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Abstract
The aim of this thesis was to develop and apply Diffusion Tensor Imaging (DTI) and functional
Magnetic Resonance Imaging (fMRI) in patients with demyelinating diseases in order to provide
further insights into the mechanisms of damage and recovery.
We used DTI to investigate pathological changes in the normal-appearing (NA) brain of patients
with multiple sclerosis (MS), using regions of interest. Our results showed that diffusion changes
were associated with disability and progression in MS, and that the NA white matter damage
related to focal lesions.
We then extended the investigation to the whole white matter tracts, using the novel technique of
diffusion-based tractography, in three separate studies. In the frst study, we assessed the
reproducibility of fast marching tractography in quantifying the major white-matter pathways. In
the second, we created probabilistic group maps of these tracts in healthy volunteers, in order to
estimate their normal inter-subjects variability. In the third study, we employed these group
mapping techniques to investigate pathologic changes in the optic radiations of patients affected
by optic neuritis, and found that patients had a lower voxekscale connectivity in the optic
radiations when compared with controls.
To complement these studies, we developed a motor paradigm that allows investigation of the
brain functional response to active and passive movements of the foot. We then used this
paradigm to determine the role of cortical reorganisation in patients with primary progressive
MS, and concluded that brain functional changes, in our cohort of patients, represented both

adaptive and non-adaptive responses to central nervous system damage.



Finally, we combined the data obtained from tractography with those obtained by fMRI, in
patients with optic neuritis, and demonstrated the potential of this methodology to understand the

relationship between structural and functional mechanisms.
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Chapter 1

An introduction to demyelinating diseases and

the clinical application of Magnetic Resonance Imaging
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The first application of Magnetic Resonance Imaging (MRI) in multiple sclerosis (MS) was
described in 1981 (Young et al. 1981). Since then, the use of MRI in MS has evolved rapidly
and has become the primary technique with which neurologists support the diagnosis of MS,
and with which researchers monitor disease evolution in both natural history studies and
treatment trials. New MRI techniques have been de veloped to provide additional information
on the pathology of MS. They have offered insights into the pathophysiology of the disease,
and have confirmed that MS is not only a disease of the white matter in the central nervous
system (CNS), but also of the grey matter, and that pathologic abnormalities can affect the
brain tissue beyond the demyelinating lesions.

This thesis is concerned with investigating the mechanisms of damage and recovery of the
CNS in demyelinating diseases. Two clinical models are considered: 1) the visual pathway;
2) the motor system. In the first model we investigate optic neuritis, which is a @wmmon
symptom of MS;, characterised by the development of an acute inflammatory, demyelinating
lesion within the optic nerve. In the second model, primary progressive MS, which is a model
of chronic spinal cord syndrome, is considered. The methods used diffusion tensor imaging
(DTI), which investigates pathologic damage, and functional MRI (fMRI), which examines
cortical reorganisation following tissue damage and its role in clinical recovery.

This chapter describes the main clinical and radiological characteristics of the demyelinating
diseases which are studied in this work and is organised in two parts. The first part gives a
brief introduction to MS, particularly primary progressive MS, and optic neuritis. The second
part deals with the applications of both conventional and new MRI techniques to MS and

other demyelinating diseases.

1.1. Demyelinating diseases
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1.1.1. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic disease of the CNS that begins most commonly in young
adults, and is pathologically characterised by multiple areas of white matter inflammation,
demyelination, and gliosis. The white matter lesions are, therefore, multiple in space. The
clinical course of MS varies from a benign course to a rapidly progressive and disabling
disorder. Most patients, however, begin with a relapsing-remitting illness, which is caused by
the occurrence of multiple lesions that are disseminated in time as well as in space. The cause
remains elusive, although autoimmune mechanisms, possibly triggered by environmental
factors in genetically susceptible individuals, are thought to be important. This section deals
generally with the clinical characteristics and pathologic data of MS and, in particular, of

primary progressive MS and optic neuritis.

1.1.1.1. Clinical features

Age at onset follows a unimodal distribution with a peak between the ages of 20 and 30. MS
1s more common amongst women than men (women-to-menratio from 1.4 to 3.1:1). In
patients with later onset the sex ratio tends to be equal. The geographic distribution is uneven
(Kurtzke 1993): the disease increases in frequency with latitude in both the northern and
southern hemispheres, although the rates tend to decrease above 65° north or south. Most of
northern Europe, the United States, southern Canada, southern Australia and New Zealand
are areas of prevalence equal to or higher than 30/100,000, whilst Japan, China, Latin and
South America are regions of low prevalence (5/100,000) (Sawcer et al. 1997). Although
there is no doubt that latitude affects its prevalence, racial differences may help to explain

the geographic distribution of the disease. Indeed, although Britain and Japan are at the same
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latitude, they have very different prevalence rates (Britain: 85/100,000, Japan: 8.5/100,000).
Studies of migrant populations (Gale and Martyn 1995) have provided evidence of a
pathogenetic role in environmental factors. Other studies conducted on people migrating
from the Indian subcontinent or the West Indies to Great Britain, suggested that age at the
time of immigration played an important role (Dean et al. 1976); individuals migrating
before the age of 15 have the same risk of developing MS as that of the country to which
they move, while after the age of 15 they have the risk of the country of origin. Reports of
epidemics of MS further support the importance of an environmental factor in the
pathogenesis d the disease. The most impressive epidemic occurred in the Faroe Islands,
where cases appeared shortly after the islands were occupied by British troops in World War
II (Kurtzke 1993).

Besides environmental factors, genetics also play a role in the pathogenesis of MS (Willer
and Ebers 2000). However, studies in twins have shown that the concordance of MS is 26%
in monozygous twins and 2% in dizygous twins, suggesting that genetic factors are not
sufficient for the disease expression (Ebers et al. 1986). Moreover, studies on familial MS in
Northern Europe have reported a risk of the disease of around 15% in first degree relatives
(Riise 1997).

The symptoms and signs of MS are several and can result from injury to any part of the CNS,
from the spine to the brain. However, some areas and systems are more often affected than
others: optic nerve, brain stem, cerebellum, lateral and posterior columns of the spinal cord are
commonly involved. The most common visual symptom is optic neuritis (see below). The
typical visual symptom is internuclear ophalmoplegia, which is caused by a lesion in the
medial longitudinal fasciculus. Common brainstem symptoms include trigeminal neuralgia,
due to the involvement of the V cranial nerve, weakness of the muscles of the lower half of

one side of the face, due to VII nerve involvement, and bulbar signs, such as dysarthria and
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dysphagia. Limb weakness is the most common sign, almost always present in advanced
cases, and can affect from one to all limbs. Cerebellar signs include dysarthria, gait ataxia,
tremor and lack of coordination of the trunk or limbs. Therefore, the gait can be impaired by a
combination of weakness, spasticity, cerebellar and sensory ataxia. Urinary symptoms are also
common and include incontinence, frequency, and urgency. Other symptoms of autonomic
dysfunction include constipation, loss of libido and sexual dysfunction. Sensory symptoms,
such as parasthesias, sensory loss, and Lhermitte’s sign, are common. Mental symptoms are
also frequent, and they include impaired memory, reduced concentration and attention. Fatigue
is another common symptom that is not related to age or to the amount of physical disability.
Mood disorders are also frequent.

The clinical course of MS has been observed to vary between subjects. Five patterns of the
disease have been recognized. Most patients (about 85%) present with one or more
neurological symptoms that recover fully; further episodes of neurological deterioration

typically occur with a frequency of 1.5 a year (relapsing-remitting (RR) MS). In about 30-40%

of these patients, after a period of about 10, the disease evolves into a secondary progressive

(SP) course (Figure 11) (Weinshenker et al. 1989b). Relapses may occur or not during this

progressive phase. The third clinical variant of MS is primary progressive (PP), which affects

a minority of patients (10-15%) and is characterised by a progressive illness from onset
(Figure 11) (Thompson et al. 1997). Another variant of MS is so-called benign MS and is
present in about 20% of the cases with little or no disability after 15 years (Lublin and
Reingold 1996). However, this is a somewhat artificial distinction because it is based on
disease disability rather than course. Patients rarely present with a fatal form of demyelination,
called Marburg form (Ozawa et al. 1994). Patients with this form die within one year from the
onset, and post-mortem studies detected particularly destructive lesions in the brain

(Lucchinetti et al. 1996).
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Figure 1.1. Different forms of MS. Relapsing-remitting (RR) and secondary progressive (SP)
courses are displayed on the kft side of the figure; primary progressive (PP) courses, with or
without superimposed relapses, are displayed on the right side.

1.1.1.2. Diagnostic criteria

The diagnosis of MS rests upon the history and clinical examination findings, which often
allow a diagnosis to be made with considerable confidence. However, in clinical trials and
research studies, it is necessary to define precisely the population of patients studied.
Therefore, a number of diagnostic classifications have been proposed over the years. The
existing diagnostic criteria (Poser et al. 1983) were recently reassessed and modified by an
international panel and new criteria were proposed (McDonald et al. 2001)(Table 1.1).
Poser’s diagnostic criteria required clinical evidence of dissemination in time and space, i.e. at
least two relapses in separate locations. When the clinical evidence alone does not allow a
diagnosis to be made, the new criteria allow the use of radiological and laboratory findings,
including MRI, and the analysis of cerebrospinal fluid (CSF) and visual evoked potential
(VEP), to make the diagnosis. Among these paraclinical tests, MRI is the most sensitive and
specific tool for demonstrating disease dissemination in time and space.

An MRI scan is considered to show dissemination in space when there is evidence of at least

three of the following (Barkhof et al. 1997;Tintore et al. 2000):
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e One gadolinium-enhancing lesion or nine T2 hyperintense lesions if a gadolinium
enhancing lesion is not present (Note: one cord lesion can substitute for one brain lesion);

e At least one infratentorial lesion;

e At least one juxtacortical lesion;

e At least three periventricular lesions.

MRI can also provide evidence of dissemination in time when:

e A gadolinium-enhancing lesion is demonstrated on a scan taken at least three months
following the onset of a single attack at a different site from the attack or

e In the absence of gadolinium-enhancing lesions on the three month scan, a subsequent
follow-up scan after an additional three months shows a gadolinium-enhancing lesion or a
new T2 lesion.

These new MRI criteria have been proved to be of value in predicting those patients who will

develop clinically definite MS after an isolated neurological episode (Dalton et al. 2002). If

the criteria indicated are fulfilled, the diagnosis is MS; if they are partially met, the diagnosis

is “possible MS”.
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Table 1.1. McDonald’s diagnostic criteria (from McDonald, Ann Neurol 2001).

CLINICAL PRESENTATION

ADDITIONAL DATA NEEDED FOR
MS DIAGNOSIS

Two or more attacks; objective clinical
evidence of 2 or more lesions

None

Two or more attacks; objective clinical
evidence of 1 lesion

Dissemination in space demonstrated by
MRI-

Or

Two or more MRI lesions consistent with
MS plus positive CSF

Or

Await further clinical attack implicating a
different site

One attack; objective clinical evidence of 2
or more lesions

Dissemination in time demonstrated by
MRI

Or

Second clinical attack

One attack; objective clinical evidence of 1
lesion (Clinically Isolated Syndrome)

Dissemination in space demonstrated by
MRI

Or

Two or more MRI lesions consistent with
MS plus positive CSF

And

Dissemination in time demonstrated by
MRI

Or

Second clinical attack
Insidious neurological progression | Positive CSF
suggestive of MS And

Dissemination in space demonstrated by
MRI (see diagnosis in PP MS)

And

Dissemination in time demonstrated by
MRI

Or
Continued progression for 1 year

1.1.1.3. Pathology

The pathological

oligodendrocytes, and the loss of axons (Lassmann 1998;Prineas 1975). These changes occur
against an inflammatory background which consists of inflammatory infiltrates composed of

macrophages, microglia, T and B cells. A diffuse inflammatory process occurs throughout the

hallmarks of MS are

the destruction of myelin,
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brain, and is accentuated in actively demyelinating lesions (Lassmann et al. 1994). In the
early or acute lesions there is a marked hypercellularity, with macrophage infiltration and
astrocytosis, perivenous inflammation with lymphocytes and plasmacells, and breakdown of
myelin. With time, the lesions become inactive and hypocellular, and show prominent
demyelination, almost total loss of oligodendrocytes, and gliosis. It is thought that the
remyelination in lesions may follow the early acute phase, and result from the differentiation
of a precursor cell that is common to type II astocytes and oligodendrocytes. This
remyelination, however, is usually aberrant and incomplete, and leads to the formation of
“shadow” plaques.

A recent histopathological study in a large series of MS patients found two distinct patterns of
myelin and oligodendrocyte pathology (Lucchinetti et al. 1999). The first showed a reduction
of oligodendrocytes in lesions with ongoing demyelination and then reappearance of
oligondendrocytes after resolution, leading to remyelination. The second pattern revealed
severe destruction of oligodendrocytes without remyelination. This finding supports the
hypothesis that the immunopathologic mechanisms, which lead to myelin and/or
oligodendrocyte injury in MS, are variable.

A pathologic follow-up study of active demyelinating lesions investigated the presence of
different mechanisms of damage (Lucchinetti et al. 2000). Four different immunopathogenetic
subtypes or patterns were identified on the basis of their cellular infiltrates: 1) T
cell/macrophage-mediated demyelination; 2 Antibody/complement-mediated demyelination;
3) Oligodendrocyte dystrophy with myelin protein dysregulation and oligodendrocyte
apoptosis; 4) Primary oligodendrocyte degeneration with features similar to those of viral
infection or toxic oligodendrocyte damage, but not to those of autoimmunity. The first four
patterns were distributed homogenously among the different disease courses. In contrast,

pattern 4 was exclusively observed in three cases of PP MS. An interesting finding was that
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there was heterogeneity between patients, but that only one distinct pattern was observed in
multiple lesions in any given patient at the time of the investigation.

Besides oligodendrocyte/myelin pathology, the pathology of axons has been shown to be a
major factor in the development of clinical disability (Trapp et al. 1998). Axonal damage can
occur in active lesions (Ferguson et al. 1997;Trapp et al. 1998), due to mflammatory
substances that are produced by activated immune and glial cells, and in the white matter
tissue that appears normal on the conventional MRI (called normal-appearing white matter
(NAWM)), due to the degeneration of axons transected in focal lesions. Moreover, axonal loss
may also occur independently of demyelination, perhaps due to antibodies anti-axonal
proteins, such as the anti-ganglioside antibodies (Sadatipour et al. 1998), or to the synthesis of
nitric oxide (Smith and Lassmann 2002), which can directly damage neurons and axons. A
further form of degeneration of axons may occur in those that are chronically demyelinated
due to the lack of trophic support from myelin or myelin-forming cells (Griffiths et al. 1998).
It is thought that the transition from RR to SP MS and the subsequent development of
irreversible disability could occur when a threshold of neuronal or axonal loss is reached, or

when adaptive responses of the CNS are exhausted (Trapp et al. 1999).

1.1.1.4. Prognosis

Prognosis of MS is highly variable, and the time from disease onset to an EDSS score of 4
ranges from 1 year to 33 years (Confavreux et al. 2000). The progressive forms of MS have
a worse prognosis compared with RR MS (Weinshenker et al. 1989a). Unfortunately, no
reliable prognostic indicators are available. A benign course is associated with onset before
the age of 40 years, onset with optic neuritis or sensory symptoms, complete remission of

initial symptoms, minimal disability 5 years after the onset, and long intervals between the
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onset and the first relapse, and between the onset to the assignment of an EDSS score of 4
(Confavreux et al. 2003;Kantarci et al. 1998;Kurtzke et al. 1977;Ramsaransing et al.
2001;Trojano et al. 1995;Weinshenker et al. 1989a). Poor prognostic indicators include:
polysymptomatic onset, male gender, and older age at onset (Kantarci et al. 1998;Kurtzke et
al. 1977;Noseworthy et al. 1983;Weinshenker et al. 1989a). Moreover, an EDSS of 4.5 is
associated with higher risk of progression in the following 3 years (Weinshenker et al.
1996). A recent study showed that once a score of 4 has been reached, all these factors are no
longer predictive of the subsequent disability progression (Confavreux et al. 2003),
suggesting that MS is a two-stage disease, with an initial phase influenced by clinical
variables, and a second phase which does not depend upon the baseline characteristics. It is
possible that the first stage, which represents the RR course, is related to the occurrence of
inflammatory lesions, whereas the second stage, which develops during the progressive

phase of the disease, is due to pre-determined degeneration (Confavreux et al. 2003).

1.1.2. Primary Progressive MS

Nearly 150 years ago, Charcot (Charcot 1868) recognised that some forms of MS could be
progressive from onset, failing to exhibit any of the acute episodes of neurological
deterioration that characterises the more common clinical course of the disease. This form of
progressive disease has been called primary progressive MS (PP MS). As mentioned earlier,
PP MS is the least common clinical disease phenotype exhibited by MS patients, being present
in about 15% of cases. Although 5% of these cases will eventually experience one or more
relapses (Stevenson et al. 1999), only about 10% of all MS patients fall strictly in the category

of PP MS. Little information has been available on the natural history and demographic
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features of PP MS (Confavreux et al. 1980), but in the last few years the scientific interest in

this form of MS has grown.

1.1.2.1. Clinical features and diagnosis

The onset of PP MS appears to occur almost a decade later than in other form of MS
(Weinshenker et al. 1989b). In absolute terms, more women are still affected by this
phenotype (male-to-female ratio 1:1.3) (Cottrell et al. 1999), although compared to other MS
subtypes the proportion of affected men is relatively higher. The most common presenting
symptom is motor deficit, present in 39% (Cottrell et al. 1999) to 83% of patients (Stevenson
et al. 1999). In particular, the majority of PP MS patients present with progressive
myelopathy, most often with a spastic paraparesis (Bashir and Whitaker 1999;Cottrell et al.
1999;Thompson et al. 1997) or, less commonly, with a progressive hemiparesis or ataxia.
Less frequent presentations included cerebellar dysfunction (8%), hemiplegia (6%), visual loss
(1%), brainstem symptoms (1%) or cognitive deficits (1%) (Stevenson et al. 1999).

The Poser criteria for the diagnosis of MS, which concentrated on relapses as a requirement
for disease dissemination in time and space (Poser et al. 1983), have been shown to be
inadequate to diagnose PP MS (McDonnell and Hawkins 1997;Thompson et al. 1997).
Therefore, some European investigators have formulated diagnostic criteria specific for PP
MS (Thompson et al. 2000)(Table 1.2). The main elements of the new diagnostic criteria are
the following: at least one year’s history of clinical progression, the exclusion of other
conditions, a graded lewel of diagnostic certainty (definite, probable and possible MS), and a
central role for the presence of intrathecal IgG synthesis for a definite diagnosis. Moreover,
the new criteria incorporated specific findings on MRI, including the presence of at least nine

hyperintense lesions on T2-W images, each having a diameter of at least 3 mm, or at least two
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intrinsic spinal cord lesions. If brain imaging alone does not reach the level necessary for
positive evidence, but between four and eight lesions are seen, the additional presence of one
spinal cord lesion is considered as satisfying positive MRI criteria. In large part, these new
diagnostic criteria were incorporated into the new international panel criteria for the diagnosis
of all forms of MS, discussed above (McDonald et al. 2001).

Table 1.2. Diagram for the diagnosis of PP MS (adapted from Thompson et al., 2000).

Progressive syndrome for = 1 year
No relapses or remissions

Other progressive conditions excluded

|

CSF + CSF -
| ]
{ [ ] I I |
MRI + MRI MRI - MRI + MRI MRI -
equivocal equivocal
I | |
VEP+ | VEP- VEP+ | VEP- VEP+ | VEP- VEP+ | VEP-
Definite PP Probable PP | Possible PP Probable PP Possible PP Reconsider
diagnosis

1.1.2.2. Pathology

Very few studies have focused on the question of whether the PP form is also characterised by
a specific pathology. However, there is evidence that indicates that the differences between PP
MS and the other MS categories are both quantitative and qualitative. The main quantitative
difference is that a significantly lower amount of inflammation has been detected in PP MS
compared with SP MS (Revesz et al. 1994). This difference was detected in lesions of the
cerebral hemispheres, the brainstem, and the spinal cord. Although inflammation may be less
severe, it seems to persist for longer than in RR and SP MS lesions (Zettl et al. 1998). Other
quantitative differences include a more pronounced oligodendrocyte loss in lesions of PP MS

(Lucchinetti et al. 1999) and a lower amount of acutely damaged axons than in SP MS (Bitsch
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et al. 2000). Moreover, the anti-ganglioside antibodies, which seem to cause loss of axons
independently from demyelination, were more numerous in PP MS than in SP and RR MS
(Sadatipour et al. 1998). On the other hand, the main qualitative difference includes the
occurrence of one immunopathological subtype of demyelination (Lassmann et al.
2001;Lucchinetti et al. 2000), i.e. the primary cdgeneration of oligodendrocytes in at least a

subgroup of PP patients.

1.1.2.3. Prognosis

From the onset of MS, the prognosis has been shown to be worse for patents with PP MS,
although there is little difference between the PP and SP patients after the onset of disease
progression (Cottrell et al. 1999). Among the PP patients, those who present with multiple
system involvement at the onset (Cottrell et al. 1999) and early accumulation of disability
were found to show a worse prognosis (Weinshenker et al. 1989a). A recent study found that
none of the clinical factors which predicted the clinical disability in patients with RR MS
showed a significant influence on the progression of patients with PP MS (Confavreux et al.
2003). The only exception was a slower progression in females. Moreover, no difference in the
clinical course was found between those patients which presented with clinical attacks and

those without.
1.1.3. Optic neuritis
Optic neurits is a term used to refer to inflammation of the optic nerve. When it is associated

with a swollen optic nerve, it is called “papillitis” or “anterior optic neuritis”. When the optic

disc appears normal, the terms “retrobulbar optic neuritis” or “retrobulbar neuritis” are used.
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In the absence of signs of MS or other systemic disease, optic neuritis is referred to as isolated,
monosymptomatic, or idiopathic. The pathogenesis of isolated optic neuritis is presumed to be
demyelination of the optic nerve, similar to that seen in MS lesions. About 69% of cases
which present with an acute, isolated and unilateral optic neuritis will develop MS later in life
(Brex et al. 2002). Optic neuritis is also a frequent manifestation of MS, and, indeed, in about
20% of the cases, is the presenting symptom (Perkin and Rose 1979). This section deals with

acute demyelinating optic neuritis, occurring in isolation, or in association with MS.

1.1.3.1. Clinical features

The annual incidence of acute optic neuritis has been estimated in population-based studies to
be between 1 and 5 per 100,000 (Rodriguez et al. 1995). The majority of patients are between
the ages of 20 and 50 years, with a mean age of 30-35 years. Females are more commonly
affected than males. There are two major symptoms in patients with acute optic neuritis. The
first, which is present in more than 90% of patients, is loss of central visual acuity (Optic
Neuritis Study Group 1991). This is usually acute, occurring over several hours to seweral
days, and varies between complete blindness, with no perception of light, to a minimal
reduction. The majority of patients describe diffuse blurred vision in one eye, although some
may report a central blurring. A minority of patients present with a loss of peripheral vision,
usually in the inferior or superior region of the visual field, and normal visual acuity
(Kupersmith et al. 1983). The second major symptom is pain in or around the eye. It is usually
mild, although it canbe very severe, is exacerbated by eye movement and lasts no more than a
few days. It may precede or occur concurrently with visual loss (Optic Neuritis Study Group

1991).
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On examination there are signs of optic nerve dysfunction. Visual acuity is reduced in most
cases and varies from a mild reduction to no light perception (Optic Neuritis Study Group
1991). Colour vision is impaired in almost all cases, and is often more severely affected than
visual acuity itself (Menage et al. 1993). Visual field loss can vary from mild to severe. Any
type of visual field defect can occur, including central scotoma (Beck 1998), arcuate defect,
cecocentral scotoma, superior or inferior altitudinal defect and hemianopic defect (Keltner et
al. 1993). A relative afferent pupillary defect is almost always present (Cox et al. 1981) and
detectable with a swinging flashlight test in almost all unilateral cases. Patients with optic
neuritis can also be shown to have a reduced sensation of brightness in the affected eye. The
optic disc may appear normal (retrobulbar neuritis) or swollen (papillitis) (Optic Neuritis
Study Group 1991), and if the patient has experienced a previous clinical or subclinical attack
of optic neuritis, or has an ongoing chronic optic neuritis, the disc may appear pale. The optic
disc pallor persists even when the visual acuity and other parameters of vision improve, and
may be diffuse or more often located to the temporal region. However, neither the swelling nor
the pallor are specific findings in demyelinating optic neuritis, and can be present in optic
neuritis which accompanies other inflammatory or infectious disease. Other tests of optic
nerve function, such as contrast sensitivity (Arden and Gucukoglu 1978) and VEP, are almost
always abnormal (Keltner et al. 1993;Optic Neuritis Study Group 1991). Numerous studies
have reported that asymptomatic visual dysfunction may be detected in the unaffected eyes of
patients with acute unilateral optic neuritis (Keltner et al. 1993), and it usually resolves over
several months, suggesting that it may be caused by subclinical acute demyelination in the

fellow optic nerve.

1.1.3.2. Pathology
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Little information about the pathological changes in the optic nerve of patients with acute
optic neuritis is available and almost all the material available has been obtained by studies in
patients with MS (McDonald 1974;Prineas 1975;Traugott et al. 1983). These studies detected
active demyelinating plaques i the optic nerve, similar to those present in the brain. In such
plaques, the inflammatory response is associated with optic nerve swelling, following which
the myelin sheaths begin to break down into fat droplets. As degeneration proceeds, the nerve
fibres are destroyed, with axonal destruction occurring in both the proximal and distal
segments. As the inflammatory reaction subsides, fat-laden macrophages become numerous,
and glial proliferation occurs.

Studies on experimental animal models of retrobulbar optic neuritis (Hayreh et al. 1981;Rao
et al. 1977) detected inflammatory infiltrates, extensive demyelination, and axonal
degeneration of the optic nerve. It is believed that demeyelination of the nerve fibres leads to
complete conduction block, slowing conduction, or a failure to transmit a rapid train of

impulses (McDonald 1974;McDonald 1976).

1.1.3.3. Visual prognosis

The natural history of acute demyelinating optic neuritis is that it worsens over several days to
weeks, and then improves. For most patients, recovery begins within the first month (Beck et
al. 1994), but a further improvement can occur up to one year after the onset (Beck and
Cleary 1993). Most patients retain good to excellent vision more than 10 years after an attack
of optic neuritis (Beck et al. 2004). Other parameters of visual function, including contrast

sensitivity, colour perception, and visual field, improve in addition to visual acuity (Keltner et

al. 1994).
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Thus, the prognosis of optic neuritis is extremely good, and the visual recovery seems to be
independent of the degree of visual loss, and others factors, such as age, gender, optic disc
appearance, and visual field defects (Beck et al. 1994). However, disturbances in visual
acuity, colour vision, visual field, and VEP may all persist after resolution of acute optic
neuritis (Beck 1998).

Atrophy of the brain in MS correlates with clinical progression and may indicate axonal loss
(Losseff et al. 1996a). Optic neuritis provides an excellent model for studies to investigate the
mechanism of axonal damage, and development of MRI techniques for quantifying atrophy in
the optic nerve after an episode of optic neuritis. It has been shown that a good recovery of
visual acuity is possible despite a significant degree of optic atrophy (Hickman et al. 2001),
suggesting either some redundancy in the anterior visual pathway, or a significant cortical
reorganisation of visual function (Werring et al. 2000b). A study that assessed the degree of
atrophy over a l-year period and investigated the effect of atrophy on the visual acuity,
reported that no patients had worsening visual acuity over the study, despite the progression in

the optic nerve atrophy (Hickman et al. 2002).

1.2. Clinical applications of conventional and new MRI techniques

1.2.1. Conventional brain imaging

1.2.1. 1. T2-weighted imaging

The conventional spin echo (CSE) T2 and PD-W sequences are widely applied in MS and are
the most sensitive sequences for detecting lesions. Both acute and chronic lesions appear as

areas of high signal intensity compared with the adjacent normal regions. Discrete MS lesions
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appear to be well circumscribed, round or ovoid in shape, with the main axis perpendicular to
the principal axis of the lateral ventricles and parallel to the white matter vessels (perivenular).
They commonly range from a few millimetres to more than 1 cm in diameter. Some lesions
are confluent and may have an irregular shape (McDonald 1998). MS lesions have a high
propensity in certain regions of the brain. Commonly involved areas include the
periventricular white matter (Ormerod et al. 1987) and the corpus callosum (Gean-Marton et
al. 1991). Lesions are often localised in the brainstem, mainly in the floor of the IV ventricle,
periacqueductal region and mesancephalon, pons and cerebellar peduncles. Lesions frequently
appear at the interface between grey and white matter (i.e. juxtacortical lesions) and
sometimes in the basal ganglia. Discrete hyperintensities adjacent to the body or temporal horn
of the lateral ventricles are frequent in MS and rarely seen in other disorders. Lesions around
the frontal or posterior horns are also often detected, but more difficult to distinguish from the
periventricular caps that occur also in normal subjects. Although pathological examinations of
MS brains have reported a high number of cortical lesions ((Kidd et al. 1999;Peterson et al.
2001), such lesions are rarely evident on MRI because of the small size of these abnormalities,
less optimal contrast of MS lesions against adjacent grey matter, and partial volume effects
from adjacent CSF.

Although the CSE T2-WI is the most sensitive paraclinical test in the diagnosis of MS, its
specificity is limited. Any pathology from edema and mild demyelination through to
completely necrotic plaques may appear bright, and there is evidence than even remyelinated
lesions have an abnormal signal. This lack of histopathological specificity accounts, in part,
for the modest correlation between clinical disability and MRI parameters, often referred to as

the clinical radiological paradox (Barkhof and van Walderveen 1999).

1.2.1.2. Gadolinium enhanced imaging
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Gadolinium-diethyl-enetriaminepentacetic acid (Gd-DTPA) is a paramagnetic contrast agent
that is used to increase the diagnostic specificity of MRI in MS (Grossman et al. 1986). It
reaches areas of the brain in which there is damage to the blood-brain barrier (BBB), which 1s
thought to be the earliest pathological event in the development of MS lesions (Kermode et
al. 1990). However, new MRI techniques have shown that changes in the brain tissue which
appears normal on conventional images (NAWM) might precede the development of lesions
(Goodkin et al. 1998). The paramagnetic effect induces shortening of the T1 relaxation time
of nearby water protons, and thus these regions are visualised as areas of hyperintensities or
enhancement on post-contrast T1-WI. Gd-enhancement is a regular finding in new MS
lesions, but may also indicate the recurrence of inflammation within pre-existing lesions
(Miller et al. 1993). The enhancement is a transient phenomenon, and in over 70% of new
lesions it lasts one month or less (Miller et al. 1988b). Approximately 30% of lesions
continue to enhance for more than one month and a smaller number (5%) persist for 3-4
months (Ciccarelli et al. 1999;Miller et al. 1998). The presence on the same images of acute
enhancing lesions and old non-enhancing lesions is suggestive, but not conclusive, of
dissemination of lesions in time. The detection of enhancement depends both on the
concentration o the Gd and the timing of the scan. A dosage of 0.1 mmol/Kg body weight
and a time interval of 5 minutes between the injection of Gd and the post-contrast T1-WI are
sufficient for a diagnostic purpose. However, the use of a triple-dose of contrast (0,3
mmol/Kg) has been shown to increase the number of enhancing lesions detected, since it can

identify also those with “low-grade” inflammation (Filippi et al. 1998).

1.2.1.3. Unenhanced T1-weighted imaging
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On conventional T1-W sequences, around 10 to 20% of T2 hyperintensities appear as areas
of low signal intensity compared with normal white matter, while the remaining lesions
appear isointense (Fazekas et al. 1999). In the acute phase, i.e. when the lesion shows
enhancement on post-contrast T1-WI, T1 hypointensity is probably consequent upon marked
edema with or without matrix destruction. This acute T1 hypointensity can disappear after I-
6 months, probably because of the resorption of edema and inflammatory cells and possibly
because of remyelination (Ciccarelli et al. 1999;van Waesberghe et al. 1998). In contrast,
chronic foci of hypointensity, also known as persisting “black holes”, indicate areas with
most severe tissue damage. Several histopathological studies have found a correlation
between the degree of T1 hypointensity of lesions and axonal loss (van Walderveen et al.
1998). These hypointense T1 lesions correlate better with disability than do lesions on T2
images, and therefore it has been suggested that the T1 lesion load may be more suitable for

monitoring disease progression than the overall T2 lesion burden.

1.2.2. Spinal cord imaging

The spinal cord is a common site of involvement in MS. A post-mortem study in patients with
MS revealed spinal cord involvement in 99% of cases (Ikuta and Zimmerman 1976). An MRI
study using multiarray coils and FSE imaging showed that lesions in the spinal cord could be
seen in 75% of cases (Kidd et al. 1993). Cord lesions are more difficult to detect than those in
the brain because they are less conspicuous and spinal cord MRI is technically more
challenging. Spinal cord lesions in MS have a similar signal pattern to cerebral lesions, except
for the absence of “black holes” (Gass et al. 1998). On sagittal scans, they have a cigar shape
and may be located centrally, anteriorly, or posteriorly. Axial scans show lesion extension

toward the periphery with a propensity for the dorsal columns. Typically lesions are shorter



than two vertebral segments, tend to occupy only part of the cross-sectional area of the cord,
and are not commonly associated with swelling of the cord (Tartaglino et al. 1995). The
cervical spinal cord is twice as likely to be affected than the lower cord, and the midcervical
region is most often involved (Kidd et al. 1993). Disease activity, including contrast
enhancement and the development of new lesions, is much less frequent in the spine than in
the brain (Thorpe et al. 1996a). However, spinal cord lesions are more likely to be
symptomatic than brain lesions.

In the diagnostic setting, spinal cord imaging is valuable for two reasons: 1) Asymptomatic
spinal lesions are very rare in disorders other than MS, 2) Asymptomatic spinal lesions may
help to confirm a diagnosis of MS when few or no brain lesions are present (Lycklama et al.
2003).

The quality of the spinal cord imaging is important for diagnosis and research into MS.
However, a recent study, which compared post-mortem sagittal cord MRI acquired at 1.5T
with high resolution axial MRI at 4.7 T and histopathology, showed that cord abnormalities
were underestimated by sagittal images at 1.5 T (Bergers et al. 2002), indicating that in vivo
MRI lacks a sufficient signal-to-noise ratio as well as sufficient spatial or contrast resolution.
As with brain images, T1-WI of spinal cord may be used to measure the atrophy of the cord at

cervical level, which correlates with clinical disability (Kidd et al. 1993;Losseff et al. 1996b).

1.2.3. Conventional MRI findings in different clinical types of MS

1.2.3.1. Conventional MRI in RR and SP MS
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MRI studies have revealed differences between clinical subgroups of MS (Nijeholt et al.
1998) (Table 1.3). In this paragraph, we describe the typical MRI features of RR and SP MS,
whilst in the following paragraph we will discuss the radiological characteristics of PP MS.

In RR MS, brain abnormalities consist mainly of focal lesions on T2-WI. In the SP phase,
more and larger lesions are found, and a larger proportion of these lesions are hypointense on
T1-WI, which is related to clinical disability (Nijeholt et al. 1998). Likewise, brain atrophy is
more pronounced in SP disease. Patients with PP MS, as discussed below, often have few
brain lesions compared with SP MS, even when groups are matched for disability (Thompson
et al. 1997). Apart from differences in the number of focal lesions, abnormalities in the
NAWM are more pronounced in SP and PP MS compared with RR MS, as suggested by
magnetization transfer (MT) (Rovaris et al. 2001) and spectroscopy MR (Tourbah et al.
1999) studies. Besides differences in MRI findings in the brain, clear differences are found in
the spinal cord between subgroups of MS (Nijeholt and Barkhof 2003). RR MS patients
typically show focal spinal cord lesions, while in the SP phase a higher numbers of focal

abnormalities and more cord atrophy are present.

Table 1.3. Conventional MRI features in the different types of MS (adapted from Nijeholt et
al., 1998).

Measures RR MS SP MS PP MS
BRAIN

Focal T2 lesions Many Many Moderate or few
Focal T1 lesions Few Many Few
Enhancing lesions Often Often Seldom
Diffuse abnormalities Seldom Variable Frequent
Brain atrophy Mild Moderate or marked Mild
SPINE

Focal T2 lesions Frequent Frequent Frequent
Focal T1 lesions Never Never Never
Diffuse abnormalities Seldom Variable Frequent
Spinal cord atrophy  Mild Marked Moderate




1.2.3.2. Conventional MRI in PP MS

Brain and spinal cord MRI in patients with PP MS revealed differences compared with other
types of MS (Nijeholt and Barkhof 2003). Distinctive features of PP MS patients present on
brain imaging include the following: i) A lower amount of focal lesions which appear
hyperintense on T2 and hypointense on T1-WI (Filippi et al. 1999), but higher T1/T2 ratio
(van Walderveen et al. 2001); i1) A lower number of Gd-enhancing lesions (Thompson et al.
1991); iii) A higher rate of abnormalities in the brain NAWM (Rovaris et al. 2001). However,
recent evidence has shown that 42% of early PP MS patients show brain enhancing lesions,
and those patients are charactersed by higher disability and more MRI abnormalities (Ingle et
al. 2003). Although a less pronounced brain atrophy has been reported in patients with PP MS
(Nijeholt et al. 1998), the same extent of cortical grey matter atrophy is present in patients
with RR and PP MS (De Stefano et al. 2003). Moreover, in patients with PP MS the cortical
atrophy correlates with EDSS, but not with T2 lesion load (De Stefano et al. 2003),
suggesting that, although a proportion of the grey matter changes may be secondary to white
matter inflammation, an independent neurodegenerative process is also active in PP MS and
contributes to neurological impairment.

Besides the differences between types of MS present in the MRI appearance of the brain,
differences are also found in the spinal cord Patients with PP MS have less atrophy (Nijeholt
et al. 1998;Stevenson et al. 1999) and lower lesion load in the cord than patients with SP MS
(Filippi et al. 2000a;Stevenson et al. 1999). However, for some PP MS patients, the MRI
abnormalities can be entirely confined to the spinal cord (Thorpe et al. 1996b). PP MS
patients often present with diffuse abnormalities throughout the spinal cord without focal
lesions (Nijeholt et al. 1998). A previous MR-histopathology study found that the MRI
finding of mild and diffuse signal hyperintensity in the cord of PP MS corresponded to a little

involvemert of the central grey matter and partial demyelination (Nijeholt et al. 2001).
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1.2.4. Conventional MRI in optic neuritis

Optic nerve MRI can be used to confirm the diagnosis of demyelinating optic neuritis and
exclude optic nerve compression in patients who present with an atypical course of the
disease. MRI can show areas of inflammation within the optic nerve, most often evident in the
intraorbital portion of the nerve (Guy et al. 1992). The intracanicular portion of the nerve is
affected with moderate frequency, while lesions in the intracranial portion and chiasm are seen
less often. MRI of the optic nerve is challenging, because of its tortuosity and mobility, its
short length, and the presence of surrounding CSF and orbital fat. Optimum results are
obtained with multiarray surface coils, high-resolution sequences, and coronal slices with fat
suppression methods. Such an approach reveals the presence of lesions in the optic nerve in
more than 90% of patients with optic neuritis (Gass et al. 1995). A new imaging technique,
using a fat-saturated short-echo fast fluid-attenuated inversion recovery (sTE fFLAIR)
sequence, which suppresses the high signal from fat and CSF, has allowed quantification of
the optic nerve area following a single episode of isolated optic neuritis (Hickman et al.
2001). In particular, after a median time since onset of optic neuritis of 21 months, the mean
area of the affected optic nerve was found to be significantly lower than that of the controls
and of the contralateral nerve. There was a significant negative correlation between time since
onset of optic neuritis and the size of the affected optic nerve (Hickman et al. 2001). This
suggests two possible mechanisms, either an ongoing axonal loss in persistently demyelinated
lesions, or Wallerian degeneration distal to axonal damage during the acute inflammatory
phase.

