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Abstract

There is a need for sensitive measures of disgageggsion in multiple sclerosis (MS) to
monitor treatment effects and understand diseastuten. MRI measures of brain
atrophy have been proposed for this purpose. Tiesig investigates a number of
measurement techniques to assess their relatiliy abimonitor disease progression in

clinically isolated syndromes (CIS) and early relag remitting MS (RRMS).

Presented, is work demonstrating that measureraehhigues and MR acquisitions can
be optimised to give small but significant improwets in measurement sensitivity and
precision, which provided greater statistical pawirect comparison of numerous
techniques demonstrated significant differencesvéat them. Atrophy measurements
from SIENA and the BBSI (registration-based techeg) were significantly more
precise than segmentation and subtraction of lwaltnmes, although larger percentage
losses were observed in grey matter fraction. Wanéar enlargement (VE) gave similar
statistical power and these techniques were ramgteliable; scan-rescan measurement
error was <0.01% of brain volume for BBSI and SIE&I#d <0.04ml for VE.

Annual atrophy rates (using SIENA) were -0.78% RNRS and -0.52% in CIS patients
who progressed to MS, which were significantly ggeéhan the rate observed in controls
(-0.07%). Sample size calculations for future $riaf disease-modifying treatments in
RRMS, using brain atrophy as an outcome measwajesmcribed. For SIENA, the BBSI
and VE respectively, an estimated 123, 157 and fdflents per treatment arm
respectively would be required to show a 30% slgvahatrophy rate over two years. In
CIS subjects brain atrophy rate was a significangpostic factor, independent of T2
MRI lesions at baseline, for development of MS v fyear follow-up. It was also the
most significant MR predictor of disability in RRM&bjects. Cognitive assessment of
RRMS patients at five year follow-up is describexhd brain atrophy rate was a
significant predictor of overall cognitive perfornee, and more specifically, of

performance in tests of memory.

The work in this thesis has identified methodsskemsitively measuring progressive brain
atrophy in MS. It has shown that brain atrophy dasnin early MS are related to early
clinical evolution, providing complementary infortimn to clinical assessment that could

be utilised to monitor disease progression.
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Problem and aims

The identification and provision of effective nevgehse-modifying therapies for people
with multiple sclerosis (MS) are key research aanllip health aims. These aims have in
turn increased the need to improve the assessniedisease progression and the
measurement of therapeutic effects. Clinicallydstabdividuals with MS often have

underlying disease activity, including progresdimgs of myelin and nerve fibres in the
central nervous system, which means that clinicadsures are an insensitive way of
monitoring disease activity and detecting diseé®sisg effects of treatments. With

magnetic resonance imaging (MRI) now assistingriag and early detection of MS,
there is an even greater need for sensitive meagiirdisease progression to monitor

treatment effects at all stages and understandsisevolution.

There is increasing evidence that damage to myakons and neurons result in brain
atrophy. Although brain atrophy provides a measiirene aspect of disease progression
in MS, highly sensitive, reproducible, robust amegse techniques are required in order
to detect subtle treatment effects. A number of uagrsemi-automated and automated
techniques have been developed to measure rabeainfatrophy from serially acquired
MRI scans. It is unclear however which of thesdediént methodologies provides the
most effective measure of atrophy rate in MS, #&medetfore which could be utilised most

efficiently as a marker to monitor the disease @ssc

Sample sizes needed to power therapeutic trialgl@ren by the variance in outcome
measure. Even a small reduction in the variancatmwiphy rates could have a major
impact on the power of studies in MS, potentiallipveing smaller and more cost
effective trials to be conducted. It would in talfow effective treatments to be provided
more rapidly to people with MS in addition to reohgc the number of trial subjects
exposed to ineffective treatments, or treatmenth significant side effects. This thesis
aims to optimise, assess and compare differem btabphy measurement techniques in
terms of their ability to quantify rates of cerdbarophy for use as a marker of disease

progression in MS.

The project will assess the association of braiophty rate with clinical measures, with a
view to aid in our understanding of the diseasecgss. Clinical correlation is also

essential to establish the meaningfulness and aebevof an MRI measure of disease
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progression. Development of new and existing rebeimols used in the analysis of MRI
may help us to determine the distribution and ratedisease activity. A greater
understanding of the early phase of MS may alsonailde development of new disease-

modifying drugs.

Aims
To investigate a wide range of image analysis tect@s of potential value in the
measurement of disease progression and assesdrtterapeutic efficacy in MS by:
1. comparing and cross-validating different MRl metblodies for longitudinal
analysis of brain atrophy, including current methaded in MS research, together

with novel techniques;

2. estimating the number of subjects necessary ta@idatdisease-modifying effect
in a trial of a putative disease-modifying drugjngsbrain atrophy rate as a

marker of disease progression;

3. using MRI techniques to understand the longitudpatern of brain atrophy in

relapsing remitting MS and its relationship to idal disease progression.
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1 Neuroimaging in multiple sclerosis

1.1 Introduction

Multiple sclerosis (MS) is a chronic inflammatoryteimmune disease of the central
nervous system (CNS) and the most common neur@logandition affecting young
adults, with approximately 100-200 cases per 1@ €rsons in the United Kingdom
(Forbes & Swingler, 1999). Females are more offeati@d than males by a ratio of 2:1
(Mumford et al, 1992), and age at clinical onset is typicalljwmen 20 and 40 years of
age (Williams & McKeran, 1986). In about 85% ofessthe early course is with relapses
and remissions (relapsing remitting MS (RRMS)), levhin 15% there is steadily
progressive disability from onset (primary progres$1S (PPMS)). After a period that is
usually several years, or sometimes decades, pgigeedisability ensues in about two
thirds of those with a relapsing-remitting onsetc{mdary progressive MS (SPMS)).
Symptoms vary between patients but include muselakness, problems with balance,
loss of coordination and mobility, visual and seggaroblems, difficulties with speech,
bowel, bladder and sexual dysfunction and mild immpents in cognition. The disease
therefore often causes a significant personalakaad economic impact for patients and
healthcare services.

Magnetic resonance imaging (MRI) exploits the proee of hydrogen molecules within
different tissues and fluid, allowing pathologichlanges within the brain and spinal cord
to be monitoredh vivo. It is now established as a key investigatiomadiagnosis of MS
and is increasingly used in studies seeking to topuiisease progression. It may also
help us understand the underlying mechanisms ancsemf MS. MRI can easily be
applied at the earliest stages of disease, wheplsanfor histopathological study are
unlikely to be available, allowing indirect assessiof pathology. It is a non-invasive
technique and unlike computerised tomography dogstilise ionising radiation, making
it more practical for repeated examination of peopith a condition that may last

decades.

Quantitative MRI has confirmed - and to an exterdcpded - post-mortem studies
showing widespread abnormalities in the brain wedyond obvious “lesions”.

Furthermore these studies provide evidence fomtipertant roles of axonal damage and
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neurodegeneration in the pathogenesis of MS. Caiovieth MRI (e.g. T2-weighted) has
allowed focal demyelinating lesions within the vehihatter (WM) and more rarely grey
matter (GM) to be visualised and quantified in bptist-mortem tissue ama vivo (Bg et

al., 2007; Calabreset al, 2007b; Geurtet al, 2005; Molyneuxet al, 1998c). Whilst
these areas of focal WM damage have been studiehsdxely, the knowledge that
pathological changes are occurring in normal appgdissue has increased support for
the measurement of tissue loss (atrophy) from MR anarker of overall tissue damage
and neuroaxonal loss. A number of MRI-based tecleigmeasuring CNS atropliy
vivo have shown progressive brain atrophy, at a ratatgr than that seen in normal
aging, in subjects with MS (Chamt al, 2004; Rovariset al, 2005a); this has been

associated with disability progression over longrtstudies (Fishest al, 2000).

This chapter will begin by considering the disea$eVIS before focussing on MRI
measures of brain atrophy in MS. However for ingleisess and to allow comparison
with brain atrophy measures, it will firstly addsesonventional MRI of lesions and
quantitative MRI techniques that have been useteasingly in the last 10 years. A
discussion of some of the practical issues invglvedthods developed for measuring
atrophy, and the application of atrophy measurement clinical and research
environments will be presented. Whilst importantgts have documented MRI changes
in the spinal cord and optic nerves in patient§ WM, this thesis will focus only on brain
MRI.

1.2 Multiple sclerosis

1.2.1 Pathogenesis of multiple sclerosis

Whilst the exact causes of MS are unknown, sevgeaktic and environmental risk
factors have been suggested, and MS is likely ¢carogs a complex combination of these,
and as yet unidentified, influences. Postulatekl fastors include the alleles associated
with major histocompatibility complex moleculesfdaatious agents such as the Epstein-
Barr virus and Chlamydia pneumoniae, lack of expmsa sunlight and vitamin D, and
smoking (Levinet al, 2005; Lincolret al, 2005; Pekmezoviet al, 2006; van der Meat

al., 2003; Yacet al, 2001).

Although inflammatory WM lesions in the CNS are thalmark of the disease, the

pathology is now understood to be more extensivthy areas of focal demyelination
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occurring in the GM (Beet al, 2003b; Geurtst al, 2005; Kiddet al, 1999; Petersoat

al., 2001), gliosis within lesions (van Walderveenal, 1998), diffuse inflammation
(Kutzelnigg et al, 2005) and progressive neuroaxonal loss in noappkaring tissue
(Bjartmaret al, 2001; Evangeloet al, 2000a). Microscopic examination of MS post-
mortem brain tissue has provided direct evidenceeafroaxonal damage including a
decrease in neuronal size, disturbance of the nalicell cycle, neuronal death, axonal
transection, neuronal loss, and dendritic and dyn&gss (Bitschet al, 2000; Luet al,
2000; Petersort al, 2001; Trapget al, 1998; van Waesberglet al, 1999). Decreases
in axonal number and density have been shown withmonic and acute WM lesions
(van Waesberghet al, 1999; van Walderveegt al, 1998) and normal appearing WM
(NAWM) (Evangelouet al, 2000b), and axonal transection and loss undefB&l
lesions found at post-mortem (Petersbral, 2001). Axonal spheroids, transections and
abnormal constrictions and dilatations have alhbg®own both within lesions and their
surrounding tissue using immunostaining (Kuhimatral, 2002; Trappet al, 1998).
Whilst inflammation and demyelination are revemsitd an extent, neuroaxonal damage

is permanent and is likely to be a relevant medmarf permanent disability.

The mechanisms by which MS pathology occurs ararlgleomplex and not entirely
understood at present. It is likely that differemchanisms operate in different patients
and that a number of processes overlap, for exadgieyelination and remyelination.
However evidence suggests that initially, inflamongatcells cross into the CNS through
the blood brain barrier, the integrity of whichabered in patients with MS particularly
during the acute stages of the disease (Letah, 2007; Sooret al, 2007). The immune
response involving T-lymphocytes, macrophages aiatoglia is propagated by the
expression of major histocompatibility complex noolles and release of cytokines.
Ultimately there is destruction of oligodendrocysesl myelin (Barnett & Prineas, 2004;
Bitsch et al, 2000) most likely involving cytokines, glutamateacrophages, reactive
oxygen species and proteolytic enzymes. Demyetinatif the GM appears to occur
independently of WM change (Bat al, 2007) and involves less inflammation (8teal,

2003a), but the exact mechanisms are unclear.

Evidence of neuroaxonal degeneration within lesipasticularly active lesions, supports
the idea that this pathology may be a consequenaeute focal inflammation (Peterson

et al, 2001; Trappet al, 1998). Numbers of CD8T-cells increase in inflammatory
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lesions (Babbeet al, 2000) and myelin breakdown leaves axons vulihertb direct
attack from inflammatory and other biological média such as proteolytic enzymes,
soluble antibodies, cytokines, glutamate, oxidapw@ducts and free radicals. A positive
correlation of CD8 T-cells, macrophages and microglia with the exté@txonal damage
has been shown (Bitseh al, 2000; Kuhimanrt al, 2002). In particular, nitric oxide has
been identified as contributing to neuroaxonal degation within lesions through
changes which include altering mitochondrial DNAdaenergy metabolism; this
mechanism may be more prominent during high axfiad), when energy demands are
greater, and leads to calcium-mediated cell deathtd et al, 2006; Luet al, 2000;
Smith et al, 2001a). It has also been suggested that defactastrocyte beta-
adrenoceptors cause a decrease in the energy dopgkpns (De Keysest al, 2004),
and that voltage-gated calcium channels are rédmigdd following initial axonal injury
(Kornek et al, 2001), both of which may also lead to calciundrated cell death. In
addition to exposing axons to direct attack, seaondffects may result from myelin loss.
Myelin breakdown products may contribute to theedse process by activating microglia
which mediate neuronal damage (Diest¢lal, 2003). There is also evidence that
oligodendrocytes provide trophic support to axdms,loss of which leads to degeneration
(Lappe-Siefkeet al, 2003; Sancheet al, 1996; Wilkinset al, 2003). These factors
appear to be more important than myelin itselfdegeneration has been shown to occur
despite intact surrounding myelin and a lack ofamimation (Bjartmaret al, 2001;
Lappe-Siefkeet al, 2003). Lastly, correlations observed betweeralfdesions and
NAWM changes are consistent with Wallerian degdr@ravhereby axonal transection
within lesions causes distant neuroaxonal damaggsilgy due to the loss of pre- and
post-synaptic signals (Bjartmat al, 2001; Evangeloet al, 2000b). Axonal loss within
NAWM has been found to correlate with the regiolesion load (Evangeloet al,
2000b). There may also be other less well undeddboib quantitatively important causes

of axonal loss.

