al. 1998), on the other hand, convincingly demonstrated that the risk of
relapse in patients with MS declines significantly during the third trimester of
pregnancy, only to increase three-fold in the first three months post-partum. The study
of Finkelsztejn et al. (2011) showed a six-fold reduction in the relapse rate during
pregnancy compared to the pre-pregnancy level and again a 3.5-fold increase in the 6
months after the delivery compared to the pregnancy level. Our study confirms the
clinical results of the relapse rate alterations shown in the two latter studies: a transient,
pregnancy-induced, remission and rebound in the post-partum period. According to
Vukusic et al. (2004), factors associated with a higher risk of post-partum attacks in
women with MS are a higher frequency of attacks prior to pregnancy, relapses during
pregnancy and a higher level of physical disability prior to pregnancy. In our study
cohort, no such correlations could be demonstrated (data not shown), presumably
because of the smaller sample size.
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There are no previous MRI studies of any larger MS cohort addressing disease activity
during pregnancy or the post-partum period. A case study reported a decrease in the
number of active lesions during the second half of pregnancy and a return of WML
load to pre-pregnancy levels in the first months post-partum in two women with MS
(van Walderveen et al. 1994). In addition, Saraste et al. described a patient with a very
high number of Gd-enhancing lesions in a scan performed only four weeks after
delivery (Saraste et al. 2006).
In Study I, for the majority of our patients (9/14), the post-partum scans demonstrating
disease activity were performed within five weeks of delivery. This indicates that MS
disease activation commonly takes place at a very early stage after delivery.
Furthermore, we were surprised to observe the appearance of active lesions in two
scans performed at 35-37 gestational weeks. This suggests that alterations might take
place in the mothers’ immune system during very late pregnancy as preparation for the
delivery of the foetus. Interestingly, estriol concentration in the blood starts to decline
after 35 gestational weeks, reflecting the dysfunction of the ageing placenta (Messiano
and Jaffe 2004). Consequently, the loss of high estriol concentrations might lead to an
increase in MS activity in certain patients.
It is well known that acute demyelinating lesions in patients with MS demonstrate
increased ADC and hyperintensity in diffusion-weighted images (Castriota-Scanderbeg
et al. 2002; Horsfield et al. 1998; Schaefer et al. 2000) that have been assumed to be
due to vasogenic oedema. However, there are reports (Balashov et al. 2011; Gass et al.
2001) which have shown hyperacute demyelinating lesions with ADC values lower
than the surrounding brain tissue consistent with cytotoxic oedema. In these two
studies the lesions presenting initially with a low signal on ADC, when
“pseudonormalised”, and later showed increased diffusivity, consistent with turning
towards vasogenic oedema in the follow-up MRI taken 5-10 days after the initial scan.
In the report of Gass et al. (2001), the lesion which initially had diffusion restriction
and later contained vasogenic oedema remained hyperintense in DW images obtained 5
weeks after the hyperacute phase, although less intense than on the initial scan. Hence,
the hyperintensity of the acute (but not hyperacute) lesion is due to “T2 shine-through”.
Indeed, in these two previous reports (Balashov et al. 2011; Gass et al. 2001), the T2
intensity of the acute phase lesions became higher compared to the hyperacute phase,
keeping the lesions hyperintense on DW images even though the ADC of the lesions
was rising.
In our study I, there was a statistically significant increase in DWI hyperintense lesions
in post-partum scans compared with MRIs taken during the third trimester. These
lesions were not hypointense on the ADC maps. Hence, the high signal in DWI images
was due to “T2 shine-through”, not due to cytotoxic oedema. Not all of the DWIhyperintense lesions in the post-partum scans were necessarily acute lesions, but we
believe that our finding of a significant increase in the number of DWI-positive lesions
partly reflects the early activation of MS after delivery, i.e. the new DWI-hyperintense
lesions may have been acute lesions in their “pseudonormal” (beginning of vasogenic
oedema) phase. The statistically significant increase of T2-lesions on post partum scans
supports this interpretation.
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Given the almost universal tendency for disease activation in the post-partum period,
we see no need for routine MRI scanning of MS patients during pregnancy or the postpartum period. Treatment decisions can, mostly, be made on clinical grounds, while
MRI imaging can be applied in more problematic cases. Our finding of early new postpartum lesions in brain MRI has implications for the treatment of mothers with MS. To
prevent post-partum relapses, disease-modifying treatment should be initiated as early
as possible.