Brain MRI in patients with optic neuritis may allow identification of white matter
abnormalities, usually in the periventricular regions, consistent with demyelination. The

percentage of patients with optic neuritis which presents with multiple lesions in the brain
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varies from 49% to 64% (Miller et al. 1988a;Optic Neuritis Study Group 1991). The presence
of one or more demyelinating lesions in the brain appears to be the most significant risk factor
for developing MS (Beck et al. 2003). A recent study, which has been carried out in our
Centre, followed patients for 14 years after the onset of clinically isolated syndromes,
including optic neuritis, brainstem or spinal cord syndrome, and found that clinically definite
MS developed in 88% of patients with an abnormal MRI scan at baseline and in 19% of
patients with a normal scan (Brex et al. 2002). Moreover, patients with worse clinical
outcomes had larger numbers and volumes of lesions on MRI at baseline and greater increases
in lesion volume over the first 5 years, suggesting that development of lesions at baseline and
in the early years of the disease has an influence on the long-term disability (Brex et al. 2002).
Previous work has revealed asymptomatic lesions in the optic radiations in 71% of patients
with optic neuritis (Homabrook et al. 1992). The most common site of involvement was
around the trigones. In contrast to the findings associated with symptomatic lesions, there was
no relationship between the latency of the VEPs and the presence of asymptomatic posterior
visual pathway Esions. A possible explanation for this result is the low sensitivity of VEPs to
the detection of postchiasmal abnormalities (Plant et al. 1992). In contrast, VEPs are very
sensitive to prechiasmal lesions: increased VEP latency and reduced VEP amplitude correlated

with the optic nerve lesion length (Davies et al. 1998) and atrophy (Hickman et al. 2002).

1.2.5. New MRI techniques in MS

New MRI techniques have been developed to provide additional in vivo information on the

pathological substrates of the disease. They showed that MS pathology is not restricted to

plaques but also involves the NAWM, confirming post-mortem data.
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Magnetisation transfer imaging (MTI). MTI provides quantitative information on the NABT

with a high specificty to demyelination. A post-mortem study reported that the magnetisation
transfer ratio (MTR) values derived from MS lesions and NAWM correlated with the
percentage of residual axons and the degree of demyelination (van Waesberghe et al. 1999).
The same study also confirmed that T2 hyperintense MS lesions may have a wide range of
MTR values, confirming their pathological heterogeneity. All the MTR histograms -derived
metrics of the NAWM and NA grey matter NAGM) from patients with MS were lower than
those obtained in controls, suggesting the presence of a diffuse tissue damage in NAWM and
GM (Cercignani et al. 2001a). Interestingly, changes in MTR histograms-derived metrics
from the whole brain of 73 patients with MS over a period of one year predicted disability
progression during a median follow-up of 4.5 years (Rovaris et al. 2003). Comparisons of
MTR histograms of the cervical spinal cord between different forms of MS suggested that the
amount and severity of spinal cord damage were greater in the progressive forms and
correlated with disability (Filippi et al. 2000a). Whole brain and NABT MTR histogram
analysis in a cohort of 91 PP MS patients did not detect any differences between PP and SP
patients with similar disability (Rovaris et al. 2001). Moreover, n the sample of PP, average
brain MTR values correlated only in part to T2 and T1 lesion load, suggesting that the
pathology of the NABT is, at least in part, independent of lesions. A recent paper in PP MS
patients showed that the MTR histograms metrics in the NAWM and NAGM were
significantly different from those in controls, and there was an association between EDSS and

mean NAGM MTR (Dehmeshki et al. 2003).

MR Spectroscopy (MRS). Proton MRS is a valuable tool for studying in vivo the pathology of
the brain in patients with MS because it can provide indices of several metabolities: (1) N-
acetyl-aspartate (NAA), which is a marker of axonal integrity and metabolism; (ii) Creatine

(Cr) plus phosphocreatine, which may reflect greater cellular metabolic activity and has been
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found to be abnormal in demyelinating lesions and MS NAWM (Brex et al. 1999;Suhy et al.
2000); (iii) Choline containing compounds, which is a marker of increased cell turnover; (iv)
Lipids, which are markers of ongoing myelin disruption; (v) Myo-inositol, which is a marker
of glial proliferation; (vi) Glutamate plus its precursor glutamine (Glx), which offer less cell-
specific infarmation, being present in the neurons, oligodendrocytes and astrocytes.

Several MRS studies have contributed to understand the mechanism of axonal damage in MS,
confirming that it is present both in lesions and NAWM, progresses over time, and correlates
with clinical disability (De Stefano et al. 1998;Fu et al. 1998;Rovaris and Filippi
2000;Sarchielli et al. 1999). A recent MRS study has reported that metabolite changes that
also occurred in the cortical GM were detected early in the clinical course of MS, and related
to function (Chard et al. 2002a). Another work showed that, at initial clinical diagnosis, the
global concentration of NAA in the whole brain in MS was reduced on average by 22%
compared with normal controls, and dd not correlate with lesion load (Filippi et al. 2003),
suggesting that axonal injury occurs early in the course of MS and independently from
inflammation. However, most of the NAA reduction seen at the early stages of MS could be
due to impairment of mitochondrial function rather than to axonal loss, and, therefore, it may
be partly reversible (Lassmann 2003).

Diffusion tensor imaging (DTI). In the second chapter the technique of DTI is described in

detail. In the last few years, an increasing number of DT MRI studies have been conducted in
MS, and they have consistently found a higher amount of water diffusion (diffusivity) and
lower anisotropy in MS lesions and in the NAWM compared with controls (Bammer et al.
2000;Cercignani et al. 2001a;Filippi et al. 2000b;Henry et al. 2003;Werring et al. 1999).
However, few studies have included PP MS patients (Cercignani et al. 2001b;Rocca et al.
2003b). Filippi et al. investigated 30 PP MS patients and found no significant correlation

between EDSS and diffusion measures in lesions and NAWM, contrary to the findings in SP
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MS (Filippi et al. 2001b). A further confirmation of these results came from a histogram study
in PP MS patients (Cercignani et al. 2001b); the histogram derived quantities did not correlate
with patients’ disability. A recent study in 96 patients with PP MS found that the diffusivity
values in lesions and in the NAWM and NAGM were higher in SP than in PP patients
(Rovaris et al. 2002a), although they were abnormal in the PP group. These findings confirm
the occurrence of subtle pathology in the brain of PP patients, not only in the NAWM, but also
in the NAGM. Similarly to the MTR findings, no significant correlation was found between
any of the diffusion parameters in the NABT and T2 lesion load in PP MS (Rocca et al.
2003b), supporting the hypothesis that the diffuse damage of the brain is at least in part
independent of the focal pathology.

Functional MRI (fMRI). The second chapter describes in detail the technique of fMRI. In this

paragraph, we briefly summarize the main findings reported in MS and, in particular, in PP
MS.

In a case report on a RR MS patient, Reddy et al. monitored clinical evolution and cortical
activation with a motor task during 6-month follow up after presentation of a clinical relapse
(Reddy et al. 2000b). The activation in the contralateral and jpsilateral motor areas increased
at 3 and 6 weeks, and returned to normal level at the final scan, in parallel with clinical
recovery, suggesting that these dynamic functional changes contribute to clinical
improvement. A follow-up study of a group of MS patients showed a positive correlation
between T2 lesion load and the ipsilateral motor cortex activation, suggesting that the degree
of compensation increases in proportion to the degree of injury (Lee et al. 2000). Moreover,
the extent of T1 lesion load along the pyramidal tract correlated with the functional brain
reorganisation in patients who recovered from a single attack of MS (Pantano et al. 2002a).
Similarly, the decreased NAA along the descending corticospinal tract correlated with the

increased activation in the ipsilateral motor cortex in patients with early RR MS and absent

52



clinical impairment (Reddy et al. 2000a). More recent work has shown that adaptive cortical
functional changes occurred in the brain of patients with other forms of MS, such as SP
(Rocca et al. 2003a), supporting the hypothesis that brain reorganisation occur in order to
limit the impact of brain injury on clinical function.

Previous functional studies in PP MS are discussed in greater detail in chapter 5. Here we only
mention two studies which have used a motor task in order to investigate the differences in the
extent of cortical activation between PP patients and healthy subjects. The first study found
significant cortical activation changes in PP MS patients during both the motor tasks involving
the affected and the unaffected limb (Rocca et al. 2002b). Interestingly, activation of “non-
motor” areas was detected in PP MS patients, suggesting that regions which represent areas of
multimodal integration may be recruited to retain the function in response to tissue damage. In
the second study, the authors used motor fMRI and MT and DT MRI and found significant
correlations between activations in several areas and MRI measures of brain and spinal cord
damage, suggesting that increase tissue pathology induces greater functional changes in the

cortex (Filippi et al. 2002b).

1.3. Conclusion

In this chapter we have discussed the main applications of conventional and new MRI
techniques to patients with PP MS and optic neuritis. Both conditions represent ideal models
for studying the mechanisms of damage and recovery in the CNS. In optic neuritis, which is
characterised by clinical recovery, the damage n the visual pathway can be monitored using
MRI and tests for visual function, whilst PP MS allows investigation of the progression of

disability due to spinal cord damage and lack of repair mechanisms. In the next chapter, the
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principles of MRI, in particular DTT and fMRI, are detailed, in order to show the potential

application of these new MRI technique s in demyelinating diseases.
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Chapter 2

An introduction to the principles of MRI, diffusion tensor imaging

and functional MRI

55



The history of MRI dates back to the 1940s when researchers at Harvard University, led by
Purcell, and at Stanford University, led by Bloch, described the resonance phenomenon in
samples placed in a magnetic field. Since then, many other researchers have contributed to
deweloping the imaging sequences that started to be applied in radiology in about the 1970s.
Although the unique potential of conventional MRI sequences to confirm the diagnosis of
multiple sclerosis and follow up the evolution of a disease is well recognised, they have some
limitations, including the long scanning time and the lack of pathological specificity. Over the
last few years new MRI techniques, including MR spectroscopy, MTI, DTI and fMRI have
been developed in order to provide further insights into the pathological changes that occur in
the brain tissue.

This chapter is intended to provide an overview of MRI theory and the main DTI and fMRI
features, in order to introduce the clinical applications that are reported in the subsequent

chapters of this thesis.

2.1. Principles of MRI

2.1.1. Physics of MRI

Protons, which are contained in the nuclei of atoms, have a positive electrical charge, and
constantly turn, or spin around their own axis. In other words, protons possess a spin, and a
spinning nucleus produces a magnetic dipole moment, referred to as |, which tends to align
with an externally applied magnetic field. Quantum mechanics theory tells us that the
alignment of protons occurs on two different energy levels: one at low energy level, which is
aligned with the magnetic field, and one at high energy level, which is against the field (Figure

2.1).
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Protons aligned in a magnetic field show a peculiar motion, called “precession”, which is due
to the circular movement of the spin axis forming a cone shape (Figure 2.1). The speed of the
precession is called precession frequency, and this depends on the strength of the magnetic
field, which is described by the following formula or Larmor equation:
o =7 Bo 2.1

where o is the Larmor frequency gven in Hz or rad s !, By is the external magnetic field
given in Tesla, and v is the gyromagnetic ratio. The equation states that the precession
frequency increases with the strength of the magnetic field, and this relationship is determined
by the gyromagnetic ratio, which is different for different nuclei The importance of the
Larmor frequency relates to the fact that it determines the frequency required for the transition
of protons from one energy level to the other. For the scanners commonly used in clinical
practice, which have an external magnetic field of 1.5 Tesla, the Larmor frequency is = 64
MHz.

When a tissue, which contains protons, is placed in a magnetic field By, it becomes
magnetised, with the bulk magnetisation (M) initially aligned along By. M is the summation of
the individual dipole moments of the sample, divided by the volume of the sample, and is
proportional to the magnetic field. It is represented as a vector in the direction of the magnetic
field and is called equilibrium magnetisation. It is not possible to measure this magnetic force
because it is in the same direction as the magnetic field. In order to visualise the magnetis ation
we need to introduce a frame that rotates in the same direction as the magnetisation. In this

case, M appears stationary and By 1s equal to zero (Boulby 2003).
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Nucleus in low energy state
(aligned with By)

Nucleus in high energy
state (aligned against By)

Figure 2.1. Precession of proton and its orientation in an external magnetic field. The left
side of the figure shows that as well as spinning about its own axis, the proton also precesses
about the direction of the field By. The angular rate of precession, @y, is proportional to the
magnetic field B). The right side of the figure shows that when the proton is exposed to a
magnetic field it can exist only in two orientations.

2.1.2. The spin echo phenomenon

In the basic Hahn spin echo sequence, the application of a radiofrequency 90° RF pulse along
the y axis of the rotating frame (i.e. perpendicular to By) produces a transverse magnetisation
along the x axis, because it causes protons to perform a transition to a higher level of energy
and to precess in phase. After the RF pulse is switched off, protons lose phase coherence and
the transverse magnetisation starts to disappear. This process is called transverse relaxation or
spin-spin relaxation and is related to a spin-spin interaction. At the same time protons go back
to the lower state of energy and the longitudinal magnetisation returns to its original size. This
process is called longitudinal relaxation or spin-lattice relaxation and is due to the release of
energy from the spins, which are returning to the lower level of energy of their surrounding
lattice (Bloch 1946). Two time constants describe these processes: 1) T2, which is the time
constant for decay of the transverse magnetisation in a homogeneous (i.e. uniform) static

magnetic field; 2) T1, which is the time constant for recovery of the longitudinal

magnetisation.
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If a 180° pulse is applied along the y axis it flips the spins from close to the +x axis to close to
the —x axis. This second pulse rephases the protons that are getting out of phase. In particular,
since the spins continue to precess in the same direction and at the same speed as before the
180° pulse, they lead to rephasing of the transverse magnetisation along the -x axis, giving a
spin echo signal (Hahn 1950). Successive 180° pulses can be used to generate a spin echo train

(Carr and Purcell 1954).

2.1.3. T2* decay

The transverse and longitudinal magnetisation vectors add up to a sum vector, which
represents the total magnetic moment of a tissue. This vector also performs a spiral motion.
After a 90° pulse, the bulk magnetisation vector M is seen to tilt away from the direction of By
and spiral towards the transverse plane. As soon as the magnetisation has a component in the
transverse plane, it will generate the MR signal or spin echo signal When, after a 90° pulse is
switched off, the net component of magnetisation lying in the transverse plane dephases, the
detectable signal diminishes, and the sum vector tends to change direction from the transverse
plane to the longitudinal plane. This type of signal is called a Free Induction Decay (FID)
signal and is characterised by a reduction in intensity with time and by a constant frequency.
The rate at which the signal dies away takes the form of an exponential decay (Figure 2.2), and

in its simplest form it can be described by:

S(t) = S exp(t'T2) 2.2)
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n Figure 2.2. Free induction decay of T2 in the rotating
- frame. At a time equal to T2 after the occurrence of

. transverse magnetisation, the detectable signal has

n fallen to 37% of its value.

Although we should expect the decay of the MR signal to occur with a time T2, in practice it
occurs with the shorter time T2*. This is due to the fact that the local magnetic field is
always heterogeneous because of: 1) the non-uniformity of an applied field, due to
imperfections in the windings of the coil itself and 2) the differences in magnetic
susceptibility between adjacent regions. This means that the Larmor frequency and the phase
of precession of the spins are both spatially dependent, and consequently different regions
respond differently to the applied magnetic field. In a perfect magnetic field, the value of
T2* can approach that of T2.

A major difference between T2 and T2* relaxation is that T2* processes can be refocused by
applying a 180° pulse, whereas the T2 processes cannot, because they result from random
fluctuations in the Larmor frequency at the molecular level.

The boundaries between tissue components with very different magnetic susceptibilities, such
as the air/tissue interfaces near the sinuses, lead to very rapid local T2* relaxation. The
variation in magnetic susceptibilities are also seen in blood vessels, where the level of
deoxyhaemoglobin in the blood affects the T2* in tissue around the vessels. This effect is the
basis of the BOLD contrast used in fMRI and is discussed in greater depth in the section

dedicated to fMRI.
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2.1.4. Spin echo imaging

To create a SE image it is necessary to apply RF pulses and gradients at very specific time
points in order to select the slice to image and record the signal at each point in that slice. The
spin echo diagram (Figure 2.3) gives the timing and the amplitude of RF pulses or gradients
along a system of logical coordinates (z, x, and y). Creating an image requires (Kuperman
2000):

1) Slice selection (SS, Giice, “Z”);

2) Frequency encoding (FE, Gead, “X”); Spatial

3) Phase encoding (PE, Ghase, “Y”). Encoding

For a two-dimensional image, frequency encoding is applied in one direction and phase
encoding in the other. For a three-dimensional image, the slice selection is not employed,
frequency encoding is applied in one direction and phase encoding in the remaining two. The
3-dimensional approach allows higher spatial resolution and higher signal-to-noise compared
with 2-dimensional multi-slice scanning, but is characterised by a relatively long scan time.

In the presence of a slice select (Gz) gradient, the magnetic field changes strength from point to
point, and, consequently, the precession frequency of the protons changes with location. When
a 90° RF pulse is applied, only those spins that have the precessing frequency equal to the
frequency of the pulse, contribute to the formation of a transverse magnetisation. At time
t=TE/2 a 180° pulse is applied which rephases the protons that are getting out of phase, and, at
time TE, an echo is produced. After the slice select gradient, the frequency encoding or
readout (Gx) gradient is applied in the direction of the x axis. This results in different
precession frequencies along the x axis, and thus a different frequency of the corresponding
signal. The phase encoding (Gy) gradient, which is perpendicular to the frequency encoding

gradient, is applied after the 90° pulse in order to induce different phases to the echo signal. In
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conclusion, the excited slice is imaged in the x and y directions using frequency and phase
encoding gradients.

In order to obtain a SE image it is necessary to define the repetition time (TR) and the echo
time (TE). TR is defined as the time between two pulse sequences, i.e. from one 90° to the next
(Hahn 1950). The TE, as mentioned above, is defined as the time between the 90° and the
echo. Since TR is often much longer than TE, the delay between the end of data acquisition
and the next 90° pulse can be used to excite a second slice without affecting the first slice. The
echo of the first phase encode step of a second slice can be acquired before returning to excite
the first slice for its second phase encode step. In other words, the strength of the phase
encoding gradient varies in a step-like fashion, while its duration remains constant. With a
sufficiently long TR, several slices can be fitted into a single TR.

Different combinations of TR and TE produce different degrees of contrast (intensity
differences) between tissues. Changing TR, changes the contrast between tissues with
different T1 relaxation times. For example, in he case of a short TR, the longitudinal
magnetisation of a specific tissue, which has to be flipped in turn by the second pulse, does
not have time to recover totally after the first pulse, and it produces a smaller transverse
magnetisation with consequent lower signal. On the other hand, in the case of a very long TR,
all tissues will have recovered their longitudinal magnetisation. Changing TE, changes the
contrast between tissues with different T2 relaxation times. In particular, the shorter the TE,
the stronger the signal is from the tissue. However, with a short TE, the difference in signal
intensity between two tissues with different T2 is very small, and both tissues can hardly be
distinguished. Conversely, in the case of a long TE, the differences in signal intensity
between tissues, which have different T2 times, become visible.

Thus, by changing the TE and TR we can obtain different types of sequences: 1) T1-WI,

which is characterised by short TE and short TR, and is able to detect differences between
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tissues due to their differences in T1 relaxation times; 2) Proton density (PD)-WI, which is
characterised by short TE and long TR, and is sensitive to detect differences in signal related
to different proton density (the signal is neither T1 nor T2-weighted); 3) T2-WI, which is
characterised by long TE and long TR, and is able to detect differences between tissues due
to their differences in T2 relaxation times.

Due to spin refocusing following a 180° pulse, spin echo imaging is not sensitive to the
presence of magnetic field inhomogeneities. Therefore, the spin echo image intensity
depends on T2 rather than on T2*. The use of a 180° pulse is usually associated with
sequences that have longer TR and TE compared with those used in gradient echo imaging,

which are discussed later.

Gy

v

TE/2 TE/2

Figure 2.3. Spin echo sequence diagram.
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2.1.5. Gradient echo imaging

The gradient echo sequence differs from spin echo by the addition of an initial ‘@” pulse,
whose flip angle is typically less that 90°, anq by the lack of a 180° pulse. A flip angle
smaller than 90° allows for some residual longitudinal magnetisation, which is tilted by the
next pulse. The gradient echo pulse sequence, which includes slice selective gradients, phase
encoding and readout gradients, is repeated several times with different strengths of the
phase encoding gradient.

Gradient echo imaging often suffers from signal loss caused by dephasing of spins in the
presence of magnetic field inhomogeneities. Thus, the gradient echo image intensity depends
on T2* rather than on T2. Since dephasing of spins increases with increasing TE, gradient-
echo imaging is acquired with very short TE (a few milliseconds) in order to reduce signal
loss. Gradient echo imaging with short TR is used for rapid in vivo MRI in order to reduce

scan time and reduce motion artefacts (Haase et al. 1986;van Meulen et al. 1985).

2.1.6. From MR signal detection to image reconstruction

As mentioned above, the FID induces a current into the receiver coil at the Larmor
frequency. The recorded signal can be digitised to a set of numbers representing its
amplitude at specific time points. The Fourier transformation can convert these numbers
into a set of amplitudes at specific frequencies, which provide the image intensity at
particular positions. Thus, the Fourier formula translates the information regarding the
frequencies and the phases of the signal, along with their relative proportions, to the

amplitude of the signal at each time point (Kuperman 2000).



Tweig (Tweig 1983) and Ljunggren (Ljunggren 1983) suggested a very useful interpretation
of the signal acquisition as sampling along trajectories in a spatial frequency space, or k-
space. Measuring a signal at a specific time is equivalent to sampling a particular point in k-
space, which is the space in which the raw data lives. The axes on a plot of kspace are ki, k,
‘and k,. Arbitrary trajectories along k-space can be produced by time-varying gradients
applied during signal acquisition. The time during which the signal can be acquired along k-
space is limited by the T2* decay and, therefore, only a limited numbers of lines of kspace
can be acquired. In general, few rules apply in order to move a trajectory along a k-space: 1)
Soon after the slice selection k = k, = 0; 2) The application of frequency encoding gradient
moves the trajectory along kx, whilst the application of phase encoding gradient moves the
trajectory along k; 3) A 180° pulse reflects the kspace coordinate through the point k =k,
=0Q.
The signal amplitude at low spatial freque ncies in the central region of k-space is higher than
the signal amplitude at high spatial frequencies on the periphery of the k-space. In particular,
low spatial frequencies are required to reconstruct the overall form of the image, whilst high
spatial frequencies are required to describe rapid spatial variations in the objects (e.g. sharp
edges). Moreover, zero spatial frequency at the centre of the k-space is used to describe the
overall intensity of the whole image. The range of spatial frequencies in k-space is inversely
proportional to the spatial resolution of the image. The total area of k-space covered
corresponds to the pixel size, and the spacing between k-space points represents the field of
view (i.e. the total area of an image which has been covered).
Many different lkespace sampling schemes can be used and each of them has practical or
theoretical advantages. For example, a small number of k-space trajectories are used to allow

rapid acquisition of MR images, such as the echo-planar images (see below).

65



2.1.7. Echo planar imaging

Echo-planar imaging (EPI), created by Mansfield in 1977 (Mansfield and Pykett 1978), is
one of the fastest MRI techniques currently used. A basic EPI pulse sequence and the
corresponding kspace are shown in Figure 2.4. EPI uses a very efficient kspace sampling
scheme by acquiring a number of lines in k-space after each excitation pulse. As a result, EPI
images can be produced with only a few excitation pulses. The fastest EPI scanning, known
as single-shot EP], is obtained when all required signals are collected after a single excitation
pulse.

A particular EPI sequence, widely used, is gradient-echo EPI (Figure 2.4). It is obtained by
applying a 90° pulse and then repetitively reversing the sign of the frequency encoding or
readout gradient (Gx) at the end of data acquisition in order to rephase the signal. This
allows the acquisition of a high number of gradient echoes (echo train) in a short time. The
peak of each gradient echo occurs when the spins are all in phase. The application of “blips”
of the phase encoding gradient (Gy) between reversals of the frequency encoding gradient
moves the kspace trajectory to the beginning of a new line in kespace. Since the successive
frequency encoding gradients are positive and negative, the lines in the EPI k-space are
sampled in opposite directions.

The major disadvantage of EPI sequences is their sensitivity to image artefacts, such as
geometric distortions, which occur in regions where the magnetic field homogeneity is poor
(frontal and temporal regions) and relate to the long readout time required to generate the
echo train. However, since the gradient echo EPI allows shorter scan time (100ms per image)

and a higher signal-to-noise ratio compared with other rapid pulse sequences, it is often used

for fIMRI.
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Figure 2.4. Gradient echo EPI pulse sequence and EPI k-space sampling.

2.2. Diffusion tensor imaging

Diffusion tensor imaging (DTI) can provide a unique insight into tissue structure and
organisation in vivo, because it is able to measure the displacement of water molecules
occurring between 10® and 10*m in a timescale from a few milliseconds to a few seconds.

Since the diffusion of water in vivo is restricted by the presence of membranes and
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organelles, the measurement of the diffusion properties of a specific tissue reflects the
integrity of its microstructure. For example, the white matter and grey matter of a normal
brain are characterised by different diffusion measurements, which reflect their structural
complexity and integrity. When the tissue structure is affected by pathology, the measures of
water diffusion change and, therefore, DTI has been shown to be useful in studying in vivo
brain pathological damage. This section deals with the principles of DTI and introduces its

future developments, such as diffusion based tractography.

2.2.1. Physics principles of the phenomenon of diffusion

Diffusion phenomena are the consequence of a microscopic random motion, known as
Brownian motion. As an effect of molecular thermal energy, every particle in a fluid is
moving and is struck by other molecules. With every hit, a particle changes direction
randomly, so that, over time, its path can be described as a random walk. In non-uniform
system (where there is a gradient in the concentration (C) of a diffusing fluid), diffusion
results in a macroscopic flux of the fluid, which can be measured and is described by the
Fick’s first law of diffusion. In particular, this law states that that the diffusion process moves

substances from areas of high concentration to areas of lower concentration (Wheeler-

Kingshott and Barker 2003):
F=_p%€ 2.3)
ox

The negative sign takes account of the fact that the flux is in the opposite direction to that of
increasing concentration, and D is referred to as the “diffusion coefficient”.

Conversely, when the concentration is stable, diffusion can only be described statistically,
i.e. by measuring the probability that a molecule travels a given distance in a given time. In

isotropic medium, like simple liquid, such probability has a Gaussian distribution and the
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molecules are free to diffuse in any direction without restriction (Wheeler-Kingshott and
Barker 2003). In biological tissues this characterisation is no longer valid because diffusing
molecules may be reflected, or have their mobility interrupted, by the interactions with the
cell membranes and other intracellular and extracellular structures. Therefore, water
diffusion becomes anisotropic, that means that it is restricted or hindered by cellular
structures. In this situation, different directional components of diffusion must be analysed
separately and the diffusion process can be described by a 3 x 3 tensor matrix. The diffusion
tensor (DT) is characterised by 9 elements (Basser et al. 1994). Dxx, Dyy and Dzz are the
diagonal elements and define the diffusion constants along the main axes (x,y,z). The
remaining elements (Dxy, Dxz, and Dyz) are off-diagonal and indicate how strongly random

displacements are correlated in the x, y and z directions.

Dxx Dxy Dxz
D=|Dyx Dyy Dyz (2.4)
Dzx Dzy Dz

Note that the matrix is symmetric about the diagonal, meaning that only six elements must be

measured to estimate the full DT.

2.2.2. Effects of diffusion on the MRI signal

The signal on MRI depends on the behaviour of proton spins in a magnetic field. As
previously discussed, in the case of the spin echo (SE) sequence, the first 90° pulse excites
the sample, whilst the second 180° pulse reverses the phase of the spins and refocuses the
magnetisation. In the absence of motion or diffusion of the water molecules, the dephasing
that occurs after the first pulse is exactly rephased after the 180° pulse. If, instead, there is a
random motion of the spins between dephasing and rephasing, then the refocusing of the

spins is incomplete and there is a loss in the transverse magnetisation and a reduction in the
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signal amplitude. The extent of this signal attenuation depends on: 1) The diffusion
properties of the tissue, which are, in turn, related to its structure; 2) The magnetic field

gradients and the time during which the diffusion process takes place.

2.2.3. The pulsed field gradient sequence

In 1965 Stejskal and Tanner (Stejskal and Tanner 1965) proposed a practical scheme to
introduce diffusion weighting in an MRI acquisition, adding a pair of pulsed magnetic field
gradients (g) into a SE sequence and positioning them around a 180° refocusing pulse
(Westin et al. 2002) (Figure 2.5). This is the pulsed field gradient (PFG) method. The first
gradient pulse induces a phase shift for all spins; the second reverses this phase shift, thus
cancelling the phase shift for static spins. The spins which have changed location due to the
diffusion of molecules during the time period between the two gradients (A in figure) are not

completely refocused by the second gradient pulse, and cause a signal attenuation.
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Figure 2.5. The Stejskal-Tanner Pulse Field Gradient (PFG) sequence (adapted from Westin
et al., 2002).

If two acquisitions are performed, one without superimposed diffusion gradient (i.e. b value
= (), and one with diffusion gradient (i.e. b # 0), diffusion can be calculated using the
equation of Stejskal and Tanner:

S=Sge P (2.5)
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where S is the NMR signal in the presence of diffusion gradients, Sy is the signal in the
absence of diffusion gradients, and b is the diffusion weighting factor, introduced by

LeBihan et al (Le Bihan et al. 1986):

b= yzﬁz(A -2}32 (2.6)

where Y is the proton gyromagnetic ratio (267x10° rad s T'), and G is the strength of the
diffusion sensitising gradient pulses. Therefore, the b factor depends on the amplitude of the
diffusion gradient and on the diffusion times (A and ). If the diffusion gradient is small (i.e.
the b factor is small), there will be a small signal attenuation due to diffusion. On the other

hand, if the diffusion gradient is very big (i.e. the b factor is big), there will be a much higher

loss of signal (Figure 2.6).

Signal

Figure 2.6. Diffusion signal decay curve showing a relationship between the b factor and
signal.

2.2.4. Diffusion-weighted images

The Pulse Field Gradient (PFG) method can be included in most MRI sequences to introduce
diffusion weighting (DW) along multiple directions. The highest reduction in signal is
observed in areas where the diffusion coefficient in that direction is the highest. In fact, in
the anisotropic areas, where the diffusion is preferential along one direction, which is

generally the main axis of axons, the signal attenuation is most evident when the diffusion
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gradients are applied along that direction. On the other hand, the signal attenuation in the
isotropic areas is independent from the directions of the application of the diffusion
gradients. For example, the genu of the corpus callosum appears dark only when the
diffusion gradients are applied along x, whilst the lateral ventricles appear dark independent

of the gradient diffusion directions (Figure 2.7).

Figure 2.7. Axial slices obtained after application of diffusion gradients along three
orthogonal directions (x, y and z), which are indicated above each image as dotted lines. The
white arrows indicate isotropic areas. The white box indicates the corpus callosum, which
shows a signal loss when the diffusion gradients are applied along x, and appears bright
when the diffusion directions are applied in the directions orthogonal to the main callosal
fibers (y or z). The black arrows in (b) and (c) indicate areas of fiber alignement along y and
z, respectively.

From the formula 2.5, the diffusion coefficient or D can be computed at each voxel. This
diffusion coefficient measured in vivo by MU is always lower then that of free water.
Therefore, the term apparent diffusion coefficient (ADC) is used to indicate that it is
understood that the diffusion process is the same; however, the diffusion distance is lessened

by the interaction of water molecules with cellular structures, not by a reduction in the

diffusion coefficient (Cercignani and Horsfield 2001). Thus, a voxel-by-voxel calculation of
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the ADC produces a diffusion map, which has an intensity scale that is inverted compared to

the DWI used to calculate it (Figure 2.8).

Figure 2.8. ADC maps of the axial slices shown in Figure 2.7. Note that the isotropic areas
dark on the DWI are bright here. The black pixels correspond to a-eas where the ADC
calculation produced unacceptable number.

2.2.5. Diffusion tensor and its scalar invariants

As mentioned above, in anisotropic tissue, the diffusion properties of a substance are best
described by the DT (D) rather than a single diffusion coefficient. The main advantage of
using the DT is that rotationally invariant indices can be derived These indices are
independent of the position of the subject inside the scanner and can be used to compare
different groups of subjects and to perform longitudinal studies.

Basser et al. described the use of multivariate linear regression to calculate D from a non-
diffusion-weighted images plus six or more diffusion-weighted measurements along non-
collinear directions (Basser et al 1994). The diffusion weighting is obtaining by

simultaneously applying diffusion gradients along combinations of the three physical axes.
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Given the six different components of the DT, it is possible to transform (or perform a matrix
diagonalisation) the DT into another tensor D, with off-diagonal elements equal to zero and
diagonal elements reflecting the intrinsic properties of the tissue, independently of the

coordinate system in which they have been measured:

Al 0 0
D'=l0 A2 0 27
0 0 A3

Al, A2, A3 are the eigenvalues of D and represent the ADC values associated with the
prinicipal eigenvectors, €1, €2, €3, which are orthogonal in the scanner reference frame and
represent the directions along which molecular displacement are not correlated For each DT,
the combination of eigenvectors and eigenvalues is unique and reflects the diffusion
properties of the tissue. The eigenvectors are ordered according to the decreasing value of
their eigenvalues, so that €1 represents the principal direction of diffusivity characterised by
A1>A2 and A2 > A3. In conclusion, the acquisition and the diagonalisation of the DT allows
€l to be obtained, and €1 is always aligned with the main diffusion direction within each
voxel, with A1 corresponding to the maximum diffusivity in each voxel, regardless of the
position of the head. Several parameters, which are rotationally invariant, can be defined
from the DT and describe the behaviour of diffusion within each voxel. The most commonly
used are mean diffusivity and fractional anisotropy. The mean diffusivity (MD) is the
average of the eigenvalues of the DT in a voxel:

_Al+A2+A3
3

MD 2.8)

Fractional anisotropy (FA) (Basser and Pierpaoli 1996) is equal to the ratio between the
square root of the variance of the eigenvalues and the square root of the sum of the squares
of the eigenvalues. Therefore FA estimates what proportion of D is due to anisotropic

diffusion.
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J(A1-(D))2+(A2-(D))2+(A3- (P j

LRI

-JAI12+ A22+ A32
While MD is relatively uniform throughout the brain, FA is different between the grey and

white matter, being low in the former and high in the latter (Pierpaoli et al. 1996;Pierpaoli

and Basser 1996).

Figure 2.9. Fractional anisotropy maps. The brightest areas indicate regions with high
anisotropy, in which the fibre are higly aligned. Regions of low anisotropy appear dark.

2.2.6. Clinical protocols

The PFG method has been incorporated into a number of pulse sequences to collect DW
MRI data and thus calculate the DT. Since large diffusion gradients are used, all DW
techniques are sensitive to motion artefacts, caused by movements of the head or pulsation of

the brain because of blood and CSF motion. One possible solution is to use fast image

75



acquisitions, such as a single-shot DW-EPI. However, even using the EPI sequence, which
offers the highest SNR per unit time, considerable signal averaging is required.
Consequently, in order to obtain good resolution, the scanning time becomes relatively long.

A final consideration relates to the sampling of the signal decay curve. Although it was
thought that the best fit would have been obtained by sampling the signal corresponding to
different b factors, it has become evident that a two-point fit is preferable in term of SNR per
unit time (Jones et al. 1999a). However, this estimation does not allow for a distinction to be
made between different diffusion compartments, such as the intra and extracellular water,
which requires many points along the curve and very high b values. For a two-point
acquisition it is possible to optimise the b factor used. Since, at low b factor, the process of
perfusion, which involves the microcirculation of blood in the capillary system, contributes
to the loss of signal (Le Bihan et al. 1986), a minimum b (bmin) different from zero can be
used in order to reduce the effect of perfusion (Henkelman et al. 1994). For the scanner used
in the works included in this thesis, the optimum difference in b values between the b=0 or
bmin#0 and the maximum b factor (bmax) seems to be of the order of 1035 x smm™ (Jones et

al. 1999a).

2.2.7. Diffusion based tractography

As mentioned earlier, DTI gives two types of information about the property of water
diffusion in white matter: 1) the extent of diffusion anisotropy; 2) the orientation of
anisotropy. The main assumption is that the principal axis of the diffusion tensor aligns with
the predominant fibre orientation within a voxel. However, DTI provides no explicit
information about the connection of fibres between neighbouring voxels. The 3-dimensional

reconstruction of tract trajectories, or tractography, is a method of inferring in vivo
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continuity of fibres from voxel to voxel (Mori and van Zijl 2002). Several tractography
techniques have been developed (Basser et al. 2000;Behrens et al. 2003b;Conturo et al.

1999;Jones et al. 1999c;Koch et al. 2002;Lazar et al. 2003;Mori et al. 1999;Poupon et al.

2000) and they can be roughly divided in two types: 1) Line propagation techniques, which

use the local tensor information; 2) Energy minimisation techniques, which determine the

energetically most favourable path between two pixels.

The line propagation techniques include: i) Linear approaches, which simply propagate “a
line” following the main direction of vectors through a continuos vector field (Mori et al.
1999); ii) Interpolation techniques, which utilise interpolation of the tensor or eigenvector
field to draw a line between adjacent voxels (Basser et al. 2000;Conturo et al. 1999); iii)
Tract editing or white matter parcellation techniques, which identify all tracts that pass
through two regions of interest (ROIs) (Conturo et al. 1999;Stieltjes et al. 2001). For
example, the corticospinal tract can be traced by locating one ROI at the level of the cerebral
peduncle and one ROI on the lower pons and medulla (Stieltjes et al. 2001).

The energy minimisation techniques include: i) Fast marching techniques, which are
discussed in the following paragraph; and ii) The simulated annealing approach, which
generates a line or “path” between two points based on the alignment of the line to the vector
field (i.e. energy minimisation process) (Tuch et al. 2001).