1.2.2 Clinical onset and diagnosis

Clinical onset of MS is varied, but involves focal multi-focal neurological symptoms
resulting from inflammatory lesions, demyelinatiand progressive neuroaxonal loss
causing disruption in nerve signalling pathwayse Fieterogeneous location of pathology
leads to the diverse symptoms observed but the aoosinon first symptoms reported

include changes in sensation in the arms, legsa®, foptic neuritis, weakness, double
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vision and balance problems. Approximately 15% afigmts present with multi-focal

symptoms whilst others may have more unusual prasens such as aphasia or
psychosis. Whilst in the majority of patients thegmptoms will abate over the course of
a few weeks, in some patients there is insidioagnession of neurological symptoms

from onset.

A clinical diagnosis cannot be made by a singledad at initial clinical presentation of
symptoms, as evidence of dissemination in timespaae of lesions is required. A further
clinical attack implicating a different lesion sigll allow diagnosis based on objective
clinical evidence of two or more lesions. The nresent criteria for the diagnosis of MS,
the McDonald criteria (McDonaldt al, 2001) which were revised in 2005 (Polnegtn
al., 2005), incorporate MRI and laboratory tests ithie diagnostic scheme. These
investigations can provide evidence of disseminaid lesions in time and space,
allowing a diagnosis of MS to be given in patiemtso have experienced only a single
clinical monosymptomatic event (so called clinigallsolated syndrome (CIS)).
Approximately 70% of people who present with a @l be subsequently diagnosed
with MS (Brexet al, 2002) and it has been shown that the McDonaldrier predict a
clinically definite MS diagnosis (i.e. a seconchadal relapse) in those people presenting
with a CIS (Daltoret al, 2002b). In patients with an insidious prograssirom onset, at
least one year of disease progression and additemidence from MRI, cerebrospinal

fluid (CSF) and/or visual evoked potentials is rieeglfor diagnosis.

1.2.3 Disease course and clinical subtypes

The complex pathogenesis and pathology of MS (lbktructive and restorative),
pathology occurring in clinically silent locatiomsid cortical plasticity combine to make
the clinical disease course of MS extremely ungtatlie. Whilst some people will have
a relatively benign course of disease others arme tileely to develop disability (Sayas

al., 2007). In spite of this, several clinical pattehave been characterised in MS (Lublin
& Reingold, 1996). Around 85% of patients initjahiave a relapsing remitting disease
type. RRMS consists of clearly defined diseasepsasa (attacks of acute neurological
symptoms) with full or partial recovery and no hat progression of disease between
relapses. Inflammation and lesion formation areljyiko be the precursor to relapses. Of
those patients with RRMS most will go on to devedoprogressive form of the disease
within an average of 20 years (Vukusic & Confavre2@03). This is called SPMS and
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these patients may have occasional superimposaases, minor remissions and plateaus
during the progressive phase. PPMS describes teofpeople who have a progressive
form of the disease from onset with gradual butosincontinuous worsening of disability
and only occasional plateaus and temporary ming@ragements in function. New
inflammatory lesions are seen less in the progrestages of the disease. A progressive-
relapsing disease course has also been descrided seen in a minority of patients. It is
characterised by progressive disease from onsétwiih clear acute relapses and

continued progression between relapses.

Prognosis for an individual with MS appears to aepéo some extent on the early
clinical course, gender, age at onset and iniffaioms (Langer-Goul@t al, 2006).
However, around 15-25% of people diagnosed withadfear not to progress, even after
periods of 15 years or more, and are classed asghlaenign MS (Pittoclet al, 2004).

Whilst there is no cure for MS several immunomotiula treatments have been
developed and licensed for use in RRMS; these baea shown to reduce the relapse
rate and reduce the accumulation of disabilitydBaet al, 1996; Johnsost al, 1998;
Polmanet al, 2006; The IFNB Multiple Sclerosis Study Group9%). Additionally, one
of these treatments, interferon beta-1b, has a&m Ishown to delay the conversion to
clinically definite MS and the development of didi&pin patients presenting with a CIS
(Kapposet al, 2007). Steroid treatment can be given in thenewéa relapse to reduce
inflammatory events and expedite recovery fromlapse, but this does not appear to
alter long-term prognosis. Symptomatic treatmendsaaailable for a number of disease
manifestations including tremor, spasticity andomence. There is no effective
disease-modifying treatment for progressive fornisM$s, and current research is
focussed on developing neuroprotective therapigseeent the ongoing neuroaxonal loss

thought to underlie progressive disability.

Disease progression is traditionally assessed byological examination and disability
rating scales. The scale most commonly used isE#panded Disability Status Scale
(EDSS) (Kurtzke, 1983) (Appendix 1), which consisiE scoring eight different
functional systems. However the EDSS is weightedatds assessment of the motor
symptoms of MS and does not consider symptoms sschpain, or the cognitive

dysfunction which has been estimated to occur HT(B® of cases (Amatet al, 2001;
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Lazeronet al, 2005; Molleret al, 1994; Portacci@t al, 2006; Rovariet al, 1998).
Moreover, at least a one-point sustained changbeB&DSS is needed to be confident of
progression in the degree of disability, due todticulty in precisely defining the level
of impairment in some functional categories ancerinater variability (Noseworthy,
1994). MRI has therefore gained importance in &8t 15 years, not only for its role in
diagnosing MS, but as a tool for monitoring diseasEyression in a more objective and

potentially more sensitive manner.

1.3 Conventional MRI of focal lesions

Conventional MRI allows visualisation of the sturet of the brain. Areas of focal
damage within the WM and GM can be visualigedszivo due to the increased water
content of lesions relative to the surroundinguess Conventional spin echo (CSE) and
fast spin echo (FSE) sequences, which result inrotop density-weighted image (PD-
weighted) and a T2-weighted image, have commongnhgsed in MS for diagnostic
purposes. New and enlarging lesions appear hypesat on PD- and T2-weighted
imaging (Figure 1-l1a and Figure 1-1Db), althougltah be difficult to detect lesions
situated near the periventricular border on T2-Wmeid images, due to the similar contrast
of CSF. Fluid attenuated inversion recovery (FLAB@quences have partly overcome
this problem by suppressing the signal from CSFnyMkesions seen on T2-weighted
imaging can also be visualised on T1l-weighted irmagkere they appear hypointense
(Figure 1-1c) and tend to correspond to areas wihere is severe tissue disruption (van
Walderveeret al, 1998). During the active stage of MS there tseased permeability of
the blood brain barrier and the contrast agent lgadm (Gd) has been used with T1-
weighted imaging to identify areas of acute inflaation and distinguish active and

inactive lesions (Figure 1-1d).

Whilst visual examination of these images can iopeed to aid diagnosis, quantitative
methods have been developed to assess the extesiaf burden as a guide to disease
severity and progression. At the simplest levetsasent of the number of lesions can be
performed and scoring systems based on the numbesize of lesions have been applied
(Thompsonet al, 1991). However the intra- and inter-observeiabdity is low, even
when incorporating consensus criteria and trainofigervers (Filippiet al, 1995;
Molyneuxet al., 1999).
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Figure 1-1 White matter lesions visualised on MRI. a) PD-widhb) T2-weighted, c)
T1l-weighted, d) T1-weighted with gadolinium enhameet (indicating active
inflammatory lesions). PD- and T2-weighted imagsdrom a different subject to T1-

weighted imaging.

An alternative approach is to outline lesions on IMRd quantify the volume, and
numerous methods have been developed for thissWWhadnual outlining of lesions may

be more accurate it is labour-intensive and subjectintra- and inter-observer
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reproducibility problems (Filippet al, 1995; Mitchellet al, 1996). Semi-automated
methods for delineating lesions have been showpetequivalent to manual outlining
with regard to accuracy but with improved reproduity (Filippi et al, 1995; Grimaud
et al, 1996; Molyneuxet al, 1998a). These include global and local threshgld
(Grimaudet al, 1996; Molyneuxet al, 1998c; Wickset al, 1992), and cluster-based
identification and delineation of lesions baseduzy-connectedness principles (Udupa
et al, 1997). Unfortunately semi-automated methods reguire almost the same level
of operator input as manual delineation (Grimatél, 1996). Manual identification of
lesions prior to contouring may be needed, or sriiar lesion identification (false
negatives or false positives) and incorrect comguusing a global threshold may need
correcting. Even when voxel intensities are statidad across an image, sensitivity may

still be poor (Molynewet al, 1998c).

Developments in the area of fully automated lesd@ntification and delineation have
mainly involved the use of multispectral image datd studies of these algorithms have
shown that the accuracy, specificity and reprodlitgilof lesion volumes are comparable
to manual or local threshold methods (Achigdral, 2002; Datteet al, 2006; Wuet al,
2006). Automated technigues have also been usefthd longitudinal assessment of
lesion load. New, enlarging and shrinking lesioas be more easily detected following
rigid or non-rigid registration of images and canused to distinguish between gain and
loss in lesion volume rather than net change oRBy(et al, 2002; Taret al, 2002a).
Registration overcomes problems associated withsigpning errors that may lead to
bias when only small changes in lesion volume laeeirred (Gawne-Caiet al, 1996)
and automated analysis has been shown to idengfgater number of evolving lesions

than manual detection (Bostal, 2003).

Despite lesions being an obvious pathological featf MS, their correlation with
disability and disease progression has been mBastidaret al, 1999; Helcet al, 2005;
Kapposet al, 1999; Saileet al, 2001; Stevensoet al, 2004). In one study, correlation
between the change in lesion volume over 0-5, 8si010-14 years, and EDSS score at
year 14 ranged between 0.29 and 0.61 (Rreal, 2002). This is particularly true in
patients with PPMS in whom a smaller MRI lesiondi@nd less lesion activity is seen
than in patients with RRMS and SPMS, but disabpitygresses nonetheless (Reveisz
al.,, 1994; Thompsoet al, 1991). Several reasons may lie behind this patairstly,
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lesions may be heterogeneous, both in the extedewfyelination, remyelination and
permanent tissue disruption that has occurred tiinetti et al, 2000), and in the
location they develop. Both these factors are yikel influence the effects that lesions
have on the extent of permanent disability (Chetibl, 2003). Secondly, monitoring
lesions does not encompass the global changearhatow known to occur in normal
appearing tissue. Thirdly, the MRI acquisition vaffect both detection of lesions and
lesion measurements. Typically, lesion measurenaetperformed on MRI with slices
that are a minimum of 3mm thick, and this may casisall lesions to go undetected
because they are smaller than the resolution of¢ha. In addition measurements from
these acquisitions will be more prone to repositigrerrors over serial studies and the
effects from partial volume voxels at lesion edgas be greater. Although volumetric
FSE and FLAIR acquisitions exist (with slice thieleses as little as 1mm), and have been
shown to increase the number of detectable lesmomepared with conventional
acquisitions (Ciccarellet al, 2002; Molyneuxet al, 1998b; Taret al, 2002b), the time
required for analysis using manual or semi-autocha¢ehniques will be greater and
correlations with disability may not improve (Cicebi et al, 2002). It has also been
shown that lesions occur within the GM and at tHd/\§M boundary, but often go
undetected on MRI using conventional sequenceseati¢ld strengths currently used at
the majority of centres (1.5 Tesla (T) and 3T) (et al, 2005; Kangarlet al, 2007).

1.4 Non-conventional MRI to assess global effects in rtiiple sclerosis

Non-conventional quantitative MRI techniques hagerbdeveloped which have provided
indirect evidence of the global pathology occurimd/S and aided in our understanding
of the disease. More sophisticated methods arareelfior image acquisition and image
post-processing than conventional MRI and thedeniques are therefore mainly limited

to research settings.

1.4.1 Diffusion imaging

Diffusion of water molecules inside biological tiss can be measurad vivo using
diffusion weighted MRI (DW-MRI). The motion of watanolecules is hindered by
microstructural barriers including cell membraned arganelles, meaning that diffusion
is lower in brain tissue than in free water. Paigadal processes in MS may change the
structural barriers within the brain, increasingnpeability and diffusivity and providing

information regarding tissue integrity. An extemsito DW-MRI is diffusion tensor
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imaging (DTI) which allows the motion of water molges in all directions to be
characterised. WM has an organised structure ghedi axons and diffusion is greater
along the axis of axonal fibres compared with extbe fibres; this feature of diffusion
(the property of anisotropy) can provide additiomdbrmation regarding changes in
tissue structure. In addition, DTI has been usedeaidorm tractography and determine
WM connectivity (Paganet al, 2005a). Whilst early DW-MRI studies were limitea
region of interest (ROI) analysis, which is subjéat selection bias, reproducibility
problems and insensitivity to overall disease eéfferethodology has been developed that
has allowed analysis of global changes (Cercigaaal, 2001b). However the origin of
any changes cannot be determined and partial voleffeets need correcting for,
particularly when atrophy is occurring (diffusiorillvbe greater in partial CSF voxels
than pure GM or WM voxels) (Rashed al, 2004).