6.1.2. Whole-brain diffusity in MS patients during pregnancy and postpartum (Study II)
In Study II we used the same patient data and MRI scans as in Study I, excluding the 5
patients imaged in Tampere (no DW images) and 4 patients imaged in Helsinki (image
quality not sufficient for generating histograms). Surprisingly, we found a slight but
statistically significant decrease of whole brain ADC in images obtained 4-12 weeks
after delivery, even though the WML load was also significantly higher post partum
compared to the third trimester of pregnancy in this patient cohort. The higher ADC
values observed during the pregnancy of the MS patients are likely to be due to the
physiological changes taking place in the cerebral vasculature during pregnancy, which
overcome the inflammation-induced effects on ADC. Hence, our study confirms that
ADC histogram analysis is of limited value in the follow-up of inflammatory
conditions in a pregnancy-related setting.
Normal pregnancy is associated with significant haemodynamic and cardiovascular
changes in order to meet the metabolic needs of the mother and the foetus: the maternal
cardiac output and plasma volume increase during pregnancy, while the total vascular
resistance and blood pressure tend to decrease (Khalil et al. 1998). In an MR study
using velocity-encoded phase contrast sequences with 10 healthy pregnant volunteers,
a significant reduction in brain blood flow was detected in late pregnancy. This finding
was thought to represent generalised vasodilatation of downstream resistance
arterioles, assuming constant blood flow at the tissue level (Zeeman et al. 2003).
The pregnancy-related alterations in cerebral vasculature may contribute to the oedema
and neurological defects seen with preeclampsia-associated hypertension. It has been
postulated that the pathophysiology of eclampsia includes increased permeability of
small vessels due to endothelial injury, and hypertension-induced breakdown of
cerebrovascular autoregulation. These factors may cause brain lesions with vasogenic
oedema. If the vasogenic oedema progresses, it may result in an increase in local tissue
pressure, a decrease in regional perfusion pressure and a reduction of blood flow to
irreversible ischemic levels with cytotoxic oedema. Regarding eclamptic
encephalopathy, diffusion-weighted imaging has proved to be a valuable tool in
differentiating between vasogenic and cytotoxic oedema in brain lesions, the former
having elevated ADC values and the latter having decreased ADC values (Engelter et
al. 2000; Koch et al. 2001; Schaefer et al. 1997; Ulrich et al. 2006; Watanabe et al.
2002). Our finding of slightly but statistically significantly higher ADC during the third
trimester in relation to post-partum imaging is likely to reflect the physiological state
of late pregnancy, representing a possible predisposing factor to pregnancy-related
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hypertensive encephalopathy.
Increased brain ADC has been reported both in MS lesions and in NAWM during MS
disease activity (Droogan et al. 1999; Garaci et al. 2007). Decreased FA in the normalappearing corpus callosum, reflecting occult injury of white matter tracts in MS
patients has also been reported (Lou et al. 2009). MS lesions are heterogenous in terms
of their ADC values. Relatively low ADC values have been found in homogeneously
enhancing lesions and at the border of ring-enhancing lesions (Filippi et al. 2000;
Roychowdhury et al. 2000), but these lesions are still reported to have higher ADC
than the NAWM has (Roychowdhury et al. 2000). However, diffusion restriction has
also been reported in hyperacute lesions, as mentioned above. In our study, no lesions
with hypointensity were detected on ADC maps. The numbers of MS lesions in our
patients either increased or remained the same after delivery and the overall lesion load
of the patients was relatively small. At the same time, the ADC values tended to
decrease. Therefore, we believe that our finding of decreasing ADC after delivery is
not due to the change in the number of MS lesions. In summary, we believe that our
finding of decreasing ADC after delivery is due to physiological changes within the
NAWM. Masking the lesions out from the histograms might have strengthened but not
changed our finding. However, in this kind of longitudinal study, there would be
several possible sources of error in lesion segmentation, e.g. a selection bias at the
voxel level between the two time points.
Interestingly, the patient who had the worst post-partum relapse (including a 1.5 point
increase in EDSS) had a nearly 8% increase in their mean ADC. It seems that in this
case the prominent post-partum disease activity induced a strong enough increase in
the ADC value to exceed the physiological post-partum related reduction in ADC. The
increase in the post-partum lesion volume probably had some influence on the
histograms, but since the absolute increase in the lesion volume was still relatively
small (5.9 ml), we believe the major factor leading to increased post-partum ADC was
MS related alterations in the NAWM. This is in line with a previous longitudinal study
reporting a correlation between ADC and clinical disability (Garaci et al. 2007).
Corticosteroid therapy has been proved to decrease brain ADC both in patients with
brain pathology and in patients without brain pathology receiving corticosteroid
therapy for other indications (Minamikawa et al. 2004). Our patients did not receive
corticosteroid therapy during pregnancy or after delivery before their follow-up MR
scans. Moreover, no DMT was initiated during the follow-up period. This permits us to
conclude that the ADC changes detected are not attributable to medication.