Before describing the tractography algorithms that have been developed and applied in this
thesis, it is important to discuss some limitations of tractography techniques, which are
related to the low resolution of DTI and the inhomogeneity of white matter structures. In
typical DTI acquisitions, the voxel dimensions vary from 1 to 5 mm, whilst the diameter of
axons is less than 10 um (Beaulieu 2002). The diffusion of water molecules that is hindered
or restricted by the presence of axons is averaged and measured within a much bigger voxel.

Therefore, DTI cannot adequately reflect the case of a voxel containing more than one
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population of axonal bundles with different orientations. This will occur when a voxel
includes “crossing” or “kissing” fibres. Moreover, curvature of axonal tracts within a voxel
violates the assumption described above that the diffusion process along any arbitrary axis is
Gaussian, thereby invalidating the routine tensor calculation. This will occur when, for
example, the sub-cortical U-fibres, which are highly convoluted, are contained within a
voxel. Finally, DTI acquisitions contain noise, and, consequently, the calculated vector
direction may deviate from the real fibre orientation. In conclusion, all these limitations may
induce not only tracking errors, which become larger as the propagation becomes longer
(Basser and Pajevic 2000;Lori et al. 2002), but also reconstruction of adjacent and unrelated
white matter tracts (Lazar and Alexander 2003).

In the next paragraph, we will introduce two tractography methods that have been developed
in this work, Fast Marching Tractography (FMT) and Probabilistic Index of Connectivity
(PICo). The developments and the applications of FMT are presented in chapter 4, while the
PICo algorithm, which presents some advantages compared with FMT, is discussed in the

final chapter of this thesis.

2.2.7.1. Fast Marching Tractography

FMT allows the estimation of connectivity of any brain region to a starting voxel, and
generates connection pathways with their branching fibres (Parker et al. 2002c). FMT
includes three steps, each of which requires the information obtained by the previous one.

The first step involves the growth of a front from a starting point, and is called the front
evolution step. The rate at which the front propagates is linked to the information contained
in the eigenvector map, and therefore it will be faster if the eigenvectors of two adjacent

voxels are in line, or pointing towards each other, which implies continuity of fibres, and
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slower if there is no coherence of eigenvectors of neighbouring voxels. The former case
occurs in the white matter tracts, whilst the latter is seen in grey matter regions. The
evolution of a front can be visualised as a drop of ink which spreads on a cloth, and the
eigenvector map indicates which way the ink is spreading.

The second step of FMT produces a time of arrival map. It is based on the theory that the
time at which the front reaches each point in the image is determined by the front evolution,
and it will be lower when the principal eigenvectors are aligned. This second step allows
calculation of the shape of the stain from the vector field, which is equivalent to a contour
line showing the distance from the origin travelled by the ink within the same amount of
time. Multiple contour lines can be calculated, each representing the stain shape at a different
time point. These multiple contours represent a likelihood-of-connection map. The most
likely path between an aribitrary point and the seed voxel (origin of the stain) can be found
by following the gradient steepest path, similar to water flowing to a sink hole from arbitrary
points in the sink. Therefore, each voxel in a brain may be connected to a starting point.

The third step allows the creation of a connectivity metric, or voxel-scale connectivity (VSC)
map, which ranks, at each voxel, the strength of connection to a starting point (see Figure
4.3. and 4.4). In particular, the value of the VSC map at each voxel is obtained by the
relationship between the most likely path and the underlying eigenvector field. Therefore, n
the context of the FMT method, the term “connectivity” indicates bulk inter-regional
anatomical connectivity.

The main limitation of FMT is that this VSC map indicates the degree of connection to the
starting point in an arbitrary way and does not compute a probabilistic map that truly reflects
the underlying fibre structure. A step toward the generation of an accurate map of probability
of connection has been obtained by the development of a novel tractography algorithm,

called Probabilistic Index of Connectivity (PICo), which is discussed in the next paragraph.
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Figure 2.10. Optic radiations and cortico-spinal tract reconstructed using FMT and
representing the most likely paths between the starting points and any other voxel within the
pathways under investigation.

2.2.7.2. Streamline-based Probabilistic Index of Connectivity

Probabilistic Index of Connectivity (PICo) (Parker et al. 2003) is a novel tractography
method also included in the line propagation techniques. It has been developed in this work
after FMT and has been applied in one study presented in the last chapter of this thesis. As
mentioned earlier, the main advantage of PICo compared with FMT is that it generates
probabilistic maps of fibre connectivity between voxels. Two orders ofuncertainty, based on
el orientation, are introduced: a 0th order, assigning uncertainty using the anisotropy of the
tensor; and a 1st order, assigning uncertainty using the relative magnitudes of Aa and X3 and
the orientations of their associated eigenvectors. When the second and third eigenvalues are
high compared with that of the principal eigenvalue, the uncertainty is large, suggesting the
presence of crossing or branching fibres. This uncertainty is also combined with an estimate
of data noise. Based on this information, PICo generates a probability distribution function
(PDF), which reflects the best estimate of the tissue microstructure responsible for a given

DT, within each voxel. Then, a line propagation is repeated N times in a Monte Carlo
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process, thus establishing the confidence of connection to a distributed brain region. The
number of occasions over N repetitions at which each voxel is crossed or hit by a streamline
is used to define a map of the probability of connection to the starting point. Although the
idea to incorporate the uncertainty of el in a streamline analysis allows computation of
probability maps, and represents a step toward the assessment of crossing white matter
fibres, the form of the PDF used by PICo is still a not perfect estimation of complex fibre
architecture in a voxel. The incorporation of higher order representations of the diffusion
profile than the DT in the PDF calculation, such as those obtained by spherical harmonic
descriptions (Alexander et al. 2002), may lead to more accuracy in the connectivity

estimation.

Figure 2.11. Probability maps of the corticospinal tract (CST)
(left) and optic radiation (above) reconstructed using the PICo
algorithm. The colour scales indicate the probability of
connection to the seed point, which was placed in the middle
of the cerebral peduncle for the CST, and in the lateral
geniculate nucleus for the optic radiation.

2.3. Beyond the single diffusion tensor

Although the DT has provided a major contribution to understanding the pathologic

mechanisms underlying neurological diseases, several groups have been focusing their latest
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research on developing models that can explain the complex behaviour of water in vivo and
properly track crossing, branching or “kissing” fibres, which cannot be distinguished when
diffusion is modelled as a single tensor. We are going to discuss the main areas of interest.

As mentioned earlier, within a single voxel, the behaviour of diffusion might be not correctly
described by a Gaussian probability density function, because different fibre directions are
present. In these cases, the ADC profile can be modelled as a set of spherical harmonics
(Alexander et al. 2002;Frank 2002). Alexander et al. (2002) confirmed that non-Gaussian
profiles of the diffusion process occur in the brain regions where crossing fibres are known to
be present (e.g. pons). Frank et al. (2002) showed that isotropic diffusion, anisotropic
diffusion from a single fibre, and anisotropic diffusion from multiple fibre directions can be
detected by a spherical harmonic transform. Thus, the use of spherical harmonics might te
used to identify voxels in which the single tensor model is poor. In these voxels, a mixture of
two Gaussian densities might be fitted, and the principal directions of the two diffusion
tensors might provide estimates of the orientation of the crossing fibres and improve
tractography results (Parker et al. 2004).

The gspace approach allows the measurement of small displacements of water molecules
using high gradient strength (King et al. 1994). The main advantage of g¢space imaging is
that the displacement profiles can be related directly to the water movement, without
Gaussian fitting, although it requires high gradients which are not available on whole-body
clinical scanner, and long scanning time.

Diffusion spectrum imaging (DSI) is a compromise between the Gaussian behaviour of water
molecules displacement of DTI and the use of infinitely small d for g-space-like imaging
(Tseng et al. 2002;Wedeen et al. 2000). Lin et al. recently demonstrated that this technique
is able to resolve the fibre structure in the grey matter of rat brains, and validated the DSI

technique by using manganese-enhanced MRI. However, the scanning time was of about 35
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hours (Lin et al. 2003). A recent study showed that DSI is sensitive to the pathological
changes occurring in the NAWM and lesions of patients with MS, confirming the potential
diagnostic capacity of this technique (Assaf et al. 2002).

Finally, a recent model describes a “compartmentation” of water diffusion (Clark and Le
Bihan 2000). This model assumes that intra-cellular water is characterised by a slow diffusion
tensor, whilst the extra-cellular water is described by a fast diffusion tensor. The latter can be
measured by b-factor of 1000 smm™, whilst the former only with bfactor of about 4000
smm2. The possibility of being able to estimate the two compartments in vivo has potential

application for studying the complex pathologic changes affecting the brain tissue.

2.4. Functional Magnetic Resonance Imaging

When a population of neurons is functionally “activated”, they undergo local metabolic
changes, which are related to the synthesis and release of neurotransmitters at the synapses
(Duncan et al. 1987). Further metabolic changes also occur in the glia cells, which are
responsible for the re-uptake of neurotransmitters (Magistretti and Pellerin 1996). These
metabolic changes require energy, and, since the brain energy production depends on
oxidative metabolism, there is a greater demand for delivery of oxygen. To meet the
increased metabolic demand, neuronal activation is accompanied by increased local blood
flow. The increase in blood flow is accompanied, in turn, by a small increase in local blood
volume. The increment of blood flow changes leads to a greater availability of oxygenated
haemoglobin. All these haemodynamic changes provide the basis for a number of functional
MRI (fMRI) methods. This paragraph includes only one fMRI method that is sensitive to the
detection of changes in blood oxygenation. Although the mechanisms of coupling the

haemodynamic response to neuronal activity are still incompletely understood, fMRI has the
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potential to provide important information about brain function in both normal and
pathological conditions. In the next paragraph the basis of the blood oxygen level dependent

(BOLD) response and fMRI is presented and the principles of fMRI analysis are discussed.

2.4.1. Oxygen utilisation by the brain

Before examining the BOLD signal, it is useful to review briefly the Fick’s law that
describes changes occurring in blood flow or blood oxygenation during brain activity
(Jezzard and Ramsey 2003). The rate of oxygen consumption in a tissue is related to the flow
and venous oxygenation level of the blood following Fick’s principle, which states that:
CMRO, = CBF x4[Hb™ (Y, -Y,) (2.10)

In this formula, CMRO; is the metabolic rate of oxygen consumption (expressed in units of
moles of oxygen consumed per gram of tissue per second). CBF is the cerebral blood flow,
which is interpreted as the blood that is delivered to the tissue, (expressed in millilitres of
blood perfusing each gram of tissue per second). Hb'©T is the total concentration of
haemoglobin (oxygenated and deoxygenated) (in units of moles per millilitre of blood), and
the factor 4 accounts for the fact that 4 molecules of oxygen bind a haemoglobin molecule.
Ya and Yv are the oxygen saturation values (i.e. the fraction of haemoglobin which is
oxygenated) for arterial and venous blood. Therefore, (Ya — Yv) is the oxygen extraction
fraction (OEF, value between 0 and 1) and is a measure of the arterio-venous difference in
haemoglobin oxygen saturation.

In the case where Ya and total haemoglobin concentration are at fixed levels, Fick’s principle

can be revised as follows:

ACMRO, _ ACBF  AOEF
CMRO, CBF = OEF

(2.11)
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During brain activation there is an increase in CMRO,, accompanied by an increase in CBF
and, somewhat counter-intuitively, a decrease in OEF (i.e. the oxygen saturation value in the
veins (Yv) is increased). Thus, during local brain activation the oxygenation level of the
venous blood actually rises. This is the effect that is used in BOLD fMRI experiments

(Jezzard and Ramsey 2003).

2.4.2. Uncoupling of blood flow and oxygen metabolism

In the mid 1980s studies performed with positron emission tomography (PET) found that
during a somatosensory stimulation task there were increases in CBF and glucose
consumption (of about 30%), but only a very small increase in CMRO; (of about 5%) (Fox
and Raichle 1986). This finding was in conflict with the well established assumption that
during brain activity, which leads to increased cellular metabolism, there would be an
increased consumption of oxygen and a proportional increase in regional CBF. Therefore, it
is possible that the increased metabolism occurring in neurons is anaerobic rather than
aerobic (Gjedde 2001). Although an uncoupling of blood flow and oxygen metabolism
definitely occurs, it has been reported that there is, after all, a linear relationship between the
small increase in oxygen consumption and the much bigger increase in CBF (Hoge et al.
1999).

A possible explanation of this uncoupling is that a large increase in CBF is required in order
to provide a relatively small increase in the oxygen concentration gradient between
capillaries and mitochondria, which, in turn, causes the oxygen to diffuse from the blood to

the neurons.

2.4.3. The BOLD effect
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The image contrast in fMRI was named ‘blood oxygenation level dependent” or BOLD,
because it is dependent on the presence of oxygenated haemoglobin in the blood vessels.
Pauling and Coryell (1936) found that deoxy-haemoglobin was slightly paramagnetic
relative to tissue, whereas oxy-haemoglobin was diamagnetic relative to tissue (Pauling and
Coryell 1936). Later, Thulborn et al. reported that the oxy-haemoglobin had a small
magnetic susceptibility effect, did not significantly alter the regional magnetic field, and did
not greatly affect tissue T2*, while the deoxygenated haemoglobin led to a large magnetic
susceptibility effect shortening tissue T2* (Thulborn et al. 1982). Thus, it is this local
distortion of the magnetic field homogeneity, occurring on a microscopic scale, that provides
the contrast mechanism in the fMRI experiment and enables changes in blood oxygenation
level to be detected.

In 1990 Ogawa et al. described the first BOLD contrast imaging experiment reporting a loss
of signal around blood vessels in a cat that was made hypoxic (Ogawa et al. 1990). The
authors interpreted the cause to be the creation of local magnetic field inhomogeneities from
deoxy-haemoglobin, and termed it the BOLD method. They also suggested that the effect
could be used to image the smaller change in the relative blood oxygenation that
accompanies neuronal activation in the brain. A similar effect was demonstrated with ultra-
fast EPI in animals breathing an oxygen-deprived atmosphere (Turner et al. 1991). Shortly
afterwards, a similar effect was confirmed in humans during breath holding (Kwong et al.
1992).

Although the mechanisms underlying BOLD contrast are still unclear, a widely accepted
model is as follows. Increased neuronal activity induces local vasodilatation, and
consequently, increased cerebral blood flow and cerebral blood volume. Cerebral blood flow

increases more than blood volume, and oxygen delivery quickly exceeds the local demands
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of the activated tissue. Increase in local blood flow in the arterioles and small arteries is
therefore uncoupled from local metabolism. The net effect is a larger ratio of oxygenated to
deoxygenated haemoglobin in the capillary and venous vascular beds, which, in turn, leads to
a longer regional T2* compared with the surrounding tissue and increases the signal intensity
on the T2*-weighted images. For typical cortical activation tasks, the image signal intensity

varies from 1 to 15%, depending on field strength.

2.4.3.1. Ongin of the BOLD signal

As discussed above, the relationship between the haemodynamic changes and neuronal
activity is still unclear. A study recently published in Nature has provided further insights
into the mechanisms underlying the haemodynamic changes (Logothetis et al. 2001). The
authors studied 10 healthy monkeys who underwent a visual fMRI experiment during which
a checkerboard pattern was presented. At the same time, electrophysiological recordings
were performed by implanting specially constructed microelectrodes in the occipital pole.
Results demonstrated that a spatially localised increase in neural activity is directly
correlated with signals detected by BOLD fMRI. This finding supports the assumptions
made from all fMRI studies that the haemodynamic response mirrors neural activity. The
neural signal increased immediately on presentation of the visual stimulus and decreased as
soon as the stimulus was terminated. Moreover, the neural signal had a higher signal-to-noise
ratio than the haemodynamic response, suggesting that the extent of activation in human
fMRI experiment is often underestimated due to the variation in the vascular response.
Consequently, caution was recommended when mapping studies try to precisely localise
neural activity. The authors also reported that the local field potentials (LFPs), which reflect

the neural activity related to signal input and local information processing, allow a better
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estimate of BOLD responses than the multi-unit activity, i.e. the firing rates of a group of
neurons, which reflects the output of a neural population. However, this conclusion is in
disagreement with previous models that suggested a quantitative relationship between the
spike rate of neurons, which controls the release of neurotransmitters, and the haemodynamic

response (Rees et al. 2000).

2.4.3.2. Temporal and spatial resolution of the BOLD response

The theoretical limit of the temporal resolution of fMRI depends mainly on the temporal
characteristics of the haemodynamic response. The BOLD response varies within and
between subjects, and has typical features (Figure 2.7). There is an initial small decrease in
BOLD signal intensity (the early “dip”) that evolves over the first second following a
stimulus (Ernst and Hennig 1994) and is often seen only at high field strength. After 24
seconds, there is a progressive increase in BOLD signal. The time to peak varies depending
on the anatomical region (Bandettini et al. 1997) and on the duration and other parameters
of the stimulus. For example, it varies from 1 second for a ‘ery short stimulus, such as a
flash of light, to 8 seconds for a robust stimulus, such as a flickering checkerboard. For a
simple stimulus, the signal change is maintained at a relatively constant level for the period
of stimulation (Bandettini et al. 1997). Interestingly, for stimulus longer than 4 seconds the
BOLD response “saturates”, and increases in stimulus duration cause only a change in the
peak width. After the stimulus stops, the curve takes only a few seconds to return to zero,
and decreases to a level below the initial baseline (the post-stimulus “undershoot”), from
which it recovers slowly over a further few seconds. The duration of this recovery phase
places limits on how fast the stimulus can be repeated. Overall, the time from onset to final

return to baseline is about 12-18 seconds. Figure 2.7b shows an “overshoot” period during
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the early positive BOLD response, which is another common feature observed in fMRI
experiments.

A specific physiological interpretation of the time course of the BOLD response has been
provided by studies in cat brains with optical imaging methods (Malonek et al. 1997). The
initial dip is hypothesised to arise from the rapid deoxygenation of capillary blood
accompanying the increased oxygen utilisation. Then there is an increase in blood flow
(typically of 50-70%), which increases the ratio of oxygenated haemoglobin to de oxygenated
haemoglobin causing increased signal intensity. The overshoot observed at the beginning of
the positive BOLD response may be a result of the slower blood volume response, which
allows the BOLD response to briefly reach a higher value than its steady-state response until
the slower increase of blood volume occurs. After the stimulus stops, the ratio decays back to
baseline. However, the blood volume decreases more slowly, creating a brief undershoot of
the BOLD response (Buxton et al. 1998).

Although venules and capillaries contribute similar volume of blood per voxel, the venules
make a greater contribution to the BOLD signal because they carry less oxygenated blood.
Consequently, larger signal changes can be detected in voxels localised over draining veins.
The spatial resolution of the BOLD response depends on the intrinsic resolution of the
imaging experiment. In order to localise activation at the level of the cortical colums, a voxel
size of 100 microns will be required. This hypothetical resolution is not desired because it
will reduce the signal-to-noise ratio. However, activation in two very closely adjacent
cortical columns has been resolved using a subtraction procedure (Menon and Goodyear
1999). Other limitations to the spatial resolution of fMRI are related to the facts that the
haemodynamic response is not spatially very specific to areas of activation (Logothetis et al.

2001) and that signal changes from draining veins can displace the activation response.
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Figure 2.12. Diagram showing the BOLD response to a brief period of neuronal stimulation

(a) and more sustained period of neuronal stimulation (b) [Adapted from Jezzard and
Ramsey, 2003].

2.4.4. Typical scan protocols

Most fMRI experiments use gradient echo EPI sequences because they are naturally sensitive
to T2* contrast. They allow coverage of the whole brain in 2 to 3 seconds. In an fMRI
experiment, a large number of brain volumes are acquired as time series (e.g. 100-500
multislice volumes). The TR varies between 3 and 5 seconds and the TE is generally close to
the T2* of the tissue, of about 40-50 ms, to optimise the ability to detect BOLD contrast. The
in plane resolution is between 2 and 4 mm (field of view 24 cn? and matrix size 64° to 128°),
and slice thickness varies between 3 and 5 mm. However, gradient echo EPI has some
disadvantages: 1) Its effective minimum spatial resolution is around 3 mm (Engel et al.
1997) regardless of imaging resolution, ii) It is usually not useful to go much faster than an
on-off cycle of 8 s on and 8 s off (Jezzard and Ramsey 2003); iii) Signal loss occurs at the
interface between air and bone, for example in the region of the petrous temporal bone or the
frontal air sinuses; iv) Geometric distortions are common; v) Head motion is a major source

of artefact, and is often unavoidable, depending on the task.

2.4.5. Experimental designs



An experimental design requires formulating a hypothesis about the brain activity that occurs
during the performance of a specific task. The task consists of “triggering” the brain function
under investigation in a specific aﬁd temporally defined fashion, which is called
experimental design. The task has to be repeated more than once throughout the experiment,
because the signal change due to brain activation is of a small magnitude compared to the
baseline signal and there is also noise. Thus, the type of experimental design varies with the
aim of the study (Jezzard and Ramsey 2003).

The simplest nyRI experiment includes alternating periods (epochs) of two different
experirhental conditions. The two conditions, which alternate in an “orn-off” design, are task
performance (or sensory stimulation) and rest. Sometimes the off period consists of those
functions that are not relevant to the brain function under investigation and need to be
eliminated. The block designs are very effective in detecting the brain response to a stimulus,
although they have a limited temporal resolution (epochs are usually between 20 and 40s in
duration) and are unable to detect unpredictable or aperiodic types of brain activity.

A second type of experimental design is a parametric study, usually used in cognitive studies
(Braver et al. 1997), in which the same task is performed, but with different levels of
difficulty. All the functions that are necessary to perform the task are involved at all levels,
but only the processing load changes from one level to the others. Therefore, the parametric
design allows detecting brain regions where activity increases with the level of the task.

A third type of fMRI experiment is an event-related design. In event-related designs a short
stimulus is presented either at long (Bandettini and Cox 2000) or short intervals (Buckner
1998). The reason why the stimulus is presented at high frequency is that the brain response

under investigation is extremely short, and can last only a few milliseconds.
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Other important factors which have to be considered in designing an fMRI experiment are:
1) habituation or fatigue, which may result from prolonged task performance; 2) learning

effects, which may occur when experiments are repeated at short intervals.

2.4.6. fMRI analysis

The aim of fMRI data analysis is to detect areas of significant brain activation in response to
specific stimuli. Analysis of fMRI data has developed extensively over the last decade,
resulting in the availability of several sophisticated software packages from major fMRI
centres [e.g. from University College London, from NIH and from Oxford]. The following
section describes the basic principles of one of these statistical tools, called Statistical
Parametric Mapping (SPM; Wellcome Department of Imaging Neuroscience, London, UK)
(Friston et al. 1995;Worsley and Friston 1995), which is used for the analysis of the fMRI
experiments reported in chapter 5.

The first SPM was used to establish functional specialisation for colour processing in 1989
(Lueck et al. 1989). The methodology and the principles of SPM were described in two
papers in 1990 (Friston et al. 1990) and in 1991 (Friston et al. 1991). Since then there have
been many mathematical developments and even different versions of SPM. The name SPM
was chosen for several reasons: 1) To acknowledge significant probability mapping
developed in the field of EEG; 2) For consistency with the nomenclature of parametric maps
of physiological parameters, such as regional CBF maps obtained from PET studies; 3) In
reference to the parametric statistic that assumes the errors are additive and Gaussian (see
below). This is in opposition to non-parametric approaches, which are generally less
sensitive and more computationally intensive, but do not make any assumption about the

distribution of the error terms.
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The analysis of neuroimaging data with SPM involves several steps (Figure 2.7). These are
as follows: 1) spatial processing; 2) estimating the parameters of a statistical model; 3)
making inferences about those parameter estimates with appropriate statistics. We will now
discuss these three steps with particular regard to a block design study, in which a series of
images (usually from multiple brain slices) are acquired sequentially with a constant TR

throughout the experiment.

2.4.6.1. Spatial processing

The aim of spatial processing is to combine scans from the same subject and to make
comparisons between scans from different subjects. In particular, spatial processing reduces
the variance components in the voxel time-series that are induced by movement or shape
differences among a series of scans. It is a necessary step because SPM assumes that the data
from a particular voxel all derive from the same part of the brain. If this assumption is
violated, because, for example, there is a slight movement of the head over the course of the
fMRI study, it is possible to obtain large signal changes in the image time series that obscure
the subtle signal changes under investigation.

The first step in spatial processing is to “realign”, or spatially register, the data to cancel the
effect of movement during the scanning session (Figure 2.7). The effect of the realignment or
“motion correction” is that any particular voxel’s time series does (over time) refer to the
same point in the brain. Realignment consists of two steps: (i) Registration, that consists of
an estimation of the 6 parameters (3 rotations, 3 translations) of an affine “rigid-body”
transformation (Woods et al. 1992) that minimises the differences between each successive
scan and a reference or “target” scan (usually the first or the average of all scans in the time

series); and (ii) Application of the transformation parameters by re-sampling the data.
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However, even after a perfect realignment, movement-related signal changes can still persist.
This is because there are some movement effects that cannot be modelled using a linear
affine model, such as the spin-excitation history effects (Friston et al. 1996b). A method to
correct for this phenomenon has been proposed by Friston et al. (Friston et al. 1996). It states
that the estimated movement parameters obtained from the realignment procedure can be
used to calculate movement-related signal that is, in turn, subtracted from the original data.
This adjustment can be performed by including the movement parameters in the model
estimation, as shown in chapter 5.

After realigning the data, spatial normalisation of the data into a standard anatomical space
(e.g. MNI (Tzourio-Mazoyer et al. 2002)) is performed (Figure 2.7). The effect of the spatial
normalisation is that regions derived from different subjects are as close as possible. In
particular, a mean image of the series is used to estimate some warping parameters that map
it onto a template, which conforms to a standard anatomical space. These param‘eters are then
applied back to all the images in an fMRI experiment.

The last step in spatial processiflg consists of spatially smoothing the data (Figure 2.7). It
consists of a convolution of each volume with a Gaussian profile filter. There are two main
reasons for smoothing: (1) It can increase signal-to-noise ratio in the data; (2) The statistical
theory which might be used in later processing requires the data to be spatially smoothed for
the assumptions underlying the statistical theory to be valid. The Gaussian random field
theory (see bkelow) assumes that the error terms are a reasonable lattice representation of an
underling and smooth Gaussian field. This requires that the smoothness has to be twice or
three times greater than the voxel size. However, smoothing may result in loss or in

enlargement of active regions that are of the size of the voxel (Rutten et al. 1999).

2.4.6.2. The general linear model
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The general linear model (GLM) is used to estimate some parameters that explain the data at
each voxel in the brain (Friston et al 1995) (Figure 2.7). It is also known as “analysis of
covariance” or “multiple regression analysis” and is summarised by the following equation:
Y=XB +¢

This equation states that the observed response variable Y is produced by a linear
combination d explanatory variable X and the error term €. In particular, X represents the
design matrix, in which each column corresponds to the effect that has been built into the
experiment (e.g. experiment condition) or may confound the results (e.g. movement
parameters). These are referred to as explanatory variables, covariates or regressors. The last
column is a constant. The purpose of considering several covariates in the design matrix is to
reduce the variation in signal which is not related to the brain response. Each column of X
has an associated unknown parameter. Some of these parameters () are of interest (e.g. the
effect of a particular motor task), whilst others are not, and are considered as confounding
effects. Inferences about the parameter estimates are made by using their standard error (i.e.
square root of the estimated variance). This allows us to test the null hypothesis that all the
estimates are zero using the F statistic, or that a particular combination of the estimates is
zero using the T datistic. Thus, the null distribution at each voxel in the brain is modelled
and then compared with the observed data in order to give either a F map (SPM[F]) ora T
map (SPM[T]). In particular, a T statistic is obtained by dividing a contrast of the parameter
estimates, which is obtained by a linear combination of the same estimates, by the estimated

standard error of that contrast.

2.4.6.3. Statistical inference and the theory of random fields
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Since the creation of a T statistical map requires the performance of many separate statistical
comparisons, a correction for multiple comparisons has to be performed. The Gaussian
random field (GRF) theory provides a method for correcting p values, taking into account
that the neighbouring voxels in an image are not independent. The threshold that is used in
the GRF depends on the study. If the goal is to search for a regional response, then a high
threshold has to be applied in order to minimise false positive (or type I error) activations.
However, if the brain activity is known and the aim is to localise it within a small region,
then a small search volume (Worsley et al. 1996) and, consequently, a lower threshold may
be used. As result of applying a threshold, an “activation” map that shows the significantly
activated voxels is generated (Figure 2.7).

Thus, activation is ultimately considered as an expression of how much the design matrix
explains the variation of the signal over time. It depends not only on the magnitude of signal
changes due to the BOLD response, but also on the signal changes related to noise, due for
example to pulsatile motion of the brain caused by cardiac cycles. These noise contributors
can be reduced by filtering the data or can be measured and then modelled.

Although an important advantage of fMRI is that it can localise brain regions activated by an
experimental task in a single individual, often the aim is to combine data from a group of
subjects in order to generalise the results to the general population. SPM allows us to
distinguish between the analysis of the activation within one subject, called fixed-effect
analysis or first level analysis, and between subjects, called random-effect analysis or second
level analysis. In the first level analysis, the error variance is estimated on a scan fo scan
basis in the same subject, whilst in the second level analysis, it is based on activation from
subject to subject. The random-effect analysis is usually more conservative than the fixed-
effect, but allows the inferences to be generalised to the population from which the subjects

are selected. In order to perform a second level analysis, the contrasts of parameters
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estimated from a fixed-effect analysis have to be entered into a design matrix at the second
level analysis. This ensures that there is only one contrast per subject, respecting the
assumption underlying the use of GRF correction that the errors are independently
distributed. The second level design matrix simply tests the null hypothesis that the contrast

are zero and usually contains only one column.

Image time-series Design matrix Statistical parametric map (SPM)
)11
Realignment -> Smoothing — P General linear model
Statistical Gaussian
inference field th
Normalisation ield theory
Template p <0.05

Parameter estimates

Figure 2.13. This diagram summaries all the steps involved in the analysis of fMRI data
using SPM. Realignment of the images and normalization procedure ensure that the data are
in the same anatomical space. After smoothing, the GLM is employed (i) to estimate the
parameters of the model and (ii) to derive the appropriate univariate test statistic at every
voxel. The T or F statistics constitute the statistical parametric maps. The final step is to
make statistical inferences on the basis ofthe statistical parametric maps and GRF theory.

2.5. Conclusion

In this chapter we have discussed the lack of pathological specificity of conventional MRI,
which explains, at least in part, the clinical-radiological paradox in MS, and described the
principles of DTI and fMRI. We have used these new MRI techniques to improve detection or
differentiation of the pathological processes in MS. In particular, we have used: (i) DTI to

investigated pathological changes in NAWM of patients with MS (see chapter 3), (ii)
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Diffusion based tractography to examine pathological changes in the visual pathways of
patients with optic neuritis (see chapter 4), and (iii) Motor fMRI to assess whether functional
reorganisation has an adaptive role in maintaining clinical function in patients with primary
progressive MS (see chapter S). The last chapter of this thesis shows the results obtained when
we combined structural information, provided by DTI, with functional data, given by fMRI, in

patients with optic neuritis.
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Chapter 3

Investigations of the mechanisms of brain damage in MS

using diffusion tensor imaging
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This chapter presents two studies aim at investigating the mechanisms of damage in the
normal-appearing brain of 39 patients with MS using DTI. The first study measures changes in
diffusion indices in the normal-appearing basal ganglia and cerebellar grey matter, and
supratentorial and infratentorial NAWM, using a region of interest approach. Correlations
between DTI-derived indices and clinical measures were performed to investigate whether the
structural damage in the normal-appearing brain is associated with disability. The second
study investigates the relationship between the diffusion indices in the normal-appearing
corpus callosum (CC) and the lesion loads in connected cerebral regions in the same group of

patients, to test the hypothesis that NAWM damage relates to focal pathology.

3.1. Investigation of normal-appearing brain damage with clinical correlations

3.1.1. Introduction

DTI is able to distinguish between white-matter, which has an oriented microstructure, due to
similarly aligned fibre tracts, and high anisotropy, and gey matter, which is characterised by
less ordered tissue and relatively low anisotropy. Changes in DTI-derived indices are related
to the pathological processes that modify cellular structures, thus providing a mechanism
whereby DTI can investigate the structural damage in the MS brain, both in lesions and
NAWM (Filippi et al. 2000b;Horsfield et al. 1996;Rocca et al. 2000;Rovaris et al. 2002b).
These pathological insights have important clinical relevance because of the potential of
pathology in NAWM to contribute to disability in patients with MS, as confirmed by
spectroscopy studies (Chard et al. 2002a;De Stefano et al. 2000;De Stefano et al. 2001;Fu et
al. 1998;Sarchielli et al. 1999). Previous DTI studies have demonstrated abnormally low FA

and high MD in MS lesions and NAWM (Bammer et al. 2000;Cercignani et al. 2001a;Filippi
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et al. 2000b;Werring et al. 1999), and have found that diffusion indices in the NAWM
moderately correlated with clinical disability (Filippi et al. 2001b).

Although MS predominantly affects white matter regions, lesions occur also in deep and
cortical grey matter (Bo et al. 2003;Brownell and Hughes 1962;Kidd et al. 1999;Peterson et
al. 2001). The functional significance of deep grey matter abnormalities is not well
established. Studies using PET (Bakshi et al. 1998;Blinkenberg et al. 2000) and
conventional MRI (Bakshi et al. 2002;Grimaud et al. 1995;Russo et al. 1997) have
demonstrated functional and structural abnormalities in normalappearing basal ganglia
beyond the focal inflammatory lesions. In particular, deep grey matter T2 hypointensity, due
to iron deposition, has been recently reported to be a strong predictor of disability (Bakshi et
al. 2002). Recent studies using MR spectroscopy and atrophy measures (Cifelli et al.
2002;Wylezinska et al. 2003) have reported neuronal loss and reduced volume in the
thalamus of patients with RR and SP MS. Moreover, decreased perfusion in the basal ganglia
of PP and SP MS patients has been seen with perfusion imaging (Rashid et al. 2004).
Diffusion studies using histogram analysis have demonstrated structural damage in NAGM,
including cortical and deep regions, in patients with MS (Bozzali et al. 2002;Cercignani et al.
2001a). Furthermore, there is evidence that the diffuse damage in the NAGM contributes to
clinical disability. Diffusion histograms metrics derived from NAGM have been shown to
correlate with the severity of language, attention and memory deficits in patients with RR MS
(Rovaris et al. 2002c). Metabolite concentrations in the cortical NAGM also correlated with
disability in the early phases of the disease (Chard et al. 2002a).

Therefore, the aims of this study were: (i) to investigate changes in MD and FA in the NAWM
and in the normalappearing deep grey matter, (ii) to determine the relationship between these

indices and clinical disability and disease duration in 39 patients with MS.
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3.1.2. Methods

3.1.2.1. Patients

Thirty-nine patients with clinically definite MS (Poser et al. 1983) attending the National
Hospital for Neurology and Neurosurgery, London, were studied. The mean age was 45 *
11.2 years; the median Kurtzke expanded disability status scale (EDSS) (Kurtzke 1983) was
4.0 (range 1.5-8.5); the median pyramidal score was 2 (range 0-5) and the median cerebellar
score was 0 (range 0-3). The median disease duration was 13 years (range 3-33). There were
20 men and 19 women. The following MS subgroups were classified according to standard
criteria (Lublin and Reingold 1996): 11 benign (median EDSS 2.0, range 1.5-3.0; median
disease duration 20 years, range 13-31), 9 RR (median EDSS 2.5, range 1.5-5.0; median
disease duration 7 years, range 3-24), 11 SP (median EDSS 6.0, range 3.5-8.0; median
disease duration 14 years, range 7-33), 8 PP (median EDSS 6.0, range 5.0-8.5; median
disease duration 12 years, range 4-18). Twenty-one healthy matched controls (mean age 40.3
+ 9.7 years, 14 men and 7 women) were included in the study. Informed consent was

obtained from all subjects before entry into the study.
3.1.2.2. MRI protocol

All scans were performed on a 1.5 T Signa Echospeed MRI system (General Electric,
Millwaukee, USA). All patients had conventional SE PD and T2-WI (TR 2000 ms, TE 30
ms, 120 ms; matrix size 256x256; FOV 240 mm; 28 contiguous axial slices of 5 mm
thickness) acquired prior to DTL. The diffusion protocol consisted of three series of 7

interleaved slices, each acquired with a single-shot DW-EPI sequence. The total of 21
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contiguous slices was compiled into a single file after reconstruction. The DW-EPI
parameters were: TE 78 ms, matrix size 96x96, FOV 240 mm, and 4 b values, increasing
linearly with G (G= gradient amplitude) from 0 to 700 smm, applied in each of seven non-
collinear directions. In the presence of large diffusion gradients, on-line time domain
averaging can cause disruption of the averaged signal due to large phase changes between
successive shots. A minimum of four signal averages was collected for off-line averaging.
The resultant magnitude images were averaged after reconstruction to improve the signal-to-
noise ratio (SNR). Cardiac gating was also used to reduce motion artefacts due to pulsation of
blood and cerebrospinal fluid. Correction of eddy-current distortions in DW-EPI was
performed using a two-dimensional image registration technique (Symms et al. 1997), which
also minimised the effect of any slight head motion during acquisition. The data were then
processed to determine the diffusion tensor on a pixel-by-pixel basis for each of the 21 slices
(Basser et al. 1994). FA and MD were calculated from the principal diffusivities of the

diffusion tensor (Basser and Pierpaoli 1996;Pierpaoli and Basser 1996).

3.1.2.3. Region of interest analysis

All images were displayed on a Sun workstation (Sun Microsystems, Mountain View, CA
using the Displmage software package (Plummer 1992). Thirtyone square regions of interest
(ROIs) of uniform size (9 pixels; 31.72 mm?) were placed bilaterally in 14 different
anatomical regions, and in the middle of the genu, body and splenium of the CC, of each
subject. Supratentorial and infratentorial regions were defined as the areas located above and
below the tentorium of cerebellum respectively. The ROIs were outlined on the non-diffusion
weighted b0 (b=0) images of the DW-EPI dataset, with guidance from corresponding slices

of the T» WI and PD WI to ensure that lesions were avoided. The ROIs were automatically
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transferred to the FA and MD maps and visually checked by the observer (O.C.) in order to
confirm their location and to ensure that partial volume effects were minimised. The mean

value, SD and range of diffusion parameters within each ROI were automatically recorded.

3.1.2.4. Noise evaluation

To ensure similar SNR in patients and controls, which would therefore allow a valid
statistical comparison, the degree of noise contamination was determined by locating a ROI
outside the brain (and away from any imaging artefacts) on the b0 images. For each ROI on

the b0 images, the SNR was calculated as SNR= S(b0)/c, where S(b0) is the mean of the

signal intensity in each region and ¢ is the mean of the noise in the region outside the brain.

3.1.2.5. Statistical analysis

The average values of FA and MD within each subject for each anatomical region were
calculated. For bilateral ROIs, e.g. the anterior limb of internal capsule, the values of each
diffusion parameter from left and right ROIs were averaged to give a single figure per
subject. The mean FA and MD for the whole CC were calculated from the three callosal
regions, while the mean FA and MD for the basal ganglia were derived from the caudate,
putamen and thalamus. The values of each diffusion parameter of all ROIs located in the
supratentorial and infratentorial areas were averaged to provide one value for each subject.