Despite these limitations, DW-MRI studies have shafat diffusion in both MRI-visible
lesions and NAWM of MS patients is significantlyegter than in controls, suggesting an
increase in permeability due to myelin damage amha loss (Coombst al, 2004;
Drooganet al, 1999; Ohet al, 2004a; Vrenkeret al, 2006b). In addition, anisotropy
within lesions and NAWM is decreased in patientshwMS, suggesting there is
disruption to the structural organisation of tisDeooganet al, 1999; Ohet al, 2004a;
Vrenkenet al, 2006b). Increased diffusivity has also been showvithin the normal
appearing GM (NAGM) and basal ganglia of patientshwMmsS, providing further
evidence that MS pathology is not merely restridiedhe WM (Bozzaliet al, 2002;
Cercignaniet al, 2001a). Moreover, increased diffusivity has belmonstrated in
people presenting with a CIS, suggesting that tbhaages are present from the earliest
stages of disease (Gakt al, 2005; Ranjevat al, 2003). However, these measurements
are altered by temporary damage to tissues, suderagelination, and it is difficult to
determine whether changes in diffusion and anipgtare reversible or permanent from
cross-sectional studies. Longitudinal studies h@wevave demonstrated progressive
changes in diffusivity in NAWM and NAGM in patientaith CIS, RRMS and
progressive MS (Caramiet al, 2002; Cassoét al, 2004; Garacet al, 2007; Oreja-
Guevareet al, 2005; Rovarigt al, 2005a).

One of the current limitations of DW-MRI is thedeaoff between long acquisition times

and spatial resolution. Low spatial resolution &zad to reproducibility problems for
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ROI analysis and increase partial volume effectglabal analyses. However, techniques
are being developed that could provide high-regmiuBD acquisitions with minimal
increases in acquisition time (Cercignaet al, 2005). DW-MRI also requires
standardisation of hardware and acquisition prdsoéo order for findings to be

comparable across patients.

1.4.2 Magnetisation transfer imaging

Magnetisation transfer MRI (MT-MRI) quantifies thatio between the concentration of
protons in the brain that are free, for examplésasie water, to those that are bound up as
macromolecules in myelin and other cell membramestherefore restricted in motion.
The MT ratio (MTR) between free and restricted @nstcan be measured. A change in
the organisation of brain tissue as a result of yadination and neuroaxonal damage
reduces the number of protons bound up as macrooleteand MTR decreases as a
result. In post-mortem tissue MTR has been coedlatith axonal density and myelin
content (Schmiereet al, 2004; van Waesbergle al, 1999). As with DW-MRI, MT-
MRI can be conducted on an ROI or on a global lédwelugh histogram analysis of MTR
values over the whole brain, NAWM or NAGM.

In vivo MT-MRI has shown a decrease in MTR values in lesiand in normal appearing
brain tissue compared with controls in patientssgnéing with a CIS (Audoiret al,
2004; Fernandcet al, 2005; Rovariset al, 2003) and MS (Daviegt al, 2004;
Traboulseeet al, 2003; Vrenkeret al, 2006a). Although MT-MRI may be a good way to
help elucidate pathological mechanisms, it is notompletely specific marker of
demyelination and neuroaxonal damage. Inflammadione could cause MT values to
fall, as the density of macromolecules is dilutgddedema. There may be partial or
complete recovery of MTR over a period of monthsirdlammation subsides and
remyelination occurs. However longitudinal studiese shown that there is a progressive
decrease in MTR values over one year in patientis aiCIS and MS (Rovariet al,
2003) and these have been shown to correlate vatBeming of disability over an eight
year period (Agostat al, 2006). Voxel-wise statistical analyses of globHIR values
have been performed in CIS and RRMS cohorts, white allowed localisation of
changes relative to controls without #griori assumptions involved with ROI analysis
(Audoinet al, 2004; Audoiret al, 2007a).
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As with DW-MRI, partial volume effects will alter "R values, particularly over
longitudinal studies when atrophy is occurringhailtgh normalising MTR values for
brain volume and applying a strict threshold foxeloinclusion should minimise these
effects. Again, standardisation of scanners, aitopnsparameters and protocols would

need to be performed if MT-MRI were to be used wider clinical or research setting.

1.4.3 Proton magnetic resonance spectroscopy

Proton magnetic resonance spectroscopy*MRS) allows a number of metabolites
common in the brain to be measured. Changes ie timesabolites can be used to infer
inflammation, demyelination and neuronal damage= fitajor resonances are i) choline
(contained in phospholipids), ii) creatine and gxreatine (Cr), iii) N-acetyl groups

(mainly N-acetylaspartate (NAA)), iv) lactate. Cinel, lactate and Cr are thought to be
markers of acute inflammation or demyelination. Ndbeame lipids containing choline

increase during active myelin breakdown and lactaty increase as a result of the
increase in metabolism by inflammatory cells. Likssy decreased levels of NAA, an
amino acid found within mature neurons, are thoughprovide indirect assessment of

neuronal integrity.

Decreased NAA has been observed within normal ajmgehrain tissue (both WM and
GM) in MS subjects compared with controls (Charal, 2002a; De Stefaret al, 2001,
Oh et al, 2004b; Sastre-Garriga al, 2005b), providing evidence from yet another MR
modality that neuroaxonal damage is a consistatuife of MS. Whilst these findings
have also been found in studies of CIS (Filippial, 2003; Rovariset al, 2005b),
supporting the hypothesis that neuroaxonal damega® from the earliest stages of MS,
normal NAA in NAWM has also been noted in thesejetts (Fernandet al, 2004;
Ranjevaet al, 2003) and MS patients (Vrenkest al, 2005). Normal metabolite
concentrations have also been found within theegodaf MS patients (Geurtst al,
2006). The application of methods to obtain absoMAA concentrations, rather than
relative to other metabolites, has decreased thgilplity of false effects and error in data
interpretation. HowevelH-MRS may still be limited in detecting the low saj-to-noise
ratio metabolite signals when voxel of interesthods are applied, which may lead to a
lack of sensitivity to global changes, reprodudipibroblems and selection bias. Methods
for whole brain quantification of NAA have been dmped but these do not allow the

localisation of changes (Adalsteinssiral, 2003; Goneset al, 2000).
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Changes in NAA may not represent neuroaxonal loessrather be affected by axonal
metabolic function independent of structural intigg(Cader et al, 2007). Indeed
longitudinal studies have shown recovery or ina@eas NAA over time (Audoiret al,
2007c; Tiberioet al, 2006). Single-voxel spectroscopy may be sefmstivchanges in

hardware and acquisition, which makes implementaiioa multicentre scale difficult.

1.5 Brain atrophy as a marker of neuroaxonal damage imultiple sclerosis

Unlike inflammation and demyelination, neuroaxodefieneration is irreversible, and is
likely to result in brain atrophy through the loss tissue. Its measurement would
therefore provide a marker of MS pathology partidyl relevant to clinical disability.
Furthermore, diffuse neuroaxonal losses acrossvtiwde brain can feasibly be tracked.
Despite the potential value of brain atrophy asaaker of neuroaxonal loss however, it
should be pointed out that a) cerebral volume mpmsed of many different cell types
and may therefore be altered by many changes tithemeuronal or axonal loss, and b)
other pathological and physiological factors magrabrain volume and should be taken
into account when interpreting results (Table 1-1).

1.5.1 Definition of qualities of a good brain atrophy nseae

Rating scales for the visual assessment of atréyaive been used in MS, but can be
difficult to apply and interpret (Benediat al, 2002; Raoet al, 1985). A good
quantitative brain atrophy measurement techniqueldvalemonstrate many of the

features listed in Table 1-2.

Measurement accuracy and precision are desirableever they are less important in
practical terms than sensitivity to disease-relatedange and measurement
reproducibility. Techniques that can be automatad are robust to differences in
acquisition are particularly relevant qualities farge longitudinal multicentre studies. In
addition, methods that work on volumes (three dsmars) as opposed to on a slice-by-
slice basis may be advantageous, as they shouhlobe accurate due to higher spatial

resolution.
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Table 1-1 Pathological and physiological variables that maifeat brain volume

measurements in MS.

Factors causing brain volume increases

Factors causing brain volume decreases

Oedema
Inflammation
Gliosis (tissue bulk)
Remyelination

Axonal loss

Neuronal damage with neurone loss (e.

«Q

dentritic pruning)
Resolution of inflammation and oedemia
Gliosis (retraction scarring)
Demyelination
Dehydration
Anti-inflammatory agents

Normal aging

Table 1-2Desirable qualities of a brain atrophy measure.

Quality

Comment

Reproducible

results.

Accurate

Precise

Automated

Robust to image quality

Sensitive to brain atrophy Allows subtle patholadjichanges to be detected.
Technigues that can measure differences at a sabvox
level may be advantageous.

Avoids measurement errors that maytiearroneous

Detects actual tissue loss. Accuracyfidli to verify
however, and small errors are insignificant if ¢etent
between subjects and over time.

Repeated measurements of the same voldinbe wf the
same value to within a small percentage of themelu

Fast to implement, thereby reducing dpetene and
costs. Operator-dependent errors are minimised.

Results are more reliabte@mparable between subje
and imaging sites where acquisitions may vary 8iigh

and minimally affected by image artefacts.

Cts
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The reproducibility and precision of atrophy measuent techniques depend to some
extent on variations in the scanner and imagingrpaters (i.e. echo time, repetition time,
flip angle, slice thickness etc); greater precisioibrain parenchymal fraction (BPF) has
been obtained on dual-echo T2-weighted and FLAIRg@s compared with T1-weighted
volumetric images from the same subjects (Horsielal, 2003). In addition fluctuations
in the performance of scanner gradients can leattiftoin voxel sizes (Freeborougtt

al., 1996). Although this variation may at least lydoe corrected for by normalisation to
a constant such as skull, brain atrophy measurats dfe less affected by gradient
strengths are preferable. Reproducibility and grenimay also be affected by the quality

of images and presence of artefacts.

1.5.2 MR acquisition for brain atrophy measurement

The optimum MRI acquisition for atrophy quantificet may to some extent depend on
the measurement technique and the subjects tabedt However it would be expected
that the optimal acquisition would be one with ghhsignal-to-noise ratio (SNR), high

contrast-to-noise ratio (CNR), high spatial regolutand short acquisition time.

Signal-to-noise ratio

SNR can be defined as the ratio of the mean vagehk(from a homogenous region with
high signal intensity within the object of intefedivided by the standard deviation of the
background signal (measured from several regionsideuthe object). Alternatively a
difference image can be generated from two consetyacquired images, and the mean
voxel signal within this image divided by the stardideviation of voxels in this same
region. Increasing MR scanner field strength witipdify the signal intensity from the
object and consequently SNR (Figure 1-2). Most M&hgers currently in use operate at
1.5T or 3T, although in research settings highegmatc fields are sometimes used. SNR
can also be improved by imaging larger voxels wiuah be achieved by increasing the
field of view (FOV) whilst maintaining the matrixze, and changing the radio frequency
receiver coil to a phased array (multi-channel). gsrophy measures will benefit from

increased SNR which “sharpens” the edges of tissuadaries.
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Figure 1-2 T1-weighted images showing different signal-to-eoeios due to scanner
field strength. Images are from a single subjectd acorrected for intensity
inhomogeneity. Signal-to-noise ratio is lower wiaequired on (a) a 1.5 Tesla scanner
(9:36 minute acquisition time) than on (b) a 3 &estanner (9:14 minute acquisition
time). Images are from the Alzheimers Disease biewaging Initiative
(http://www.loni.ucla.edu/ADNL
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Contrast-to-noise ratio

The CNR can be defined as the ratio of the diffegen signal intensity between regions
with different cellular constituents, and the backmd signal. The contrast of images
must be good to obtain robust brain atrophy measemés as many techniques rely on
high contrast boundaries between brain and CSki@iiy3). Regional atrophy measures
are also likely to benefit from a high contrastmtn GM and WM. Good tissue contrast
requires selection of an appropriate pulse sequéhteveighted sequences are often
used), and increasing field strength will also @ase CNR.

Spatial resolution

Spatial resolution is the distance between adjagex¢ls in the image and therefore to
achieve higher resolution and visualisation of mdetail, image voxel size must be
reduced (Figure 1-4). Although atrophy measurenestiniques have been successfully
applied to “2D” acquisitions with slice thicknessals3mm or greater (Collinst al,
2001; Lossefet al, 1996; Rudiclet al, 1999), higher resolution imaging should improve
atrophy measures. Partial volume effects resultwhaltiple tissue types contribute to a
voxel and there is blurring of intensity across ftaries. It is common to acquire 3D
volumetric acquisitions with isotropic voxels oband 1mm which reduce partial volume
effects on some measurements, provide good brain&n8 GM/WM contrast, and allow
visualisation and measurement of small regionakstires. Atrophy measures applied to
3D acquisitions are less dependent on slice paosigoand slice selection, and may give
more accurate results from automated techniquearf&tet al, 2004). In addition 3D
acquisitions allow reformatting and accurate rewsfj of data for registration-based
techniques, and provide good boundary definitioralinviews which is important for
atrophy measurement. The disadvantage of increassajution through smaller voxels
is that SNR is decreased and acquisition time ¢seased. However standard high-
resolution 3D acquisitions (e.g. 1 x 1 x 1.2fwoxels) can be acquired in less than 10

minutes.
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Figure 1-3T1-weighted images showing differences in conti@steise ratio due to changes in scanner hardwarbgs higher CNR than b).
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Figure 1-4T1-weighted images showing differences in spaéisblution. a)-c) show an
image acquired with 3mm thick axial slices (1x1mrplane resolution), giving limited
resolution in the coronal and sagittal planes (neatropic voxels), d)-f) show an image
acquired with 1.5mm thick coronal slices (1x1mnpleme resolution), giving similar

resolution in the axial and sagittal planes (neswtropic voxels).
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1.5.3 MRI artefacts

When imaging the brain, MRI artefacts can resutrfrdifferent sources including the
scanner, the patient and the MR acquisition. Tihegg only affect a few voxels or they
may be on a larger scale affecting visualisatiah rocessing of the image. Some of the
more common artefacts that arise and that may tafffieen atrophy measures will be
addressed in the following section. It should beted out that for acquisition-related
and patient-related artefacts, the degree of attefdl often be worse the higher the field
strength of the scanner. Although the artefact beapresent at lower field strengths, the

increase in SNR and CNR makes them more conspicuous

Inhomogeneity

A common artefact seen on MR images of the braimtensity inhomogeneity (bias),
where the signal intensity from supposedly homogesdissue (i.e. GM, WM, CSF,
skull etc) is non-uniform. These bias fields uspafiry smoothly across an image (Figure
1-5a) and may be due to poor radio frequency aufbtmity leading to a non-uniform
B1 field (the strength of the radio frequency pwaees at different positions within the
coil), non-uniform sensitivity of the receiver caihd eddy currents caused by magnetic
field gradients. Anatomical variability, regionaffdrences in the magnetic properties of
the tissues being imaged, position of the headmitie MRI scanner and electrodynamic
interactions with the object being imaged may asult in variations in the image signal,

particularly at higher field strengths.