6.2. Diffusion weighted imaging in multiple sclerosis patients
having IFN-β treatment (Study III)
In Study III we studied 9 patients with active newly diagnosed MS with two to three
relapses during the year preceding the first MRI. IFN-β treatment was initiated soon
after obtaining the first imaging. The five patients having at least one new and
enhancing lesion in the conventional images of their second scan had more prominent
changes in ADC values than the patients without signs of disease activity. Four of the
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patients with signs of disease activity had a shift to lower ADC values and one to
higher values on their second scan.
Our finding is somewhat counterintuitive in the light of earlier study reports. There are
a few earlier longitudinal studies on patients with active MS, but most of the patients in
these studies are not on treatment for MS. In ROI based longitudinal analyses on
patients with active MS, a significant increase of ADC has been seen in NAWM areas
in which Gd enhancing lesions subsequently developed (Rocca et al. 2000; Werring et
al. 2000). In the same study by Werring et al., a milder, but statistically significant
increase in ADC was also seen in anatomically matched contralateral regions (which
appeared normal in the conventional images during the whole follow-up period) at the
time point of the first noted lesion enhancement. In another longitudinal study based on
histogram analysis of non-treated patients with active MS, a significant increase of MD
was detected in NAGM, but not in NAWM (Oreja-Guevara et al. 2005). In a
longitudinal study, an increase in MD of NAGM and NAWM was also shown to
predict later clinical progression of MS (Rovaris et al. 2006).
In a recent longitudinal study, 44 patients having MS were analysed twice (baseline
and follow-up at a median of 12 months) with DWI (Sämann et al. 2012). To our
knowledge, the Sämann study is the only one, in addition to ours, in which the majority
(37 out of 44) of patients were on DMT. The main finding in Sämann´s study was that
higher baseline mean ADC predicts later clinical progression of MS. They also found a
slight but statistically significant elevation of mean ADC in the follow-up. However,
the mean annualised ADC elevation was only 4 x 10-6 mm2/s with standard deviation of
13 x 10-6 mm2/s, which means that they met with both increases and decreases of mean
ADC in the follow-up MRI. In addition, both increases and decreases of mean ADC
were observed in our study. In fact, there was a slight shift to lower values in the
average of the mean ADC of the MS patients in our study, albeit this shift was not
statistically significant.
It has been postulated that subtle BBB damage also occurs in areas of MS patients’
white matter located far from the lesions that are visible on conventional images
(Vrenken et al. 2006). It has also been shown that IFN-β reduces the permeability of
BBB in vitro (Müller et al. 2012; Niemelä et al. 2008). Therefore, it is possible that our
findings of mean ADC shifts to a lower level may be at least partly caused by DMTinduced stabilisation of BBB. This resolution of the disease-related abnormal
permeability of BBB caused by DMT has also been postulated to cause the
pseudoatrophy seen in the first months after the initiation of DMT. In our study there
was no reduction in the BVIs in MRIs obtained 3-4 months after the initiation of the
IFN-β treatment and no correlation between percentual changes in BVI and ADC
values.
Very solid conclusions cannot be made on the basis of our study with small group of
patients and short follow-up time. Ideally, the influence of IFN-β treatment on the brain
diffusivity of patients with newly diagnosed MS should be investigated by using
several MR studies with short intervals. Furthermore, it would be highly interesting to
correlate the changes of brain volumes and brain diffusivity in the first months of
DMT. Probably this would give more information to clarify the mechanisms behind the
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DMT-induced pseudoatrophy in the early phases of treatment.