To compare the diffusion parameters between patients and controls the Mann-Whitney U test
was used. The relationship between diffusion parameters and EDSS, pyramidal and cerebellar
functional scores, and disease duration, was assessed using Spearman’s correlation

coefficient. SNR for each anatomical region between controls and patients was compared
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using the Mann-Whitney U test. Since this was an exploratory study, a multiple comparison
adjustment was not performed; the p values indicate differences requiring further, definitive,

investigation.

3.1.3. Results

3.1.3.1. Fractional anisotropy

An example of some of the ROIs located in the NAWM and in the NAGM on the FA map is
shown in Figure 3.1(B,E). The median values of FA for each NAWM and GM region are
summarised in Table 3.1. The ROIs of NAGM and NAWM that show a significant difference
in FA between the two groups are illustrated in Figure 3.2.

FA was lower in patients with MS than controls in all the supratentorial NAWM ROlIs
combined (p<0.0001) and in the infratentorial NAWM (p=0.01). Interestingly, FA in the
cerebral peduncles was lower in patients compared with controls (p=0.02). Patients showed
lower FA in each callosal region considered separately compared with controls, although the
statistical significance was reached only in the splenium (p<0.01). When the three callosal
regions were combined, FA was significantly lower in patients than controls in the whole CC
(p=0.02). Considering the GM regions, patients showed higher FA in the basal ganglia than

controls (p=0.002); the most marked differences were in the putamen (p=0.002) and thalamus

(p=0.003).

3.1.3.2. Correlations between fractional anisotropy and clinical indices
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In all patients with MS, FA in the cerebral peduncles correlated with EDSS (r="0.34, p=0.03)
(Figure 3.3,a) and with the pyramidal functional score (r="0.32, p=0.05). Other regions in the
pyramidal tract, including the posterior limb of the internal capsule, did not show a
significant correlation with the functional score. FA in the infratentorial NAWM showed an
inverse correlation with disease duration (="0.39, p=0.01). In the whole MS group, FA in the
NAGM did not correlate with cerebellar functional score.

When the MS subgroups were considered separately, patients with RR showed a strong
correlation between EDSS and FA in the supratentorial NAWM (r*0.68, p=0.04) (Figure
3.3,c) and in the infratentorial NAWM (r=-0.81, p=0.008) (Figure 3.3,d). Patients with SPMS
showed a correlation between FA in the cerebral peduncles and disease duration (r="0.75,

p=0.008).

Figure 3.1. (A,D) Proton density"*weighted images, (B,E) fractional anisotropy maps, and
(C,F) mean diffusivity maps. Regions of interest are placed in the anterior limb, genu, and
posterior limb of internal capsule, caudate nucleus, putamen, thalamus, genu and splenium of
corpus callosum, and cerebral peduncles.
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Figure 3.2. Fractional anisotropy in the NAWM regions and basal ganglia that show a
significant difference between patients with MS and controls (the black boxes represent MS

patients, whilst the white boxes indicate healthy controls). Boxes represent the mean value,
bars 95% CL
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Figure 3.3. Plots of significant correlations between DTI-indices and EDSS. The lines
represent the linear regression of the data. (a) FA in the cerebral peduncles versus EDSS in
all patients with MS; (b) MD in the cerebral peduncles versus EDSS in all patients with MS;
(c) FA in the supratentorial NAWM versus EDSS in patients with RR MS; (d) FA in the

infratentorial NAWM versus EDSS in patients with RR MS.

3.1.3.3. Mean diffusivity

An example of some ROIs located in the NAWM and in the NAGM on the MD map is

shown in Figure 3.1(C,F). The median values of the MD for each NAWM and GM region are

summarised in Table 3.1.

MD in all the NAWM ROIs combined was slightly higher in patients with MS than controls

(p=0.09) and only the frontal lobes (p<0.01) and the splenium of the CC (p<0.001) showed a

significant difference between the two groups. When the three callosal regions were
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combined, MD was significantly higher in patients than controls in the whole CC (p=0.03).

Within the GM regions, MD in the putamen was lower in patients than controls (p=0.02).

3.1.3.4. Correlations between mean diffusivity and clinical indices

In all patients with MS, there were inverse correlations between MD in the cerebral
peduncles and both EDSS (r=0.32, p=0.05) (Figure 3.3,b) and pyramidal score (r=0.36,
p=0.02). MD in the other regions of NAWM and NAGM did not correlate with disease
duration or cerebellar score. Patients with PPMS showed a strong correlation between disease

duration and MD in the infratentorial NAWM (r=0.86, p=0.006).

3.1.3.5. Correlations between diffusion indices

Although MD and FA in the supratentorial NAWM were correlated in both the control group
(r=0.50, p=0.02) and patient group (r=0.38 p=0.02), no correlation was found between these

two diffusion parameters in the basal ganglia and cerebral peduncles.

3.1.3.5. Clinical subgroups comparisons

No differences in diffusion indices were observed between the MS subgroups, including a

comparison of patients with PPMS with all other relapse onset patients.

3.1.3.6. Noise evaluation
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Mean SNRs calculated on the b0 images were not significantly different between patients and

controls and were as follows: in patients, 39.3 + 5.7 for all NAWM regions and 40 * 6.4 in

basal ganglia; in controls, 37.3 + 3.9 for all NAWM regions and 40.7 * 4.1 in basal ganglia.

The SNR for the other anatomical regions studied showed no difference between MS patients

and controls.

Table 3.1. Diffusion indices for different sets of ROIs in the NAWM and in the grey matter.

Anatomical regions

FA controls
Median (Range)

FA patients
Median (Range)

MD (x10~
mmzlsec)
controls

Median (Range)

MD (x10~
mmzlsec)
patients

Median (Range)

NAWM

Anterior limb of internal capsule

Genu of internal capsule

Posterior limb of internal capsule

Frontal lobe

Temporal lobe

Occipital lobe

Parietal lobe

Genu of corpus callosum

Body of corpus callosum

Splenium of corpus callosum

Cerebral peduncle

0.64
(0.57-0.70)
0.68
(0.61-0.67)
0.68
(0.57-0.8)
0.59
(0.51-0.66)
0.60
(0.5-0.75)
0.58
(0.46-0.71)
0.64
(0.53-0.72)
0.77
(0.62-0.88)
0.66
(0.49-0.77)
0.73
(0.63-0.89)
0.70
(0.64-0.8)

0.61*
(0.45-0.70)
0.67
(0.53-0.75)
0.68
(0.57-0.83)
0.54% %%
(0.42-0.68)
0.54%k%*
(0.37-0.67)
0.53%*
(0.37-0.72)
0.58%*
(0.41-0.7)
0.76
(0.53-0.9)
0.63
(0.41-0.75)
0.66**
(0.54-0.83)
0.68*
(0.52-0.81)

0.82
(0.71-0.96)
0.79
(0.64-0.93)
0.77
(0.54-0.9)
0.84
(0.77-0.9)
0.80
(0.71-0.9)
0.82
(0.7-0.93)
0.82
(0.72-0.97)
0.82
(0.64-1)
0.86
(0.68-1.06)
0.96
(0.75-1.1)
0.84
(0.67-0.97)

0.79
(0.73-1)
0.79
(0.67-1)
0.71
(0.6-0.9)
0.90**
(0.72-1.4)
0.83
(0.7-0.99)
0.79
(0.62-0.95)
0.81
(0.67-0.99)
0.84
(0.63-1.4)
0.91
(0.7-1.5)
1.1%%x
(0.76-1.6)
0.87
(0.53-1.7)
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Middle cerebellar peduncle 0.68 0.64 0.87 0.88

(0.57-0.73) (0.34-0.76) (0.6-1) (0.74-1.2)
Supratentorial NAWM regions 0.65 0.60**** 0.81 0.82
(0.6-0.68) (0.56-0.64) (0.76-0.9) (0.75-0.98)
Infratentorial NAWM regions 0.69 0.66* 0.86 0.88
(0.62-0.76) (0.43-0.75) (0.71-0.97) (0.75-1.3)
Whole corpus callosum 0.71 0.68* 0.88 0.92*
(genu, body and splenium) (0.66-0.81) (0.54-0.78) (0.80-0.98) (0.79-1.3)
All NAWM regions 0.65 0.62%*** 0.82 0.84
(0.61-0.69) (0.56-0.66) (0.77-0.91) (0.78-0.98)
Grey matter
Caudate nucleus (head) 0.32 0.36* 0.83 0.83
‘ (0.20-0.44) (0.23-0.53) (0.83-1.1) (0.65-0.98)
Putamen 0.29 0.35%* 0.79 0.75*
(0.21-0.43) (0.18-0.51) (0.65-1) (0.66-0.88)
Thalamus (pulvinar) 0.29 0.36** 0.84 0.82
(0.24-0.40) (0.21-0.51) (0.72-1) (0.62-0.99)
Hippocampus 0.29 0.29 0.94 0.95
(0.21-0.44) (0.16-0.49) (0.72-1.1) (0.65-1.4)
Cerebellar grey matter 0.24 0.28 0.85 0.90
(0.16-0.35) (0.14-0.44) (0.75-1.1) (0.71-1.3)
All basal ganglia regions 0.31 0.35** 0.82 0.80
(0.24-0.42) (0.24-0.46) (0.7-1) (0.66-0.92)

*Significantly different from controls at Mann-Whitney U test (p< 0.05), ** Significantly
different from controls at Mann-Whitney U test (p<0.01), *** Significantly different from
controls at Mann-Whitney U test (p<0.001), **** Significantly different from controls at
Mann-Whitney U test (p<0.0001)

3.1.4. Discussion

DTI provides information to quantify the magnitude and the anisotropy of the diffusion of
water molecules in vivo (Basser and Pierpaoli 1996;Pierpaoli et al. 1996) and to investigate
the pathological changes occurring in the brain of patients with MS (Bammer et al.
2000;Filippi et al. 2001b;Werring et al. 1999). In particular, the assessment of the

anisotropy indices allows in vivo assessment of the structural integrity and directional
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coherence of ﬁbre tracts in the NAWM (Pierpaoli and Basser 1996). The present study
indicates that the CC, cerebral peduncles and internal capsule are the regions with the highest
degree of anisotropy, suggesting that they are characterised by an ordered and parallel
arrangement of fibres (Peled et al. 1998;Virta et al. 1999). The cerebellar grey matter and
the basal ganglia also appear to show some degree of anisotropy (Wiegell et al. 2003) that
may in part be explained by the origin or termination of myelinated fibre tracts, or by
intrinsic neuronal connections.

Firstly, we shall discuss the changes in diffusion parameters in NAWM and grey matter in
patients with MS, and secondly, their relationships with clinical disability and disease

duration.

3.1.4.1. Changes in diffusion indices in normal-appearing brain

We found that anisotropy was significantly lower in the NAWM of patients with MS
compared to the white matter of controls, confirming other studies (Bammer et al.
2000;Cercignani et al. 2001b;Filippi et al. 2001b;Henry et al. 2003;Rashid W. et al.
2004;Werring et al. 1999). The reduction of anisotropy was apparent in almost all areas of
NAWM studied, both supratentorially and infratentorially. These differences in FA between
patients and controls appeared to be genuine and not affected by noise contamination,
because the SNR of corresponding ROIs was not significantly different. In contrast to
previous reports (Bammer et al. 2000;Cercignani et al. 2000;Filippi et al. 2000b;Filippi et
al. 2001b;Rovaris et al. 2002b;Werring et al. 1999), however, MD was not significantly
higher when all the NAWM regions in the MS group were combined, although it was
significantly increased in the frontal lobes and in the splenium of the CC. The CC is known to

be affected by pathological changes at the earliest stage of MS, as confirmed by a recent
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work which reported increased MD, decreased MTR, and reduced NAA/Cho ratio in the CC
of patients with a clinically isolated syndrome suggestive of MS (Ranjeva et al. 2003). The
reason why the differences in FA and MD in the CC between patients and controls in our
study reached statistical significance only in the splenium is not clear, but it could be related
to the differences in fibre composition of the CC (Aboitiz et al. 1992). Indeed, thin fibres
(smaller than 2 pm diameter) are most dense in the splenium, and smaller axons seem to be
preferentially susceptible to injury in MS (Evangelou et al. 2001).

By considering the findings from previous pathological studies (Allen and McKeown
1979;Evangelou et al. 2000a;Kornek and Lassmann 2003;Kuhlmann et al. 2002;Peterson et
al. 2001), an attempt can be made to interpret these changes in diffusion indices in the MS
NAWM. The NAWM is affected by several pathological processes: 1) Oedema associated
with inflammation, which could increase the diffusivity; 2) Axonal loss that may result in an
expanded extracellular space which increases diffusivity, but which also reduces the
directionality (anisotropy) of water molecules (Barnes et al. 1991;Bitsch et al. 2000); 3)
Gliosis, a disorganized and dense pathological process, which could reduce both anisotropy
and diffusivity (Petzold et al. 2002). The overall pattern of reduced FA and preserved MD
could therefore represent a combination of axonal loss (which reduces FA and increases
MD), and gliosis (which reduces both FA and MD). This pattern detected in the cerebral
peduncles is similar to that reported in the cortico-spinal tract distal to cerebral infarction
using DTI (Werring et al. 2000c), and may be due to Wallerian degeneration from lesions in
connected brain regions (Simon et al. 2000;Werring et al. 2000a).

The lack of a significant overall increase in MD in all NAWM regions could also be
explained by a population with less disease activity than those reported by others (Cercignani
et al. 2001b;Filippi et al. 2001b;Rocca et al. 2003b;Rovaris et al 2002b), and also with less

lesion activity, the presence of which has been associated with increased diffusion in remote
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NAWM (Werring et al. 2000a), possibly due to subtle oedema and inflammation (Moreau et
al. 1996). Furthermore, the present cohort has a longer disease duration than that investigated
previously, and thus may be associated with more gliosis in the NAWM per se. Alternatively,
the approach used in the current study might underestimate subtle differences between the
two groups, because, unlike previous studies (Bammer et al. 2000;Cercignani et al.
2000;Filippi et al. 2000b;Werring et al. 1999), the values of diffusion parameters obtained
within individuals ROIs were not considered as independent observations. Rather, the data
from all ROISs in the same subject were pooled into one mean observation.

Our analysis included also the basal ganglia and the cerebellar grey matter, but not the
cerebral cortex, because the htter appeared significantly affected by the partial volume of
CSF in the cortical sulci, which might easily contaminate diffusion measurements. There was
a trend towards a lower MD in the basal ganglia of MS patients, which was statistically
significant only in the putamen. The basal ganglia are important components of cortico-
subcortical circuits, including the motor circuit that links the supplementary motor area,
premotor and sensorimotor cortex to the putamen, which then projects to the thalamus and
back to the cortex (Alexander et al. 1990). Previous PET studies (Bakshi et al.
1998;Blinkenberg et al. 2000;Paulesu et al. 1996;Roelcke et al. 1997) investigating regional
glucose metabolism, have reported hypometabolism in the basal ganglia, suggesting that
damage to the connection fibres can cause a remote functional metabolic effect on subcortical
nuclei (diaschisis). This disturbance of metabolism may cause restricted diffusion, as has
been reported in experimental studies status epilepticus (Fabene et al. 2003).These studies
raised the possibility that damage of the neural connections in MS could induce a metabolic
dysfunction in the basal ganglia that slightly decreases the MD.

More impressively, the FA in all the basal ganglia nuclei examined was significantly higher

in MS patients than controls. The basal ganglia nuclei are connected to each other by intrinsic

114



connections (Alexander et al. 1990), which show anisotropy. If the white matter fibres that
connect cortical areas with the basal ganglia are selectively affected by Wallerian
degeneration or by neuronal dysfunction (diaschisis), the intact intrinsic connections could
show an increase in their coherence. This underlying structure may in effect be “unmasked”
by damage to cortico-subcortical projections. A recent spectroscopy study reported a trend
toward a relationship between thalamic NAA/Cr ratio and NAA/Cr ratio in the frontal
NAWM, suggesting that axonal loss in the distant white matter regions relates to thalamic
neuronal injury (Wylezinska et al. 2003). T2 hypointensity in the basal ganglia (possibly due
to local iron deposition) has been shown to be a stronger predictor of disability and clinical
course of MS, and was associated with higher T2 lesion load (Bakshi et al. 2002). Although
local iron deposition could in theory increase field disturbance and as a consequence affect
the anisotropy values, we do not think this can explain the difference observed in anisotropy
as no difference in SNR of basal ganglia ROIs was found between patients and controls. The
observation that anisotropy and diffusivity did not correlate with one another in the basal
ganglia suggests that in these regions they may be sensitive to different pathological aspects
of the disease.

The findings of increased FA in the basal ganglia and a trend towards a reduced MD in the
putamen are not in agreement with data published by other authors (Fabiano et al.
2003;Filippi et al. 2001a). However, any comparison between studies has to be treated
cautiously, since the clinical characteristics of the cohorts are different. On the available
evidence, changes in anisotropy in the thalamus and putamen may be more prominent than

changes in diffusivity.

3.1.4.2. Clinical correlations
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DTI detects clinically relevant changes in the normal appearing brain tissue, confirming
findings of other MR techniques (Chard et al. 2002a;De Stefano et al. 1998;De Stefano et al.
2001;Filippi et al. 1995;Fu et al. 1998;Traboulsee et al. 2003). In the present study, when
the MS subgroups were considered separately, three strong correlations were observed: 1)
between EDSS and FA in both the supratentorial and infratentorial NAWM in patients with
RRMS; 2) between disease duration and FA in the cerebral peduncles in patients with SPMS;
3) between disease duration and MD in the infratentorial NAWM in patients with PPMS.
Moreover, if all patients were combined, both FA and MD in the cerebral peduncles inversely
correlated with EDSS and pyramidal functional score, albeit modestly.

Overall, these clinical correlations suggest that the pathological damage detected on DTI in
NAWM regions, including the pyramidal tract, is a significant factor contributing to disability

and progression in MS.

3.2. Investigation of the mechanisms of NAWM damage: evidence of

Wallerian degeneration

3.2.1. Introduction

In the previous study we reported decreased FA and a trend toward increased MD in the
NAWM in patients with MS. These diffusion changes could reflect axonal loss with associated
expanded extracellular space, which may result in a pattern of increased diffusivity and
reduced anisotropy. As discussed earlier, this explanation is supported by post-mortem
findings of a substantial loss of axons in the NAWM (Evangelou et al. 2000a).

Of the different pathogenetic mechanisms that could cause a decrease in axonal density in the
NAWM, Wallerian degeneration of axons transected by MS lesions may play an important

role (Ferguson et al. 1997;Trapp et al. 1998). To date, only limited in vivo evidence of this
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potential mechanism has been reported (Bjartmar et al. 2001;De Stefano et al. 1999;Simon et
al. 2000;Werring et al. 2000a).

Thus, a key question is the extent to which NAWM pathology depends on the severity of focal
lesion damage in MS. DTI has the potential to answer this question by virtue of its sensitivity
to fibre degeneration (Henry et al. 2003;Pierpaoli et al. 2001;Werring et al. 2000c). By
examining DTI indices in the CC, in which there is a topographic and homologous
arrangement of inter-hemispheric projections (Crosby E.C. et al. 1962), it is possible to test
whether lesion extent in individual lobes correlates with diffusion indices in connected callosal
regions.

We therefore used whole-brain DTI to investigate in vivo the relationship between changes in
the MD and FA in the normalappearing CC with the lesion loads in connected cerebral lobes

in the same 39 patients with MS that we studied in the previous study.

3.2.2. Methods

3.2.2.1. Patients

The characteristics of these patients are described above (paragraph 3.2.1.1)

3.2.2.2. MRI protocol

The MRI protocol is described above (paragraph 3.2.1.2).

3.2.2.3. Lesion load calculation
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Lesions were identified by a single observer (O.C.) blinded to the clinical details and
classified according to their location. Lesions were then quantified on the axial b0 images
(with reference to the conventional PD WI) using a semi-automated local thresholding
technique (Plummer 1992). The intra-observer coefficient of variation was less than 5%. The
lesion loads in each cerebral lobe and in the whole supratentorial brain were calculated on b0
images for each patient. Lesions of area <20 mm’ or in proximity to CSF were excluded to

eliminate partial volume artefact.

3.2.2.4. Statistical analysis

The relationship between diffusion parameters and lesion load was assessed using

Spearman’s correlation coefficient (one-tailed).

3.2.3. Results

The median lesion load in the whole supratentorial brain was 11.58 cn? (range: 1.04-52.63);
the largest lesion load was detected in the parietal lobes (median: 3.19 cnt; range: 0.16-
17.82), followed by the frontal (median: 2.76 cnt’; range: 0.14-17.26) and occipital lobes
(median: 1.14 cn?; range: 0.0-19.92); the lowest lesion load was found in the temporal lobes
(median: 0.69 cnr'; range: 0.0-10.77).

Correlations between the lesion load in each cerebral lobe and the callosal regions are
reported in Table 3.2. The strongest correlations were found between FA and MD in the body
of the CC and lesion loads in all cerebral regions, in particular the parietal lobes. As might be
expected from the callosal anatomy, frontal lesion load correlated with FA and MD in the

genu and occipital lesion load correlated with FA and showed a trend with MD in the
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splenium. Frontal lesion load also correlated with MD in the splenium, whilst occipital lesion
load correlated with MD in the genu. When the total brain lesion load and the whole CC were
included in the analysis, there was a significant correlation between total lesion load and both

FA (r= -0.56, p<0.0001) and MD (r= 0.54, p<0.0001) of the whole CC (Figure 3.4).

Table 3.2. Relationship between lesion load in each cerebral lobe and diffusion indices in the
callosal regions.

Frontal lesion load Parietal lesion load Occipital lesion load
FA genu =-0.31, =0.027 r=-0.38, p=0.009 r=-0.27, p=0.05
MD genu =0.39, p=0.007 =0.42, p=0.004 r=0.32, p=0.02
FA body r=-0.54, p<0.0001 r=-0.62, p<0.0001 r=-0.5, p<0.001
MD body r=0.52, p<0.0001 =0.56, p<0.0001 r=0.42, p=0.004
FA splenium r=-0.19, p=0.13 r=-0.19, p=0.12 r=-0.28, p=0.04
MD splenium r=0.28, p=0.04 r=0.18, p=0.14 r=0.25, p=0.06
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Figure 3.4. Plots of significant correlations between total lesion load and (a) fractional
anisotropy and (b) mean diffusivity in the whole corpus callosum. The lines represent the
linear regression of the data.

3.2.4. Discussion

3.2.4.1. Mechanisms of NAWM damage
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We assessed to what extent NAWM pathology depends on focal lesions in MS, by
investigating the relationship between the diffusion changes in the CC and lesion volume in
connected cerebral areas. The reduced FA in the CC, which was discussed in the first study
reported in this chapter, could reflect Wallerian degeneration of axons transected in remote
MS lesions (Bitsch et al. 2000;Ferguson et al. 1997;Kornek et al. 2000;Trapp et al. 1998).
Our findings of significant correlations between the damage in the CC and the lesion loads in
connected regions support this hypothesis. Additionally, a post-mortem study has shown an
inverse correlation between the regional lesion load and the total number of axons crossing
the corresponding projection areas in the CC (Evangelou et al. 2000b). However, only
limited data has been provided so far to confirm irn vivo that the damage to axons traversing
inflammatory lesions may be transmitted over long distances in the connected NAWM in
patients with MS (Bjartmar et al. 2001;De Stefano et al. 1999;Narayana et al. 1998;Werring
etal. 2000a).

The strong correlations found between the diffusion changes in the genu, body and splenium
of CC with the lesion load in the cerebral lobes most strongly connected to those regions
(frontal, parietal and occipital lobes respectively) might therefore be explained by considering
the anatomy of the most of the callosal fibres, which interconnect with corresponding areas of
both hemispheres (Crosby E.C. et al. 1962). The correlations between diffusion indices in the
genu with the occipital lesion load, and those in the splenium with the frontal lesion load,
could alternatively result from a minor contingent of callosal fibres terminating in areas of the
controlateral hemisphere not homologous with their origin (Crosby E.C. et al. 1962). The
strongest relationship between the cerebral lesion loads and diffusion indices in the body of
the CC might be explained by a substantial number of fibres originating in the frontal and
occipital lobes traversing the body of the CC (Barbas and Pandya 1984;Seltzer and Pandya

1983).
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These findings, together with the correlations between MD in the whole CC and the total
lesion volume, could however reflect other pathogenetic mechanisms than fibre degeneration.
NAWM damage is known to involve more complex processes than simply axonal
degeneration, including inflammation and astrogliosis (Allen and McKeown 1979;Kornek
and Lassmann 2003). The relationship between these pathological abnormalities, i.e.
inflammation, demyelination, axonal damage and gliosis, is intricate. Acute axonal damage is
secondary to axon transection in the setting of inflammatory demyelination (Bitsch et al.
2000;Kuhlmann et al. 2002), while progressive axonal degeneration may be related to lack of
trophic support from oligodendroglia and myelin (Kornek et al. 2000). Mice lacking
proteolipid protein (PLP) (a myelin related protein) developed axonal loss and consequent
progressive clinical disability, confirming that chronically demyelinated axons may undergo
degeneration due to lack of trophic support from myelin and myelin forming cells (Griffiths
et al. 1998). Moreover, it has been proposed that abnormal expression of sodium channel
subtypes, occurring in response to demyelination, may render axons vulnerable to
degeneration, conforming with the theory that MS may involve an acquired channelopathy
(Waxman 2001). A spectroscopy investigation found a strong correlation between the
concentration of NAA (a marker of axonal loss) within the spectroscopic volume and the
total lesion load in the whole brain (Narayana et al. 1998), suggesting that an increased
lesion burden anywhere in the brain is associated with the extent of axonal injury.

Recent evidence has suggested that besides axonal damage, the glial response may be
clinically relevant in MS (at least in the progressive phase) (Petzold et al. 2002), and seems
to precede secondary axonal degeneration (Griffiths et al. 1998). A spectroscopy study
reported a significant correlation between T2 lesion load and the myo-inositol concentration
in the NAWM, suggesting that focal inflammatory activity is related to a widespread glial

proliferation in the NAWM (Chard et al. 2002a).
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Moreover, MD and FA findings may simply reflect the relationship between the overall
extent of pathology in lesions and NAWM, rather than implying a specific mechanism of
NAWM abnormalities. Indeed, a strong correlation between overall mean lesion MD and
mean NAWM MD (without specific anatomically-based correlations) has been reported
(Werring et al. 2001). A recent study (Parry et al. 2002) investigating the relationship
between T1 values (as marker of pathology) in the NAWM and lesions, found that the mean
T1 value in the T1 hypointense lesions correlated strongly with the mean T1 value in the
NAWM, suggesting that changes in the NAWM occur in parallel with pathology in lesions.
Taking into account these findings, the correlations between the callosal regions and the
lesion loads may simply indicate that the pathological mechanisms are widespread and

interrelated throughout the brain.

3.2.4.2. Technical issues

Since the lesion load was calculated on non-diffusion weighted b0 images, which are
characterised by a lower resolution than conventional T2-WI, the visualisation of small
lesions or lesions located in the brain regions affected by geometric distortion could have
been impaired (Wolansky et al. 2000). This could potentially reduce the total lesion load in
each cerebral lobe, or cause the preferential detection of lesions with the most pathological
damage. Furthermore, a small number of lesions located within the callosal regions were not
well visualised and were thus excluded from the analysis. However, the lesions in the CC
were detected on the axial images, since the sagittal slices were not acquired in this study,

and it could have contributed to a definition of a small number of lesions.
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3.3. Conclusion

DTI is sensitive to microstructural damage in the NAWM and in the NAGM. In particular,
FA appears sensitive to the NAWM damage that is associated with disability and progression
in MS. Correlations of DTI indices (particularly anisotropy) with lesion extent in connected
brain regions support the hypothesis that Wallerian degeneration of axons transected by
remote, but connected focal lesions, is an important pathogenetic mechanism of NAWM
damage in MS.

One possible technical limitation of the two studies presented in this chapter is that the
analysis was based on region of interest approach, which is highly dependent on the observer
and on the region chosen. In the next chapter, we extend the investigation from a region of
interest of a few voxels to the whole white matter tract, using the novel technique of diffusion
based tractography. Tract mapping using tractography has been reported to improve

correlations with disability by matching selected tracts with specific clinical scoring system

(Wilson et al. 2003).
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Chapter 4

Tracing white-matter pathways in the human brain

with diffusion based tractography
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In the previous chapter we investigated brain damage in MS using a region of interest
approach, which consists of obtaining information about the diffusion indices in a few voxels
located in specific areas of the brain. To gain a better understanding of white matter
pathology, it would be more useful, instead, to obtain information about the entire length of
the white matter pathways. This is possible in vivo using the novel technique of diffusion
based tractography, which is described in chapter 2.

This chapter deals with the developments and applications of tractography, which are
described in three studies. The first study describes a method for assessing the reproducibility
of fast marching tractography (FMT) in tracing and quantifying the white matter pathways.
The second study reports a preliminary methodology that allowed us to combine white matter
tractography results from different individuals in order to create group maps of the major
white matter tracts. The third study describes the first application of this methodology in a
small group of patients one year after unilateral optic neuritis, in order to assess pathological

changes in the optic radiations.

4.1. From diffusion tractography to quantitative white matter tract

measures: a reproducibility study

4.1.1. Introduction

DTI has been used to study brain pathological changes occurring in MS (Horsfield et al.
1998;Tievsky et al. 1999;Werring et al. 1999), tumours (Bastin et al. 1999;Behrens et al.
2003a;Inglis et al. 1999;Wieshmann et al. 1999b), amyotrophic lateral sclerosis (Ellis et al.
1999), cerebral ischaemia (Chabriat et al. 1999;Jones et al. 1999b;Sorensen et al. 1999) and

developmental malformations of the cortex (Eriksson et al. 2001). Since DTI is able to
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detect, at the macroscopic scale of a voxel, the extent of directional bias of diffusion
occurring at the microscopic level, it can distinguish between regions where fibres are highly
aligned in the voxel from those where fibres are less coherent. However, although DTI
provides directional information at the voxel level, it provides no explicit information about
the connection between neighbouring voxels. A number of different tractography methods,
which use the information provided by the diffusion tensor concerning the orientation of
fibres within a voxel, have recently been developed in order to determine the pathways of
cerebral connections in vivo (see chapter 2) (Basser et al. 2000;Behrens et al. 2003b;Conturo
et al. 1999;Gossl et al. 2002;Jones et al. 1999¢;Mori et al. 1999;Mori et al. 2000;Poupon et
al. 2000;Stieltjes et al. 2001;Xue et al. 1999).(Tzourio-Mazoyer et al. 2002) The possibility
of a non-invasive assessment of anatomical connectivity' has important clinical implications
and may increase our understanding of neurological diseases and psychiatric conditions, in
which connections between brain regions are known to be disrupted (Mori et al. 2002;Steel
et al. 2001).

Fast marching tractography (FMT) (Parker et al. 2002c;Parker et al. 2002a) is a recently
developed method that is able to detect connection pathways in the human brain. It has been
validated, in part, by the results of tracking obtained in macaque brains (Parker et al. 2002a)
and by comparison with standard atlases (Parker et al. 2002c). This tractography technique
has the advantages that branching tracts can be traced, allowing reconstruction of the whole
pathway, and providing quantification of white matter tracts via the generation of
connectivity maps.

One of the ultimate goals for all tractography techniques is to define quantitative and

reproducible parameters for measuring anatomical connectivity. As a first step toward this,

! We use the term ‘connectivity’ in this section as indicating bulk inter-regional anatomical connectivity that
may be derived from Fast Marching Tractography. Whilst this does not permit an analysis of point-to-point
connectivity it does shed light upon macroscopic routes of white matter fibre bundles. We do not use the terms
in a functional context, either at the interaxonal or at the interregional level.
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our study aimed to develop an in vivo method to assess the reliability of tractography by
using two different quantitative measurements along the tracts generated by FMT: FA
(Pierpaoli and Basser 1996) and “normalised” volume of the estimated tracts. Further, a new
DTI sequence, which allows acquisition of images with small voxel size (1.8x1.8x2.5 mm)
was performed. This initial investigation is focused on three major pathways: the anterior
callosal fibres, the optic radiations and the pyramidal tracts. The selection of these pathways
provide a number of advantages: 1) They show different fibre organisation, which allows the
testing of FMT reproducibility under different conditions; 2) They have well-known
anatomy, thus making the assessment of identified connections possible; 3) They are large,
which makes the identification of connectivity more convenient than other fibre tracts of finer

or more intricate structure; 4) They are clinically-relevant pathways in many neurological

conditions, such as MS and stroke.

4.1.2. Methods

4.1.2.1. Subjects

Eleven healthy subjects were studied (8 female and 3 male). The mean age was 37.5 £ 9.7

years.

4.1.2.2. MRI protocol

All scans were performed on a 1.5 T Signa Echospeed MRI system (GE Medical Systems,

Milwaukee, WI). All subjects had a conventional SE set of images acquired prior to DTI,
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providing PD and T2-WI [TR 2000, TE 30/120ms, FOV 240 mm, matrix 256 x 256; 28
contiguous axial slices; 5 mm slice thickness].

The diffusion protocol consisted of a single-shot DW-EPI sequence. The diffusion acquisition
parameters were: TE 95 ms; acquisition matrix 96 x 96 reconstructed as 128 x 128; FOV 240
mm; 3 b ~ 0 smm™ images; 60 diffusion weighted images, with diffusion gradients applied
along 60 optimised diffusion directions , diffusion times of 6 = 32ms and A = 40ms, and max
gradient amplitude of 22 10> T m™, giving a maximum b-factor b = 1000 smm (Jones et al.
1999a); 42 contiguous axial slices; 2.5 mm slice thickness; diffusion data acquisition time =
20-30 minutes, dependent upon heart rate. Cardiac gating was used to reduce motion artefacts
due to pulsation of blood and CSF. Correction of eddy-current distortions in DW-EPI was
performed using a two-dimensional image registration technique (Symms et al. 1997), which
also minimised the effect of any slight head motion during acquisition. The data were then
processed to determine the diffusion tensor on a pixel-by-pixel basis (Basser et al. 1994).
FA, eigenvector and eigenvalue maps were calculated (Basser and Pierpaoli 1996;Pierpaoli
and Basser 1996). The information contained in these maps was then used by FMT to obtain
Voxel Scale Connectivity (VSC) maps, which give an estimate of the connectivity between

brain regions.

4.1.2.3. Data analysis

The FMT algorithm (Parker et al. 2002c;Parker et al. 2002a) was used to trace anterior

callosal fibres, optic radiations and pyramidal tracts.

4.1.2.3.1. Starting voxel definition criteria

128



Single voxels were used as starting points for the FMT method on the FA maps, using the
following anatomical guidelines:
1. Anterior callosal fibres:

o We first selected the lowest axial slice where both the genu and the splenium of CC
were fully visible.

e We then selected a voxel on the midline in the anterior part of the genu, with its
associated principal eigenvector, when projected onto the axial plane, orientated left-
right. In particular, on the axial slice, a voxel in the first or second row from the
anterior edge that did not show apparent partial volume effects, was chosen (Figure
4.1).

2. Optic radiation:

e We selected the axial slice where the transition from the posterior limb of the
internal capsule to the cerebral peduncle was visible.

e A voxel close to the lateral geniculate nucleus and within the optic radiation at the
apex of the arc around the lateral ventricle, with the main eigenvector in an
anterior-medial to posterior-lateral orientation in axial projection was then chosen
(Figure 4.1).

3. Pyramidal tract:

e We selected the first axial slice below the most inferior slice where both optic
tracts are fully visible.

e A voxel in the middle third of the cerebral peduncle with the projection of the
principal eigenvector onto the coronal plane oriented inferior-medial to superior-
lateral was chosen. In particular, on the axial slice the most external voxel in this

region was selected (Figure 4.1).
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All starting voxels used had an FA value > 0.5, meaning that there was a high degree of
directional coherence, and therefore implying that they were located within white matter
tissue. In the selection of the starting points, particular care was taken regarding possible
partial volume contamination. Placement was also checked with visual reference to the

corresponding slices ofthe PD and T2-WI.

Figure 4.1. Principal eigenvector maps overlaid onto FA maps in one subject. The starting
points are shown in the anterior genu of the corpus callosum (top row), in the optic radiations
(middle row), and in the pyramidal tracts (bottom row) on axial, coronal and sagittal slices.

4.1.2.3.2. Calculation of Voxel Scale Connectivity maps

We subsequently applied the FMT method to estimate the connectivity between each starting
point and other brain regions (Parker et al. 2002c;Parker et al. 2002a), and obtain Voxel
Scale Connectivity (VSC) maps, that rank possible routes of connection through the dataset
by assessing how well they match the directional information provided by the principal

eigenvector of diffusion at each voxel (see chapter 2 for details).
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To speed up the FMT analysis, a restricted brain volume was used which was defined
depending on the expected white matter pathway locations. For the analysis of the pyramidal
tract, the hemisphere of interest was included, and the inferior extent of the volume of interest
was restricted to two slices below the slice containing the starting point. For the optic
radiation, the analysis was again restricted to the hemisphere of interest and limited to the
region posterior to the third ventricle. For tracing the callosal fibres, both hemispheres
anterior to the central sulci were selected. All studies were performed with a threshold of
FA>0.1, to ensure that the paths detected would not erroneously enter areas of cerebrospinal
fluid while retaining all the other tissues of potential clinical interest, although this choice

may have the possible inconvenience of extending the tracts into grey matter regions.

4.1.2.3.3. Tract regions of interest: quantitative measurements

For each FMT experiment, a histogram of the VSC map was obtained, and a threshold which
defined voxels with the highest VSC to the start point was identified (Figure 4.2). It is
important to note that this thresholding technique was objective and determined a priori.
Every histogram possessed a significant peak that contained the greatest number of voxels
with the highest connectivity values. The threshold for each histogram was defined by
selecting the connectivity value that isolated this peak. The connectivity threshold varied
between subjects, but was specific to each VSC map (see figure caption).

The connectivity threshold was applied to the VSC maps to define ROIs identifying the areas
of highest connectivity. These ROIs were then overlaid on the FA maps and they were
interpreted as regions defining the white matter pathways connected to the start point. From
these ROIs two parameters were calculated: 1) the mean FA; 2) the total tract volume. The

MD was not computed for two reasons: i) to reduce the number of correlations tested and
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therefore, type 1 error; ii) in the previous studies FA was found to be more sensitive to the
white-matter damage than MD.