This inhomogeneity across an image can cause ir@ed in atrophy measurement
techniques that rely on homogeneity of intensityhimi a tissue class. Techniques that
depend on operators recognising tissue boundaras aiso be influenced, therefore
correcting this intensity inhomogeneity within amage may improve atrophy
measurements. Inter-slice variations observed ins2Quences can be dealt with by
methods that normalise the intensities betweerviohal slices. However the smooth
intensity variations present in most acquisitiores @pproached differently. Several post-
processing techniques have been developed to petibgely correct for these
inhomogeneities, using a number of different apgnea (Ahmecet al, 2002; Chen &
Reutens, 2005; Cheng & Huang, 2006; Coéieal,, 2000; Gisperet al, 2004; Lucet al,
2005; Van Leempuet al, 1999; Vokurkaet al, 1999; Vovket al, 2004). In addition

some segmentation algorithms simultaneously deknbeain regions and estimate and
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correct for the inhomogeneity. This procedure sfflie advantage that information from

the segmentation can be used to aid inhomogeraitgation.

A study published in 2001 directly compared six coonly used algorithms for intensity
inhomogeneity correction and found that two methetlikch evaluate spatial variation in
tissue intensity parameters generally performedebetith regard to the accuracy,
precision and stability of the non-uniformity cartien (Arnoldet al, 2001). These were
the bias field corrector (Shattuet al, 2001) and nonparametric nonuniform intensity
normalisation (N3) (Slecet al, 1998). Indeed, N3 has been shown to increase the
reproducibility of brain segmentation in a study ldf control subjects (Charet al,
2002c).

Motion

Motion of the head during scanning can lead tdacte (Figure 1-5b). Many patients are
unable to cooperate in keeping still during scagm@ind it can be beneficial to avoid long
sessions in the scanner when patients may becocoentortable. Motion effects are also
minimised to some extent by the use of head resstaiiotion artefacts may also present
as a result of pulsatile blood flow or breathinge3e effects can be averaged out of the
image or reduced by synchronising the imaging secpievith the cardiac cycle or
suppressing the signal from blood. PROPELLER (Flec@dly Rotated Overlapping
ParallEL Lines with Enhanced Reconstruction) MR$ lh@en described as a means by
which to quantify and correct for motion artefadbpto image reconstruction (Forbes

al., 2001; Pipe, 1999). Movements of the eye andlewelg may also cause motion
artefacts and are difficult to correct for.

Chemical shift

Chemical shift describes the artefact that occurs t differences in the resonance
frequencies of fat and water, which cause displacenm the signal from fat relative to
water. This displacement can make it difficult tetefmine brain boundaries (Figure
1-5c¢). Fat suppression techniques and change® tontiging sequence can help reduce

chemical shift artefacts.
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Figure 1-5 Examples of MR image artefacts. intensity inhomogeneity, b) motion, c)
chemical shift d) susceptibility and pulsation #at#, e) and f) infolding and

inadequate field of view.

Susceptibility artefacts
This class of problems refers to a number of atefaaused by the different magnetic
susceptibilities of tissues and materials leadmdptal non-uniformity of the magnetic
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field. This can result in signal dropout, brighotpand spatial distortion in images. Metal
implants may also cause these artefacts, e.g.lddatas (Figure 1-5d). These artefacts
can be reduced using SE or FSE sequences compinegradient echo sequences and a
high bandwidth and short echo time may also help.

Inadequate field-of-view or number of image slices

If the FOV is too small or the number of slices adequate to include the whole head,
this can lead to wrap-around (aliasing) where e of the image folds into the opposite
side of the image (Figure 1-5e). It is caused lpmuption in the spatial encoding of
objects outside the FOV which cannot be distingedsinom objects inside the FOV. This
is because areas outside the FOV sitill give a biggrzause the RF pulse(s) (and phase-
encoding gradient) are applied to the whole heamvdver the value of the phase shift
caused by the phase encode gradient will be outisedeange of values assigned to cover
the FOV, with the value assigned to a point jusside the FOV at one side of the image
being identical to that assigned to a point jughiwithe FOV at the other side. These
points are therefore indistinguishable, and sidywah objects at these points will overlap
in the reconstructed image. This will cause a obfor analysis of atrophy if the wrap-
around is large enough to overlay the brain (Fidugd#). In addition to wrap-around, if
the FOV is very tight around the object being seahtien this can cause signal drop-out
towards the edges of the image which may causdgonstfor segmentation of the brain
or atrophy measurement techniques that rely omstanot intensity throughout the image.

Both of these problems can be remedied by usiagged FOV.

Gradient non-linearity

Linear variation in the gradient field is requirfedt accurate spatial encoding. However,
gradient non-linearity may occur towards the edfe¢he imaging volume. This non-
linearity can lead to distortions in the signal aygbmetry of images, which may affect
the shape and boundaries of the brain, and as isflaence the accuracy of cross-
sectional volumes and longitudinal atrophy measufgss can be particularly apparent
when the same subject is positioned differentlyvben time-points, as the distortion is
position dependent. As such, the distortion maydifferent between scans which can
lead to error in measurements. Whilst scanner naatwiers supply software for the
correction of linear variation, there is a discrepabetween the actual magnetic field and

the gradient corrected for by the scanner softwdren non-linear variation is present. In
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addition, most software works only in two dimensiavhich is not a complete solution.
Recently three-dimensional algorithms have beeriegppo brain MRI and shown a
significant improvement in distortion correctionesutwo-dimensional methods (Jovicich
et al, 2006).

1.6 Brain atrophy measurement methods

Although visual assessment of brain atrophy dodsrequire specialist hardware or

software, it is subject to reproducibility probleiasd is unlikely to be sensitive to small
amounts of change. Quantitative approaches inatugieual methods that may be used
for simple linear and area measurements, and atedn@ semi-automated software
which is generally used for volume measurementsitomise operator-input time and

increase reproducibility. This section providescuerview of methods that have been

applied to MS subjects.

1.6.1 Cross-sectional or longitudinal?

Single time-point measurements of the length otthwidrea, and volume of whole brain
and sub-regions have been utilised in studies of pients. Comparison with
measurements from control subjects may indicatephir in these patients. However
measurements based on a single scan can be difbanterpret because of wide normal
variability; normalisation to intracranial voluméauld be performed as small volume
changes tend to be masked by the biological imgixdidual variability in absolute brain
size and volume. In addition, the progression atd of atrophy can be assessed only
indirectly from cross-sectional measurements, angé onust assume that atrophy
progresses linearly and at a similar rate betwadividuals. Gender and age, amongst
other factors, have been shown to influence bralames and must be taken into account
in analyses of cross-sectional data (Chardal, 2002c). Longitudinal measurements
allow disease progression to be monitored moreigaigcand the extent of true inter-
individual differences identified. These may beaned following the subtraction of
serial cross-sectional measures (Equation 1.1y anethods which directly measure the

difference between ROIs following registration miiges (Chapter 1.6.4).

Atrophyrate= VimVo (1.1)

1 0

V1 = volume on follow-up image o¥ volume on baseline image t = interval
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1.6.2 Two-dimensional brain measurements

Linear measures are the simplest atrophy measuteragrthey are quick to perform and
can be applied to most structural MR acquisitidthleasurement of brain width on axially
formatted MRI, has demonstrated atrophy rates 64% year in RRMS subjects with
an intra-rater measurement coefficient of variati@V, the standard deviation of
measurements divided by the measiuf) of 1% (Simonet al, 1999). Linear
measurements of ventricular spaces, includingdabgh, third and lateral ventricles, have
been applied more widely and provide indirect assest of brain atrophy (Simaat al,
1999; Turneret al, 2001) (Figure 1-6). Ventricular enlargement ascas a result of
tissue loss, and small losses can result in relgtiarge increases in CSF compartments.
In cross-sectional studies, these measures magrbalised to brain size, by determining
the brain width at the same level as ventriculadtivi(Caonet al, 2003). One study
measuring third and lateral ventricle width on aki&| demonstrated annual increases of
4.5% and 5.5% respectively in MS subjects (Sirebal., 1999), and third ventricle width
has been shown to correlate with third ventricleuree (Turneret al, 2001). Intra-rater
CVs of 7% and 4% for third and lateral ventricledthi measurements respectively have
been shown (Simoet al, 1999).

Mid-sagittal measurements of corpus callosum (G€x &dave also been performed in a
number of MS studies. The CC is comprised of axtmaats connecting the left and right
brain hemispheres and has long been recogniseeiag particularly affected in MS.
Cross-sectional analysis has shown significantlyallen average CC areas, by
approximately 20%, in MS subjects relative to colist(Barkhofet al, 1998; Liuet al,
1999; Paolilloet al, 2000). Rate of atrophy in one of these studias astimated to be
-5.3% yeal in patients with RRMS (Litet al, 1999). Significant decreases in CC area
have also been observed longitudinally (Martglal, 2007; Pelletieet al, 2001; Simon

et al, 1999), -4.9% yedrin one study (Simoet al, 1999) and -1.8% yeain another
(Martola et al, 2007). Methodological variability between studien terms of
measurement position, and the dependence of thesditnensional measures on slice
positioning and selection which are often basedsubjective criteria (Benedigt al,
2004; Bermekt al, 2002; Sharmat al, 2004) limits these techniques however, and an
intra-rater CV of 3% has been shown. Furthermdieg selection may be harder when
the head position and orientation within the MRns&a varies between patients and over

time.
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Figure 1-6Linear measures of a) the fourth ventricle, b)tthied ventricle and c) the lateral ventricles.
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1.6.3 Cross-sectional methods

Delineation (segmentation) or classification ofibbrand CSF voxels on MRI allows
global, regional or GM/WM volume quantification. Kazal outlining of the brain is time-
consuming, subjective and less reproducible thgarighms performing semi- or fully-
automated segmentation. Numerous algorithms hage developed and may be based
on thresholding (driven by the difference in br&8F or GM/WM signal intensity),
region growing, clustering, deformable models ombmations of these. Some of the
more commonly used methods and specific softwackguges that have been used in MS

studies are discussed in this section.

Anatomatic

This semi-automated segmentation software usesn@eruof processes to obtain a
volumetric estimate of the brain and GM/WM (Heinonet al, 1997). Thresholds
obtained from histogram analysis or defined maguaié applied to images in order to
classify skull, GM and WM. Region growing is theppled to the images to fill the
segmentations and determine accurate intersedigngen the scalp, skull and CSF. The
filled GM and WM images are subsequently combinéth the skull image on a pixel-
by-pixel basis with the aid of decision trees, Wmhgpecify the voxels that should be
retained from each image according to a set obr(lieinoneret al, 1998). In this way
classification of different tissue types within tlmeeage is achieved, including GM and
WM, allowing investigation into the specific coitions of their pathology in MS.
Misclassified brain lesions can also be identii@dGM images prior to region filling and
integrated into the final image according to rudesigned for this purpose (Heinonein
al., 1998). This method has been successfully appidd. and T2/PD-weighted images
(Ukkonen et al, 2003; Wuet al, 2007b), and based on known volume phantoms
accuracy tests showed the error to be 1.5% ofdte true volume (Heinoneat al,
1997). Although this method is semi-automated, rahmaplementation of thresholds
and region growing applied on a slice by slice basrecommended in some regions that
are more difficult to segment. This method mayéfae require considerable user input.
Volumes must also be normalised to head size fassesectional analyses, but this is

straightforward given that CSF is classified wiilk technique.
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Brain parenchymal fraction
BPF is the ratio of brain parenchymal tissue voluate total volume within the surface

contour of the whole brain (Equation 1.2).

F= brain tissievolume (1.2)

" total volumewithin surfacecontour(brain tisuevolume+ CSF)

Whilst this term can be used to describe any teglnithat normalises brain volume
measures in this way, a method designed to autcaligtdetermine brain and intracranial
cavity volume was described by the Cleveland grangb has been applied in numerous
studies (Autoseg MS, Cleveland Clinic Foundatiolev€land, OH) (Fisheet al, 1997,
Rudick et al, 1999). This method includes CSF within the sbld unlike many other
methods, not that external to the outer brain serf@igure 1-7). The method firstly
applies an algorithm to a dual echo subtractiongen#& provide an initial brain
segmentation based on optimal thresholding andezded components analysis. A 3D
radial search operation is performed to detecbttier brain surface, non-brain structures
are removed, and a smoothly contoured surfacesutnog brain and CSF is produced.
Within this surface contour, brain parenchymalugsgs separated from CSF by applying
an optimal threshold. BPF is calculated using Hqoét.2.