6.3. DTI in FD (Study IV)
Study IV aimed to reveal possible disturbances in white matter integrity in the form of
FA reduction in FD patients compared to healthy controls. Our study revealed
widespread abnormalities of diffusion tensor parameters in FD patients. For the first
time, we were able to reveal areas of FA reduction along with MD elevation. This
finding suggests microstructural damage leading to loss of myelin integrity resulting in
decreased anisotropic water diffusion in FD patients’ brain white matter. This finding
was also present in the ROI analysis for patients and controls with no WMLs or a mild
burden of WMLs having exactly the same distribution of mFs (5 with an mFs of 0 and
3 with an mFs of 1). Our finding suggests that the FA reduction and MD elevation of
FD patients´ white matter is already taking place in areas which appear normal on
conventional MR scans, even though the separate TBSS analysis for these subjects
with a mild WML burden did not reveal areas of significant difference in the DTI
parameters in this small sample. It is possible that the statistical power of the TBSS
analysis was not sufficient with this sample size to show the difference between the FD
patients and the controls.
Our finding of reduced FA and among FD patients is non-specific. A previous autopsy
case report concerning a patient with dementia associated with FD (Okeda and
Nisihara 2008) revealed diffuse axonopathic leukoencephalopathy owing to
multisegmental hydropic swelling of axons in the bilateral cerebral deep white matter.
This reported histological oedematous axonopathy might be a reason for the weakening
of the directional organisation of brain white matter detectable by DTI. On the other
hand, in our study, the changes in FA values were because of elevated RD, according to
the ROI analysis. Increased RD has been suggested to be a sign of myelin damage
rather than an indication of axonal injury (Song et al. 2002). However, there are several
possible pitfalls when interpreting changes in axial and radial diffusivities on the basis
of the underlying tissue structure (Wheeler-Kingshott and Cercignani 2009). Hence,
the exact neuropathological process behind our finding remains unknown.
Earlier studies have shown structural and metabolic brain abnormalities in patients
without a significant WML load using DTI (Fellgiebel et al. 2006a; Albrecht et al.
2007), magnetic resonance spectroscopy (Tedeschi et al. 1999) and 18-fluorodeoxyglucose PET (Moore et al. 2003). In an earlier study, significant increases in
cerebral white matter MD in FD patients were found without significant WMLs
(Albrecht et al. 2007). In contrast to our findings, they did not find areas of reduced
FA in FD patients. There are some differences in the acquisition parameters between
these two studies. For example, the DTI sequence was imaged with gradients along 6
non-collinear directions in Albrecht’s study, whereas in our study, 16 gradient-encoding
directions were used. However, the difference between the findings is more likely to be
explained by the difference between the methods of statistical analysis. It has been
demonstrated that the TBSS method may have higher sensitivity to FA changes
compared with other methods using voxel based analyses (Smith et al. 2006; Focke et
al. 2008).
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We did not find significant differences in FA and MD between patients with and
without ERT. However, no conclusions can be made on the effect of ERT based on this
finding. This is because the patients with ERT, having a mean age 21 years higher than
the patients without ERT, had been affected by FD for a substantially longer time than
the non-treated patient group.