Since the size of the brain differs between subjects, the “normalised” volume (NV) of the
tract was calculated by dividing the total tract volume by total intracranial volume (TIV),
calculated as follows: the T2-WI were automatically segmented using SPM99 [Wellcome
Department of Cognitive Neurology, Institute of Neurology, London, UK] (Ashburmer and
Friston 1997) into grey matter (GM), white matter (WM) and CSF and other tissue (not
further subclassified), and mask images corresponding to each class were generated; the
spinal cord cut-off location was defined as the most rostral slice not containing cerebellum
and was determined manually; in-house software was then used to calculate tissue volume
from the segmented images rostral to the spinal cord cut-off level; the TIV was determined

by adding the GM, WM, and CSF volumes (Chard et al. 2002b).
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Figure 4.2. Histogram of the VSC map of the right pyramidal tract that has been obtained in
one subject by choosing the starting point for the pyramidal tract displayed in Fig. 4.1. On the
y axis the total number of voxels is represented, while on the x axis the value of the voxel-
scale connectivity metric is given in arbitrary units (axis scaled to look at the highest
connectivity values only). A threshold of 0.82, as defined by the last major group of peaks of
the histogram (arrow), has been selected in this case to define voxels with the highest
connectivity to the starting point.
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4.1.2.3.4. Post-processing time

The time for each step of the analysis was: 1) the selection of the starting point and the
application of FMT algorithm required about 15 minutes (on a Sun Microsystems SunBlade
100); 2) plotting the histogram of the VSC map and choosing the threshold required about 5
minutes; 3) the application of the threshold to the map of the connectivity metric to define
voxels with the highest connectivity required about 10 minutes; 4) calculating the tract FA
and total volume required 3 miﬁutes; 5) calculating the TIV and subsequently the NV
required about 30 minutes. The acquisition time, the image transfer and reconstruction times,
the time for the diffusion tensor calculation, and the time for subsequent statistical analysis

must also be added.
4.1.2.3.5. Statistical analysis

To compare the FA and NV between the left and right optic fadiation and pyramidal tract the
Wilcoxon test was used.

The Coefficient of Variation (CV) for tract FA and NV was calculated using the following
formula (Bland and Altman 1996a;Bland and Altman 1996b):

CV = mean of the variance of a given measurement / mean measurement values.

Sensitivity of FMT to adjacent starting points within subjects

In order to assess the effect on the FMT results of deliberately selecting a starting voxel
adjacent to the starting point chosen in the baseline experiment, a second trial was performed

by the first observer (O.C.) in all subjects. For the optic radiations and pyramidal tracts, one
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adjacent starting point was selected for each side of the brain, while for the analysis of the
callosal fibres one adjacent voxel from the midline was chosen for each subject (Table 4.1).
The adjacent voxel was selected using the following criteria: it had to share one face with the
baseline starting voxel, it had to be on the same axial slice, it had to satisfy the starting voxel
definition criteria (as accurately as possible but obviously excluding the voxel used at
baseline). The VSC maps obtained by using these two adjacent voxels were used to calculate

tract FA and NV, which were then considered for the calculation of the CV.

Intra-observer CV

A new FMT experiment was run after 3 weeks on the data from 6 subjects (no rescan) by the
same observer (O.C.), who was blind to all the details of the baseline FMT analysis,
including the coordinates of the starting points (for reproducibility of the starting points
selection in these two experiments see Table 4.2). FMT experiments were performed once for
each side of the brain for the optic radiations and pyramidal tracts and once for the callosal
fibres. The mean FA and the NV obtained by this new evaluation were used together with
those provided by the baseline experiments to calculate the tract variability in the same

subject when FMT experiments are repeated by the same observer.
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Table 4.1. The image coordinates (x = right (R)-left (L), y = anterior-posterior, z = superior-
inferior) of two adjacent starting points selected in each of the 11 subjects are listed for each
white matter tract under investigation. The coordinate that has changed between the two trials
is displayed in bold. Note that the second starting point was selected always on the same
slice, and moved either along the x or y coordinates.

Subjects Callosal fibres |Optic radiations Pyramidal tracts
1

1°* point 63,4421 R: 48,68,26 L: 82,68,26 | R: 48,68,29L: 71,70,29

2"9 point 63,45,21 R: 48,69,26 L: 82,69,26 | R: 48,69,29L: 72,70,29
2

1°* point 61,4222 R: 45,70,26 L: 83,70,26 | R:55,68,29 L: 69,68,29

2"9 point 62,4222 R: 457126 L: 83,71,26 | R:56,68,29 L: 69,69,29
3

1°* point 63,35,18 R: 46,66,24 1.:83,68,24 R: 58,66,27 L: 71,65,27

2" point 64,35,18 R: 46,65,24 1.:83,67,24 R: 58,65,27 L: 71,66,27
4

1°** point 64,41,23 R:44,68,28 L: 85,69,28 | R: 56,67,30 L: 71,67,30

2"9 point 65,41,23 R:43,68,28 L: 85,68,28 | R: 56,66,30 L: 72,67,30
S

1°* point 64,45,22 R: 45,76,27 L: 84,75,27 | R: 57,68,30 L: 71,68,30

2"9 point 63,45,22 R:44,76,27 L: 84,7427 | R:57,69,30 L: 71,69,30
6

1°* point 64,44,22 R: 44770,25 L: 82,71,25 | R:57,67,29 L: 71,67,29

2" point 65,44,22 R: 447125 L: 82,70,25 | R:56,67,29 L: 70,67,29
7

1°! point 61,46,18 R: 44,7325 L: 81,72,25 | R: 56,70,27 L: 70,70,27

2" point 62,46,18 R: 44,7225 L: 81,73,25 | R: 56,71,27 L: 69,70,27
8

1* point 6743,17 R: 49,7024 L: 83,69,24 | R:57,66,26 L: 76,66,26

2" point 67.44,17 R: 49,69,24 L: 84,70,24 | R:58,66,26 L: 75,66,26
9

1* point 65,44,21 R: 47,70,23 L: 82,71,23 | R: 47,70,23 L:82,70,23

2" point 66,44,21 R: 47,71,23 L: 82,70,23 | R: 47,71,23 L:82,71,23
10

1** point 62,39,21 R: 45,6424 L: 84,64,24 | R: 5459,29L: 71,60,29

2" point 61,39,21 R: 45,65,24 L: 84,65,24 | R: 54,60,29 L: 72,60,29
11

1°! point 62,44,18 R: 46,75,21 L:85,75,21 R: 57,67,25 L: 71,67,25

2" point 63,44,18 R: 46,76,21 L:85,76,21 R: 56,66,25 L: 71,66,25
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Table 4.2. The starting points selected in two different occasions by the same observer in 6
subjects are summarised by showing the difference between the voxels coordinates (Ax, Ay,
Az, where x = right (R)-left (L), y = anterior-posterior, z = superior-inferior) of the second
experiment and those of the first one. The last row shows the mean of the absolute
differences for each white matter tract under investigation.

Subjects Callosal fibres Optic radiations Pyramidal tracts

1 -1,1,0 R:0,1,0;L:0,0,0 R:1,1,0;L:1,0,0

2 0,0,0 R:0,1,0;L:-1,-2,0 R:0,0,0;L:0,2,0

3 1,0,0 R:0,-1,0;L:0,-3,0 R:1,0,0;L:-1,0,0

4 0,0,0 R:-1,1,0;L:1,0,0 R:-1,-1,0;L:0,0,0

5 -2,0,0 R:0,0,0;1:0,1,0 R:-1,1,0;L:1,1,0

6 1,-1,0 R:0,1,0;L:0,1,0 R:-1,1,0;L:1,0,0

Mean 0.83,0.33,0 R:0.16,0.83,0L:0.33,1.16,0 R:0.83,0.66,0L: 0.66,0.5,0

Inter-observer CV

A new FMT experiment was performed in the same 6 subjects by a second observer (A.T.T.)
(to see the selection of the starting points performed by the second observer see Table 4.3).
The mean tract FA and the NV, obtained separately by two different observers using FMT in

the same subject, were considered for the calculation of the inter-observer CV.

Test-retest CV

Four subjects had a second scan after 3 to 6 months and the whole process of data acquisition,
tensor estimation, starting point selection, FMT processing, and ROI analysis was performed
again. The mean FA and the NV obtained by this retest were used for the calculation of the

test-retest CV.
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Table 4.3. The starting points selected by two different observers in 6 subjects are
summarised by showing the difference between the voxels coordinates (Ax, Ay, Az, where x
= right (R)-left (L), y = anterior-posterior, z = superior-inferior) chosen by the second
observer and those chosen by the first one. The last row shows the mean of the absolute
differences for each white matter tract under investigation.

Subjects Callosal fibres Optic radiations Pyramidal tracts

1 1,1,0 R:-1,4,0;L:1,4,0 R:-1,2,0;,L:0,-1,0

2 1,1,0 R:-1,4,0L:-1,-3,0 R:1,-1,0L:0,1,0

3 1,0,0 R:0,-3,1;L:3,5,1 R:1,0,0;L:-1,0,0

4 0,0,0 R:-1,1,0L:0,-1,0 R:1,-1,0; L:0,0,0

5 0,0,0 R:0,0,0L:0,-2,0 R:0,1,0;L:1,2,0

6 1,-1,-1 R:-1,2,0;L:1,3,0 R:0,0,0;L:0,1,0

Mean 0.66,0.5,0.16 R:0.66,2.33,0.16L:1,3,0.16 R:0.66,0.83,0 L: 0.33,0.83,0
4.1.3. Results

4.1.3.1. Tracing white matter pathways

The VSC maps derived from FMT are consistent with known anatomy of the tracts studied
(Crosby E.C. et al. 1962). In particular, most of the callosal fibres that pass through the genu
of the CC interconnect corresponding areas of each frontal lobe (Figure 4.3,A). The optic
radiations show posterior connections to the visual areas and medial connections to the lateral
geniculate nuclei (Figure 4.3,B). The pyramidal tracts travel from the middle portion of the
cerebral peduncles (where the starting points were placed) to the motor cortices, passing
through the posterior limb of the internal capsule and the corona radiata (Figure 4.4). False
positive connections have been detected in the course of the analysis, such as anterior

projections from the optic radiations (Figure 4.3,B). There was no significant difference in
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mean FA, total uncorrected tract volume and NV obtained from the baseline FMT experiment

between the left and right optic radiation and pyramidal tract (Table 4.4.).

Table 4.4. Mean fractional anisotropy (FA), total uncorrected volume (V) and normalised
volume (NV) of the white-matter pathways obtained from the baseline FMT experiment in 11
normal subjects.

FA Total Uncorrected V (cnt) | NV

(mean; £SD) (mean; £SD) (mean; £SD)
Callosal fibres 0.30 (0.02) 3.4(0.9) 2.4 (0.05)
Optic radiations 0.33 (0.03) 5.03 (1.49) 3.6 (1.07)
Pyramidal tracts | 0.34 (0.02) 9.89 (1.89) 7.06 (1.68)
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(A)

Figure 4.3. VSC maps of the anterior callosal fibres (A) and of the right optic radiation (B)
of a normal subject overlaid on FA maps. Colour scale reflects the degree of connectivity
(arbitrary units). The callosal fibres pass through the genu of corpus callosum and
interconnect corresponding areas of each frontal lobe. The optic tract show posterior
connections to the visual areas and medial connections to the lateral geniculate nuclei (yellow
arrow). White arrows show the false positive connections.
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Figure 4.4. VSC map of the right pyramidal tract of a normal subject overlaid on a FA map.
Colour scale reflects the degree of connectivity (arbitrary units). The pyramidal tracts travel
from the middle portion of the cerebral peduncles (a) to the motor cortices (d), passing
through the posterior limb ofthe internal capsule (b) and the corona radiata (c).
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4.1.3.2. Reproducibility study

Coefficients of variation (CVs) for FA and NV in the white-matter pathways are shown in
Table 4.5 (in case of bilateral tracts, they are given as mean of the CV of the right and left
side). The CVs for FA (ranging from 1.7% to 7.1%) are generally lower than the CVs for NV
(ranging from 2.2% to 18.6%). For both FA and NV, the inter-observer CVs were generally
higher than the intra-observer CVs, and the test-retest CVs were the highest. The lowest CVs
were found in the callosal fibres (range: 1.7% - 7.8%), followed by those in the optic

radiations (range: 1.2% - 18.6%) and in the pyramidal tracts (range: 2.6% - 15.5%).

Table 4.5. Coefficients of variation (CVs) for fractional anisotropy (FA) and normalised
volume (NV) of white matter pathways.

Callosal fibres | Optic radiations | Pyramidal tracts | N. of
CV % CV% CV % subj.
FA NV | FA NV | FA NV
Adjacent starting points | 1.7 2.2 |25 6.3 |35 13 11
Intra-observer 29 7.2 112 6.6 |2.6 11.6 |6
Inter-observer 3.7 6 2.6 13.9 |38 153 )6
Test-Retest 6.2 7.8 | 7.1 186 |5 15514

CVs lower than 5% are displayed in bold, those between 5% and 8% are displayed in italic,
and those higher than 8% are shown in black. The CVs of the optic radiation and pyramidal
tract are given as mean of the CV of the right and left side.

4.1.4. Discussion

We have investigated the reproducibility of quantitative white matter tract measures derived
using FMT. We focused on the anterior callosal fibres, the optic radiations and the pyramidal
tracts. Since these tracts are different in length, location, trajectory and fibre organisation,

they provide the opportunity to test FMT reproducibility under different conditions.
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Moreover, these pathways are of considerable clinical interest, and characterisation of the
variability that may be expected in their examination will form the basis for future
comparative studies between normal subjects and patients groups. First, we shall discuss the
ability of FMT to reconstruct VSC maps, from which the white matter pathways can be
inferred or segmented. This will be followed by an evaluation of the reproducibility of mean

FA and tract volume measurements.

4.1.4.1. Segmentation of white matter pathways

The localisation and course of the white matter pathways identified on the VSC maps as the
voxels with the highest connectivity to the start point are consistent with known anatomy.
Although FMT is able, in many cases, to elucidate branching fibres, some problems arise
when multiple tracts or orientations are present within a voxel. DTI provides information
concerning the average orientation of fibres at the voxel level, and if this volume-averaged
information is used to reconstruct a pathway, false positive projections may, on occasion, be
observed. For example, the anterior projections from the optic radiations detected at the level
of the Meyer loop (Figure 4.3,B) may reflect the inferior occipitofrontal fibres, which are
known to accompany the optic radiations for a short distance (Burgel et al. 1999;Crosby E.C.
et al. 1962). A solution to this problem could be provided by alternative approaches to the

single tensor, as discussed in chapter 2.

4.1.4.2. Reproducibility of tract FA and volume

We have demonstrated the reproducibility of two quantitative measures, i.e. mean tract FA

and NV, using DTI tractography information to bypass subjective determination of regions of
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interest. Other studies have also focused on these tract parameters, mainly in the brainstem
(Stieltjes et al. 2001;Virta et al. 1999), showing the importance of assessing the
reproducibility of such measures. However, direct comparisons between studies are not
possible because of the different aims, anatomical regions studied, and methodologies used.
The anisotropy of the tracts gives information about the degree of fibre tract directional
coherence within an imaging voxel. The relatively low value of FA in the white matter
pathways suggests that some grey-matter regions, which contain the points of origin and
termination of the fibres, were also included in the connected regions. Consequently, it might
be thought that unrelated white matter tracts that share the same grey matter areas could be
included into the reconstructed pathways. However, the risk of this happening is low, because
the FMT algorithm only follows highly directionally coherent eigenvectors from the starting
point. Moreover, the low value of tract mean FA might be due to the presence of crossing
fibres from other tracts, and of angulating fibres within a voxel. We also examined the total
tract volume, which was obtained using a threshold defined on the histogram of the
connectivity maps. The total tract volumes of the optic radiations and pyramidal tracts
obtained are strikingly consistent with data derived from post-mortem human brains (Burgel
et al. 1999;Rademacher et al. 2001), suggesting that the FMT method enables far the first
time in vivo quantification of tract volume without morphology-based segmentation, or post-
mortem analysis.

A comparison between the CVs obtained for FA and NV shows that FA is more reproducible.
Different starting points within the same tract produce different, but closely related, sub-
samples of the tract itself. The ROIs for the quantitative measurement of FA and NV are
determined by applying a tract-dependent threshold to the VSC map. These ROIs have

different volumes, generating therefore dfferent tract volumes, but show similar mean FA.
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This indicates that the degree of fibre coherence is likely to be approximately constant on
sub-sampling of the same tract.

The values of mean FA of the three tracts under investigation have a narrow range, and
therefore it could be argued that mean FA is not the best measure to spatially distinguish
between tracts. However, it has the potential to detect pathological conditions that are known
to cause FA changes. The values of NV, on the other hand, which have higher within-subject
CVs and higher within-subject standard deviations than FA, have relatively small between
subject standard deviations, an important factor in power and sample size calculation (Fisher
and van Belle 2003). For example, in the specific case of the left pyramidal tract, the
between-subject standard deviation on the first measurement was 1.4 cnr. Consequently,
group differences should be detectable in pathological conditions where a change in NV of
10% is expected with about 55 subjects in each group (for 80% power and alpha of 0.05).
Moreover, NV could be used as a discriminating factor in selecting white matter diseases that
can be investigated using FMT. For example, in FMT studies of MS or stroke, which show
marked degeneration of white matter fibres, both mean FA and NV could be used to detect
pathological changes.

The differences in fibre pathway volumes obtained when choosing two adjacent starting
points within the same subject may in part reflect the anatomical mapping differences of
fibres that pass through different regions of the brain. This hypothesis is supported by the
evidence that the highest CV for adjacent starting points is seen in the pyramidal tracts, which
show complex fibre organisation and a wide mapping volume. The pyramidal fibres are
closely aligned and tightly packed in the cerebral peduncles, where the starting points are
placed, but spread in multiple branches in the corona radiata and to the motor cortex, thus

inducing the estimated tract volume to be sensitive to the starting point location. Conversely,
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the lowest CV for NV for adjacent starting points is reported in the anterior callosal fibres,
which interconnect the less extensive medial pre-frontal regions (Barbas and Pandya 1984).
The lists of the starting point coordinates used for the FMT experiments by the same observer
and by two different observers, show that the placement of the seed point is fairly consistent
with a mean distance between trials of less than a voxel. It can be observed, though, that it is
more reproducible in the same observer than between observers. This is reflected in the fact
that, when the FMT analysis is performed by a second observer, the CVs for FA and NV are
slightly higher than the intra-observer CVs. Therefore, the development of new guidelines to
define better the starting points may further improve both the intra-observer and inter-
observer CVs. Also, future development of the DTI acquisition technique and higher field
scanners, as noted earlier, could improve resolution, possibly allowing a narrower definition
of the starting point of the tracts.

The lowest reproducibility for our quantitative measurements was found in the (intra-
observer) test-retest analysis, suggesting that factors related to the data acquisition and
reconstruction may play a role in inducing extra variability. In the present study the diffusion
tensor calculation and FMT algorithm were performed in each subject’s native space. The
development of registration algorithms able to deal correctly with the diffusion tensor
(Pautler et al. 1998), may allow transformation of the data into a normalised space before
applying tractography algorithms, possibly improving the test-retest CV.

In conclusion, we have investigated in vivo anisotropy and volumetric quantification of FMT-
derived white matter tracts within the brain and have shown that tract FA has better
reproducibility than NV. The highest reproducibility was found in the frontal callosal fibres,
followed by the optic radiations and pyramidal tracts, suggesting that the fibre organisation
and the length of the pathway are important factors in determining the level of

reproducibility.

145



It is important to assess the reliability of any tractography technique before moving on to
investigate white matter pathology. In this study we have described a method by which the
reproducibility of FMT can be assessed. Ideally all tractography techniques should be
validated in a similar way before bteing clinically applied. In particular, information about the
reproducibility of the quantitative measurements derived from tractography and the
variability between the reconstructed tracts should always be obtained before interpreting

clinical data.

4.2. Diffusion tractography based group connectivity maps of major white

matter tracts

4.2.1. Introduction

The present study describes the evaluation of anatomical connection variability between
normal subjects, using FMT. This step is essential in order to move on to the investigation of
neurological and psychiatric diseases, known to disrupt white matter pathways (Foong et al.
2000;Mori et al. 2002;Pierpaoli et al. 2001;Steel et al. 2001). The ability to create group
maps of white matter tracts, and therefore, to compensate for normal inter-subject variability,
may ultimately allow the construction of “brain atlases” that represent in vivo white matter
tracts (Johansen-Berg et al. 2004). Such atlases would be invaluable in investigating how
white matter is affected by pathological conditions of the CNS (Steel et al. 2001).

As an initial step towards this goal, we have generated group connectivity maps of white
matter pathways in a group of 21 healthy subjects using FMT. The three white matter
pathways that were considered in the first study were examined: the left and right pyramidal

tracts, the left and right optic radiations, and the anterior callosal fibres. We created three
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different group mapping techniques for each pathway and investigated the contribution of
each technique in understanding the connectivity behaviour between subjects. The first
technique simply averaged the individual connectivity maps generated by FMT; the sscond
produced maps that demonstrated inter-subject tract variability and degree of overlap; the
third employed SPM (Ashbumner and Friston 2000) to construct a statistical image that
represented the group effect. With the last technique we were also able to investigate any

asymmetry between left and right sides for the optic radiations and pyramidal tracts.

4.2.2. Methods

4.2.2.1. Subjects

Twenty-one healthy volunteers were studied (11 females and 10 males). The mean age was
33 + 9.7 years. Informed consent was obtained from all subjects before entering into the

study.

4.2.2.2. MRI protocol

The MRI protocol is as described in the first study.

4.2.2.3. FMT method

FMT was used to trace the three white matter pathways (Parker et al. 2002c;Parker et al.

2002a). A histogram of each VSC map generated from FMT was created, and a threshold

defining a group of voxels with the highest connectivity to the seed voxel was identified, as
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described in the first study. The means (with standard deviations) for histogram thresholds of
each white matter tract were as follows: anterior callosal fibres 455 (SD 12), left optic
radiation 456 (SD 39), right optic radiation 464 (SD 20), left pyramidal tract 434 (SD 48),
right pyramidal tract 422 (SD 65). This threshold was then applied to the VSC map to define
ROIs identifying the areas of highest connectivity, and subsequent “thresholded” connectivity
maps were obtained. These were simply binary images that indicated where the tracts were
likely to be located with greatest certainty.

Thus, for each of the five white matter patﬁways that were examined (left and right pyramidal
tracts, left and right optic radiations, anterior callosal fibres), two types of VSC maps were
generated for each subject: unthresholded maps that preserved the estimated degree of
connectivity at each voxel within the restricted brain volume, and thresholded maps that

provided spatial information purely about tract location and extent.

4.2.2.4. Spatial Normalisation

The thresholded and unthresholded connectivity maps were normalised into a standardised
space (as defined by the Montreal Neurological Institute (MNI)) using SPM99 (Wellcome
Department of Cognitive Neurology, London, UK). This was performed by initially
normalizing each b0 image to the default EPI template, which shares similar T2-weighted
contrast. The normalisation parameters were estimated with the following settings: 12
parameter affine transformation followed by non-linear warping with 7x8x7 basis function
sets, 12 non-linear iterations, medium regularisation and default brain mask. The default EPI
template (asymmetrical) was used in all cases except for the left-right comparisons (see later)
when the original unthresholded connectivity maps were normalised again using symmetrical

templates. The b0 normalisation parameters were then applied to all the VSC maps (which

148



were in the same stereotactic space as the original b=0 images). The resampled voxel size
was 2x2x2mm for normalisation. Nearest neighbour interpolation of the connectivity maps
was used to maintain the connectivity values derived using FMT. The resulting normalised

thresholded and unthresholded connectivity maps were entered into the next stage of analysis.

4.2.2.5. Group mapping of white matter pathways

We calculated group maps for each of the five pathways under investigation. Three different
group mapping techniques were employed using SPM99. Each has merits and limitations that

will be discussed later:

1. Average group maps

The normalised unthresholded connectivity maps were averaged at each point in standard
space across the whole group of subjects for each of the five white matter tracts. The mean

images were overlaid onto a structural template.

2. Variability group maps

The normalised, thresholded connectivity maps were averaged at each point in standard space
and the resulting images were overlaid onto a structural template. As the individual maps
were binary and defined where the tracts were likely to be, mathematical averaging had the

effect of indicating the degree of spatial variability and overlap of the tracts between subjects.

3. SPM analysis of unthresholded connectivity maps

The normalised, unthresholded connectivity maps were initially smoothed. Smoothing results

in the voxel values approximating a parametric distribution and, through the central limit
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theorem, allows the use of standard parametric statistics to make inferences about differences
and similarities between connectivity distributions (Ashburner and Friston 2000). The
unthresholded images were chosen in order to preserve as much spatial connectivity
information about the particular white matter tract under investigation as possible. The size of
Gaussian filter was chosen according to white matter tract: 10 mm was used for the anterior
callosal fibres, 7 mm for the optic radiations and 5 mm for the pyramidal tracts. These values
were chosen because the spatial variability, between subjects, in tract position was greatest
for the anterior callosal fibres and least for the pyramidal tracts, as discussed in the results.

The individual smoothed images were then entered into a design matrix for a one sample t
test. Significance was assigned to the resulting t fields using the the ory of Gaussian random
fields (Worsley et al. 1996). The resulting statistical maps were corrected for multiple

comparisons across the volume under analysis and indicated the group effect, i.e. the degree

of statistical compatibility within the group.

4.2.2.6. Tract volumes and asymmetry

Tract volume assessment - The ROIs derived from the histogram thresholds that defined the
individual thresholded connectivity maps (before normalisation) were used to calculate the
total tract volumes for each subject. The Wilcoxon test was used to compare the tract

volumes, between left and right sides, for the pyramidal tract and optic radiation.

SPM analysis - An SPM analysis was also conducted to assess regional interhemispheric

asymmetry for the pyramidal tract and optic radiation. To do this, the individual
unthresholded connectivity maps were first normalised using a symmetrical EPI template and

then smoothed as before. The resulting smoothed, normalised right sided tracts were then
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flipped across the midline and the “mirror images” were subsequently compared, using SPM,

to the left sided tracts with paired t-tests.

42.2.7. Assessment of seed voxel placement in normalised space

The consistency of seed voxel location within the standard stereotactic reference frame (MNI
space) was assessed for each tract across the 21 subjects. Each seed voxel coordinate (defined
in native space) was normalised with the same spatial transformation parameters as the

connectivity maps (see spatial normalisation above).

4.2.3. Results

4.2.3.1. Average Group Maps

Average group maps of connectivity across all subjects for the white matter pathways under
investigation were created and then overlaid onto a T1-weighted template image (Figure 4.5).
On visual inspection, they qualitatively conformed to the known anatomy of the tracts. The
colour intensity of these maps reflects the average connectivity value of each voxel to the

seed point across all subjects.
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Figure 4.5. Average group maps are shown for the (a) pyramidal tracts (MNI coordinates x=-
20 mm, y=-16 mm, z=0.4 mm), (b) optic radiations (MNI coordinates x=38 mm, y=-75.6
mm, z=2.7 mm) and (c) anterior callosal fibres (MNI coordinates x=-14.5 mm, y=33.3 mm,
z=0 mm). The locations of the tracts conform to the known anatomy. The colour intensity
indicates the average connectivity metric value across the whole group of subjects. The maps
have been thresholded (at a value of 100) to exclude very low average values and highlight
the tracts of interest. Note that in (b) some erroneous tracts are traced (centre image)
anteriorly from the loop of Meyer; this may result from other white matter tracts in close
proximity with Meyer’s loop, for example inferior longitudinal fasciculus and uncinate
fascicle. In (a) some finely traced tracts of low connectivity along the optic radiations are
seen in the centre image.
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4.2.3.2. Variability group maps

Variability group maps were constructed using the thresholded connectivity maps and were
overlaid onto a structural template (Figure 4.6). They represented the degree of spatial
variability between subjects, and were visually consistent with data derived from post-
mortem human brains (Burgel et al. 1999;Rademacher et al. 2001). The “hot” colour scale
indicates the proportional degree of overlap of the tracts between subjects; for example, the
number 1 represents 100% subject overlap (i.e. the voxel in question is within the identified
tract in all subjects), 0.5 represents 50% overlap, and 0.05 represents data from only 1 out of
the 21 subjects. The inter-subject spatial variability was greatest for the anterior callosal
fibres (range: 0.05 - 0.49) and smallest for the pyramidal tracts (maximum overlap was 1 for
the left and 0.95 for the right). The optic radiations demonstrated intermediate variability
(maximum overlap 0.72 for the right and 0.62 for the left). The greatest overlap, for each
tract, was found centrally as indicated by the brighter colours. Greater inter-subject variability
was consistently found around the terminal projections of the tracts adjacent to cerebral

cortex, indicated by darker colours.
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Figure 4.6. Variability maps for the (a) pyramidal tracts (MNI coordinates x=-20.8 mm, y=-
12.9 mm, z=4.3 mm), (b) optic radiations (MNI coordinates x=37.2 mm, y=-77.9 mm, z=1.2
mm) and (c) anterior callosal fibres (MNI coordinates x=-14.5 mm, y=52.1 mm, z=-5.1 mm).
A “hot” colour scale indicates the degree of overlap amongst subjects; 0.05 indicates that data
is present in only 1 out of 21 subjects and 1 indicates 100% overlap. The peripheral
distribution of each of the tracts demonstrates the greatest interindividual variability. Note
that in (a) a few tracts extend across the corpus callosum (left image), which would conform
to collaterals of cortico-spinal fibres. In (b) note few anteriorly projecting erroneous tracts
from Meyer’s loop (centre image).

4.2.3.3. SPM analysis of unthresholded maps

Statistical parametric maps were derived from one sample t-tests for each ofthe five tracts in

order to determine if the unthresholded maps were significantly different from zero.
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Statistical inference was performed with correction for multiple comparisons (P<0.001).
Representative SPMs for the pyramidal tracts, optic radiations and anterior callosal fibres

were overlaid onto standard template (Figure 4.7).

4.2.3.4. Tract volumes and asymmetry

Tract volume assessment - The anterior callosal fibres showed the smallest tract volume,

while the pyramidal tracts showed the highest. There were no significant differences in tract
volume between the left and right pyramidal tracts and optic radiations (Table 4.6). The tract
volumes obtained for the pyramidal tracts and optic radiations were comparable to those that
have been derived from myeloarchitectonic studies on post-mortem brains (Burgel et al.
1999;Rademacher et al. 2001). It should be noted that the tract volumes in our study were
calculated before normalisation, i.e. they were not corrected for head size. The post-mortem

tract volumes that were compared with our tract volumes were also uncorrected for head size.

SPM analysis - No significant group effect differences were detectable between left and right

sides using SPM99 for the pyramidal tracts and optic radiations. This is consistent with the

comparison that we performed, between left and right sides, of tract volumes.

Table 4.6. Total volumes of the major white matter pathways in 21 normal subjects.

White matter pathways FMT-derived total volume (cnr’) Post-mortem total volume

(MeantSD) (cn®) (MeantSD)
Callosal fibres 3.33 (£0.72) n.a.
Left optic radiation 5.51 (%1.75) 6.81 (1.71)
Right optic radiation 5.16 (+1.44) 6.69 (1.69)
Left pyramidal tract 10.28 (£2.18) 9.32 (2.58)
Right pyramidal tract 11.49 (£3.57) 7.94 (2.34)
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Figure 4.7. An example of the techniques to construct group effects using SPM is shown for
the (a) left and right right pyramidal tracts (y=-9 mm in MNI coordinates), (b) left and right
optic radiation (z=-3 mm in MNI coordinates), and (c) anterior callosal fibres (z=0.6 mm in
MNI coordinates) (all maps corrected p<0.001). No asymmetry was detectable between left
and right sides using SPM analysis. The colour scales indicate the t-scores.

4.2.3.5. Assessment of seed voxel placement in normalised space

The means and standard deviations of the x, y and z co-ordinates for the normalised seed

voxels of each white matter tract are displayed in Table 4.7. The greatest variability in seed
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point placement occurred with the y direction for the optic radiations (SD 7 mm for the left
and 6.18 mm for the right). The lowest variability in seed point location was found in the x
direction for the anterior callosal fibres (SD 1.1 mm).

Table 4.7. The mean x, y and z voxel-coordinates (in mm) across the 21 subjects in MNI
space for each of the white matter tracts that were investigated. Standard deviations (SDs) are

in brackets. The normalised voxel size was 2x2x2 mm. The template origin is the anterior
commissure.

Mean (SD) stereotactic seed voxel co-ordinates.

X Y Z
Anterior Corpus Callosum 2 (1.1 28.6 (3.24) 1.2 (3.12)
Left Optic Radiation -38.8 (2.68) -28.4 (7) -5.6 (3.18)
Right Optic Radiation 344 (2.24) -24.6 (6.18) -6.0 (2.96)
Left Cerebral Pedunck -14.4 (1.78) -17.2 2.14) -16 (2.42)
Right Cerebral Peduncle 12 (2.04) -17.4 (2.12) -15.8 (2.16)

4.2.4. Discussion

We have used mapping methods with FMT to investigate how the pyramidal tracts, the optic
radiations and the anterior callosal fibres are represented in a group of 21 normal volunteers.
We have constructed group maps in a standard reference frame that show the interindividual
variability of tract location and shape, and have generated statistical images that represent the
group effect for each tract. Several other studies have recently addressed the issue of making
group specific inferences with diffusion tractography. For example, recent work reported a
method to create probabilistic maps of callosal fibres in a group of 10 subjects by combining
methodologies for fibre tracking and spatial normalisation (Xu et al. 2002), although the
tractography algorithm and the normalisation procedures were substantially different from

those applied in our study. An alternative approach to tracking the fibres prior to creating
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group maps is to average the tensor data sets before tracking fasciculi, in order to generate a
generic map of brain connectivity (Jones et al. 2002).

We have also applied SPM to investigate symmetry between left and right sides for the
pyramidal tracts and optic radiations. Similar methods of assessing asymmetry of cerebral
grey and white matter using voxel-wise statistical analysis have been previously reported
(Good et al. 2001;Watkins et al. 2001). We shall first discuss the results for each of the three
white matter tracts and then move on to issues regarding DTI, tractography and FMT.
Finally, we will appraise each of the group mapping techniques that were employed and

discuss the validation of tractography and its future potential.

4.2.4.1. Pyramidal tracts

The average group map of the pyramidal tracts (Figure 4.5), on inspection, qualitatively
compares well with known pyramidal tract anatomy (Brodal 1981;Ross 1980). The variability
maps (Figure 4.6) show a central core, along the tracts, of common overlap among 95% of
subjects for the right side and 100% for the left. This indicates that relative tract location
between individuals is generally constant. Outside this core there is considerable variability
in tract overlap. We believe this reflects variation in tract volume between individuals, which
is also reflected in the calculated tract volumes and their standard deviations (Table 4.6). The
pyramidal tract volumes are approximately in the same range as volumes reported by
Rademacher et al. (Rademacher et al. 2001), who performed a cytoarchitectonic and
myeloarchitectonic study of the human motor system in 11 post-mortem brains. Our volumes
are slightly higher on both sides (Table 4.6) than the volumes reported in their study. In our
variability maps (defined by averaging the thresholded maps) (Figure 4.6), the pyramidal

tracts mainly extend towards the motor cortex, but also show contributions from the premotor
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cortex. This may account for the slightly larger volumes reported in our study. Pyramidal
tract fibres are known to take their origin mainly from the motor and caudal premotor cortex
(Jane et al. 1967) and the appearance of our variability maps probably reflects this.

The differences could also be explained by sample selection differences between the two
studies. The relatively low sample sizes far the post-mortem study and our study may
contribute to slightly different estimates of population parameters for the pyramidal tracts and
so good agreement between the two studies should not necessarily be expected. In support of
this, we find no differences between left and right pyramidal tract volumes, whereas the other
authors report greater left sided tract volumes. Future studies with larger sample sizes should
allow better estimates of normal population variability. Finally, methodological differences in
tract volume calculations could also contribute to the observed differences between the two

studies.

4.2.4.2. Optic radiations

The appearance of the optic radiations on the average (Figure 4.5) and variability group maps
(Figure 4.6) again conform closely to their known anatomy. On the variability maps the
maximum overlap was 62% (15 out 21 subjects) on the left and 72% (17 out of 21 subjects)
on the right. This probably reflects relative differences in FMT-derived tract position between
individuals and may be attributed to inter-individual anatomical differences in tract
morphology. Also, the fact that the calculated optic radiation volumes are smaller than the
pyramidal tract volumes (Table 4.6) may also make overlap between individual tracts less
likely. The calculated tract volumes are only slightly lower than the volumes reported by
Burgel’s myeloarchitectonic study of 11 post-mortem human brains (Burgel et al. 1999).

These differences could be explained by the fact that they identified optic radiation fibres that
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originated from the lateral geniculate body, whereas we positioned our seed point within
Meyer’s loop, which would tend to produce lower FMT-derived tract volumes. As in our
study, they found significant interindividual variability. They also found significant
asymmetry of tract volumes (left being greater than right), which we did not reproduce in
vivo either by statistical comparison between left and right optic radiation volumes or by
SPM analysis. This is probably due to random differences in the population samples that
were studied and methodological differences between DTI based tractography and

myeloarchitectonic based histological studies.

4.3.4.3. Anterior callosal tracts

The anterior callosal fibres demonstrate the smallest overlap in tract position (Figure 4.6)
with a maximum of 49% sharing the same voxel space. This may be because the tract
volumes are the smallest of all three pathways examined in this study (mean 3.33 cnr’), which
probably makes significant overlap unlikely. Also, it is known that the cortico-cortical
connections through the CC are topographically organised (de Lacoste et al. 1985); those
connections through the genu (anterior region) of the CC span out to serve a large area of the
frontal cortex. The high variability in the position of FMT-derived callosal fibres may thus
reflect natural anatomical differences, between individuals, in the topographical organisation
of callosal projections. Moreover, the frontal regions can be highly affected by EPI geometric
distortions (Farzaneh et al. 1990). These distortions may vary between individuals and limit

the ability of FMT to trace tracts in these regions, and affect the registration methods used.

4.2.4.4. Benefits of tractography in mapping white matter pathways
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Tractography is a promising technique capable of tracing white matter tracts in vivo.
Validation for this technique is difficult and has normally relied upon the qualitative
comparisons between tractography derived white matter pathways and known anatomy from
histological post-mortem studies (Jones 1999). The recent emergence of manganese-
enhanced MRI tracing techniques in animal models (Pautler et al. 1998) may provide an in
vivo gold standard for quantitatively validating DTI in mapping white matter tracts (Lin et al.
2003). At present however, qualitative comparison with existing neuroanatomical knowledge
remains an important tool in validating human tractography studies.

An advantage of FMT is that the algorithm permits the determined pathways of connection to
divide, thus allowing for branching pathways (Parker et al. 2002b). This is useful for tracing
the pyramidal tracts and optic radiations. A consequence of this, however, is that erroneous
false positive branches that do not conform to known neuroanatomy may be traced (Figures
4.5 and 4.6). These tend to have lower VSC values and can be explained by the way the tract
is traced locally through the particular orientations of a group of eigenvectors, which may be
affected by crossing or “kissing” fibres. It is also clear from the examination of the
variability maps in Figure 4.6 that the false positive pathways have inherently higher
positional variability than the true paths.

A second advantage of FMT is the ability to quantify the degree of connection at every voxel
in the brain for any given seed point. The resulting VSC maps can be compared across

individuals to assess inter-subject group effects and variability.