Figure 1-7 Segmentation for the brain parenchymal fraction ath@ brain to
intracranial capacity ratio. a) original MRI, b) genentation for calculation of brain

parenchymal fraction, ¢) segmentation for calcwatiof brain to intracranial capacity

ratio.
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Using the BPF, changes in voxel size, scanner gnadirengths or positioning within the
scanner are minimised, as one segmentation isrpertbto obtain both brain tissue
volume and normalising volume. This cancels outfeddihces and improves
reproducibility. Partial volume effects and intépshhomogeneity are also accounted for
during volume calculation, increasing accuraggan-rescan reproducibility is the most
stringent test of techniques. This fully automategthod has a mean scan-rescan CV of
0.19% (Rudicket al, 1999) whilst mean absolute error of volume meaments
performed on phantom images was less than 1.1%idRuwd al, 1999). A semi-
automated technique based on this original mettrasd been applied to T1-weighted
images (Bermeét al, 2003b; Sharmat al, 2004). The need for operator input to the
algorithms and manual correction of the region matkese methods potentially more
accurate but also more labour intensive and inteslgreater variability. Relative to a
phantom, accuracy has been estimated at 99.08%mdman scan-rescan CV was higher
than that of the original Cleveland method, rangmagn 0.35% to 1.1% depending on
image slice thickness (Bermet al, 2003b; Sharmat al, 2004; Zivadinoet al, 2003;
Zivadinov et al, 2004a). In addition mean intra- and inter-r&® have been shown to
vary between 0.03-0.37% and 0.31-1.00% respect{@armaet al, 2004; Zivadinowet

al., 2003; Zivadinovet al, 2004a). One study directly comparing a fully-d asemi-
automated BPF method on different acquisitions datinat the fully-automated technique
did not provide satisfactory brain segmentationtloe subtracted dual echo image in
severely atrophied subjects, and that scan-resdanv& greater on acquisitions with
thicker slices (Horsfielet al, 2003). However the automated method used insthidy

was not the Cleveland algorithm.

Potential drawbacks of the BPF include possiblenstivity to increases in CSF spaces
occurring with greater atrophy, peripheral atroghging missed, and brain surface

contour volumes changing over time thereby altenognalisation.

Brain to intracranial capacity ratio

Brain to intracranial capacity ratio (BICCR) is aasure similar to BPF, but includes
extra cerebral CSF (between outer brain surfacedamd) in addition to sulcal CSF
(Figure 1-7). It has been used to detect atropbmy fdual-echo T2/PD-weighted images
(Brasset al, 2004; Collinset al, 2001). Each image is first registered into staddpace

(Talairach), to normalise for individual head siaariations, before intensity
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normalisation. A filter is applied to reduce noiséhin the image and improve voxel

classification by a Bayesian classifier identifyi@i1, WM, CSF, lesion and background
voxels. Mathematical morphology and masking is usagmove extracranial tissues and
the total volume of voxels in each class is catedland entered into Equation 1.3.

BICCR= GM volume+ WM volume+!e3|on volime (1.3)
GM volume+ WM volume+ lesion voume + CSF

Mean scan-rescan CV is 0.21% (Colletsal, 2001). WMF and GM fraction (GMF) may
also be calculated. Like BPF, some scanner-relatagitudinal variations, e.g. scanner
gradient strength, are cancelled out. However t&CR may be susceptible to partial
volume effects, which could cause underestimatib€®F volume. This method also
requires “training data” for the Bayesian classificn of voxels which includes manual
selection of approximately 50 voxels belongingdoletissue class in 20 subjects (Collins
et al, 2001). Using the same training set for large Ioens of scans may lead to biased
results that do not take into account anatomicdl @imysiological variability between

subjects.

K-means clustering algorithm

Segmentation algorithms based on clustering utilige data available in an image to
iteratively characterise tissue properties and segrthe image. One such automated
method, based on the k-means algorithm (Goldskal, 1998), performs an initial
segmentation of a skull-stripped image into voxelugs by minimising total intercluster
variance with maximum likelihood estimation. Basedthe mean intensity values of the
tissue clusters an adaptive and iterative algorghiyvsequently models and smoothes the
estimated regions to obtain accurate segmentabib@M, WM and CSF by classifying
each pixel into the class with the closest mearte$ts of accuracy on a phantom the
method yielded errors (as a percentage of the votaime) of 0.43% for brain volume,
1.96% for GM volume and 2.71% for WM volumes. Mescan-rescan absolute
difference based on three subjects was 0.31% #on molume, 0.71% for GM volume
and 0.75% for WM volume (Goldszat al, 1998). In addition to providing estimates of
tissue classes, another advantage of this appiieaittat image inhomogeneity can be
simultaneously corrected for. Whilst this techniggi@ble to quantify separate GMF and

WMF, additional processing must be performed ineorb correct these volumes for
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lesion misclassification. This method has succdgdbeen applied to T1 and dual echo
subtraction images, however results from FLAIR ismgvere unsatisfactory (Leight
al., 2002). Disadvantages of this technique inclingenteed for a separate skull stripping
procedure, which in the original method (Goldsatahl, 1998) removed an undetermined
amount of sulcal CSF, making it difficult to acdelg normalise brain volumes. In
addition it is thought that the segmentation alponi may not perform adequately on the
cerebellum (Goldszat al, 1998).

Fuzzy connected principles (FCP)

Another algorithm based on clustering and usingthie®ry of “fuzzy connectedness”
(Pham & Prince, 1999; Udupa & Samarasekera, 198&6phen applied to segment brains
on different acquisitions and quantify atrophy ir6MGeet al, 2000b; Leighet al,
2002). As with the k-means algorithm initialisatienrequired, which in this case is an
operator identifying points of GM, WM and CSF wittdual echo images, each of which
is then automatically detected as a 3D fuzzy-caaeobject. Subtraction of the dual
echo images is effective in obtaining a CSF-onlagm Voxels can belong to multiple
classes with varying degrees of membership, allgwireater information to be retained
from the original image, and dealing with partialume effects. Again, developments to
the algorithm have allowed intensity inhomogenéitybe corrected for simultaneously,
albeit at the cost of greater computational timea(R & Prince, 1999) and lesions can
also be identified semi-automatically during thegadure. Scan-rescan CV for whole
brain measured on dual-echo images was 0.23%{@k 2000b), whilst intra-rater and
inter-rater reproducibilities of 0.38% and 0.68%pectively have been shown (Leigh
al., 2002). Scan-rescan CV for GMF and WMF respelgtimee 2.1% and 1.9% (Gat
al., 2001). Although this method has been applied teweighted images with similar
results, application to FLAIR images resulted irager inter-rater reproducibility (Leigh
et al, 2002). The simultaneous generation of CSF votuadeows for calculation of

normalised volumes.

Histogram segmentation

Histogram segmentation algorithms are based onirttemsity distribution of voxels
within an image (Figure 1-8). One scheme, optimfeed 1-weighted images (Kovacevic
et al, 2002; Leighet al, 2002), initially requires a dual echo image dusam to

determine the optimal thresholds for separationbm@in from non-brain voxels. An
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automated spatial connectivity algorithm is apptiedefine the classification and manual
editing can be performed where necessary. Theatattdorain region is used to mask the
corresponding T1-weighted image following registrat and classify brain voxels as
GM, WM and CSF, based on the Gaussian distributiaroxel intensities. Partial volume
voxels are assigned according to a weighting fa@®eparate skull-stripping must be
performed prior to image analysis. A scan-rescaar esf 0.13% of total intracranial
capacity has been reported whilst mean absoluteresaan differences in proportional
tissue volume were 0.8% and 1.3% for GM and WM eespely (Kovacevicet al,
2002). One of the disadvantages of this particulethod is the requirement of both T1-

weighted and dual echo images.

Figure 1-8 Example of an intensity histogram.

a

CSF GM WM

Number of voxels

v

Intensity

Similarly MeVisLab Brain Volumetry software usest@mated regional histogram
analysis to derive whole brain, WM, GM and intraah volume from 3D images
following skull stripping (Lukast al, 2004). Image noise and partial volume effeats ar
taken into account which will increase the accuratythis technique. Based on six
subjects scan-rescan CV was 0.3% for whole braianwe (WBV), 1.1% for GM and
1.7% for WM. However suboptimal repositioning ofbmcts resulted in image
inhomogeneity and considerable increases in CV@dt and WM (2.1% and 3.4%
respectively), demonstrating the reliance of thethond on consistent placement of the
patient in the scanner or pre-processing methodgrtwve intensity inhomogeneities.
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Based on phantoms, absolute error for whole b@m, or WM was shown to be less

than 5ml for each volume.

MIDAS

This interactive software (Medical Image Displayd analysis System ) enables semi-
automated 3D analysis of T1l-weighted MR images dase intensity thresholding,
region growing and morphological operators (Figih@) (Freeborouglet al, 1997). To
obtain an initial approximation of the brain an kgter must select two thresholds that
represent the range of brain voxel signal integsitin addition to the most inferior point
in the brain. Conditional erosion(s) and dilatiQngs the resulting region are performed,
with thresholds defined to prevent erosion of WMdilation into points outside the
intensity of brain tissue. Rethresholding is subsetly performed in order to reclassify
brain voxels that have been removed by the prevstess, for example thin structures
like the fornix. Mean absolute error as a proporid brain volume was estimated to be
0.34% (Freeborougét al, 1997). A CV of 0.46% for intra-rater and 0.5486 inter-rater
reproducibility have been shown (Fekal, 2000b). This technique simultaneously skull-
strips the image and performs brain segmentatiowekier partial volume effects are not
taken into consideration with this technique andmadisation for head size must be
performed separately through estimation of totdragcranial volume (Figure 1-9)
(Whitwell et al, 2001).

Figure 1-9 MIDAS segmentation of a) brain, b) total intracrahvolume, based on

intensity thresholding.
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Region growing

Semi-automated segmentation algorithms based oinregrowing require manual
positioning of a seed in any part of the brain palngma, and an ROI is grown from this
containing all connected pixels until an edge i ithage is met (Gasperiat al, 2001;
Kalkers et al, 2002; Rovariset al, 2000). This condition is usually based on local
thresholds and the lower threshold can be autoatlgtidetermined by an edge detection
filter, designed to perceive strong intensity geats. However both upper and lower
thresholds can be changed manually on a sliceibg-$lasis and boundaries can be
drawn to limit the ROI. A mean intra-observer CV 08% was demonstrated on T1-
weighted images (Rovaret al, 2000). This technique may be subject to repribiiig
problems with manual implementation of thresholdgjuires separate normalisation for
head-size in cross-sectional studies, and may daksiderable time for 3D volumetric
acquisitions if segmentation is performed on aedlig-slice basis. Due to the complex
structure of the brain and partial volume effetitss method can lead to distinct regions

becoming connected, or extracted regions contaimuhgs or becoming disconnected.

SIENAX

SIENAX (Structural Image Evaluation, using Normafisn, of Atrophy — Cross-
sectional) (Smithet al, 2002) uses a fully automated algorithm, basech dviarkov
Random Field model, to estimate volume measurenantghole brain, GM and WM
(Figure 1-10). An automated algorithm, the Brairtr&stion Tool (BET) (Smith, 2002), is
used to extract brain from non-brain and estintageouter skull surface. This is based on
histogram analysis to find an approximate brain/bcnn threshold followed by a
deformable model-based technique using triangakasetlation of the surface of a sphere.
The brain image is registered to standard spacgeg@ban the Montreal Neurological
Institute (MNI) standard template, MNI-152) usinget estimated skull surface to
constrain scaling, thereby normalising for head,send a brain mask is applied to
exclude extracerebral tissue. SIENAX can segmenesitracted brain into GM, WM and
CSF and includes partial volume modelling and isitgninhomogeneity correction
thereby increasing measurement accuracy (Zhetngl, 2001la). However for MS
subjects, separate lesion classification must lompeed and included as a mask in the
process. Mean scan-rescan whole brain volume isrid$¥, which has been shown to be
independent of slice thickness (Snethal, 2002). However a study found this method to

be less accurate than semi-automated methodsiofdxtraction (Hahret al, 2004) and

51



adjustment of parameters may be required, partlgulplacement of the initial

deformable model. The procedure can be applied @il T2-weighted images.

Figure 1-10 SIENAX segmentationa) BET extracted brain, b) BET extracted
estimation of skull, ¢) estimation of brain volundg, estimation of CSF volume, e)

estimation of grey matter volume, f) estimatiowbite matter volume.