6.4. Limitations of the study
Studies I and II lack the reference group and therefore it is difficult to estimate how
much of the observed increase in post-partum lesion load is attributed to the postpartum condition and how much to the natural course of MS. Another limitation of
Studies I and II is that MRI were performed in three different centres, which might
introduce an inter-centre variability in the MR image quality. However, the image postprocessing and evaluation was centralised at a single imaging centre.
In Study II, separating the white and grey matter and focusing on the white matter only
would have probably disclosed the finding more strongly. Unfortunately, the contrast
between grey and white matter in our images was not sufficient enough for
segmentation of white and grey matter.
In Study III, the weaknesses are the small number of patients and the lack of exact
knowledge of the temporal development of the disease activity. As only two sequential
MRI studies were carried out, it is difficult to determine the exact evolution (or
cessation) of the inflammatory activity. Therefore, based on our material we cannot
exactly determine the temporal relationship between the histogram changes and the
signs of inflammatory disease activity.
In Study IV, we collected the DTI data with 1 mm intersection gaps between the slices,
which is probably not optimal for the analysis of DTI data. MRI data is often acquired
with a gap between slices in order to avoid crosstalk artefacts, which are introduced
into images by interference between adjacent slices of a scan, caused by a slice profile
that is not ideal due to the constraints of the measurement technology. In retrospect, it
was probably unnecessary to have a gap between slices, because slices were acquired
in interleaved order and the TR time in the acquisition was rather long (5451-5616 ms).
However, we believe that it is highly unlikely that the intersection gap could induce a
false positive finding of FA reduction, since the same DTI acquisition parameters were
used for both the patient and control groups.
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6.5. Future considerations
We found increased post-partum MD values with histogram analysis among mothers
with RRMS when compared to pre-partum levels despite a significant increase in white
matter lesions after delivery. We believe that our finding is due to physiological
changes within the NAWM. Future DTI studies with healthy pregnant individuals
performed with ROI-based and/or voxelwise analysis could provide regional
information about MD increases. If the MD elevation is found to concentrate in the
posterior brain territories, it could strengthen our assumption that the physiological
state of late pregnancy could be a predisposing factor to pregnancy-related
hypertensive encephalopathy. Even though the ADC histogram analysis seems to be of
limited value in the follow-up of inflammatory conditions in a pregnancy-related
setting, it is possible that measuring FA histograms could have more to offer in the
follow-up of pregnant MS patients. Following the dynamics of brain FA with measures
of healthy subjects before, during and after pregnancy could also offer more
information on the changes occurring in the brain caused by pregnancy-related
physiological mechanisms.
The histogram measures of DWI- or DTI-derived images could be clinically useful in
the follow-up of the treatment effect of disease modifying drug in MS. Ideally, the
association between different phases of relapse and DTI parameters should be
investigated by using a number of short interval MR scans and including TBSS to
follow white matter integrity voxelwise between different time points. Studies with
larger patient group and with a control group are needed to clarify the effects of disease
modifying drugs on NAWM in MS.
In Study I, 6 patients (21%) showed early post-partum MRI activity but no clinical
relapse within 6 months of delivery. In Study III, 5 patients (56%) showed signs of
disease activity in MRI scans obtained 3 to 4 months after the initiation of IFN-β
treatment. In the future, as new effective therapies, which may be more expensive or
may have more dangerous side effects than older therapies, become available, there
might be a need for routine MRI control to detect sub-optimal responses to on-going
therapy.
Our study revealed microstructural damage in the white matter of FD patients before
excessive WML load was visible on conventional scans. It would be highly valuable to
longitudinally monitor the natural course of FD and possible effect of ERT using
voxelwise brain DTI analysis. Furthermore, it would be highly interesting to use this
same method with other lysosomal storage disorders.
MRI studies with higher field strength could provide new views on the dynamics of
cortical pathology in MS and improve the sensitivity of DTI to reveal even more
pathologies not visible in conventional MRI scans or DTI performed with lower MR
field strength in FD.
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7. CONCLUSIONS
Based on the results of this thesis at 1.5 T, we conclude the following:
I

Increased amounts of T2-hyperintense and DWI-hyperintense lesions were
shown as early as 4 to 7 weeks after delivery as a sign of the early clinical
post-partum activation of MS. Post-partum activation is an early and
common phenomenon amongst mothers with MS. It is important to initiate
DMT as early as possible to prevent post-partum relapses. MRI seems to be
a more sensitive method for assessing MS disease activity than recording
relapses.

II

Longitudinal evaluation with ADC histogram analyses of pregnant MS
patients and MS patients with DMT shows controversial results which are
affected by changes in disease activity and the physiology of mothers with
MS soon after delivery. Whole brain ADC is not a reliable measure in
determining the disease activity of MS in pregnant patients.

III

RRMS patients with signs of disease activity may show shifts to either lower
or higher global brain tissue ADC values. Further studies are needed to
investigate which factors in the RRMS patients´ brain tissue correspond to
the alterations in ADC values. It is probable that the disease progression pulls
the ADC values to higher values and disease-modifying treatment pulls them
to lower values.

IV

MD and FA measured with DTI can show microstructural damage in the brain
white matter of FD patients before excessive white matter changes are
visible on conventional MR scans. FA and MD could be a valuable tool in
monitoring the possible effects of treatment options in FD.
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