4.2.4.5. Limitations of tractography

Several tractography techniques, including FMT, rely upon the placement of seed voxels or

regions of interest, from which the resulting white matter pathways are mapped. Spatial
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normalisation occurs after the tractography algorithm is run in native space. Differences
between subjects in the resulting normalised tracts may arise from real anatomical differences
in tract anatomy, errors during spatial transformation or differences in the relative locations
of the seed voxels. In our study, seed voxel placement was fairly consistent in normalised
space (Table 4.7) with standard deviations in each direction of about 2 to 3 mm. The seed
voxel y coordinates for the optic radiations demonstrated greater variability (SDs 6.18 and 7
mm), possibly resulting from differences in axial tilt between datasets. It is uncertain to what
degree this variability influenced the observed differences for the optic radiation group maps
and volumes. In an attempt to overcome seed point placement variability, registration
algorithms that allow the transformation of the diffusion tensor into normalised space before
applying tractography, are being developed (Alexander et al. 2001). The normalised
individual tensor datasets can then be mapped into a standardised reference frame and a
predefined coordinate system used to place the seed point. However, as before, spatial
transformation will not be error free. In addition, the resulting “normalised” datasets will
possess some natural inter-individual variation of white matter tracts. A seed voxel placed at
the same coordinate may therefore be located at relatively slightly different points, along the
same white matter tract, in different subjects. Nevertheless, it would be useful to assess this
method in future group mapping studies.

A quantitative evaluation of the errors that may occur with spatial normalisation techniques
will be helpful in the future to assess the robustness of DTI and tractography normalisation
procedures. In particular it would be interesting to compare the errors produced by spatial
transformations of the tensor (before applying tractography) with spatial transformations of
tractography derived maps (after tensor normalisation). SPM intersubject registration has

been recently evaluated only for structural MRI anatomical data, and the mean error for
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registering cortical sulci was about 8 mm, which compares favourably with other methods

(Hellier et al. 2002).

4.2.4.6. Average group maps

The average group maps used the unthresholded maps from each subject (Figure 4.5). This
allows quantitative information for a group effect to be calculated at each voxel and
potentially has the ability to detect novel branching pathways. However, they do not provide
information about inter-subject variability and also can be sensitive to the effects of outliers.
For example, voxels with very high VSC values may skew the resulting means of the

corresponding voxels in the average map.

4.2.4.7. Variability group maps

The variability maps are very informative at assessing inter-subject overlap (Figure 4.6). In
addition, their appearance and their individual volumetric quantification compares favourably
with white matter tract volumes reported in histological studies (Burgel et al.
1999;Rademacher et al. 2001). However, as they purely provide spatial information about

tract location and morphology, they do not allow VSC quantification.

4.2.4.8. SPM analysis of unthresholded maps

SPM can be used to assess the group effect d the individual unthresholded maps (Figure
4.7). It can also be used to demonstrate variability between subjects (by displaying the

residual variability map after model estimation). Caution should be taken, however, when
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making inferences from one sample t-tests, because the assumption that residual errors are
distributed normally about zero may not be valid. In this study, the figures depicting the
results from one sample t-tests are displayed for visual aid. A more useful application would
be in its ability to compare, at each voxel, VSC values between different groups (with the
assumption that the residual errors behave similarly between them) and may be an important

application in investigating white matter pathology, as will be shown in the next study.

4.2.4.9. Validation of DTI and tractography

A central assumption of DTI based tractography is that the measured diffusion characteristics
of tissue water and their relationships between adjacent voxels are faithful representations of
the underlying axonal microstructure. The validity of this assumption is unknown because
there is no gold standard to authenticate the anatomical inferences of DTI tractography.
Indirect comparisons with post-mortem studies may provide some partial validation. A
potentially better technique would be to compare DTI and histological findings on the same
post-mortem brain tissue. This has been performed for myocardium (Holmes et al. 2000), but
inferences are limited by the fact that histological preparation may alter tissue microstructure
and water diffusion properties (Wheeler-Kingshott et al. 2003). An alternative technique may
be developed by directly comparing manganese-based with DTI-derived tractography, as
mentioned in chapter 2 (Lin et al. 2003;Pautler et al. 1998). This is a promising strategy
although it is really restricted to animal models, relies upon assumptions of the characteristics
of manganese tracing, and is suitable only for certain types of white matter fascicles.

In our study, it is highly likely that major neuronal tract bundles are being followed; the
question is with what degree of accuracy. Our results show the identification of regions that

are likely to be well connected to the defined start point, and other regions that are likely to
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be erroneous. However, even in the presence of errors this provides a specificity of in vivo
tissue identification that is impossible without diffusion MRI fibre tracking methods. Thus a
study of the inter-subject variability, when applying this unique tool, is of great potential use

in the assessment of conditions that may affect structural connections within the brain.

4.2.4.10. Future applications

We have applied three group mapping techniques, which are complementary to one another
and explored different aspects of the behaviour of estimated white matter pathways across
individuals. The ability to combine white matter tractography maps across individuals is an
essential step towards understanding how white matter pathways are organised and how they
vary in vivo within populations. By constructing white matter “atlases” it should be possible
to investigate diseases of white matter or conditions in which neural trajectories have altered
(Johansen-Berg et al. 2004). The next study makes initial steps towards this goal by
investigating the structural changes occurring in the optic radiations of patients one year after

isolated unilateral optic neuritis using FMT and tractography based group mapping.

4.3. Optic radiation changes after optic neuritis detected by tractography

based group mapping
4.3.1. Introduction

As a first step towards the investigation of white matter pathology, group maps in a large

group of healthy volunteers have been created using FTM and SPM99. These probabilistic
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group maps have the potential to identify differences in white matter connectivity between
normal and disease groups.

Optic neuritis provides a useful model for studying the effects of inflammatory demyelination
on the central nervous system through the ability of MRI to visualise the optic nerves and the
optic radiations. Post-mortem data obtained from patients with MS has suggested that the
pathological processes that affect the optic nerve may include a combination of inflammation,
demyelination, astrocytosis and axonal destruction (de Preux and Mair 1974). Axonal
transection occurring in the acute optic neuritis lesions (Ferguson et al. 1997;Trapp et al.
1998) may lead to Wallerian degeneration and subsequent optic nerve atrophy (Hickman et
al. 2002). Trans-synaptic changes may also occur in the lateral geniculate nucleus (LGN)
(Madigan et al. 1996), from which the efferent fibres projecting to the visual cortex and
constituting the optic radiations originate. A recent study showed that axonal loss in the optic
nerves of patients with multiple sclerosis correlated strongly with the selective atrophy of the
smaller neurons of the parvocellular layer in the LGN (Evangelou et al. 2001).

This study was carried out to test the hypothesis that the quantitative tract measures (i.e.
volume and anisotropy) and the VSC values of the FMT-derived optic radiations change in
patients following an episode of optic neuritis. We used tractography based group mapping

techniques to perform statistical comparisons between 7 patients and 10 controls.

4.3.2. Methods

4.3.2.1. Subjects

Seven patients (mean age 37.3, SD 9.4, all women), one year after the first episode of isolated

unilateral optic neuritis (Compston et al. 1978) and 10 age-matched controls (mean age 33.7,
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SD 9.7, all women) were studied. Patients underwent a complete clinical examination, which
included tests of visual acuity, such as logMAR (log of the minimum angle of resolution) and
Snellen test (Holladay 1997). Most of the patients made a good clinical recovery (note that a
visual acuity of 0.0 or better (equivalent to Snellen 6/6) was considered normal) (Table 4.8).
Four patients had lesions in the right optic radiation and three of them had lesions in the left

tract.

4.3.2.2. MRI protocol

The MRI protocol is as described in the first study.

4.3.2.3. Quantification of tract measures

The mean FA and the total volume of the left and right optic radiations were calculated as

described in the previous studies.

4.3.2.4. Group mapping

The details about the group mapping techniques are given in the previous study. In patients
and controls two types of maps were constructed: 1) variability group maps, and 2) SPM-

derived group maps.

4.3.2.5. Comparisons between groups

1) Quantitative tract measures
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The Mann-Whitney U test was used to compare the FA values and the total tract volumes in
the left and right optic radiations between patients and controls, and p values less than 0.05

were considered significant.

2) Variability group maps

In order to investigate the differences in the tract overlap between patients and controls, the
variability group map that represented the patient group was subtracted from the control
variability group map. The resulting “difference” map illustrated the degree of spatial overlap
between the two groups.

Since the location of the reconstructed optic radiations depends on starting point placement,
the consistency of seed voxel location within the standardised reference frame (MNI space)
was assessed for each optic radiation across subjects. Each seed voxel coordinate (defined in
native space) was normalised with the same spatial transformation parameters as the VSC
maps. In each group, the mean and the standard deviations of the x, y, and z coordinates for

the normalised starting voxels were calculated.

3)_SPM-derived group maps

Differences in the group maps obtained by the SPM analysis of the unthresholded VSC maps
between patients and controls were investigated using a two sample ttest. After model
estimation, a one-tailed t contrast was used to test if VSC is reduced in the patient group.
Uncorrected SPM(T) maps were generated at p<0.001. Statistical inferences were performed
from the SPM(T) maps by correcting for multiple comparisons within a mask volume, which
was generated a priori for the left and right optic radiation using MRIcro (Rorden and Brett

2000). The main cerebral sulci and the labelling of the Talairach and Tournoux atlas
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(Talairach and Tournoux, 1988) were used to draw these masks on the high-resolution T1-
WL

In ader to investigate whether the areas of significant change in VSC corresponded to any
lesions present in the optic radiations, the coordinates of the centre of the lesions were
assessed on the normalised b0 images in patients, using the T2-WI as guidance, and
compared with the coordinates of the peak of the differences detected using the group maps.
Moreover, comparisons between the optic radiation VSC of those patients who had lesions
within the optic radiation with those who did not were performed using a two-sample t-test,
and p values were corrected for multiple comparisons within the tract mask volume.
Systematic differences in the accuracy of spatial normalization may contribute to differences
found in the statistical comparisons between the patient and control group VSC maps. For
example, spatial normalisation in the patient group may be influenced by the presence of
lesions around the trigones, whereas the control group would have no such influences. A two-
sample t-test was therefore applied to test for differences in the normalised b0 images

between the two groups.

Table 4.8. Clinical characteristics of seven patients with optic neuritis.

Age Affected logMAR Snellen test
eye
1 36 R 0.1 6/5
2 30 R -0.2 6/4
3 25 R -0.1 6/5
4 34 R -0.1 6/5
5 39 L -0.1 6/5
6 54 L 0.062 6/24
7 43 L -0.08 6/5
Mean (SD) 37.3(94) -0.01 (0.28)
R=right, L=left.
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4.3.3. Results

4.3.3.1. Comparisons between groups

1) Tract measures

There were no significant differences in the mean FA of the left and right optic radiation
between patients and controls (Table 4.9). Patients had lower volumes of both left and right
optic radiations compared with controls, but these differences were not significant (Table

49).

2) Variability group maps

The “difference” map, which represented the degree of tract overlap between patients and
controls, was overlaid onto a structural template (Figure 4.8, A). The “hot” colour scale
indicates the proportional degree of overlap between the two groups. For example, the
number 0.8 indicates that the voxel in question is within the optic radiation in 80% more
controls than patients, -0.4 represents 40% more patients than controls, 0 represents no
difference between the two groups (i.e. the voxel is within the optic radiation in the same
proportion of patients and controls). In the patient group both optic radiations appear to be
localised more laterally in the posterior part of the tracts and more inferiorly than in the
control group.

There were no significant differences in starting point placement between the two groups

(Table 4.10) which could have affected the location of the reconstructed optic radiations.

3)_SPM-derived group maps

Optic neuritis patients demonstrated significantly reduced VSC in both optic radiations when

compared with controls. In the left optic radiation the peak difference was adjacent to the
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trigone (p=0.04), whilst in the right optic radiation the peak was in the distal part of the tract
(p=0.01) (Figure 4.8, B). In the right optic radiation there was a second area posterior and
adjacent to the trigone, with reduced VSC in patients (p=0.04) (Figure 4.8, B). The
coordinates of these peaks of lower VSC in patients did not correspond to the coordinates of
the centre of the lesions visible on the normalised b0 images. Moreover, patients who showed
lesions in the optic radiations did not have different VSC compared with those without
lesions. Finally, the comparison of the normalised b0 images between patients and controls
did not show any differences.

Table 4.9. Differences in fractional anisotropy and tract volume of the left and right optic
radiations between patients and controls.

Patients Controls
Left OR Right OR Left OR Right OR
Mean FA (SD) 0.30 (0.04) 0.29 (0.02) 0.32(0.04) 0.31 (0.03)
Mean tract volume (cnt’) (SD) 4.7 (1.5) 42(1.2) 5.6(1.6) 56(1.4)

FA= fractional anisotropy; OR= optic radiations.

Table 4.10. Assessment of starting point placement in normalised space (MNI) for each optic
radiation in each group of subjects. The mean x (left-right), y (posterior-anterior), and z
(inferior -superior), coordinates (in voxel units) and the standard deviations were displayed.
The normalised voxel size was 2x2x2 mm.

Starting voxel coordinates [Mean and (SD)]

X Y z
Left optic radiation Patients 20.6 (1.1) 42.7 (3) 22.7(1.9)
Controls 20 (0.9) 43.1 (3.2) 23.1(1.2)
Right optic radiation  Patients 56.3 (1) 43.6 (2.3) 24.1 (1.8)

Controls 57.2 (1) 45.5 (2.2) 22.7 (1.8)
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Figure 4.8. (A) Difference in tract overlap between patients and controls overlaid onto a
structural template (MNI coordinates x=-30.2 mm, y=-70.1 mm, z=0.4 mm). In the “hot”
colour scale, yellow represents a bias towards the control group and red towards the patient
group. (B) Differences in SPM-derived group maps between patients and controls overlaid
onto a structural template, (a) Left optic radiation: patients show reduced VSC than controls
with the peak of the difference posterior and adjacent to the trigone (corrected p=0.04; MNI
coordinates x=-28 mm, y=-62 mm, z=4 mm). A second area localised more distally shows a
trend for reduced VSC in patients (corrected p=0.06; MNI coordinates x=-24 mm, y=-88 mm,
z=6 mm), (b) Right optic radiation: patients show reduced VSC than controls with the peak
localised in the distal part of the tract (corrected p=0.01; MNI coordinates x=18 mm, y=-88
mm, z=4 mm). A second area posterior and adjacent to the trigone also shows reduced VSC
in patients (corrected p=0.04; MNI coordinates x=28 mm, y=-66 z=2 mm). A third area at the
termination of the tract shows only a trend (corrected p=0.07; MNI coordinates x=10 mm,
y=-96 mm, z=6 mm). The colour scales indicate the t-scores.
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4.3.4. Discussion

This study has investigated the hypothesis that differences in anisotropy, volume, location
and VSC of the optic radiations reconstructed using FMT (Ciccarelli et al. 2003;Parker et al.
2002c;Parker et al. 2002a) can be found between controls and patients after their first
episode of isolated optic neuritis. The group mapping techniques used in this study comprise
novel applications of diffusion tractography, which are able to perform statistical
comparisons between groups, as discussed earlier. A similar approach has been performed to
generate probability group maps of the callosal fibres by directly applying spatial
normalisation to the tracked fibres in order to remove gross inter-individual anatomical
variability (Xu et al. 2002). Qualitative group comparisons using SPM99 have been recently
proposed (Guye et al. 2003). However, investigations of differences in brain connectivity
between subject groups have not been previously performed.

Our findings suggest that the optic radiations of patients are localised more inferiorly and
more laterally in the posterior part of the tracts (Figure 4.8, A), and have reduced VSC values
(Figure 4.8, B), compared with controls. These results were not related to the starting point
placement or to a difference in the normalisation process between patients and controls, and
therefore could reflect genuine differences between the two groups. These changes in the
connectivity and location of the optic radiations could be explained by the mechanism of
trans-synaptic degeneration secondary to the optic nerve damage (Evangelou et al. 2001).
The presence of lesions around the trigones in four patients, which is well described in optic
neuritis (Homabrook et al. 1992), also needs to be considered. Although there were no
differences in VSC values between patients who had lesions in the optic radiations compared
with those without lesions, they could have contributed to the observed changes. The lesions

could have induced FMT to trace the optic radiations around the lesions rather than across
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them (i.e. more laterally and inferiorly in patients), and have reduced the VSC due to the
degeneration of locally transected axons (Ferguson et al. 1997;Trapp et al. 1998). Therefore,
our findings have to be considered as preliminary and a larger sample of patients needs to be
studied to determine whether these changes are independent of local demyelinating lesions.
No differences were found between patients and controls in the estimated anisotropy and tract
volumes, although in the patient group a reduction of both types of measures, as a result of
axonal degeneration, might have been expected. This may relate to technical limitations, such
as the low spatial resolution of DTI (which provides information concering the average
orientation o fibres within the same voxel), or to the low value of FA in controls. This FA
value might be due to the presence within the identified optic radiation volume of grey matter
regions, which contain the points of origin and termination of the fibres, or to the presence of
crossing or curving fibres within voxels. The fact that there were no significant differences in
the estimated tract volume might relate to degeneration of the smaller neurons, which appear
to be preferentially susceptible to the trans-synaptic damage of the LGN (Evangelou et al.
2001), from which the optic radiation takes origin. However, smaller axons might also be
preferentially damaged by the presence of local lesions (DeLuca et al. 2004;Ganter et al.
1999). Moreover, the sample size of the patient group was small and may well have limited
the detection of subtle group differences in both measures.

A possible criticism to our study is that in patients a low FA value within the FMT-derived
tracts could have led to a low tract volume, making it diffucult to separate low FA from low
volume. However, there was no correlation between FA and volume for both optic radiations
in the patient group (data not shown), suggesting that it is unlikely that changes in FA would

have had a significant effect on the tract volume.

4.4. Conclusion
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In this chapter we have demonstrated that diffusion tractography can be used to investigate
structural changes in patients with white matter diseases. In the first study of this chapter, we
have shown that FMT can be used to quantify the anisotropy and volume of white matter
tracts within the brain, and that pathways of complex structure are likely to be less
reproducible than tracts of short length and simple fibre organisation. In the second study, we
created group maps of the major white matter tracts in a group of normal controls, and found
that the greater inter-subject spatial variability is present at the edge of the tracts, while the
core of the tracts seems to be well preserved across individuals. In the third study, we
employed these group mapping techniques to investigate axonal degeneration in the optic
radiations of patients with optic neuritis, and suggested that tractography based group
mapping can detect subtle pathological abnormalities beyond macroscopic lesions.

A further exciting prospect for DTI tractography is to elucidate neuronal connections between
regions of cortical grey matter (Catani et al. 2003). This will help to answer how structural
substrates influence, and are influenced by, functionally segregated neuronal circuits and how
functionally integrated networks of high complexity interact. As will be discussed in the last
chapter of this thesis, tractography maps may be combined with group maps of functional
activation. This should contribute to a greater understanding of how brain function and

structure are integrated in the normal healthy population and in pathology.
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Chapter 5

Investigation of brain functional reorganisation in PP MS
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This chapter describes the results of two studies conducted in normal controls and patients
with primary progressive (PP) MS using motor fMRI. The first study reports in detail the
fMRI response to active and passive movements of the ankle in a group of healthy subjects.
A custom made wooden manipulandum, which allows measurements of movement
amplitude, was used to perform the motor task for both the dominant and non-dominant
foot. FMRI activation in the cortical and subcortical structures with both active and passive
movements, suggesting integrative sensorimotor processing, was detected. The second study
investigates PP patients with spinal cord syndrome, who performed the same fMRI
experiment. The pattern and extert of their fMRI activations differed from that of healthy
subjects. By investigating the correlations between fMRI activity and clinical measures, we
concluded that brain functional reorganisation in our cohort of PP patients represented both

adaptive and non-adaptive responses to the CNS damage.

5.1 Identifying brain regions for integrative sensorimotor processing with

foot movement in healthy subjects

5.1.1. Introduction

Volitional movement is associated with activation of a widespread cortical and subcortical
network (Kandel et al. 2000). Imaging studies, investigating the fMRI response to volitional
movements in humans, have revealed activation in the bilateral premotor areas and
supplementary motor cortex, and primary somatosensory and motor cortex contralateral to
the moving limb (Lotze et al. 2000;Luft et al. 2002;Mayer et al. 2001;Rao et al.
1995;Scholz et al. 2000;Ward and Frackowiak 2003). Subcortical activation of the ipsilateral

cerebellum and contralateral putamen has also been described (Allison et al. 2000;Gerardin
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et al. 2003;Grodd et al. 2001;Luft et al. 2002;Maillard et al. 2000;Scholz et al. 2000;Ward
and Frackowiak 2003). Much of this neural activity may be due to the processing of
movement-related afferent input.

In an attempt to define the contribution of afferent feedback to the observed movement-
generated neural activity, comparisons have been made between active and passive
movements. Positron Emission Tomography (PET) (Mima et al. 1999;Weiller et al.
1996;Yetkin et al. 1995) and fMRI studies (Reddy et al. 2001;Yetkin et al. 1995) have
consistently demonstrated that both active and passive movements activate the contralateral
primary somatosensory and motor areas for hand movements. It has also been shown that
premotor areas (premotor and supplementary motor areas) and subcortical structures
(contralateral putamen and ipsilateral cerebellum) are similarly activated during both types of
movement (Jueptner et al. 1997;Reddy et al. 2001;Thickbroom et al. 2003;Weiller et al.
1996). This finding supports the hypothesis that the basal ganglia and the cerebellum play a
role in sensorimotor processing. Involvement of the basal ganglia in sensorimotor integration
is of particular interest for understanding the genesis of movement disorders, such as
Parkinson disease and dystonia (Abbruzzese and Berardelli 2003). However, other authors
have failed to find activation in cortical regions (e.g. premotor cortex and SMA) (Mima et al.
1999) and subcortical areas (e.g. cerebellum and basal ganglia) (Mima et al. 1999;Sahyoun
et al. 2004) with passive movements, suggesting that the contribution of the sensory
(proprioceptive) input to the activation of these structures, if any, is small.

To investigate this issue further, we compared the fMRI response to identical active and
passive movements of the ankle. While previous studies have focused mainly on upper limb
Joints, we assessed the ankle, as it is commonly and rhythmically activated during locomotion
in a similar way to that seen in the present study. In addition, unlike previous studies, we

applied the technique of conjunction analysis (Price and Friston 1997) to determine
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statistically those regions that were commonly activated by active and passive movements
and, thus, may be involved in sensorimotor processing. As a critical control experiment for
interpretation of these results, we also assessed whether there was an effect on muscular
activity, recorded during training sessions, and ankle joint angle, maintained during the fMRI

experiments, on the fMRI response.

5.1.2. Methods

5.1.2.1. Subjects

Eighteen healthy subjects without any neurological or orthopedic impairment were studied
(mean age 36.22, SD 11.7, 12 men and 6 women). As will be discussed later, two subjects
were excluded from the analysis, leaving a total of 16 subjects (mean age 37.3, SD 11.9, 10
men and 6 women). All subjects were right-foot dominant and gave informed, written

consent for the study which had been approved by the local research ethics committee.

5.1.2.2. Motor paradigm

The motor task involved dorstplantar flexion of the foot. Subjects were studied supine with
their knees flexed and their thighs supported, to ensure that spine was relaxed and minimum
amount of movement was transferred to the head during the motor task. Both feet were
strapped into a custom made wooden manipulandum (see Figure 5.1) with the rotation axes
aligned to the ankle joints, and each side was assessed separately. The paradigm consisted of
a pseudo-randomly interleaved block design of 20 second periods of active and passive

movement. Each active and each passive period was followed by 20 seconds of rest. For each
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session, a total of 11 blocks of active and 11 blocks of passive movement were performed.
The active task was auditory-cued by a metronome at a rate of 1.25Hz. The same rate was
followed by the operator (O.C.), who elicited the passive movement. The operator visually
monitored the execution of the active task to ensure accurate performance throughout both
sessions. During the rest and passive periods, subjects were instructed to relax as much as
possible without mentally rehearsing the movement. To avoid activation in the visual cortex,

subjects were told to keep their eyes closed throughout.

Figure 5.1. Bipedal wooden apparatus used for performing active and passive movements.
The subject lay down with the knees supported by cushions and placed both feet in the
pedals. Measurements ofthe ankle joint angle were also obtained.

5.1.2.3. Assessment of muscular activity

180



All subjects underwent a training session prior to the fMRI that involved simultaneous
recording of surface electromyography (EMG) from tibialis anterior and soleus. Firstly,
subjects firstly performed a maximal voluntary contraction of tibialis anterior and soleus for 5
seconds. They then performed unilateral active and passive ankle movements for two periods
of 20 seconds each. Movements were paced by a metronome at 1.25Hz.

The EMG was sampled at 2 KHz, filtered (30-1000 Hz) and amplified x 2000 (D360
Digitimer Ltd Welwyn Garden City, UK). Data was AD converted (1410-plus CED
Cambridge, UK) and recorded using the SPIKE programme (Version 4 CED Cambridge,
UK).

The EMG analysis was performed for active and passive movements. Firstly, the maximum
EMG signal was obtained by averaging the signal from 1 second period of maximum
contraction. Following this, the average EMG signal, recorded over 10 dorsi-plantar flexion
cycles was calculated, and then expressed as a percentage of the maximum EMG signal
(EMG-percentage).

To investigate the differences in EMG-percentage during active and passive sessions between

the left and the right foot, a Wilcoxon signed ranks test was used.

5.1.2.4. Ankle joint angle measurements

The position of each foot at the start of the task was neutral. The angular range of the ankle
dorst and plantar-flexion during active movement was marked during the training session for
each foot, after subjects were asked to move the foot in the most comfortable way. The same
angle was maintained by the operator during passive movement. Although each subject was

told to maintain the same angle during the fMRI experiments, the ankle joint angle was re-
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measured during the first active movement, and this new angle was maintained by the
operator throughout the subsequent passive periods.
To investigate the differences in ankle joint angle measured during the fMRI experiments

between the left and the right foot, a Wilcoxon signed ranks test was used.

5.1.2.5. MRI protocol

All imaging was performed ona 1.5 T Signé Echospeed MRI system (GE Medical System,
Milwaukee, Wis., USA). All subjects had axial brain dual echo fast spin echo (FSE) imaging
acquired prior to fMRI experiment, providing proton density and T2-weighted images [TR
2000ms, TE 30/120ms, field of view (FOV) 24 x 24 cm, matrix 256 x 256, 28 contiguous
axial slices, 5 mm slice thickness]. The functional protocol consisted of 27 interleaved
ascending slices covering the whole brain using a single shot gradient echo EPI [slice
thickness 4.6 mm, slice gap 0.4 mm, in-plane resolution 3x3 mm, TR 4 seconds, TE 60 msec,

matrix 128%64, 220 scans acquired over 14 min 40 sec].

5.1.2.6. fMRI analysis

The analysis was performed using Statistical Parametric Mapping (SPM99; Wellcome
Department of Imaging Neuroscience, London, UK) (Friston et al. 1995;Worsley and Friston
1995). The images were realigned to the first image of each experiment in order to correct for
inter-scan movement. Realignment parameters were checked in all subjects, and it was noted
that in two cases they were higher than 2 mm in at least one direction; these two subjects
were excluded from the study. The images were normalised into a standardised space for the

remaining 16 subjects (as defined by the Montreal Neurological Institute (MNI)) and
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smoothed using a full width half maximum Gaussian filter of 8 mm. By the central limit
theorem, smoothing renders the errors more normal in their distribution, thereby validating
the use of standard parametric statistics. Smoothing also helps to compensate for intersubject
neuroanatomical variability. For each subject a fixed-effects approach was adopted where the
individual smoothed images were then entered into a design matrix in which the realignment
parameters were included as covariates of no interest. The contrasts of parameter estimates
for active, passive, active greater than passive, and passive greater than active, were
generated for each subject. One sample ttests were then performed for each of these four
groups of contrasts using a random-effects approach (Friston et al. 1999;Worsley et al.

1996). Statistical SPM(T) images were thresholded at p < 0.05 corrected at voxel level for
multiple comparisons across the whole brain to determine the significant main effects. As a
“step down” analysis, in order to investigate whether there were clusters of significant
activation that did not contain any significant voxels at the chosen threshold (Friston et al.
1996a), a p value < 0.05 corrected at cluster level for multiple comparisons across the whole

brain was also used (Poline et al. 1997). Activation maps were spatially identified using

MRIcro (Rorden and Brett 2000).

5.1.2.7. Effect of muscular activity and ankle joint angle on the fMRI response

Previous analysis determined that gender did not correlate with either fMRI response or age
(data not shown), whilst there was a trend between age and fMRI activity during active and
passive movement. Therefore age was considered in the subsequent analyses.

We were interested in assessing the main effects of muscular activity and ankle joint angle on
the fMRI response. Three separate linear regression analyses using SPM99 were performed.

In the first analysis, EMG-percentage of the tibialis anterior and soleus during the active
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periods was included as a regressor, and age as a covariate of no interest. Both negative and
positive correlations between the fMRI response to active movement and EMG-percentage
were investigated. In the second regression analysis, the ankle joint angle maintained during
the fMRI experiments was used as a regressor, and age as a covariate of no interest. Both
negative and positive correlations between the fMRI responses to active movements and
ankle joint angle maintained during the fMRI experiments were tested. The third regression
analysis was the same as the second except that the passive movement related contrasts were
substituted for the active ones. Statistical inferences were performed by using a p value <

0.05 corrected at voxel level for multiple comparisons across the whole brain.

5.1.2.8. Conjunction of active and passive movement

To identify the areas of common activation during the active and passive movements, a
conjunction analysis (Price and Friston 1997) was used using SPM2 (Wellcome Department
of Imaging Neuroscience, London, UK) (Friston et al. 2002). Conjunction analysis assesses
the conjoint expression of two effects and tests the null hypothesis that there is no effect o
the two tasks on the fMRI response. In order to perform a conjunction analysis, it was
necessary to obtain in each fMRI experiment two baselines, i.e. rest periods, one for active
movement and one for passive movement. Therefore, the rest periods were divided into two
groups: the rest scans acquired after the active periods were considered as baseline for active
movement (rest[active]), while the rest scans after the passive periods were used as baseline
for passive movement (rest[passive]). For each subject, at the first level, a new design matrix
was generated, and the following four contrasts were created: active, rest[active], passive, and
rest[passive]. These contrasts were entered into the second level analysis using a multi-

subjects conditions and covariates model. Two new contrasts, i.e. active greater than
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rest[active], and passive greater than rest[passive] were generated and a conjunction analysis
between these two contrasts was performed.

Since more than one contrast per subject was entered into the model, there was a potential
risk of violating assumptions about non-sphericity (independently and equally distributed
error terms (Friston 1995)). Therefore, a non-sphericity correction was implemented (Friston
et al. 2002). The SPM(T) maps generated by the conjunction analysis were thresholded at p

value < 0.05 corrected at voxel level for multiple comparisons across the whole brain.

5.1.3. Results

5.1.3.1. Effect of muscular activity and ankle joint angle on the fMRI response

The EMG-percentages calculated for the tibialis anterior and soleus during both active and
passive periods are summarised in Table 5.1. All subjects were able to relax completely
during passive movements and no stretchrevoked activity was observed. The apparently
higher EMG-percentage of the soleus muscle during passive movement was due to movement
related noise in two subjects. There were no significant differences in the EMG-percentages
during active and passive sessions between the dominant and non-dominant foot. Also, there
was no correlation between either tibialis anterior or soleus EMG-percentage during active
movement and the fMRI response to active movement.

The mean right and kft ankle joint angles, measured during foot movement, were 29.25° (SD
12.20) and 33.31° (SD 14.9), respectively, during the training session, and 28.94° (SD 12.86)
and 33.44° (SD 13.8), respectively, during the fMRI experiment. The differences in these

joint angles between the two sides were not significant. Further, no correlation was found
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between the ankle joint angles maintained during the fMRI experiments and the fMRI

responses to either active or passive movement.

Table 5.1. EMG-percentage recorded during the training session.

Right foot Left foot
Tibialis ant  Soleus Tibialis ant  Soleus
Mean EMG-percentage of 12.3 17 15.1 14.2
active movements (SD) (7.5) (11.7) (10.9) (10.8)
Mean EMG-percentage of 0.8 2.6 0.6 2.5
passive movements (SD) 0.9) @31 (0.6) (2.6)

5.1.3.2. Brain activation

The cortical and subcortical regions significantly activated during active and passive
movement of the right and left foot are listed in Table 5.2. Figure 5.2 shows the

corresponding SPM(T) maps.

1)_Cortical activation during active movement

Both right and left foot active movements were associated with activation of the contralateral
primary somatosensory cortex (SI) and primary motor cortex (MI) in the paracentral lobule.
Activation was also found, more posteriorly, in the contralateral post-central gyrus, and in the
ipsilateral superior temporal gyrus. Additionally, active movement of the right foot activated
the ipsilateral supplementary motor cortex (SMA), as well as the bilateral insula and rolandic
operculum. In contrast, active movement of the left foot activated the contralateral SMA,

contralateral rolandic operculum and supramarginal gyrus, and ipsilateral superior temporal
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pole. Thus, the right SMA was significantly activated by both right and left active

movements.

2) Subcortical activation during active movement

Active movements of both feet activated the ipsilateral cerebellum in lobules III, IV and V
and the rostral vermis. Also, active movement of the right foot activated the contralateral
thalamus and cerebellum, whilst active movement of the left foot activated the contralateral

posterior and superior putamen.

3) Cortical activation during passive movement

Both right and left foot passive movements were associated with activation of the
contralateral SI-MI and the contralateral post-central gyrus. Bilateral activation of the
rolandic operculum, with extension to the supramarginal gyrus or to the superior temporal
gyrus in either foot, was also found. Passive movement of the left foot additionally activated

the contralateral SMA and the bilateral superior temporal pole.

4) Subcortical activation during passive movement

Passive movements of both feet were associated with activation of the ipsilateral cerebellum

and contralateral posterior putamen.

5.1.3.3. Differences in brain activation between active and passive movement

A list of all regions which showed a greater activation during active than passive movement

is given in Table 5.3. Figure 5.3 shows two of these regions.
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Active movements of either feet generated greater activation than passive movement in the
ipsilateral SI-MI, ipsilateral cerebellum and ipsilateral superior temporal gyrus. Additionally,
active movement of the right foot was associated with greater activation in the ipsilateral
SMA and inferior parietal gyrus, as well as in the superior vermis and contralateral superior
temporal gyrus, whilst active movement of the left foot generated a greater fMRI response in
the contralateral posterior and superior putamen.

Passive movement of both feet did not generate greater activation in any region when

compared with active movement.

5.1.3.4. Common activation between active and passive movement

The conjunction analysis of the active and passive contrasts, revealed that several regions
were commonly activated during both active and passive movements of each foot (Table 5.4).
Figure 5.4 shows the corresponding SPM(T) maps.

Significant activation was found in the contralateral SI-MI (paracentral lobule), contralateral
SMA, bilateral rolandic operculum and insula, ipsilateral cerebellum, and contralateral
posterior putamen. Additionally, conjunction of the left foot showed a common activation in

the ipsilateral superior temporal gyrus and contralateral superior temporal pole.
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Table 5.2. Brain regions activated by movement of the right and left foot.

Right foot Left foot
Active movement Xyz Zscore P value at voxel level  Active movement Xyz Zscore P value at voxel level
Right cerebellum 18-34-30 5.52 0.003 Left cerebellum -18 -38 -28 6.48 0.0001
Left SI-MI -6 -10 68 5.48 0.004 Right SI-MI, SMA, post- 8-38 64 6.19 0.0001
central g.
Vermis 2-48 -8 5.46 0.005 Left sup. temporal g. 46 -30 12  5.56 0.003
Right SMA 8256 5.44 0.005 Vermis 2-52-6 5.49 0.004
Left thalamus -16 -16 10 5.26 0.014
Left postcentral g. -10 40 64  5.08 0.038
P value at cluster P value at cluster level
level (cluster size) (cluster size)
Right sup. temp. g. /rolandic op. 48 -26 18 4.89 0.0001 (506) Right putamen 26-6 12 477 0.0001 (771)
Right insula 46 6 -4 4.68 0.004 (176) Right rolandic op. 46 -26 16 429 0.0001 (543)
/supramarginal g.
Left cerebellum -34 .58 -32  4.44 0.01 (150) Left sup. temp. pole -504 -2 4.30 0.046 (129)
Left insula /rolandic op. 4842 4.27 0.012 (143)
Passive movement P value at voxel level  Passive movement P value at voxel level
Left post-central g. -8-3662 5.80 0.001 Right SMA 8-18 70 595 0.0001
Left SI-MI 4 -20 64 5.25 0.015 Right SI-MI, and post-central  8-34 68 5.80 0.001
Left cerebellum -16 -38-32 524 0.016
P value at cluster P value at cluster level
level (cluster size) (cluster size)
Right cerebellum 22-36-28 4.87 0.0001 (415) Right rolandic op. 50-26 18 485 0.0001 (842)
/supramarginal g.
Left putamen -30-66 4.53 0.006 (183) Right sup. temp. pole 526-2 445 0.001 (208)
Left sup. temp. g. /rolandic op. 46 -28 20 433 0.01 (169) Left rolandic op. -50-2020 4.20 0.004 (170)
/supramarginal g.
Right sup. temp. g. /rolandic op. 48-2618  4.25 0.004 (200) Right putamen 32-82 4.04 0.002 (196)
Left sup. temp. pole 4462 3.79 0.036 (109)

Regions are listed accordingly to their Z-scores. Coordinates are given in mm in MNI space. P values are corrected at voxel level for multiple
comparisons; as a “step down” analysis, p values corrected at cluster level for multiple comparisons across the whole brain are also shown.

SI-MI = primary sensorymotor, SMA = supplementary, g. = gyrus, sup. = superior, post. = posterior, temp.=temporal, g.=gyrus, op.operculum.
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Figure 5.2. Brain activation during movements of the right (a and b) and left (c and d) foot.
(a) Active movement of the right foot activates the right cerebellum, left SI-MI, rostral
vermis, right SMA, left thalamus and left post-central gyrus.

(b) Passive movement of the right foot activates the left SI-MI and post-central gyrus.

(¢) Active movement of the left foot activates the left cerebellum, right SI-MI and SMA, right
superior temporal gyrus and rostral vermis.

(d) Passive movement of the left foot activates the right SMA and SI-MI, and the left
cerebellum.

The SPM(T) maps were thresholded at p < 0.05 carected at voxel level for multiple
comparisons across the whole brain and overlaid onto glass brain.
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Table 5.3. Brain regions activated to a greater extent by active movement than passive movement.

Right foot Left foot
Regions Xyz Zscore P value at voxel Regions Xyz Zscore P value at voxel
level level
Right SI-MI, SMA 8-2660  5.81 0.001 Left cerebellum -10-40-20 5.76 0.001
Right sup. temporal g. 64 -22 4 532 0.01 Left SI-MI -6 -28 60 5.07 0.04
P value at cluster P value at cluster
level (cluster size) level (cluster size)
Right cerebellum/ 10-46-14 498 0.0001 (1025) Left sup. temporal g.  -48 -30 8 4.25 0.01 (173)
vermis
Right inf. parietal g. 46-4244 4.16 0.033 (112) Right putamen 26-614 3.83 0.069 (110)

Left sup. temporal g -56-266 4.03 0.003 (180)

Regions are listed accordingly to their Z-scores. Coordinates are given in mm in MNI space. P values are corrected at voxel level for multiple
comparisons; as a “step down” analysis, p values corrected at cluster level for multiple comparisons across the whole brain are also shown.
SI-MI = primary sensorymotor, SMA = supplementary, g. = gyrus, sup. = superior, inf. = inferior.
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Figure 5.3. Examples of brain regions which are activated to a greater extent by active

movement than passive movement.
(a) Right SI-MI showed a greater activation during active movement of the right foot than

passive (MNI coordinates 8 -26 60).
(b) Left cerebellum showed a greater activation during active movement of the left foot than

passive (MNI coordinates -10 -40 -20).
The SPM(T) maps were thresholded at p < 0.05 corrected at voxel level for multiple
comparisons across the whole brain and overlaid onto single-subject T 1 template.
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Table 5.4. Brain regions commonly activated during active and passive movements detected by the conjunction analysis.