Original image

SPM brain parenchymal fraction

SPM software (Statistical Parametric Mapping; Waetie Department of Cognitive
Neurology, Queen Square, London) (Ashburner & 6inistLl997; Ashburner & Friston,
2000) is a widely used package originally appliedunctional imaging studies. Within
SPM, methods exist to classify MR image voxels i@M, WM and CSF. Before
segmentation all images are placed into stereotapace (based on the MNI-152
standard template), corrected for intensity inhoemsgty and masked to remove
extracranial tissue. Segmentation is based onraoséetically normalised priori atlas
(from a database of normal brain images) and ingigasity thresholds, and mutually

exclusive masks are generated for each tissue @fagpsre 1-11). Misclassification of
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WM lesions as GM or CSF, may introduce error tongjfiaation, and the problem has
been approached in two different ways. One apprsaithdelineate lesions manually and
apply this information to override all SPM tissuassifications. A BPF-like measure is
calculated from the sum of GM, WM and lesion volgnuivided by the sum of GM,
WM, lesion and CSF volumes (Chaet al, 2002b). Alternatively, each mutually
exclusive mask is subjected to a morphologicalienollowed by a conditional dilation
where only voxels previously classified as GM or Vék¢ dilated. Resulting GMFs and
WMFs are regarded as corrected for lesions, andiBR&lculated from the sum of GM
and WM volumes divided by the sum of GM, WM and G&fumes (Kassubeét al,

2003). However it is unclear how accurate this appin may be.

Figure 1-11SPM segmentation

RAW IMAGE
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Although SPM has been applied to acquisitions wlifferent slice thicknesses, it has
been suggested that acquisitions with thick sli¢esxm) may result in poorer
segmentations (Sharned al, 2004). Scan-rescan CVs of 0.5% for BPF, 0.7%GMF
and 1.1% for WMF have been shown on 3D T1-weigltaatrol images (Chardt al,
2002c) whilst mean intra- and inter-rater CVs @39% and 0.19% respectively have been
reported (Zivadinoet al, 2004a).

Central cerebral volume (CCV)

This method attempts to quantify brain atrophy equégsitions with thick slices, by
measuring the volume of four to seven (dependentnagie slice thickness) contiguous
axial slices from the central portion of the bréigure 1-12). The most caudal slice is
chosen at the level of the velum interpositum agrethich is thought to be a stable
landmark in the presence of atrophy, thus redusiegsurement error that could present
over longitudinal analyses (Gaspemtial, 2002; Ingleet al, 2002; Lossefét al, 1996).

Figure 1-12Central cerebral volume measured o¥eur axial slices (5mm thick).

The original automated method was applied to sedeslices in order to extract the brain
from skull and CSF but other algorithms could beduto determine this measure. The
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algorithm involves discriminant analysis of theeimsity histogram to identify the optimal
threshold separating brain from non-brain, creaéingnary image of background/brain.
Erosion of the binary image, followed by dilaticgparates brain from other extracerebral
tissue. The binary image is used to mask the @igmage, producing the segmented
brain, which can be manually edited if requiredoAr-slice (5mm) measure scan-rescan
CV was 0.56% (Losse#t al, 1996). Although only a limited number of slica® used
to estimate cerebral atrophy, MS lesions are dfteated in the selected region which
also includes a large proportion of the lateraltireles and cortical sulci where atrophy is
often qualitatively prominent. In addition segmeiota may be less time consuming than
other semi-automated methods segmenting the whalm. bHowever, although this
techniqgue may show larger percentage losses oktitb&in whole brain measures it may
be less reproducible due to differences in acduisi(slice thickness), and subject

repositioning and orientation.

CSF measures

The high contrast boundary between CSF and brasudi on some MR acquisitions
allows highly accurate identification of ventriculdorders using intensity-based
techniques. Semi-automated thresholding and regimning techniques, such as MIDAS
and Anatomatic, have been used to outline thedlatentricles and temporal horn regions
(Daltonet al, 2002a; Dastidaat al, 1999; Foxet al, 2000b; Kalkeret al, 2002) (Figure
1-13).

Figure 1-13MIDAS segmentation of the lateral ventricles.

Reported intra-rater CV for the MIDAS techniqueges from 0.02% to 0.89% (Brest
al., 2000; Daltoret al, 2002a; Foet al, 2000b), whilst an inter-rater CV of 0.32% has
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been reported (Foet al, 2000b). SIENAX is also able to automatically adbt an
estimate of ventricular CSF volume. Whilst SIENAsfully automated, semi-automated
thresholding techniques are quick and easy to perfgiven the clear high-contrast
boundary between brain and CSF.

Cortical grey matter

Recently, automated methods for measuring cortluakness of the entire brain and
estimating cortical GM atrophy have been develop€dowledge of the regional
distribution and evolution of GM atrophy may prowidiseful information on the
pathogenesis of MS. Two methods that have beemedppl MS, Freesurfer and CLASP
(Constrained Laplacian Anatomic Segmentation uBirgximity), reconstruct the cortical
surface from volumetric MRI (Dalet al, 1999; Kimet al, 2005). Deformable surface
algorithms are used to obtain estimates of the GM/aid GM/CSF interfaces which are
accurate at the subvoxel level (Figure 1-14a). filekness of the cortex is computed at
each point within the surface, and global and magjiomean thicknesses can be
determined with a high level of sensitivity and @ecy. Based on scan-rescan data from
one control subject, points on the cortical surfaege matched and the mean standard
deviation of the measures from each of these pwiats0.25mm in one method (Fischl &
Dale, 2000). In addition, this study found that 098% of measures across the cortical
surface were within the known bounds of 1-4.5mndividual mean cortical thickness
can be computed, in addition to statistical analysegroup differences (Sailet al,
2003), which may aid identification of regional tocal atrophy. Disadvantages of this
technique include the fact that good GM/WM contiastecessary for these analyses and
that the GM/WM surface is deformed to create the/GBF surface, therefore WM
segmentation errors may be propagated. Althougbrserran be corrected manually,
including lesions that have been identified asegrthis may be time-consuming and will

decrease the reproducibility of the technique.

Based on the GM segmentation obtained, SIENAXalgb quantify cortical GM volume
and has the advantage that it is fully automatedu(eé 1-14b) (Smithet al, 2002).
Measures will be subject to the same advantagesdimadvantages as other measures
obtained using this software.
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Figure 1-14Freesurfer and SIENARortical segmentations. a) Freesurfer estimates the
grey matter/white matter surface (yellow line) ahe grey matter/CSF surface (red

line) to determine cortical thickness, b) SIENAXnestes cortical grey matter volume

(yellow region).

Regional analysis

From visual inspection of MR images, atrophy appéaibe a global phenomenon in MS.
However regional analysis of the caudate, cerefelterebral hemispheres, frontal and
temporal lobes, and thalamus have been investigBtatedictet al, 2005; Bermeet al,
2003a; Cifelliet al, 2002; Filippiet al, 1998; Liuet al, 1999; Zivadinowt al, 2003).
Segmentation of these regions has usually invatradual outlining or volume estimates
using point counting based on the Cavalieri metthad et al, 1999). A semi-automated
parcellation method was reported in 2004 (SABREemiSAutomatic Brain Region
Extraction) which divides each brain hemispher® ih8 regions taking into account
anatomical divisions (separation of cortical lobeglentified areas of interest, and
optimisation of reliability and efficiency (Dadet al, 2004). Images must be pre-
processed to remove extracerebral tissue and aslgms before 15 landmarks are
manually identified. These provide co-ordinatesdorindividual Talairach atlas grid to
be transformed to an image, from which the algoritutomatically delineates the 26
brain regions. This method has been used in cotjunavith tissue compartment
segmentation software (Kovacewt al, 2002) to provide regional volumes of GM and
WM. Whilst intra-rater correlation coefficients ged between 0.95 and 0.99 depending

on the region, it is unclear how accurate this wetis. However a validation study did
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demonstrate significant overall loss in regional @hd WM volumes in old compared

with young normal control subjects (Dagkeal, 2004).

SPM software has been utilised to perform voxekebtasorphometry (VBM), a fully
automated whole-brain technique, allowing unbiasealysis of regional differences in
tissue density between subject groups from stractunaging (Ashburner & Friston,
2000). Images are registered to a template andstattatistical techniques are used to
make voxel-wise group comparisons over the whadénbwithout the need for regional
segmentations relying aa priori assumptions. It can provide insights into charéstte
patterns of atrophy and anatomical differences éetwsubject groups. However VBM

may be less sensitive to changes between growgreas with high natural variance.

1.6.4 Longitudinal registration-based methods

Detection of small diffuse brain volume changesrfrgerial MRI is difficult using
methods that rely on outlining of the brain, beest® results are critically dependent on
the reproducibility of segmentation. Image sulticeicis an alternative method of
assessing diffuse atrophy from serial scans. Digeeintification of volume change is
subject to less error than quantifying and subitrgcbrain volumes at different time-
points where errors may occur in measurements #t kbme-points. For image
subtraction to produce meaningful results howeserial images must be positionally

registered (spatially matched) (Figure 1-15).

Brain boundary shift integral

The brain boundary shift integral (BBSI) (Fox & Ebmrough, 1997) has been used on
serial 3D T1-weighted images to calculate atropioynf difference images (Foat al,
2000b). Semi-automated segmentation of baselinegeht brain regions allows brain
registration and provides an estimate of the bitzmandary region. An automated
registration algorithm determines the rotationanstations, scalings and shear that are
required to obtain a subvoxel match over the whoéeén, and a linear scaling is used to
account for variations in voxel size due to scardrét. Atrophy quantification is based
on integrating the sampled difference in brain Vaxtensities between the baseline and
registered repeat image and represents the totameotraversed by the brain/CSF

boundaries in going from baseline to registeregaepcan (Figure 1-16).
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Figure 1-15Registration of serial brain MRI for atrophy qudrtation. a) Registration of serial images allowndume change to be quantified
directly by looking at the difference image, b) ifedence image (coronal plane) of an MS patieibfeing registration of serial brain MRI

(one year interval), showing change particularlpand the ventricles (arrow).
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Figure 1-16 Calculation of the brain boundary shift integralhd figure shows a one-
dimensional representation of the intensity profiteough a brain boundary on serial

imaging. The boundary shiftX) is approximated as the area A divided hyHL,).
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Slight segmentation errors, small positional shiftsshape changes should not affect the
BBSI. Mean absolute error on scan-rescan testing esimated to be approximately
0.13% of mean brain volume and comparison of th&BBith simulated volume loss
yielded correlation coefficients of 1.000 (Fox &eEborough, 1997). The BSI has also
been applied to quantify ventricular enlargemerediy (Freeborough & Fox, 1997). As
the BSI relies on an intensity transition betweéfeiknt tissues, the contrast of images
must be consistent across serial imaging. Chamgeexel intensity between a baseline
and repeat image could be incorrectly interpretediteophy or “growth” of the brain.
Differential bias correction (DBC), has been ddsemli for the correction of differences in
the bias field between two images to improve thecigion of atrophy measurement

(Lewis & Fox, 2004).

SIENA
Another automated registration-based atrophy measemt method SIENA (Structural

Image Evaluation, using Normalisation, of Atroph{@mith et al, 2002), is the
longitudinal version of SIENAX. Similarly, it achies segmentation of the brain using a
deformable tessellated mesh to model the braimceirfEstimation of the outer skull
surface, in the case of SIENA, is used to consttamregistration of serial images whilst

normalising for imaging geometry changes. The bsairiace is detected using a robust
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method that generates a full tissue-type segmentand percentage brain volume
change (PBVC) is based on the movement of this bdgeeen images, with sub-voxel
accuracy. Edge finding is relatively insensitivectanges of intensity in tissues through
serial images, and this technique can be appliedtto T1- and T2-weighted acquisitions,
and images with different slice thicknesses (Srattlal, 2002). Median absolute scan-
rescan error for brain volume change was reporebet 0.15% (Smittet al, 2002).
Developments to this software have made it posdiblgerform voxelwise group
statistical analysis, potentially enabling idecafion of areas that preferentially atrophy
in MS. However this has not been employed in stuthedate, possibly because changes

at the edges of the brain may not be specificrtuphy in that region.

Non-linear registration methods

Affine rigid-body registration of serial images lfsved by a non-linear registration can
also be used to assess atrophy directly, but studilag these methods in MS are lacking
to date. The non-linear registration transforms tigally-registered repeat image to
maitch the baseline and at each voxel a Jacobiaixroan be obtained that describes the
deformation (Freeborough & Fox, 1998; Ruecketrtal, 1999; Shen & Davatzikos,
2003). Each voxel is considered as expanded oramiatl and the Jacobians can be
summed over a previously derived region (e.g. brarorder to obtain an estimate of
atrophy.

A method that utilises non-linear registration mler to propagate segmentations from
the baseline image to repeat images was develop&almonet al. (Calmon & Roberts,
2000). This technique firstly registers serial i@sgusing an automated rigid-body
registration algorithm that detects crest-lines tire images and matches points
corresponding to a maximum curvature in the priecglirections. Intensity scaling is
performed so that serial images are the same avemégnsity and an automated non-
linear registration is used (“demons” method) tdcuate the residual deformations
between serial images that are not accounted forridpg-body registration. The
deformation field is applied to a segmentation b& tbaseline image which is
automatically deformed and propagated through amyber of serial images to provide
an estimate of volume change. Reported scan-reS¥awas 0.5% for this technique,
which has also been successfully applied to therdatventricles with a CV of 1%
(Calmon & Roberts, 2000).
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Regional group-based analysis

SPM and VBM can be utilised with other longitudinalage analysis techniques to
investigate regional differences in atrophy rateshpurner & Friston, 2000). Non-linear
registration can be used to localise changes wittdividuals and VBM can be used to
determine consistent changes within groups, althdbig method has not been applied in
longitudinal studies of brain atrophy in MS to dédshburner & Friston, 2000; Scahiit
al., 2002). Images must be spatially normalised amoloshed prior to analysis. As with
cross-sectional VBM, it may provide insights intbacacteristic patterns of atrophy
between subject groups, withaufpriori assumptions, whilst in addition it is likely to be

less influenced by the natural morphologic varigbbletween subjects.