Right foot Left foot
Regions Xyz Zscore P value Regions Xyz Zscore P value
Left SI-MI -10-4064  7.83 0.0001  Right SI-MI 10 -38 66 Inf 0.0001
Left SMA -4 -20 62 7.00 0.0001 Right SMA 8-2072 Inf 0.0001
Right rolandic operculum 42 -28 22 6.57 0.0001  Left cerebellum -16-38-30 Inf 0.0001
Right cerebellum 18 -34 -26 6.24 0.0001 Right rolandic operculum 42 -28 18 Inf 0.0001
Left rolandic operculum -48 -26 20 5.75 0.001 Left insula/rolandic operc.  -50 6 -2 6.36 0.0001
Left putamen -30-28 5.45 0.005 Left sup. temporal g. -48 -26 16 6.07 0.0001
Left insula -4822 5.27 0.012 Right sup. temporal pole 5660 6.02 0.0001
Right insula 5260 5.21 0.016  Right putamen 32-84 5.78 0.001
Right insula 44 6 4 5.02 0.038

Regions are listed accordingly to their Z-scores. Coordinates are given in mm in MNI space. All the p values listed are corrected at
voxel level for multiple comparisons across the whole brain. SI-MI = primary sensorymotor, SMA = supplementary, g. = gyrus, sup.
= superior.
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Figure 5.4 (a and b)

Figure 5.4. Brain regions which were statistically commonly activated during active and
passive movements.

(a and c¢*) The conjunction analysis of the active and passive contrasts of the right foot shows
significant activation in the left SI-MI and SMA, in the right cerebellum, in the left putamen,
in the bilateral rolandic operculum and in the bilateral insula.

(b and d**) The conjunction analysis of the active and passive contrasts of the left foot shows
significant activation in the right SI-MI and SMA, in the left cerebellum, in the bilateral
rolandic operculum and insula, in the left superior temporal gyrus and in the right superior
temporal pole.

The SPM(T) maps were thresholded at p < 0.05 corrected at voxel level for multiple
comparisons across the whole brain and overlaid onto glass brain (a and b) and onto single-
subjects T1 template in axial sections 2 mm apart (c* and d**).

* Figure 5.4 (c¢) ** Figure 5.4(d) are displayed on the following two pages, respectively.
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Figure 5.4 (c).
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Figure 5.4 (d).
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5.1.4. Discussion

The present study identified regions that were commonly activated during passive and active
ankle movements using fMRI. Such a study required that the movements performed were
identical and that subjects were completely relaxed during the passive movement. Previous
PET studies (Mima et al. 1999) have used computer controlled torque motors to standardise
the movement amplitude and speed between conditions. Here, we also ensured careful control
of the amplitude and timing of movements by using a wooden manipulandum. Our subjects
had a training session, with recording of surface EMG prior to the study, to ensure that they
relaxed fully during the passive movements. In addition, we confirmed that small differences
of voluntary muscle recruitment for movement between subjects were not strong determinants
of the magnitude of the fMRI activation. This finding extends previous fMRI data
(Thickbroom et al. 1999), which also failed to show a strong effect of the level of force on
the fMRI activation with dynamic finger flexion.

We have described an extensive network that is common to or “shared” by active and passive
movements. Looking at the results obtained in both feet using conjunction analysis, a general
fMRI pattern can be identified, which includes activation in the contralateral primary motor
and somatosensory cortex, which has been consistently demonstrated previously (Alary et al.
1998;Carel et al. 2000;Mima et al. 1999;Sahyoun et al. 2004;Weiller et al. 1996). We also
found a significant activation in the premotor cortex (the bilateral rolandic operculum),
contralateral SMA, bilateral insula, ipsilateral cerebellum and contralateral putamen. Such
common activation during active and passive movements might reflect the activation of
regions that are directly involved in sensorimotor processing. Therefore, the fMRI response in
the premotor and subcortical structures might reflect the contribution of these regions in

processing sensory information. This is supported by the finding that proprioceptive
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discrimination may be impaired after cerebellar (Grill et al. 1994;Shimansky et al. 1997) and
basal ganglia lesions (Demirci et al. 1997). Abnormalities in these regions of sensorimotor
integration may have a role in the aetiology of movement disorders, such as Parkinson’s
disease (Abbruzzese and Berardelli 2003;Middleton and Strick 2000) and dystonia (Hallett
1995). This type of evidence could also help to explain clinical characteristics of these
diseases, such as the complexity of the patterns of muscle activation and stimulus sensitivity
in dystonia.

The identification of activation in the premotor cortical and subcortical structures during
passive movement confirms earlier findings in studies employing finger (Reddy et al.
2001;Thickbroom et al. 2003) or elbow movement (Weiller et al. 1996), whilst it is in
contrast with the findings of others authors (Mima et al. 1999;Sahyoun et al. 2004). Sahyoun
et al. dd not identify significant subcortical activation with passive movement of the right
foot, although they reported activation in the premotor areas (Sahyoun et al. 2004). Mima et
al reported that only the contralateral primary and sensory somatosensory areas were activated
by the passive movement of the right middle finger (Mima et al. 1999). There are several
possible reasons for these discrepancies. The most likely explanation may simply be the
different sensitivity of the imaging experiments. Differences could also arise from differences
in joints examined or in types of afferent stimulation. In particular, Mima et al (Mima et al.
1999) avoided cutaneous afferent stimulation, whilst our task involved a continuous
cutaneous stimulation of the plantar aspect of the foot. Thus, differences in the pattern and
context of afferent stimulation may result in different activation patterns. For example, the
cerebellum is notable for showing context-specific responses to afferent input (Prochazka
1989). Neurons within the inferior olive, which projects to the cerebellum, may show
differential responses to afferent stimulation depending on whether it is actively or passively

generated, and depending on whether or not the stimulus is normally associated with a
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particular movement (Gellman et al. 1985;Hartmann and Bower 2001;Houk and Wise 1995).
Therefore, the relationship between the nature of afferent stimulation and patterns of
subcortical brain activation deserves further study.

We have demonstrated that active movements induced a greater fMRI response than passive
movement in the ipsilateral primary motor and somatosensory cortex and in the ipsilateral
SMA. This suggests greater relative involvement of the ipsilateral motor and premotor
cortices in the control of simple foot movement than for similar hand movements (Reddy et
al. 2001;Weiller et al. 1996). Luft et al. (Luft et al. 2002) found that knee movement showed
a lower lateralisation of the primary motor and somatosensory cortex than other upper limb
tasks, suggesting that the ipsilateral cortex has a significant specific role in the motor
processing of lower limb movement. We also found that the ipsilateral cerebellum and the
contralateral posterior putamen showed a significantly greater activation during active
movement than passive. These findings are in general agreement with the study of Sahyoun et
al (Sahyoun et al. 2004), that reported a greater activation during active movements in similar
regions, extending to the contralateral cortical and ipsilateral subcortical regions.

In conclusion, our investigation of passive movements emphasises the wide distribution of
afferent input into brain regions involved in motor control of the foot. Abnormalities of
sensory processing or sensorimotor integration might be associated with a broad range of
pathologies of movement control. FMRI studies, aimed at identifying the common functional
activation during active and passive movements might assist in this characterisation. More
generally, since passive movements do not depend on conscious motor planning or the ability
to execute a movement, such studies may prove valuable in the investigation of neurological

patients, such as those with multiple sclerosis, as shown in the next study.
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5.2. Role of functional brain changes in PP MS

5.2.1. Introduction

Recent fMRI studies have shown that in patients with MS the pattern of brain activation
during motor tasks differs from that of normal controls, in both location and extent of
activation (Filippi and Rocca 2003;Pantano et al. 2002a;Rocca et al. 2003a). The key
question is whether these functional changes are adaptive and contribute to maintain clinical
function, or are non-adaptive. The importance of aldressing this question is that, if the
cortical fMRI changes are adaptive and limit the impact of brain injury, they might present
targets for future therapies.

Previous fMRI studies aimed to answer this question, and reported increased functional
activation with increasing brain and spinal cord pathology measured by conventional and non-
conventional MRI (Filippi et al. 2002b;Lee et al. 2000;Pantano et al. 2002b;Reddy et al.
2000a;Rocca et al. 2002a;Rocca et al. 2003a). Since patients were performing the motor task
using unaffected limbs, the authors suggested that cortical reorganisation following MS tissue
damage has an adaptive role. However, these studies mainly employed active movement of
the hand, which is more extensively represented in the motor cortex than is the foot (Penfield
W. and Rasmusseun T. 1950). The fMRI response to foot movement in patients with MS has
not been widely investigated, although movement at the ankle joint is critical for walking and
directly relates to mobility.

Primary progressive (PP) MS (Thompson et al. 2000) offers the possibility of investigating
the mechanisms of progression of disability in MS without the confounding factors of clinical
attacks and high MRI activity (Thompson et al. 1991;Wolinsky 2003). The majority of

patients with PP MS present with a progressive spinal cord syndrome and, therefore, reduced
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mobility is one of the main areas of disability. Hence, investigation of brain fMRI response to
foot movement might provide insights into the mechanisms underlying the disability.

A common issue with fMRI studies of pathology is that the motor task may not be matched
for performance between patients and controls, which could contribute to differences in fMRI
activation between the groups. A possible solution is to employ passive movement, which
theoretically activates the motor output via the sensory afferents only, as discussed in the
previous study. A recent fMRI study in patients with relapsing-remitting MS used passive
movement of the third finger and reported activation changes that were felt to reflect true
functional reorganisation of the motor pathways (Reddy et al. 2002).

Therefore, the aim of this study was to investigate functional reorganisation in patients with
PP MS using the motor paradigm and the custom made wooden manipulandum employed in
the previous study. The paradigm included both active and passive movement of the dominant
and non-dominant foot, and all subjects underwent a training session, during which
measurements of muscular activity were obtained by using superficial electromyography
(EMG). Movement amplitude during the fMRI acquisition was also recorded and taken into
account m the analysis. To investigate further the role of functional changes in patients, the
relationships between the fMRI responses to active and passive movements and clinical and
brain and spinal cord MRI measures were assessed. We expected a greater fMRI response in
patients with lower disability, along with lower brain and spinal cord damage, supporting the

hypothesis of adaptive functional changes.

5.2.2. Methods

5.2.2.3. Subjects
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We recruited 14 patients with PP MS (Thompson et al. 2000) (mean age 46.6 SD 11.3, 9 men
and 5 women), who attended the National Hospital for Neurology and Neurosurgery in
London. All patients underwent conventional neurological assessment and were scored on the
EDSS (Kurtzke 1983), 25foot Timed Walk Test (TWT), Paced Auditory Serial Addition Test
(3 seconds) (PASAT), Nine Hole Peg Test (9HPT) (Cutter et al. 1999), and Ashworth scale
for spasticity (Bohannon and Smith 1987). Patients with PP MS affected by spinal cord
syndrome, with lower limb spasticity = 3 at the Ashworth scale, and normal or mild
proprioceptive deficit, were recruited. One patient could not complete the fMRI experiment
and was then excluded from the analysis, leaving a total of 13 patients (mean age 46 SD 11.5,
9 men and 4 women).

The characteristics of the healthy controls included in this study are described above
(paragraph 5.1.2.1).

All patients and controls were right-foot dominant. All subjects gave informed, written
consent before the study, which was approved by the local research ethics committee.

The difference in age between patients and controls was not significant (p=0.06, two sample t
test). Moreover, there was no significant effect of age on the fMRI response in both patients
and controls at p value < 0.05 corrected for multiple comparisons (data not shown).

Therefore, age was not considered in the subsequent statistical modelling.

5.2.2.4. Motor paradigm

The motor paradigm is described above (paragraph 5.1.2.2).

5.2.2.5. Assessment of muscular activity
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The assessment of muscular activity was performed as reported above (paragraph 5.1.2.3).

In the patient group, to investigate the differences in EMG-percentage of active and passive
movements between the dominant and non-dominant foot, a Wilcoxon signed ranks test was
used. The same analysis was performed in the control group, as reported above (paragraph
5.1.2.3). Differences in EMG-percentage between patients and controls were assessed using a

Mann- Whitney U test.

5.2.2.6. Ankle joint angle measurements

Measurements of the movement amplitude are described above (paragraph 5.1.2.4).

In the patient group, a Wilcoxon signed ranks test was used to investigate the differences in
ankle joint angle during the fMRI between the dominant and non-dominant foot. The same
analysis was performed in the control group, as reported above (paragraph 5.1.2.4). To assess
differences in movement amplitude between patients and controls, a Mann-Whitney U test
was used. Furthermore, the ankle joint angle was taken into account (as a covariate) in the
following analysis as a possible factor contributing to the differences in the fMRI response

between the two groups.

5.2.2.7. fMRI protocol and analysis

The functional protocol is described in paragraph 5.1.2.5. The analysis of the fMRI data in
patients was performed using SPM99 and included the following steps (which are identical to
those used in the analysis of controls described above (paragraph 5.1.2.6)): realignment,
normalisation, and smoothing. A fixed effects approach was adopted for each patient’s foot

and the contrasts of parameter estimates for active and passive were generated. For each foot,
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two types of analyses were repeated for active and passive movement. Firstly, to investigate
the behavior of the fMRI response in patients, one-sample t test was performed for each
contrast using a random-effects approach (Friston et al. 1999) (Worsley et al. 1996). This is
the same approach that was used to investigate the fMRI response in controls (see paragraph
5.1.2.6). Statistical SPM(T) images were thresholded at p < 0.05 corrected at voxel level for
multiple comparisons across the whole brain to determine the significant main effects.
Secondly, to investigate differences in the fMRI response between patients and controls, a
conditions and covariates model was employed, entering the subject specific contrasts; patient
and control groups were considered as conditions and ankle joint angle as covariate. Active
and passive movements were assessed with separate models. For each model, two contrasts
were estimated, e.g. patients greater than controls and controls greater than patients. Statistical
SPM(T) images were thresholded at p < 0.05 corrected at voxel level for multiple
comparisons within ROIs which were chosen a priori. These ROIs were created as spheres or
boxes and centred on brain structures which are known to be part of the motor network and/or
were reported in previous publications (Filippi et al. 2002b;Filippi and Rocca 2003;Rocca et
al. 2002b;Sahyoun et al. 2004), using MRIcro (Rorden and Brett 2000) as a reference. A list

of the ROIs used for this analysis is provided in Table 5.5.
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Table 5.5. Regions of interest defined a priori for the SPM99 analysis.

Regions Shape and radius (r) or|x,y, z of the
dimensions (d) in mm centre
Right paracentral lobule (SI-M1, area 3,1,2,4) Sphere, =15 10-32 68
Left paracentral lobule Sphere =15 -10 32 68
Right cerebellum Sphere, =15 25-48 -37
Left cerebellum Sphere, =15 -25 48 -37
Right supplementary motor area (SMA) Sphere, =15 8-6 64
Left supplementary motor area Sphere, r=15 -8 -6 64
Right premotor cortex Sphere, r=15 20-8 64
Left premotor cortex Sphere, r=15 -20 -8 64
Superior vermis Box, d=15%25x20 0-55-16
Inferior vermis Box, d= 15x18x%20 0-61-40
Right thalamus Sphere, =12 13-177
Left thalamus Sphere, =12 -13-177
Right putamen (post. part) Sphere, =12 3009
Left putamen Sphere, =12 3009
Right caudate Sphere, =12 141313
Left caudate Sphere, =12 -14 1313
Right precuneus Sphere, =15 8-54 64
Left precuneus Sphere, =15 -8 54 64
Right postcentral gyrus (SII, area 5 and 7) Sphere, r= 12 20-3672
Left postcentral gyrus Sphere, =12 -20 -36 72
Right superior frontal gyrus (ant. part, area 10) | Sphere, r= 12 286013
Left superior frontal gyrus Sphere, =12 -2860 13
Right middle frontal gyrus Sphere, =12 3734 40
Left middle frontal gyrus Sphere, =12 -3734 40
Right middle cingulate cortex (area 24) Sphere, r= 12 7-12 44
Left middle cingulate cortex Sphere, r= 12 -7-1244
Right inferior parietal gyrus (area 40) Sphere, r= 12 48-24 20
Left inferior parietal gyrus Sphere, =12 48 -24 20
Right rolandic operculum Sphere, =12 5594
Left rolandic operculum Sphere, r= 12 -5594
Right sup. temporal gyrus Sphere, =10 5415 -12
Left sup. temporal gyrus Sphere, =10 -54 15-12
Right inferior frontal gyrus Sphere, r= 12 46 31 12
Left inferior frontal gyrus Sphere, =12 463112
Right insula Sphere, =10 4412 -2
Left insula Sphere, =10 4412 -2
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5.2.2.8. Structural MRI protocol and analysis

Brain lesion load All subjects had axial brain dual echo FSE imaging acquired prior to fMRI

experiment, providing PD and T2-WI (see paragraph 5.2.1.5 for acquisition parameters).
These images were displayed on a Sun workstation (Sun Mycrosystems, Mountain View, CA
using the Displmage software package). Lesion loads were calculated by a single observer
(O.C.) blinded to the clinical details on the PD images (with reference to the T2 images) using

a semiautomated local contour thresholding technique (Plummer 1992).

Brain atrophy. Patients underwent also a 3D inversion-prepared fast spoiled gradient recall
(FSPGR) sequence of the brain [TR 13.3ms, TE 4.2ms, FOV 300x225, matrix 256x160
reconstructed as 256x256 for a final in plane resolution of 1.17 mm, 124 contiguous axial
slices, 1.5 mm slice thickness]. Images were segmented into white matter (WM), grey matter
(GM) and cerebrospinal fluid (CSF) using SPM99 accordingly to a protocol previously
described (Chard et al. 2002b). The SPM99 outputs were checked to ensure that the
segmentation was successful. Images were displayed on a Sun workstation and lesions were
outlined using a semiautomated local thresholding technique (Plummer 1992). The lesion
contours were then subtracted from WM, GM and CSF masks, producing four mutually
exclusive masks (i.e. WM, GM, CSF, and lesions) with their associated volumes in ml.
Volumes were estimated with a caudal cut-off point which was defined as the most cranial
slice of the cord not-containing cerebellum. Brain parenchymal fraction (BPF) was calculated
as WM + GM + lesion mask volumes divided by the total intracranial volume, which was
defined as WM + GM + CSF + lesion mask volumes. Grey matter fraction (GMF) was
calculated as GM mask volume divided by the total intracranial volume. Although the impact

of lesions’ masks on brain tissue fraction is known to be small (lesion fraction in our cohort
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was of 0.6% of total intracranial volume), considering all lesions within WM further reduces

this miscalculation (all lesions outlined on the FSPGR were indeed in the WM).

Spinal cord atrophy. Patients also had a volume-acquired, inversion-prepared, fast spoiled

gradient (FSPG) echo sequence of the spinal cord [TR 15.6ms, TE 4.2ms, TI 450ms, flip
angle 20°, FOV 250x250, matrix 256x256, 60 slices, 1 mm slice thickness]. Five contiguous
3mm axial slices (perpendicular to the spinal cord) were reformatted from the caudal
landmark of C2-3 inter-vertebral disc, and a coil radiofrequency uniformity correction was
applied (Tofts et al. 1994). Cord area was measured using a semiatomated method previously

described (Losseff et al. 1996b).

Spinal cord lesions. Finally, patierts also underwent an FSE sequence of the whole spinal

cord [TR 2500ms, TE 45/90ms, echo train length 16, FOV 48x48, matrix 512x512, 9
contiguous sagittal slices, 3 mm slice thickness]. On the printed images, the number of spinal

cord lesions was identified by expert radiologists.

Correlations between all the above mentioned structural MRI measures and EDSS were

investigated using Spearman’s correlation coefficient.

5.2.2.9. Correlations between fMRI and clinical and structural MRI measures

In order to investigate whether clinical measures (e.g., EDSS, TWT, PASAT, 9HPT,
Ashworth score), brain structural MRI measures (e.g., T2 lesion load, BPF, GMF), and spinal
cord MRI measures (e.g., atrophy and lesion number) have an effect on the fMRI response of

patients, a linear regression analysis using SPM99 was performed separately for each
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measure. An arbitrary value of 20 for spinal cord lesions was given to the patients who
showed diffuse T2 signal change in the spine. Both negative and positive correlations between
the fMRI response to active and passive movement and the clinical or MRI measure were
investigated separately. To reduce the risk of obtaining false positive results, due to the high
number of correlations tested, statistical inferences were performed by using a p value < 0.01
corrected at voxel level for multiple comparisons within the ROIs (Table 5.5). No further
correction for the number of ROIs considered was applied, for the following reasons: (1)
Neither the BOLD response within ROIs, nor the clinical and MRI measures, can be
considered as independent tests, (ii) This is an exploratory study, and further work is needed
to confirm our findings. For significant voxels, the value of R-squared and the plot of
parameter estimates against the variable of interest were obtained using SPSS 11.5 for

Windows.

5.2.3. Results

5.2.3.1. Clinical and structural MRI findings in patients

In Table 5.6, clinical and MRI characteristics of patients are reported. Only three patients had
mild sensory deficits in the lower limbs. Two patients had diffuse T2 signal change which
affected the whole spine.

There was a significant correlation between EDSS and T2 lesion load (r=0.57, p=0.04). No

other correlations were found between EDSS and other structural MRI measures.
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Table 5.6. Clinical and radiological characteristics of patients with PPMS.

Disease duration mean 8.69 years (SD 7.49)
EDSS median 4.0 (range 3-6.5)
25-foot timed walk test mean 7.42 sec (SD 3.44)
PASAT mean 50.77 (SD 8.86)
9hpt-dh mean 24.99 sec (SD 5.03)
9hpt-ndh mean 26.55 sec (SD 6.33)
Ashworth left leg median 1 (range 0-3)
Ashworth right leg median 2 (range 0-3)

T2 lesion load mean 10.7 ml (SD 11.18)
Spinal cord area mean 64.08 mm’ (SD 9.68)
Spinal cord lesions mean 4.4 (SD 3.5)*

Brain parenchymal fraction mean 0.80 (SD 0.03)
Grey matter fraction mean 0.53 (SD 0.3)

EDSS= Expanded disability status scale, PASAT= Paced Auditory Serial Addition Test, Shpt-
dh= Nine Hole Peg Test-dominant hand, %hpt-ndh= Nine Hole Peg Test-non-dominant hand.
*Two patients had diffuse T2 signal change in the spine and were not included in the
calculation of this mean.

5.2.3.2. Muscular activity and ankle joint angle measurements

All subjects were able to relax completely during passive movements. In the patient group,
there were no significant differences in: (i) EMG activity, measured during the training
sessions, for either active or passive movement, and (ii) movement amplitude, measured
during both the training and fMRI sessions, between the dominant and non-dominant foot
(Table 5.7 and 5.8). These findings were similar to those obtained in the control group
(paragraph 5.1.3.1). Although the EMG-percentages and the ankle joint angles of controls
have been already shown (Table 5.1), they are repeated in Table 5.7 and 5.8 for display

purposes. Although patients and controls showed similar EMG activity in both muscles
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during active and passive movements (Table 5.7), patients had a smaller left ankle joint angle

than controls during both the EMG (p=0.045) and fMRI sessions (p=0.022) (Table 5.8).

Table 5.7. EMG activity recorded during the training session before the fMRI.

Controls Patients

Right foot Left foot Right foot Left foot

Tib. Soleus Tib. Soleus Tib. Soleus Tib. Soleus
mEMG- 12.3 17 15.1 14.2 17.6 25.6 16.6 22.6
% (SD) (7.5 (1L7) (109 (10.8) (10.1) (21.7) (10.5) (17.1)
of active
movement
mEMG- 0.8 2.6 0.6 2.5 1.1 4.02 0.99 4.25
% (SD) 09 @31 0.6) (2.6) 09 3.1 0.8) 3.7
of passive
movement

M= mean Tib.= tibialis anterior

Table 5.8. Ankle joint angles maintained during the EMG and fMRI sessions in patients and

controls.

Controls Patients
Right foot Left foot Right foot  Left foot
Mean ankle joint  29.25 (12.2) 33.31(14.9)  25.77(6.65) 22.92 (11.7)*
angle during
EMG (SD)
Mean ankle joint 2894 (12.9) 3344 (13.8)  25.62(11.5) 22.15(11.5)**

angle during
fMRI (SD)

*Significantly different from controls, p=0.045, Mann-Whitney U test, **Significantly
different from controls, p=0.022, Mann-Whitney U test.
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5.2.3.3. fIMRI response to active and passive movements

Patients and controls activated several regions during active and passive movements of either
the dominant or non-dominant foot (Table 5.9). All the brain regions activated in controls
with both movements are summarised and displayed above (paragraph 5.1.3.2, Table 5.2,
Figure 5.2). In Table 5.9 only those which showed activation at p < 0.05 corrected at voxel
level for multiple comparisons across the whole brain are listed. Figure 5.5 shows the SPM(T)
maps of the patient group.

Considering the results of active movements of either foot in both groups, there was a
significant activation in the contralateral SI-MI, as well as in the contralateral SMA and SII,
in the ipsilateral cerebellum and vermis, and in the basal ganglia. Passive movements
activated similar regions, including the contralateral SI-MI, as well as the SMA and SII, and

the ipsilateral cerebellum.
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Table 5.9. Brain regions activated by active and passive movements of the right (dominant) and left (non-dominant) foot in patients and
controls.

Right foot Left foot
Controls Patients Controls Patients

Active Xyz Z P Xyz Z P Active Xyz ZzZ P Xyz Z P

Right cerebellum 18 -34 -30 5.52 0.003 14 -36-304.98 0.05 Left cerebellum -18-38-28 6.48 0.0001

Left SI-MI -6-1068 5.48 0.004 -6-2870 5.52 0.003 Right SI-MI, SMA, SII 8-38 64 6.19 0.00012-3268 5.46 0.004
Left SMA -4-662 5.40 0.006

Vermis 2-48-8 5.46 0.005 Left sup. temporal g. -46 -30 12 5.56 0.003

Right SMA 8256 5.44 0.005 Vermis -2-52-6  5.49 0.004

Left thalamus -16-16105.26 0.014 Right corpus striatum 16-6 14 5.34 0.015

Left SII -10-40 64 5.08 0.038

Passive Passive

Left SII -8-3662 5.80 0.001 Right SMA 8-1870 5.95 0.0001

Left SI-MI -4-2064 5.25 0.015 -2-3460 5.35 0.009 Right SI-MI, SII 8-34 68 5.80 0.001 6-4062 5.39 0.007
Left cerebellum -16-38-32 5.24 0.016
Right rolandic op. 46-3222 5.68 0.001

Regions are listed for each foot accordingly to their Z-scores in controls. Coordinates are given in mm in MNI space. P values are corrected at
p<0.05 at voxel level for multiple comparisons across the whole brain. SI-MI = primary sensorymotor, SMA = supplementary, g. = gyrus, sup. =
superior, post. = posterior.
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Figure 5.5. FMRI response in patients with active (a) and passive movements (b) of the right
foot and active (c) and passive movements (d) of the left foot. Results are displayed onto a
glass brain. All voxels are significant at p <0.0001 (uncorrected for multiple comparisons) for
display purposes. Brain regions that showed significant activation after correction for multiple
comparisons across the whole brain are reported in Table 5.9.



5.2.3.4. fMRI differences between PP MS patients and controls

The regions where patients activate more than controls during active and passive movements
of both feet are given in Table 5.10. Figure 5.6 shows the corresponding SPM(T) maps.
Considering active movements of either foot, patients activated more than controls in a
pattern of regions, which included the contralateral cerebellum and the contralateral
precuneus. When borderline significant differences were considered (0.05<p<0.1), this pattern
extended to the ipsilateral precuneus, ipsilateral SII and ipsilateral SMA. Moreover, patients
demonstrated greater fMRI responses in several other regions, depending on the foot
considered. In particular, the superior frontal gyrus, ipsilateral cingulate cortex, ipsilateral
superior frontal gyrus and contralateral superior temporal gyrus showed a significantly greater
activation in patients during active movement of the right foot. In contrast, the bilateral
thalamus, contralateral caudate, superior vermis, contralateral rolandic operculum, ipsilateral
inferior parietal gyrus and SI-MI showed a significantly greater activation in patients during
active movement of the left foot.

With passive movements of either foot, patients activated more than controls in the ipsilateral
striatum (e.g. putamen for the right side and caudate for the left side). Other regions, such as
the contralateral superior temporal gyrus and the contralateral rolandic operculum showed
greater activation in patients only during passive movement of the right foot.

During passive movement of the right foot, controls activated more than patients in the
inferior vermis (p value=0.04, Z score 3.32) (Figure 5.7), but they did not demonstrate greater
fMRI response to the active and passive movements of the left foot when compared to

patients.
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Table 5.10. Regions that showed greater activation in patients than in controls.

Right foot Left foot
Active Passive Active Passive
P (Zscore) P (Zscore) P (Zscore)  Regions P (Zscore)
Right SII 0.003 (4.14) Left sup.temporal g.  0.008 (3.76) Right thalamus 0.002 (4.29) Left caudate 0.012 (3.80)
Right sup.frontal g.  0.016 (3.61) Right putamen 0.012 (3.80) Right caudate 0.007 (3.90)
Left cerebellum 0.02 (3.73)  Left rolandic op. 0.047 (3.32) Super. vermis 0.01 (3.79)
0.027 (3.63)
Right cingulate c. 0.022 (3.49) Left precuneus 0.011 (3.98)
Left sup.temporal g.  0.03 (3.20) Left thalamus 0.02 (3.57)
Left precuneus 0.032 (3.58) Right rolandic op. 0.021 (3.54)
Right SMA 0.068 (3.31) Right cerebellum  0.042 (3.53)
Right precuneus 0.09 (3.19) Right precuneus  0.043 (3.53)
Left inf.parietal g.  0.046 (3.28)
Left SI-MI 0.047 (3.49)
Left SII. 0.066 (3.14)
Left SMA 0.088 (3.25)

Regions are listed accordingly to their Z-scores. Coordinates are given in mm in MNI space. P values are corrected at voxel level for multiple

comparisons within the ROIs. SI-MI = primary sensorymotor, SMA = supplementary, g. = gyrus, c. = cortex, sup. = superior, inf. = inferior, op.

= operculum.
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Figure 5.6. Examples of differences in fMRI response between patients and controls. Patients
activated more than controls (a) in the right SMA and right cingulate cortex during active
movement of the right foot (MNI coordinates x=10, y=-6, z=50), (b) in the left superior
temporal gyrus during passive movement of the right foot (x=-44, y=8, z=-10) (c) in the left
precuneus, left SI-MI, superior vermis and left thalamus during active movement of the left
foot (x=-6, y=-31, z=70), (d) in the left caudate during passive movement ofthe left foot (x=-
10, y=20, z=6). Results are overlaid onto TI-W template and corrected for multiple
comparisons. The colour scale indicates the T score.

Figure 5.7. Controls activated more than patients in the inferior vermis (MNI coordinates
x=2, y=-70, z=-32) during passive movement of the right foot. Results are overlaid onto
coronal and axial T1-W1 and corrected for multiple comparisons. The colour scale indicates
the T score.
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5.2.3.5. Correlations between fMRI and clinical and structural MRI measures

The fMRI response to active and passive movements showed several correlations, positive
and negative, with clinical and structural MRI measures depending not only on the measure
considered, but also on the side, type of movement and brain region. Plots of the significant
correlations for selected brain regions are shown in Figure 5.8 Figure 5.9 shows some

examples of the corresponding SPM(T) maps.

1)_Correlations with clinical measures

The fMRI response to active movement of the right foot in the ipsilateral inferior frontal
gyrus inversely correlated with EDSS (Rsq=0.80, p=0.001), and in the contralateral
cerebellum with TWT (Rsq=0.84, p=0.004). There was an inverse correlation between the
fMRI response to passive movement of the left foot in the contralateral postcentral gyrus and
9HPT of the left hand (Rsq=0.82, p=0.004). In contrast, the fMRI response to passive
movement of the right foot in the ipsilateral superior frontal gyrus positively correlated with
PASAT (Rsq=0.80, p=0.008). The fMRI response to passive movement of the left foot in the
contralateral SMA positively correlated with left lower limb spasticity (Rsq=0.83, p=0.008),
while the correlation between the two was inverse in the ipsilateral caudate (Rsq=0.81,
p=0.004). No significant correlation was found between the fMRI response to passive

movement in any brain region and right lower limb spasticity.

2) Correlations with MRI measures
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The fMRI response to passive movement of the right foot in the ipsilateral inferior frontal
gyrus inversely correlated with T2 lesion load (Rsq=0.82 p=0.0006), in line with the
significant correlation between EDSS and fMRI activity with right active movement in the
same region. Brain T2 lesion load also positively correlated with the fMRI response to active
movement of the left foot in the ipsilateral superior (Rsq=0.82, p=0.002) and middle
(Rsq=0.82, p=0.004) temporal gyrus and in the ipsilateral superior frontal gyrus (Rsq=0.79,
p=0.007). Finally, the fMRI response to passive movement of the left and right foot in the
contralateral postcentral gyrus inversely correlated with the cervical spinal cord area

(Rsq=0.78, p=0.01, and Rsq=0.82, p=0.006, respectively).

] [}
s . 3
[
£ £
2 8
k) ]
) [}
13 13
8 g
s 3
4 4
E -6 . . . . . . . & -
-2.0 -1.5 -1.0 -5 00 5 10 15 20 -4 -2 0 2 4 6 8 10
EDSS 25foot Timed Walked Test
@@ , ® .
L .
4 3
2 a
2
8 g
-] ®
E E
= 004 S
8 8 °
5 5 0.0 . °
H ]
§ -2 § . °
2 -,
z g i H
& -4 . _ . . . - e -2 i}
20 15 1.0 -5 0.0 5 1.0 15 2.0 1.5 1.0 -5 0.0 5 1.0 15
(C) Left lower limb spasticity (d) Left lower limb spasticity

218



g g 2
o o
? 2 00
2 . 2
g - g -2
[4 T
(€) g ® z, : _ A _
-20000 -10000 0 10000 20000 30000
T2 lesion load
5 2
L ]
[} w
g g
£ £
s g
8 5
o [}
s 2
4 4
(8) - _ _ , (h) %
S0 60 70 80 80
Spinal cord area Spinal cord area

Figure 5.8. Plots of the correlations between size of effect and clinical and structural MRI
measures, for selected brain regions. (a) Plot of the parameters estimates in the right inferior
frontal gyrus (MNI coordinates x=42, y=30, z=12) during active movement of the right foot
against EDSS (Rsq=0.08, p=0.001). (b) Plot of the parameters estimates in the left cerebellum
(x=-34, y=42, z=46) during active movement of the right foot against 25foot Timed Walked
Test (TWT) (Rsq=0.84, p=0.004). (c) Plot of the parameters estimates in the right SMA (x=6,
y=2, z=72) during passive movement of the left foot against left lower limb spasticity
(Rsq=0.83, p=0.008). (d) Plot of the parameters estimates in the left caudate (x=6, y=6, z=8)
during passive movement of the left foot against left lower limb spasticity (Rsq=0.81,
p=0.004). (e) Plot of the parameter estimates in the right inferior frontal gyrus (x=42, y=30,
z=22) during passive movement of the right foot against T2 lesion load (Rsq=0.82, p=0.006).
(f) Plot of the parameter estimates in the left superior temporal gyrus (x=-46, y=16, z=-10)
during active movement of the left foot against T2 lesion load (Rsq=0.82, p=0.002). (g) Plot
of the parameter estimates in the right postcentral gyrus (x=18, y=-34, z=74) during passive
movement of the left foot against the spinal cord area (Rsq=0.78, p=0.01). (h) Plot of the
parameter estimates in the left postcentral gyrus (x=-22, y=-42, z=62) during passive
movement of the right foot against spinal cord area (Rsq=0.82, p=0.006). In all plots, x and y
are mean corrected.

The corresponding images are displayed in Figure 5.9.
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Figure 5.9. Results of the correlations between size of effect and clinical and structural MRI measures, for
selected brain regions, (a) Right inferior frontal gyrus (MNI coordinates x=42, y=30, z=12), which correlates
with EDSS. (b) Left cerebellum (x=-34, y=-42, z=-46), which correlates with TWT. (c) Right SMA (x=6, y=2,
z=72), which correlates with left lower limb spasticity, (d) Left caudate (x=-6, y=6, z=8), which correlates with
left lower limb spasticity, (e) Right inferior frontal gyrus (x=42, y=30, z=22), which correlates with T2 lesion
load, (f) Left superior temporal gyrus (x=-46, y=16, z=-10), which correlates with T2 lesion load, (g) Right
postcentral gyrus (x=18, y=-34, z=74), which correlates with spinal cord area, (h) Left postcentral gyrus (x=-22,
y=-42, z=62), which correlates with spinal cord area. Regions of activation are overlaid onto T1-weighted
template and corrected for multiple comparisons. The colour scale indicates the T score.
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5.2.4. Discussion

The present study identified functional brain reorganisation in patients with PP MS. We
focused our investigation on ankle dorsi-plantar flexion, because of its fundamental role in the
physiology of locomotion (Miyai et al. 2001), and employed active and passive movements.
The advantage of using passive movements is that they do not depend on the ability to
perform a task or on volitional planning or execution, but are related to sensory afferents only.
In order to ensure that the amplitude of the passive movement was identical to that of the
active movement, a cuistom made manipulandum was used All subjects were free to choose
the amplitude of their movement in order to limit the occurrence of fatigue, and patients
moved the left ankle significantly less than controls. This is not surprising, and could be
related to the mild functional impairment of these patients, who had a progressive spinal cord
syndrome and mild spasticity. All patients were able to perform the motor task correctly, as
confirmed by the muscular activity recorded during the training session. Therefore, the angle
of the ankle joint associated with the foot movement was included in the statistical model to
take into account the differences in the amplitude of the movement between the two groups.
First, we shall discuss the group effect on the fMRI response to active and passive

movements, then the relationship between strength of BOLD signal and clinical and structural

MRI measures.