SPM statistics have also been utilised with SIEMAone study of MS (Pagast al,
2005b). For each subject, scalar values from eacindary point calculated by SIENA
were saved as displacement maps. Following spatiahalisation and smoothing of

these maps group analysis was performed using SPM.

Cortical thickness

Another method of computing cortical thicknessasdx on analysis of the derivative of
image intensity profiles which allows determinat@inGM/WM and GM/CSF interfaces
at the subvoxel level (Cheat al, 2004) and is an extension of the SIENA technidliee
derivative of the intensity profile is affected piiy the rate of change of the intensity and
cortical thickness is estimated as the differemcehe maxima of this profile (Figure
1-17). This technique is not reliant on high-reoluMRI (images with 3mm thick slices
have been successfully analysed) and does notreespgmentation of images, thereby
reducing the errors associated with this procésdsd provides a measure of the integrity
of the GM/WM interface. Although this method canpgmformed for the cross-sectional
analysis of images, several features of the sampiiethod used to create intensity
profiles make it more robust for longitudinal arsady Firstly, sampling is performed at
the crowns of the gyri as opposed to in the ssigyri generally have thicker cortex this
may mean there is bias towards greater measureme¢ed the study by Chest al.
showed a trend for greater thickness measurestienawith MS compared with post-
mortem studies. Secondly, sampling is performedaopoint-by-point basis over the
exposed cortical surface and this will vary fronbjsat to subject. Investigating change

within a subject from registered imaging overcontese potential problems.
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Figure 1-17 Calculation of cortical thickness from the derivatiof the intensity profile
perpendicular to the brain boundary. Cortical thigss is the distance between the two

maxima on this profile. (Reproduced from Chen gt24104).
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Longitudinal methods within Freesurfer exist and based on using processed results
from cross-sectional data to analyse later timetgoiThis mainly involves initialisation
of the processing of longitudinal data sets usirggrocessed results from another time-

point, following registration of images.

1.6.5 Effect of lesions on brain atrophy measures

It is possible that lesions may affect segmentatsord registration-based brain atrophy
measurements, for example T1-hypointense lesiansl b@ misclassified as CSF, or GM
lesions might cause subtle signal intensity charigas affect segmentation. However
analysis of ten MS patients with high T1 lesiond®dound that lesion misclassification
had a negligible effect on BPF measurements froM &harmaet al, 2004). Likewise,
another study showed no significant differencesssue volumes calculated from SPM,
between images with simulated WM lesions and thegkout, although GMF was
slightly higher and WMF slightly lower when lesiongre present (Charet al, 2002c;
Dalton et al, 2004). It may be concluded that brain volumesvdd using SPM
segmentations are relatively insensitive to WMdaesj but it is unclear how other
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measurement techniques may be affected. Measuresh&itl atrophy may provide a
more direct assessment of neurodegeneration inukt8ndered by fluctuations in tissue

volume associated with inflammation.
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2 Brain atrophy in multiple sclerosis

2.1 Clinically isolated syndromes

Sixty to eighty percent of patients presenting W@ls suggestive of MS (e.g. optic
neuritis) develop clinically definite MS, and theoportion is greater in those who have
MRI-visible brain lesions (Bregt al, 2002).

Studies have demonstrated significantly greatetriegitar enlargement within one year
in people who develop MS compared with those whueig stable (+0.3 to 0.8¢year"
compared with -0.1 to +0.06¢mgeai’) (Brexet al, 2000; Daltoret al, 2002a; Daltoret
al., 2006). A three year follow-up of 58 CIS subjeatso found that in 31 subjects
developing MS, ventricular volume increased by amef 38.9%, whilst in 27 subjects

remaining stable only a 5.4% increase was obséBaltonet al, 2004).

Brain atrophy has been measured in CIS using SIENStudy of 31 subjects in which
the follow-up period was only four to six monthsifial a -0.27% (standard error 0.16%)
loss of brain volume (Filippet al, 2003). Assuming a linear atrophy rate this was
equated to a -0.69% yé&abrain volume loss, however because of the shtetial there

is a wide 95% confidence interval (Cl) on the atised rate of loss. Median estimated
atrophy rate was only -0.3% y&afSD 0.6) in another study of 20 CIS subjects suidi
over one year (Rovaret al, 2003), and SPM measures of BPF, GMF and WMF stow
a small non-significant decrease over this peribgoétaet al, 2006). Another study,
from the same author, of 35 CIS subjects, which imaye included some of the same
patients, found an annual brain atrophy rate ef1% year" (SD 0.58) (Rovarigt al,
2005b). None of these studies grouped patientsra@iogpto clinical follow-up or
inflammatory activity however, which may have irased variability in the

guantifications.

Analysis of 38 CIS subjects who remained relapse fafter an 18 month follow-up
period, showed a median -1.1% (interquartile rafi@&) -1.91 to -0.67) loss of brain
volume over this period (Paolillet al, 2004). However when subdivided into patients
with (n=25) and without (n=13) at least one newvackesion during the first six months

of study, a significant difference was found betwe&ophy rates: -1.71% in active and
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-0.48% in inactive patients over 18 months. Likens the placebo arm of a trial of
interferon beta-la in CIS, which included over Idbjects, brain volume loss was
-0.83% yedr (SD 1.09) (Filippiet al, 2004). Importantly, atrophy rates were greater i
subjects who developed clinically definite MS comgobwith those who did not. A cross-
sectional study grouping CIS patients accordingwmteether there was evidence of
dissemination in space of lesions at presentatiOnpg@tients without (CIS) and 32 with
(“probable” MS), both groups with a mean diseasatitbn 0.7 years), found that BPF,
GMF and WMF were all reduced in the “probable” M®wp compared with controls
and CIS subjects (Calabresieal, 2007a). Measures of cortical thickness were lalser

in the “probable” MS group compared with the CI®ugp, 2.22mm (SD 0.09) versus
2.51mm (SD 0.11). Similarly a longitudinal analyssng SPM to analyse BPF, WMF
and GMF grouped subjects presenting with a CIS thtse who met the McDonald
criteria at three year follow-up and those that wad (Daltonet al, 2004). Significant
decreases in both MS (31 subjects) and CIS (27&sighjgroups were observed at three
years: respectively -1.4% and -0.6% in BPF and%3a8d -1.1% in GMF. The decreases
were significantly greater in the MS group, whideoashowed a weak but significant

1.3% increase in WMF that was suggested possilitave been due to inflammation.

2.2 Relapsing remitting multiple sclerosis

Many cross-sectional studies have shown that m@liume is reduced in RRMS subjects
compared with age-matched controls (Bermelal, 2003b; Collinset al, 2001; De
Stefanoet al, 2003; Kalkerset al, 2001a; Linet al, 2003; Paolilloet al, 2000;
Traboulseeet al, 2003). The majority of longitudinal studies esite atrophy rates of
around -0.7 to -1.5% yedrthese rates of loss are seen even in those slgethe
earliest stages of disease prior to significaralalgy (Chardet al, 2004; Rovari®t al,
2000) (Table 2-1). Mean atrophy rate in 34 subjeestimated using SIENA, found a
-0.7% year (SD 0.9) loss in brain volume over an intervalook year (Rovarist al,
2003). In concordance, another study using SIENAR&®MS subjects with a similar
mean disease duration found a volume change ol%.6ver an 18 month interval
(Oreja-Guevaraet al, 2005). Other measurement methods show simitaings; BPF
volume loss was -0.7% yéaflQR -1.3 to -0.01) in 42 subjects with RRMS (Kexiket
al., 2002) and analysis of 3D fast spoiled gradienalt (FSPGR) images found that over
two years BPF volume loss was -1.5% in 21 RRMSextbjcompared with -0.6% in
controls (Tibericet al, 2005). In addition, application of the BBSI tb 8SPGR images
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showed a median atrophy rate of -0.8% Ye#®R -0.9 to 0.2) in RRMS subjects which
was greater than the control rate (-0.3%Y&#DR -0.6 to 0.1) (Foxt al, 2000b). Other
studies have shown greater atrophy rates, possildy to differences in cohorts or
measurement method (Table 2-1). Indeed mean changain fractional volume over
one year in 10 RRMS patients ranged from -1.6%2d% depending on the acquisition
and segmentation technique used (La&ghl, 2002). In addition, with disease-modifying
treatments now licensed for RRMS, it can be diffito study the natural history of the
disease in treatment-naive subjects. To the baalydnowledge, the studies discussed in
this section included subjects who were not ortrireat at the time of study entry, and
MRI acquisition was delayed for several days folluyvthe administration of steroids to
treat relapses, due to the known effects that b@e on brain volume (Hoogervosst
al., 2002; Raoet al, 2002). Additional examples of brain atrophy sat#hserved in
RRMS patients can be seen in the retrospectiveysemlof placebo MRI data from
treatment trials; atrophy rates in a range sintddahose already detailed have been shown
(Table 2-5). Lateral ventricular enlargement measyrerformed in RRMS patients are
presented in Table 2-2.

Tissue specific atrophy has also been investigaieRRMS. Reductions in both the
thickness and volume of the cortex have been showAS subjects relative to controls,
with thinning observed in precentral, frontal, tewrgd and occipital regions early in the
disease (Amatet al, 2004; Calabreset al, 2007a; Saileet al, 2003). Progressive
cortical atrophy has also been observed in thesesdCheret al, 2004). Ideally for any
method of analysis, cross-sectional and longitudmaasures would be consistent,
however SPM has shown no difference in GMF betwkEemrarly RRMS subjects and
controls at study entry but found a significanttgaer change in GMF in patients over 18
months (Charet al, 2004). The converse was found with WMF, whictswanificantly
reduced in patients compared with controls at basebut there was no evidence that
WMF changed at a different rate in the two groudgecent extension of this study,
including 21 subjects, supported the initial reseltcept that baseline GMF was found to
be significantly smaller in patients than contr@lerio et al, 2005). Similarly in a large
study of 117 placebo subjects, mean estimated ehem@&M volume was -0.30% per
month, whilst WM volume did not change significgntiver the study period (Valsasina
et al, 2005). Uncertainty over the precision and rdiigtof all these methods means that

some of these results need to be interpreted celyio
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Table 2-1Longitudinal studies of brain atrophy in relapsirgmitting MS.

Study MRI Method N Age? Disease duration® EDSS Edtimated volumechange | Estimated volume change
(years) (years) (median (range) per year? per year asa % of basdine
unless otherwise brain volume®
stated)
(Foxet al, Coronal T1-weighted, Brain 6 36.7 (9.5) 5.6 (2.6) 3.25 (1.5-6.5) - median%0.8
2000b) 1.5mm slices (BBSI) (IQR-0.9t00.2)
(Geet al, 2000b)| Axial dual echo, 3mm | Brain 27 35.0 (5.2) 4.1 (2.3) 2.5(SD 1.0) median -17.3ml -1.5%
slices (FCP)
(Kalkerset al, Axial T1-weighted, 5mm| BPF 42 | 35.0(8.6) 4.2 (4.5) 15(QR 1.0-2.0) - mediarT%
2002) slices (0.5mm interslice | (region growing) (IQR -1.31t0-0.01)
gap)
(Oreja-Guevara | Axial T1-weighted 5mm | Brain 26 36.0 10.0 1.5 (0-4.0) - -0.61% (SE 0.18%)
et al, 2005) slices, post-Gd-DTPA | (SIENA) (range 25-50) | (range 1-15)
(Rovariset al, Axial T1-weighted, 3mm| Brain 50 31.4(7.3) median 3 1.5 (0-4.0) -14.9ml -1.3%
2000) slices (region growing) (range 1-13) (range -65.1 to 38.7) (range -6.3t0 3.2)
(Rovariset al, Axial T1-weighted, 3mm| CCV 50 31.4 (7.3) median 3 1.5 (0-4.0) -5.3ml -1.7%
2000) slices (7 slices) (range 1-13) (range -22.3t0 5.7) (range -7.9t0 2.0)
(Rovariset al, Axial T1-weighted, 5mm| Brain 34 32.7 (8.4) median 7 2.5(1.0-5.5) - -0.7% (0.9)
2003) slices (SIENA) (range 2-25)
(Saileret al, Axial T1-weighted, 5mm| CCV 13 | 38.2(6.6) 8.8 (6.3) 6.0 (2-75 median -1.5cth -0.51%
2001) slices, post Gd-DTPA | (4 slices) (range -20.7 to 2.1)
(Saindaneet al, | Axial dual echo, 3mm Brain 24 37.0 (7.5) 4.7 (3.3) 25(SD1.1) -0.92% (1.20)
2000) slices (FCP)
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Continued from page 68

Study MRI Method N Age? Disease duration® EDSS Edtimated volumechange | Estimated volume change
(years) (years) (median (range) per year? per year asa % of basdine
unless otherwise brain volume®
stated)
(Tiberioet al, Axial T1-weighted, BPF 21 375 2.1 1.0 (0-3.0) -0.0058 -0.75%
2005) 1.5mm slices (SPM) (range 26.9- | (range 1.2-3.7) (ClI -0.0146 to -0.0055)
56.1)
(Zivadinovet al, | Axial T1-weighted, Brain 53 30.2 (9.4) 3.8 (1.3) 1.0 (0-5.0) -16.2ml -1.33%
2001b) 5mm slices (Semi-auto
Trieste method)

dmean (SD) unless otherwise statéd patients receiving interferon beta-1a at theetiof follow-up examinatiorfiincludes data from 16 secondary progressive maltiulerosis subjects also,
Jdestimation based on a median baseline volume ab28® BBSI, brain boundary shift integral; BPF, braimnenchymal fraction; CCV, central cerebral volun@; 95% confidence interval;

FCP, fuzzy connected principles; IQR, interquarntilage; SE, standard error; SPM, statistical pardrieemapping.
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Table 2-2Longitudinal studies of lateral ventricular enlargent in relapsing remitting MS.