5.2.4.1. Effect of group on the fMRI response to active movement

Patients activated significantly more than controls in the contralateral cerebellum, which is
normally activated during foot extension (Grodd et al. 2001) and has facilitatory connections

with the motor cortex (Okabe et al. 2003) and precuneus, which is recruited during motor
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imagery in order to perform the task in the absence of visual input (Ogiso et al. 2000). When
borderline significant differences were also considered, patients activated more than controls
in the ipsilateral postcentral gyrus (SII) and SMA. The former has recently shown increased
activation in PP MS, who performed a motor task with the clinically affected foot (Rocca et
al. 2002b). Previous studies have reported that the contralateral SMA, rather than the
ipsilateral SMA, activates more in patients with MS than in controls, though only with
movements of the clinically unaffected limb (Filippi et al. 2002b;Lee et al. 2000;Reddy et al.
2000a). Moreover, we found that other regions, located within and outside the primary and
secondary motor and somatosensory cortices, activated more in patients, depending on the
foot considered. For example, in line with previous publications in MS (Filippi et al.
2002b;Lee et al. 2000;Reddy et al. 2000a;Reddy et al. 2000b;Reddy et al. 2002;Rocca et al.
2002b), we found increased BOLD responses to active movement of the left foot in the
contralateral rolandic operculum and in the ipsilateral SI-MI, and to active movement of the

right foot in the contralateral superior temporal gyrus and the ipsilateral cingulate cortex.

5.2.4.2. Effect of group on the fMRI response to passive movement

The most striking result of this study is the increased activation in the ipsilateral striatum (e.g.
putamen for the right side and caudate for the left side) during passive movement in the
patient group. Previously, activation in the basal ganglia has been demonstrated mainly during
active movement in the side contralateral to the limb (Gerardin et al. 2003;Weiller et al.
1996). However, these subcortical structures may have a role in processing sensory
information, as is seen in patients with movement disorders (Abbruzzese and Berardelli
2003). Additionally, during passive movement of the dominant foot, patients activated more

than controls in the contralateral superior temporal gyrus and operculum. The former has
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consistently shown increased activation in patients with PP MS with active movement of the
right affected foot (Rocca et al. 2002b) or unaffected hand (Filippi et al. 2002b). In animals,
this region has been shown to be part of the auditory associative network, and to have
widespread corticostriatal projections (Yeterian and Pandya 1998). The latter constitutes a
premotor region, and has been found to participate in the volitional hand motor network
(Ward and Frackowiak 2003).

Finally, during passive movement of the right foot, controls activated more than patients in

the inferior vermis, which has been consistently included in the homunculoid representations

of the caudal cerebellum in healthy subjects (Grodd et al. 2001).

5.2.4.3. Role of the functional changes in patients

We found that the fMRI activation in the ipsilateral inferior frontal gyrus with active
movement of the right foot was greater in patients who had lower EDSS and lower brain T2
lesion load. A similar relationship was found between the extent of activation in the
contralateral cerebellum with active movement of the right foot and the time to walk 25 feet.
These negative relationships, which were expected, suggest that the increased fMRI activity
in the inferior frontal gyrus and contralateral cerebellum might have a role in maintaining
| function. The inferior frontal gyrus is associated with the planning and control of motor tasks,
and has reciprocal connections with other premotor and cortical areas (Rizzolatti and Luppino
2001). A recent study, investigating the functional connectivity of the motor cortex, found
increased regional cerebral blood flow in the contralateral cerebellum with low frequency
transcranial magnetic stimulation of the primary motor cortex, suggesting the presence of
facilitatory connections between the motor cortex and the contralateral cerebellum (Okabe et

al. 2003).
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We also identified that the fMRI activation in the ipsilateral superior and middle temporal
gyrus with active movement of the left foot was greater in patients with higher brain T2 lesion
load, which, in turn, correlates with higher disability. Such activity may reflect an increase in
attention to the auditory input, given by the pacing metronome, in order to perform the motor
task with the non-dominant foot. Movement-related activation of the temporal lobes, as well
as activation in other regions involved in multimodal integration, has been reported
previously in PP MS (Filippi et al. 2002b;Rocca et al. 2002b). Thus, the increased activation
in these regions might reflect the additional processing which is necessary to maintain task
performance with increasing disability. A similar explanation might be proposed for the
relationship between the fMRI response to active movement of the left foot in the ipsilateral
superior frontal gyrus, or frontopolar regions, and brain T2 lesion load. Indeed, the superior
frontal gyrus has been shown in healthy controls to activate during periods of preparation or
anticipation to foot movement (Sahyoun et al. 2004).

Additionally, the fMRI response to passive movement of both feet in the contralateral
postcentral gyrus was greater in patients with more spinal cord atrophy. This finding supports
a recent fMRI study, which has eported a correlation between the fMRI activity in the
contralateral postcentral gyrus and brain T2 lesion load in PP patients, who were functionally
impaired (Rocca et al. 2002b). Thus, the increased functional activity in the ocontralateral
postcentral gyrus with increasing spinal cord pathology might simply represent the effect of
spinal pathological damage in the afferent and efferent fibres, which pass through the spinal
cord, and induce a non-adaptive or “stress-related” response in the contralateral sensorymotor
regions.

Leg spasticity, which theoretically might interfere with the execution of passive movements,
had a different effect on the strength of BOLD response depending on regions: higher left leg

spasticity was associated with greater activation in the contralateral SMA and with a smaller
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activation in the ipsilateral caudate. The explanation of these findings and the lack of
concordance between left and right foot, is unclear. The effect that limb spasticity might have
on the brain fMRI response to passive limb movement requires dedicated studies, which have
to take into account the damage in the spinal cord. The differences in the functional activation
between the dominant and non-dominant foot in both healthy controls and patients also

warrant further investigations.

5.3. Conclusion

Previous fMRI studies have shown that functional reorganisation in patients with MS might
help to maintain clinical function and reduce the impact of brain and spinal cord damage on
disability progression. In this chapter we have employed active and passive movements of the
foot to investigate the role of functional reorganisation in patients with PP MS, and suggested
that some functional changes might well be “adaptive”, but others may be “non-adaptive” or
represent a stress-related response to CNS injury. Longitudinal fMRI studies, which employ
passive movements, are needed to confirm our findings and investigate the complex dynamics
of functional brain reorganisation. The key question is whether the adaptive or non-adaptive
role of some brain regions may change over time, accordingly to disease type, disability
progression and increasing brain and spinal cord damage. Also, future studies are needed to
assess the differences in the fMRI response to active and passive movements between the
dominant and non-dominant foot, and establish if the motor network activated by the non-
dominant foot changes over the course of the disease. Finally, we wish to highlight the
possibility that lower limb spasticity affectes the fMRI response to passive movements, and
therefore it is a factor that needs to be considered in future fMRI studies that employ passive

movements.
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Chapter 6

Conclusion:

Combining diffusion tensor imaging and functional MRI
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This chapter describes two studies which demonstrate the feasibility and potential of
combining the results obtained by DTI with those obtained by fMRI in the same subject. They
represent preliminary steps towards the integration of information about tissue microstructure,
provided by DTI, with the pattern of the fMRI response, and provide a unique insight into the
pathological mechanisms of neurological diseases. The first study reports a methodology
which allows the “qualitative” combination of FMT-derived pyramidal tract with the fMRI
activation with foot movement. The second study describes a “quantitative” investigation of
the relationship of the DTI measures in the optic radiation, such as FA, with the extent of
fMRI activation with visual stimuli. In the first study a patient with RR MS, who developed a
lesion in the pyramidal tract, was studied. Seven patients with ON were investigated in the

second study.

6.1. Combining diffusion tractography of the pyramidal tract and motor

fMRI: a qualitative study

6.1.1. Introduction

Information about white matter connections between cortical grey matter regions might help
to interpret regional functional imaging data more effectively. Recent developments in MRI
have provided information about both white matter pathways and cortical function in vivo in
the same subject. The potential for diffusion based tractography to track the major white
matter tracts in the brain, including the pyramidal tract, has been demonstrated in chapter 4. In
chapter 5, BOLD MRI has been used to measure regional cerebral activity (Logothetis et al.
2001) induced by a motor task. It has been suggested that changes in both DTI and

tractography measures reflect pathologic changes affecting the microscopic structures of the
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white matter fibres (Pierpaoli et al. 2001;Werring et al. 2000c;Wieshmann et al.
1999a;Wilson et al. 2003). Similarly, changes in the fMRI response to motor and sensory

stimuli reflect the effect of the pathology in processing the stimuli (Ward et al. 2003;Werring
et al. 2000b). However, there is evidence that functional changes might also represent an
adaptive brain response and/or enhance recovery from acute symptoms (Carey et al.
2002;Filippi and Rocca 2003;Johansen-Berg et al. 2002;Toosy et al. 2002).

The e of diffusion based tractography and fMRI in investigating the structure and function
of the motor system is well established. Combining these two techniques might give an
insight into the relationship between the degree of integrity of the pyramidal tract (as
measured by changes in anisotropy or connectivity) and the extent of functional
reorganisation (as measured by changes in the location and extent of fMRI activity).

In the present study, we applied these two techniques to a patient with RR MS following
recovery from a motor relapse, and combined the pyramidal tract, derived by tractography,

with the fMRI response to active and passive movement of the foot in a “qualitative” way.

6.1.2. Methods

6.1.2.1._Subjects

A 50-year old woman with a diagnosis of RR MS was studied. The onset of her disease was
in 1993, when she presented with sensory symptoms affecting the right upper limb. Since
then, she suffered from recurrent episodes of sensory disturbance affecting one or more limbs.
In May 2000, she developed a sudden onset of moderate weakness in the left arm and leg and
left side of her face, which was associated with numbness. She made a very good recovery,

and she was left with slight distal weakness. Two years after her left sided hemiparesis, she
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was recruited for this study. On examination there was a slight pyramidal weakness in the left
arm and leg, and a mild light-touch and pinprick impairment in the left fingers and right arm
and leg, respectively. Her EDSS was 2.5. Conventional brain MRI showed several
supratentorial lesions in the periventricular regions and one infratentorial lesion, in the right
cerebral peduncle (Figure 6.1). Spinal cord MRI showed a lesion at C5. She performed the
motor fMRI experiment described in chapter 5 (see paragraph 5.2.2.4) and the whole-brain
DTI described in chapter 4 (see paragraph 4.1.2.2)

Sixteen healthy controls (mean age 37.3, SD 11.9, 10 men and 6 women), which were

recruited for the fMRI studies described in chapter 5, were used as a matched group to

investigate the differences in the fMRI activity with foot movement.

Ten different healthy women (mean age 33.70, SD 9.71), belonging to the group of normal
controls recruited for the tractography studies described in chapter 4, were used as a matched

group to investigate the differences in the pyramidal tract DTI-measures.

6.1.2.2. MRI protocol and analysis

For the details about the conventional dual echo MRI see chapter 4.

Functional MRI: The motor paradigm, the fMRI protocol and data analysis were performed as

described in chapter 5. Two-sample t-tests were conducted in SPM99 to determine whether
the RR patient differed from controls in the fMRI response to movement of the left and right
foot. In particular, the two-sample t-test compared at each voxel the patient activation to the
control activation, and if the patient activation was an outlier, it was considered significantly
different. The variance estimate was assumed to be the same for both groups. Active and

passive movements were assessed with separate modek. For each model, two contrasts, e.g.
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patient greater than controls and controls greater than patient, were estimated. Statistical
SPM(T) images were thresholded at p < 0.05 corrected at voxel level for multiple
comparisons across the whole brain.

DTI and tractography: The DTI protocol and the FMT tracking of the pyramidal tract were

performed as described in chapter 4. In the patient, the seed voxel for the right pyramidal tract
(which was affected by lesion) was chosen in the middle third of the cerebral peduncle on the
slice above the slice where the lesion was visible (Figure 6.2). The anatomical guidelines
explained in paragraph 4.1.2.3.1 were followed in order to track the left pyramidal tract in the
patient, and the right and left tracts in controls. Each VSC map was thresholded to generate a
binary mask, from which the mean FA and volume of the pyramidal tract was calculated in
each subject (see paragraph 4.1.2.3.3 for details on the thresholding technique). An
independent sample t-test was used to investigate differences in tract FA and volume between
the patient and controls.

Using the unthresholded VSC map of each control, the SPM-derived group maps were
derived as described in paragraph 4.2.2.5. Differences in these group maps between the
patient and controls were investigated using a two sample ttest. Statistical inferences were
performed from the SPM(T) maps by correcting for multiple comparisons within a mask
volume, which was generated a priori for the left and right pyramidal tract using MRIcro
(Rorden and Brett 2000). The main cerebral sulci and the labelling of the Talairach and
Tournoux atlas (Talairach and Tournoux, 1988) were used to draw these masks on the high-

resolution T1-W images.
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Figure 6.1. Lesion visible in the right cerebral peduncle on T2 WI and FA map.
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Figure 6.2. The right pyramidal tract, which was traced in the patient using FMT, is overlaid
onto FA and principal eigenvector maps. The starting voxel for this tract was above the
demyelinating lesion in the middle third ofthe cerebral peduncle.

6.1.2.3. Displaying the fMRI response and pyramidal tract

In the patient, the unthresholded VSC map of the right pyramidal tract was overlaid with the

SPM(T) map that represented the fMRI activation, obtained with the fixed-effect analysis of

the active movement of the left foot, onto an MNI structural template. It was not possible to
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obtain the same “qualitative” combination of structure with function in controls because few

of them underwent both DTI and fMRI protocols.

6.1.3. Results

6.1.3.1. Differences in the fMRI response

The patient was able to relax completely during the passive movement and showed similar
values of EMG-percentage Right foot: Tibialis ant. = 10.2, Soleus = 21.7 with active
movement, and Tibialis ant. = 0.4, Soleus = 4.4 with passive movement; Left foot: Tibialis
ant. = 8.7, Soleus= 10.8 with active movement and 0.9 and 4.8 with passive movement) and
ankle joint angle (Right foot: 14°, Left foot: 15°) compared with controls (see Table 5.1 and
paragraph 5.1.3.1 in chapter 5 for control data).

The brain regions that showed greater activation in either the patient or controls are given in
Tables 6.1 and 6.2, and some examples are displayed in Figure 6.3. Considering active
movement of both feet, the patient activated more than controls in the inferior vermis and in
the contralateral thalamus, whilst controls activated more than the patient in the contralateral
middle frontal gyrus.

As regards passive movement of both feet, the patient showed a greater activation in the
inferior vermis, in the ipsilateral superior frontal gyrus, in the posterior part of the ipsilateral
middle frontal gyrus, and in the superior part of the contralateral insula. In contrast, controls
showed greater activation in the following regions: the vermis (lobule 7), the contralateral
superior frontal gyrus, the ipsilateral anterior cingulate cortex, the anterior part of ipsilateral

middle frontal gyrus, the ipsilateral postcentral gyrus, the inferior part of the contralateral

232



insula, the ipsilateral inferior parietal gyrus, and the anterior and inferior part of the ipsilateral

middle frontal gyrus.
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Figure 6.3. Examples of differences in fMRI response between the patient and controls. The
patient activates more than controls in the vermis (a) with passive movement ofthe right foot
(MNI coordinates: x= 2, y= -70, z= -38), and in the right superior insula (b) with passive
movement ofthe left foot (x= 38, y= 20, z= 8). Controls activate more than the patient in the
right anterior cingulate cortex (c) during the passive movement of the right foot (x= 14, y= 16,
z= 22), and in the right inferior insula (d) during passive movement ofthe left foot (x= 36, y=
18, y= -6). Activations are overlaid onto single-subject T1-weighted template. This might
have caused a small displacement in the activations, such as in the cingulate cortex (c).

Results are corrected for multiple comparisons across the whole brain. The colour scale
indicates the T score.
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Table 6.1. Regions that showed greater activation in the patient than in controls.

Right foot Left foot
Active Passive Active Passive
P (Zscore) P (Zscore) P (Zscore) Regions P (Zscore)

Inferior vermis 0.016 (5.24) Inferior vermis 0.0001 Right thalamus ~ 0.0001 (6.38) Vermis 0.0001 (6.90)
(1ob.8) (10b.8, 9) (7.18) (lob.6,7)

Right sup. frontal g. 0.0001 Right sup. 0.002 (5.58)

(6.72) insula
Right m. frontal g.  0.006
(post. part) (5.42)

Table 6.2. Regions that showed greater activation in controls than in the patient.

Right foot Left foot
Active Passive Active Passive
P (Zscore) P (Zscore) P (Zscore) Regions P (Zscore)
n.s. Vermis (lob.7)  0.0001 (5.95) Right m. frontal 0.017 (5.22) Right inf. insula  0.001 (5.72)
g
Left sup. frontal 0.001 (5.81) . Leftinf. parietal 0.008 (5.37)
g g
Right ant. 0.001 (5.70) Right m. frontal 0.012 (5.29)
cingulate cortex g. (ant-inf. part)
Right m. frontal 0.007 (5.39)
g. (ant. part)
Right postcent.  0.011 (5.3)
g

Regions are listed accordingly to their Z-scores. Coordinates are given in mm in MNI space. P values are corrected at voxel level for multiple
comparisons across the whole brain. Lob=lobule, g. = gyrus, sup. = superior, m. = middle, ant. = anterior, postcent. = postcentral.
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6.1.3.2. Differences in tract FA and volume

There were no significant differences in the left and right pyramidal tract FA between the patient
and controls (Table 6.3). Although tract volumes were lower in the patient compared with
controls, these differences were not significant (Table 6.3). There were no significant differences
in the voxel-scale connectivity of the left and right pyramidal tract between the patient and

controls.

Table 6.3. Fractional anisotropy (FA) and volume (Vol.) of the left and right pyramidal tract in
the patient and controls.

Right pyramidal tract Left pyramidal tract
Mean FA (SD) Mean Vol. (SD) Mean FA (SD) Mean Vol. (SD)
Pt Co Pt Co Pt Co Pt Co
0.328 0.330 6.02 10.5 0.275 0.328 8.78 10.89
(0.02) (3.3) (0.03) (2.3)

Tract volumes are given in mm’. Pt. = RR MS patient, Co.= Controls.

6.1.3.3. Displaying the fMRI response and pyramidal tract

Figure 6.4 shows the unthresholded VSC map of the right pyramidal tract overlaid together with
the SPM(T) map, that represented the fMRI activity with active movement of the left foot, onto

an MNI structural template.
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Figure 6.4. The fMRI activation detected in the patient with active movement of the left foot and

the right pyramidal tract, estimated using FMT, are overlaid onto a structural template. The fMRI
activity was derived ffom the fixed-efifect for the patient. The hot (red) colour scale shows the T

scores. The winter (blue) colour scale shows the VSC map thresholded at 200 for display
purposes.

6.1.4. Discussion

This study has shown that is possible to overlay fMRI activation maps, together with the FMT-
derived motor tract, onto a structural template. This provides, in a single map, complementary
information about pyramidal tract shape and location in relation to the cortical regions of
functional activation, and represents the first step towards assessing the impact of pathology on

tract anisotropy and cortical function. Recent work has qualitatively matched structure with
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function in eight controls and one patient with a left precentral tumour (Guye et al. 2003). The
authors traced the pyramidal tract in each subject from a seed point in the white matter adjacent
to the location of the maximum fMRI activation, and performed group comparisons between the
left and right side in controls and between the tumour patient and controls. Results showed that
the connectivity of the primary motor cortex was more extensive in the dominant (right) side and
differed in the tumour patient. These findings suggested that fMRI-correlated tractography
represents a promising tool to investigate the basis of a functional network in the normal and
pathological brain.

In a recent functionalanatomical validation work, we have found that activation centres during
movement co-localised with the tractography-defined thalamic regions connecting to motor and
premotor cortex (Johansen-Berg et al. 2004). Similarly, activation centres during executive tasks
co-localised with the tractography-defined thalamic regions connecting to prefrontal cortex

(Johanser-Berg et al. 2004). Future studies might use connectivity-defined thalamic regions to

assign probabilities of connection to each cortical region for any activation co-ordinate within the
thalamus when circuitry is unknown.

First, we shall discuss the differences in the fMRI response to active and passive movements
between the patient and controls, then the findings that relate to the differences in FA and volume
of the pyramidal tract between groups.

Our patient showed similar values of muscular activity during the training session, and amplitude
of movement, recorded during the fMRI experiment, compared with controls. The most striking
results from the comparisons of the fMRI activity between the patient and controls was that
different parts of the same regions showed greater activation in either the patient or in the

controls, depending on which foot and type of movement were considered. For example, with
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passive movement of the right foot, the inferior vermis activated more in the patient than in
controls in the lobule 8 and 9, whilst the vermal lobule 7 showed greater activation in controls.
The inferior vermis has been consistently included in the homunculoid representations of the
caudal cerebellum in healthy subjects (Grodd et al. 2001), but the role of its activation in
pathology is unknown. Additionally, with passive movement of the left foot, the superior part of
the right insula activated more in the patient, while the inferior part of the same region showed
greater fMRI activity in controls. The insula has been identified as a centre of multi-modal
integration and has connections with the main sensory areas, the premotor cortex, the multi
modal association cortex, the limbic and cingulate areas (Mesulam and Mufson 1982). It has been
reported to show greater activation in patients with MS compared with controls, suggesting that it
might be recruited to maintain functional capacity in response to tissue damage (Filippi et al.
2002b;Rocca et al. 2002b). The topographic distribution of the connections from the insula
suggests that the postero-dorsal insula is specialised in the auditory-somesthetic-skeleton-motor
function, whereas the antero-ventral part in the olfactory-gustatory-autonomic function and is
connected to the limbic structure. Therefore, different parts of the insula might be activated to a
different extent in patients or controls (Mesulam and Mufson 1982). Also, the posterior part of
the right middle frontal gyrus activated more in the patient than in controls during passive
movement of the right foot, whilst its anterior and inferior part showed greater activation n
controls with the same type of movement. This region has been generally found to activate more
in patients with MS than in controls (Filippi et al. 2002b;Rocca et al. 2002b;Rocca et al.
2003a). Whether different parts of this region, which participates in the associative sensory and
motor network, are differently activated in patients with MS could be a key question in future

studies investigating a larger patient group.
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Other regions showed greater activation in the patient than in controls during the active
movement of the left foot, such as the contralateral thalamus. This is in agreement with previous
papers, which detected an increased activation in the thalamus in SP MS patients during the
flexion-extension of the right foot (Rocca et al. 2003a) or in MS patients with non-specific T2
weighted abnormalities on conventional MRI during the performance of a simple movement of
the right hand (Rocca et al. 2003c). Moreover, RR patients without fatigue showed more
significant activation in the contralateral thalamus compared with RR patients with fatigue
(Filippi et al. 2002a). The thalamus, one of the basal ganglia nuclei, is part of circuits which are
involved in motor planning and execution, associative and limbic functions (Alexander 1994).
Thus, our finding suggests that the activity of this region might increase in the disease in order to
maintain motor function, or as a result of dysfunction of cortico-subcortical circuits.

On the contrary, the ipsilateral anterior cingulate cortex, which plays a role in emotional self-

control and in the ability to focus on problems (Allman et al. 2001), and the ipsilateral
postcentral gyrus, were found to activate more in controls than in the patient during the passive
movement of the right foot. These findings are in contrast with previous studies, that detected a
greater activation in the ipsilateral cingulate cortex and postcentral gyrus in PP patients when
they performed voluntary movements of the clinically affected foot (Rocca et al. 2002b), and in
the bilateral cingulate motor area in RR patients during the voluntary flexion-extension of the last
four fingers of the right hand (Filippi et al. 2002a). The anterior cingulate cortex has numerous
projections into the motor system, and plays a crucial role in initiation, motivation and goal
directed behaviour (Devinsky et al. 1995). It is divided into ‘“affect” and ‘“cognition”
components, and the caudal area 24, which corresponds to the region of increased activation

found in this study, is included in the “cognition” division, that is engaged in skeleton-motor
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activity (Devinsky et al. 1995). Therefore, it is possible that its reduced activation in the RR
patient during passive movements of the dominant foot reflects impaired stimuli processing.

We have also traced the pyramidal tract using diffusion based tractography. We expected that the
anisotropy of the pyramidal tract traced above the demyelinating lesion in the patient would have
been lower than in controls, reflecting mechanisms of axonal degeneration of the white matter
fibres which pass through the lesion. However, the value of pyramidal tract FA was found to be
similar between the patient and controls. Ore possible explanation is that the tract degeneration
might have been too small to be detected by this technique, and this was supported by the fact
that the patient recovered well from her motor symptoms. A recent study detected reduced
anisotropy along the pyramidal tract, that was tracked using a different diffusion based
tractography algorithm, in 25 RR patients compared with controls (Wilson et al. 2003).
Moreover, a newly developed measure of anisotropy of the estimated tract was found to correlate
with EDSS and, more strongly, with Kurtzke’s pyramidal functional score, suggesting that
tractography might improve the correlation between MRI measure and disability (Wilson et al.
2003).

Although the volume of both pyramidal tracts appeared to be lower in the patient than in controls,
the differences were not significant. This could be due to the degeneration of smaller axons,
which are preferentially damaged by focal lesions, that might have a little effect in reducing the
total tract volume (DeLuca et al. 2004;Ganter et al. 1999). Finally, if we consider the results of
the first study described in chapter 4, which showed that the pyramidal tract is the least
reproducible pathway in the brain, the comparison between one patient and a small group of
controls may have limited the detection of subtle differences in both FA and tact volume.

Studies including a larger sample of patients, who are followed-up after the development of a
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lesion in the pyramidal tract, might clarify the impact of acute lesions on axonal degeneration of

the tracts which are connected to them, and assess their contribution to irreversible disability.

6.2. Combining diffusion tractography of the optic radiation and visual fMRI:

a quantitative study

6.2.1. Introduction

In chapter 4 we reported that tractography-based group mapping can detect subtle mthological
abnormalities in the optic radiations of patients previously affected by optic neuritis. Previous
visual fMRI studies have demonstrated a functional reorganisation of the cerebral response to
visual stimuli after optic neuritis, that may represent an adaptive brain response to abnormal input
(Toosy et al. 2002;Werring et al. 2000b). This reorganisation is dynamic and consists of
activation of regions located outside the visual cortex, which were proposed as areas of
multimodal sensory integration. The key question is whether the structural changes occurring in
the visual pathway contribute, together with the functional reorganisation, to clinical recovery. As
a first step towards the investigation of the effect of structural and functional factors on clinical
recovery, we employed fMRI and DTI with tractography to investigate the relationship between
the fMRI response to visual stimuli and anisotropy and connectivity of the optic radiation (as

measures of fibre coherence and integrity) in patients previously affected by optic neuritis.

6.2.2. Methods
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6.2.2.1. Subjects

The seven patients, who were recruited one year after isolated optic neuritis for the third study
described in chapter 4, were also investigated in this study (see paragraph 4.3.2.1. for details).
Three patients had history of left optic neuritis and four of right. Seven controls (mean age 27.6,

SD 4.3, all women) were recruited.

6.2.2.2. MRI protocol and analysis

Functional MRI: Each subject underwent two monocular fMRI experiments (one for each eye)

that lasted 10 mins. and covered the whole brain with 27 near-axial slices. For each fMRI
experiment, 150 T2* W images sensitive to BOLD contrast were acquired [TE 40 ms, TR 4000
ms, FOV 38cm x 19cm; matrix size 128 x 64; voxel size 3x3x3.6 mm3, inter-slice gap 0.4 mm].
Lightproof goggles with flashing LED displays in each eyepiece were used to provide photic
stimulation. During each experiment subjects passively viewed a visual display which alternated
periodically between 20 sec. epochs of photic stimulation and darkness.

SPM99 was used. Each fMRI time series was realigned, normalised to a standard stereotactic
space (MNI) and smoothed (8mm isotropic Gaussian kernel). The general linear model was
implemented to determine the main effect of the photic stimulation paradigm, with realignment
parameters entered as covariates of no interest. For each time series a fixed effects analysis was
performed to derive the contrast image that represented the fMRI response to photic stimulation.

The control contrast images were regrouped to match the affected and unaffected sides in the
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patient group (i.e. 3 left- and 4 right- sided stimulation control derived contrasts were chosen to
match the affected eyes in the patient group).

Two-sample ttests were conducted in SPM99 for both the affected and unaffected eyes versus
side matched controls to determine whether controls and patients differed in the fMRI response
within the visual cortex. In particular, two contrasts were estimated, e.g. patients greater than
controls and controls greater than patients. Statistical SPM(T) images were thresholded at p <
0.05 corrected at voxel level for multiple comparisons within a predefined spherical volume
(10mm radius) centred in the visual cortex. Age did not affect the fMRI response of the
stimulation of either eye in patients or controls and, therefore, it was not considered in the
following analysis.

DTI and tractography: The DTI protocol was as in chapter 4. PICo (Probabilistic Index of

Connectivity) algorithm was used in each subject to obtain a map, that provides, at each voxel,

the probability of connection to the seed voxel (Parker et al. 2003). The seed voxel was placed in

the optic radiation at the apex of the arc around the lateral ventricle. The PICo analysis consisted
of 10.000 Monte Carlo probabilistic streamline-based tracking iterations for each chosen seed
voxel. The number of iterations was chosen a priori and was based on results from PICo
experiments performed on a single subject, unrelated to this study (Toosy et al. 2004). Details
about PICo can be found in chapter 2 (paragraph 2.2.7.2). The maps had previously been CSF
segmented using dedicated local software (Hadjiprocopis et al. 2003), but a FA threshold of 0.01
was used in order to limit the residual CSF contamination. A restricted brain volume was used in
the analysis in order to speed up the PICo analysis and to focus upon the tracts under
investigation. The voxel values of the PICo output maps for the optic radiations ranged from O to

1 with an intensity resolution step of 0.001. Each PICo map was thresholded at 0.02 to generate a
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binary mask, from which the mean FA and volume of the optic radiation was calculated (Toosy et
al. 2004). The mean FA and volume of the estimated left and right tracts were averaged. An
independent sample ttest was used to investigate differences in tract FA and volume between

patients and controls.

6.2.2.3. Combining structure with function using SPM

Two SPM based general linear models were fitted. The first regressed the fMRI derived contrast
images for the affected eye with the mean tract FA for patients with optic neuritis and controls,
who were entered as fixed factors. By specifying the appropriate contrasts, a comparison between
the function-structure gradients of the posterior visual pathways between patients and controls
was made. The second model examined the function-structure relationships of the unaffected
eyes of patients with optic neuritis and the side matched controls. Statistical inferences were

performed on the resulting SPM(t) maps by correcting for multiple comparisons within the sane
ROI used for the fMRI analysis (i.e. a spherical volume centered in the visual cortex). The data
from the most significant suprathresholded voxels were extracted and plotted for affected and

unaffected eyes.

6.2.3. Results

6.2.3.1. Comparisons between groups

1) Tract measures
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Patients with optic neuritis showed lower mean FA in the optic radiation than controls (0.41, SE
0.09 versus 0.44, SE 0.09; p=0.035). To investigate whether the reduced FA reflected the
presence of lesions within the optic radiations, a repeated measures ANOVA analysis (for the
patient group with side as the repeated measure) was performed. We found no significant effect
for the presence of lesions on the FA of the left (p=0.120) or right (p=0.189) optic radiations.

Patients also showed lower mean volume in the optic radiation than controls (1.40, SE 0.13 vs

1.90, SE 0.10; p=0.01).

2) Functional fMRI

There were no differences between patients and controls in the overall fMRI response within the

visual cortex.

6.2.3.2. Function-structure gradients for the affected eye

A higher fMRI response of the affected eye within the visual cortex was weakly associated with
greater tract FA in both patients (p=0.078) and controls (p=0.059) after correcting for multiple
comparisons. There was no difference in the function-structure gradients between patients and

controls (Figure 6.5).

6.2.3.3. Function-structure gradients for the unaffected eye

There was a significant positive correlation between mean tract FA and the fMRI response of the

unaffected eye for both patients (p=0.002) and controls (p=0.02) after correction for multiple
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comparisons. There was a trend (p=0.073) for a difference in the function-structure relationship
between patients and controls (Figure 6.5). For illustration, the SPM(T) maps are shown for the

analysis ofthe unaffected eye in Figure 6.6.
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Figure 6.5. The fMRI response ofthe affected eye (a) and unaffected eye (b) (raw adjusted fMRI
parameter estimates) at MNI coordinate [0,-78,-10] within the visual cortex is plotted against
optic radiation FA for patients and side matched controls. For the affected eye (a), there is weak
evidence for a function-structure gradient in patients (P=0.078) and in controls (P=0.059) but no
difference between the two groups. For the unaffected eye (b), there are significant function-
structure gradients for both patients (p=0.002) and controls (p=0.02) and weak evidence for a
difference between the two groups (p=0.073). For the unaffected eye (b), the relationship
between function and structure in the optic radiations of patients appears to be steeper than the
relationship for controls.
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Figure 6.6. SPM(T) maps were derived for the analysis of the unaffected eye thresholded at
p<0.001 (uncorrected). Maps are shown for (A) patients, (B) controls and (C) patients>controls.
Small volume correction was applied within the visual cortex. The regions outside the visual
cortex were not part of the a priori hypothesis. The design matrix in (D) was used for the
regression analysis; the contrast demonstrates patients > controls.
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6.2.4. Discussion

Patients with optic neuritis showed lower optic radiation FA and volume compared with normal
controls. These findings confirm results of the third study described in chapter 4, in which the
voxel-scale connectivity of the FMT-derived optic radiation was found to be lower in patients
than in controls, suggesting that axonal degeneration of the optic radiations follows optic neuritis
(Evangelou et al, 2001). However, in our previous study, the differences in the optic radiations
quantitative measures between patients and controls were not significant. This could be due to the
different tractography algorithm used and to the different control group involved.

We found that the presence of lesions within the optic radiations had no significant effect on tract
FA. This makes it more likely that the lower tract FA in the patient group results from trans-
synaptic degenerative changes (i.e. through the lateral geniculate nucleus) rather than
degeneration of axons transected by lesions. However, the latter possibility cannot be completely
excluded because this study was cross-sectional at one year after the acute episode, and the non-
significant result of the ANOVA analysis may have arisen from a type II error, due to the low
number of subjects studied (i.e. low degrees of freedom).

We have also demonstrated a relationship between function and structure in controls and in
patients with optic neuritis. This relationship is most striking when the unaffected eye of the
patient group is stimulated. Although the reasons for this are unclear, one explanation is that a
trans-synaptic degeneration occurs after optic neuritis reducing the FA of both optic radiations
(both are involved because the affected eye pathways decussate). As a consequence, the structural

integrity of remaining optic radiation fibres, which originate from the unaffected eye, will now
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contribute to the estimated tract FA, resulting in a stronger function-structure relationship when
the fMRI response of the unaffected eye is measured.

The function-structure gradients of the affected eye were very similar between patients and
controls. However, in Figure 6.5 the gradient of the patient line is slightly less steep than that of
the control line, supporting the above hypothesis. The similarity between structure-function
gradients could be explained by an adaptive reorganisation of the fMRI response strength within
the visual cortex for the patient group. This reorganisation presumably occurs in the presence of

degenerating optic radiations in order to maintain visual function.

6.3. Conclusion

In this chapter, we have demonstrated the potential usefulness of combining structural and

functional information in helping to understand pathologic mechanisms in patients with MS and

optic neuritis, who recover from acute symptoms. Studies with a higher number of subjects and
longitudinal observations are required to confirm and expand our results. They may investigate
the activitation of different cortical regions at different stages of the recovery process, in order to
elucidate the relationship of the degree of recovery with the fMRI activity. Future work will also
address how structural changes in the white matter tractsrelate to brain functional reorganisation,

and how the interaction of these structural and functional factors contribute to clinical recovery.
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Conclusions: future directions

Mechanisms of damage

The lack of pathological specificity of MRI has been discussed in chapter 2. DTI offers the
prospect of improved differentiation of the pathological processes in MS. The key questions are:
1) Can DTI detect NAWM and NAGM damage that contributes to disability? 2) Are the
structural changes in NAWM related to those in lesions? The work presented in chapter 3 helps
answer these two questions. We found that DTI is sensitive to the pathological changes in
NAWM that contribute to disability and progression in MS. We suggested that the relationship
found between anisotropy in the NAWM and the lesion load reflects the relation between axonal
damage, due to axonal transection within focal lesions, and the extent of inflammation within
lesions. However, the exact mechanisms resulting in axonal transection within lesions are
unknown. Future studies will aim © understand the mechanisms of damage in the clinically
eloquent lesions that occur in MS patients, and assess the impact of these lesions on the axons
which traverse them. An assessment of the effect of damage in lesions and rehted tracts on
clinical disability will be of significant clinical importance.

In chapter 4we demonstrated that it is possible to trace the whole white matter tracts in vivo
using diffusion tractography, and that the use of tractography in human pathology allows us to
detect abnormalities that are not visible on conventional sequences or DTI maps. However,
technical limitations of tractography still exist (such as a reduced ability to distinguish between
crossing fibres), but methodological improvements, which will expand the clinical applications of
tractography, are likely to emerge in the near future. These developments will allow us to use

diffusion tractography, not only as a tool to segment white matter tracts and compute FA values,
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but also to obtain quantitative measures of anatomical connectivity between cortical regions.
Future work will quantify the leftright asymmetry of connectivity either between cortical
regions, such as the superior temporal gyrus (Wernicke) and the pars opercularis of the frontal
inferior gyrus (Broca), or of the major white matter pathways, as a function of handedness or age.
It will be of great interest to identify whether differences in the left-right brain asymmetry change
after CNS injury. Future tractography work will aim to define in the visual system and in the
motor cortex anatomical “subunits” that are functionally relevant and cannot be distinguished

with conventional or functional MRI.

Mechanisms of recovery

The fMRI findings in our cohort of patients with PP MS, described in chapter 5, has made an
important contribution towards our understanding of the role of functional activity in determining
recovery or irreversible disability in patients with deyelinating diseases. Previous work has
focused on functional changes in patients with MS, who performed the motor task with the
unaffected limb. We tried to investigate changes in the fMRI response in patients by controlling
movement rhythm and amplitude, and suggested that some changes are adaptive and contribute to
maintain clinical function, while others are non-adaptive and represent a stress-related response.
Future work will aim to establish whether these changes develop over time, and, in case the
adaptive response of some brain regions is confirmed to be beneficial, it may be of value m
developing or monitoring new rehabilitation strategies to improve patients’ outcome. Also, the
way in which demyelination, including the occurrence of lesions in the grey matter, may affect

the BOLD response requires further investigation. Further, it will also be of interest to combine
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functional imaging studies with neurophysiological measures of motor pathway, such as
transcranial magnetic stimulation (TMS), in order to understand the mechanisms of cortical

excitability and connectivity, and investigate functional adaptive response to brain injury.

Exploring the relationship between structure and function

The study in patients with optic neuritis demonstrated that combining structural and functional
information may shed light on mechanisms of recovery and persistent deficit. Studying a larger
number of patients during a follow-up period will allow a comparison between patients who
recovered their visual or motor function with those who did not, and might help to answer the
question whether the observed functional changes contribute to patients’ outcome. Future studies
will assess the evolution of structural changes at the injury site, together with the cortical
activation pattern, and their relationship to clinical outcome. A current hypothesis is that the
extent of visual or motor disability following an injury can be accounted by changes in: 1)
structural integrity of the white matter pathways; 2) fMRI response to visual or motor stimuli,
(i.e. cortical reorganisation), including a new activation in regions outside the primary cortices
and/or increased fMRI response in regions which are part of the network. Future studies will test
the hypothesis that in patients with good clinical recovery, but a high degree of structural damage
in the visual or motor pathway, there is evidence of increased brain functional activity, which

may represent an adaptive brain response.
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