2003)

1mm slices, post Gd-
DTPA

(range 21-47)

(range 1-17)

Study MRI N Age? Disease duration® EDSS Enlargement? | Estimated volumechange | Estimated volume change
(years) (years) (median (range) per year per year as a percentage
unless otherwise
stated)
(Daltonet al, Axial T1-weighted, 41 median 40 median 5 3.5(2.0-7.0) yes median 0.5ml -
2006) 3mm slices (range 22-62) | (range 1-25) (range -1.7t0 4.2)
(Foxet al, Coronal T1-weighted| 6 36.7 (9.5) 5.6 (2.6) 3.25 (1.5-6.5) yes medidm?2. -
2000b) 1.5mm slices (IQR 0.7 t0 3.7)
(Kalkerset al, Axial T1-weighted, 4 35.0 (8.6) 4.2 (4.5) 1.5 (1.0-2.0) yes - medi@¥s.
2002) 5mm slices (0.5mm (IQR 0.8 t0 8.5)
interslice gap)
(Luksetal, Axial T1-weighted, | 15 36 0.5 1.0 (0-4.0) yes mean 2.78¢m mean 20.2%
2000) 3mm slices (range 18-56) | (range 2-18 months) (range -5.5t0 91.1)
(Redmoncet al, | Axial T1-weighted, 7 33(7) 3.8 (1.7 mean 3.4 (range| yes median 4.6ml mean 29.8%
2000) 4mm slices, post Gd- 1.5-6.0) (IQR -1.88 t0 5.02)
DTPA
(Turneret al, Axial T1-weighted, 7 median 32 median 4 2.0 (0-4.0) yes - median 2.69%

(range 0.45-10.11)

®mean (SD) unless otherwise stafédd patients receiving interferon beta-1a at theetiofi follow-up examinatiofias a percentage of baseline ventricular fractioenfvicular volumefintracranial

volume) %as a percentage of baseline ventricular volufitenverted from monthéncludes data from 13 patients receiving interfebata-1a during the study.
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2.3 Secondary progressive multiple sclerosis

Although smaller brain volumes have been shown RMS subjects compared with
controls (Benedictt al, 2006; Bermeet al, 2003b; Linet al, 2003; Turneet al, 2001),
estimates of rates of tissue loss have varied derally (Table 2-3 and Table 2-5). This
may be due to the disease duration in these cobftets being relatively heterogeneous.
A mean -1.40% (SD 1.69) change in CCV was foun88r5PMS placebo patients over
the initial year of a 36 month study (Molyneet al, 2000a). As discussed earlier
(Chapter 1.6.3) this method is heavily weightedeatricular enlargement and therefore
may show higher rates of change than a whole breeasure. However whole brain
techniques have shown similar annual rates of -149262.0) (Rovari®t al, 2003) and
-1.18% (SD 0.19) (Rovarist al, 2005a). Whilst a decrease in brain volume di%2.
year' was observed in another analysis @bal, 2000b), estimation may be less reliable
due to the inclusion of only nine patients and wayyfollow-up periods (one to seven
years). Atrophy measured on 3D volumetric images lteen estimated at only -0.6%
year" (IQR -1.3 to 0.3) and -0.41% over 18 months (rafg88 to -0.01) in two separate
studies however (Foat al, 2000b; Turneet al, 2003), although both estimations were
based on only six subjects. Intermediate to theskes, a median -0.8% y&aflQR -1.1

to -0.3) loss of brain tissue was observed in 2iepis(Kalkerset al, 2002). Estimates of
lateral ventricular enlargement have varied anmgl difficult to compare findings between
studies. Over six months no enlargement was obs$darvene study; median change
-0.07ml (IQR -0.82 to 0.66) (Redmoed al, 2000). However over 12 months in another
study, median enlargement was 1.0ml (IQR 0.02 &) (Eoxet al, 2000b). A change of
2.94% of baseline ventricular volume (range 0.5694’3) was observed over 18 months
in a further study (Turneet al, 2003). These rates were each estimated on onlyrs
seven subjects however and disease duration racmeiderably between studies, so
findings should be regarded with caution. A largardy of 23 subjects observed a
statistically significant median increase of 1.Xmange -1.1 to 6.9) (Daltoet al, 2006)
which is the same as that observed in the studyolet al. (Foxet al, 2000Db).

Although measures of global and cortical GM arecoled to be lower in SPMS subjects
than in controls (Benediet al, 2006; Calabreset al, 2007a; Caronet al, 2006), few
studies have investigated longitudinal changekigidubgroup of patients so it is unclear
whether significant progressive GM atrophy is odogr (Agostaet al, 2006; Cheret al,
2004).
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Table 2-3Longitudinal studies of brain atrophy in secondprggressive MS.

DTPA

Study MRI Method N Age? Disease duration® EDSS Estimated volume change | Estimated volume change
(years) (years) (median (range) per year? per year asa % of
unless otherwise basdline brain volume®
stated)

(Foxet al, Coronal T1-weighted, | Brain 6 43.7 (6.3) 19.3 (2.9) 7.25 (6.0-8.0) - mediaBd0.

2000b) 1.5mm slices (BBSI) (IQR -1.3t00.3)

(Geet al, 2000b) | Axial dual echo, 3mm | Brain 9 46.3 (4.5) 5.4 (3.6) mean 4.3 (SD 3/0) mediarGiaB -2.0%
slices (FCP)

(Kalkerset al, Axial T1-weighted, BPF 217 | 41.9(8.8) 5.2(7.2) 4.0 (2.5-5.5) - median -0.8%

2002) 5mm slices (0.5mm (region growing) (IQR -1.1t0 -0.3)
interslice gap)

(Rovariset al, Axial T1-weighted, Brain 19 40.5 (10.6) median 8 5.5 (3.5-6.5) - -1.4% (2.0)

2003) 5mm slices (SIENA) (range 3-23)

(Rovariset al, Axial T1-weighted, Brain 2% | 48.3 median 17.9 6.0 (4.0-7.0) - -0.94% (0.15)

2005a) 5mm slices (SIENA) (range 34-60) | (range 6-29)

(Saileret al, Axial T1-weighted, CccVv 16 | 38.2 (6.6 8.8 (6.3 6.0 (2-79 median -3.0cth -1.01%

2001) 5mm slices, post Gd- | (4 slices) (range -8.310 2.1)

®mean (SD) unless otherwise stafisi patients receiving interferon beta-1a at tmeetiof follow-up examinatiofil5 patients treated with disease-modifying treatsdnring follow-upZincludes

data from 13 relapsing remitting multiple sclerosisbjects?estimation based on a median baseline volume af288 BPF, brain parenchymal fraction; CCV, central ebral volume; FCP,

fuzzy connected principles; IQR, interquatrtile rang
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2.4 Primary progressive multiple sclerosis

Like SPMS fewer longitudinal studies investigatimgrophy in PPMS have been
performed, although cross-sectional analysis hesishieduced brain volumes in PPMS
compared with controls (De Stefambal, 2003; Sastre-Garrigat al, 2004). One large
longitudinal analysis of 137 PPMS patients estishaechange in CCV of -1.3% yé&ar
(Stevensoret al, 2000) (Table 2-4). A subset of these patiertd.Q0) were followed up
for a second year and by the end of this period. &% change relative to baseline was
observed (Inglet al, 2002). Using the same method in another 39 stgbfellowed for
18-28 months the mean change was -2.31% (SD 2$&vdnsonet al, 2002).
Interestingly atrophy was quantified using SIENAtirese same 39 subjects and was
estimated to be only -0.56% (SD 0.57). This digpanay be because the two techniques
measure different volumes, and volume loss is greaiound the ventricles; the CCV
change may be driven strongly by the ventriculgragsion, thereby giving higher rates
of change but, equally, higher variances. Braiogty rates in three other studies using
SIENA ranged from -0.64 to -1.24% over approximafid months, which did not appear
to be related to disease duration (Jaspetsal, 2007a; Rovariet al, 2005a; Sastre-
Garrigaet al, 2005a). Estimated brain atrophy rate on 3D FShG&yes was -0.9%
year" (IQR -1.4 to -0.3) using the BBSI (Fet al, 2000b) and -1.03% yea(SD 1.30)
using BPF (SPM method) (Sastre-Garregaal, 2005a). Progressive brain atrophy and
ventricular enlargement has been observed oveodsenp to five years (Inglet al,
2003). Lateral ventricular enlargement of 1.68md}gSD 11.3) and 2.9ml yeanIQR

0.6 to 4.5) has been observed (Faixal, 2000b; Stevensoat al, 2004), but over a
shorter period of six months no significant atropippeared to occur (mean -0.24ml (IQR
-1.84 to 0.71) (Redmonet al, 2000); however only five patients were includedhis

analysis and the study lacked power.
As in RRMS and SPMS cohorts, GM atrophy appeargagress at a relatively greater

rate than WM atrophy: -1.50% (SD 1.6%) comparedhwit.07% in one investigation
(Sastre-Garrigat al, 2005a).
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Table 2-4Longitudinal studies of brain atrophy in primaryqgressive MS.

Study MRI Method N Age’ Disease duration® EDSS Estimated volume change | Estimated volume change
(years) (years) (median (range) per year? per year asa % of basdine
unless otherwise brain volume®
stated)
(Foxet al, Coronal T1-weighted, | Brain 9 49.3 (8.7) 11.3(5.8) 6.0 (3.5-8.5) - median%0.9
2000b) 1.5mm slices (BBSI) (IQR -1.4t0 -0.3)
(Jasperset al, Axial T1-weighted, Brain 15 43.6 (8.9) median 1.5 (IQR | 3.0 (2.5-4.0) - -0.9% (0.6)
2007a) 5mm slices (SIENA) 0.9-3)
(Kalkerset al, Axial T1-weighted, BPF 20 47.9 (10.3) 7.1(8.1) 4.0 (2.5-6.0) - mediab%0.
2002) 5mm slices (0.5mm gap)) (region growing) (IQR-0.9t0-0.2)
(Rovariset al, Axial T1-weighted, Brain 54 51.3 median 10 5.5(2.5-7.5) - -0.99% (0.13)
2005a) 5mm slices (SIENA) (range 25-68) | (range 2-26)
(Sastre-Garriga | Axial T1-weighted, Brain 31 median 46 median 3.0 4.5 (3.5-7.0) - -0.63% (1.05)
et al, 2005a) 1.5mm slices (SIENA) (range 26-62) | (range 2-5)
(Sastre-Garriga | Axial T1-weighted, BPF 31 median 46 median 3.0 4.5 (3.5-7.0) - -1.03% (1.30)
et al, 2005a) 1.5mm slices (SPM) (range 26-62) | (range 2-5)
(Stevensort al, | Axial T1-weighted, ccv 137 | not given not given 6.0 (2.0-8.5) -3.44ml (6.85) 1.30%
2000) 3mm slices
(Stevensomt al, | Axial T1-weighted, ccv 39 51 10.7 6.0 (2.0-8.5) - -1.22% (1.42)
2002) 3mm slices (range 29-74) | (range 1-26)
(Stevensort al, | Axial T1-weighted, Brain 39 51 10.7 6.0 (2.0-8.5) - -0.29% (0.30)
2002) 3mm slices (SIENA) (range 29-74) | (range 1-26)

®mean (SD) unless otherwise statdd patients receiving disease-modifying treatmBBSI, brain boundary shift integral; BPF, brain gaichymal fraction; CCV, central cerebral volume;FEC

fuzzy connected principles; IQR, interquartile rang
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2.5 Regional atrophy

Volumetric measurements of regional structures ghowo be differentially affected in
MS may prove more sensitive markers of pathologn tivhole brain atrophy. Group
analysis of parenchymal volume in 13 different heheric regions in RRMS and SPMS
subjects found that the largest reductions in bvalnme relative to controls were in the
GM areas of the posterior basal ganglia/thalamugersor frontal and superior parietal
regions (Caroneet al, 2006). Mean percentage volume differences velaid control
subjects were -19.3%, -15.7% and -14.3% respeygtivelthese regions. Similarly in
RRMS a VBM study found GM was significantly reducedthe left frontotemporal
cortex, anterior cingulate gyrus and bilateral edednuclei (Prinsteet al, 2006). In
concordance with these findings bicaudate ratioRBQG linear atrophy measure, has
been shown to be greater in MS patients than dsr{@ermelet al, 2002). Although this
measure could represent whole brain atrophy andesuient ventricular enlargement,
caudate volumes when measured directly have beerced, by 19% in RRMS subjects

compared with controls in one study (Berraeél, 2003a).

The thalamus may be a good structure through wioichvestigate atrophy, specifically
GM atrophy. It has well defined boundaries, therabgimising partial volume effects,
and has extensive reciprocal cortical and sub@brtonnections and may therefore be
sensitive to effects of pathology in widespreachswrd/BM analysis has also identified
progressive thalamic atrophy in RRMS and PPMS stdbjhen compared with controls
(Audoin et al, 2006; Sepulcret al, 2006). A post-mortem study of 10 subjects (one
RRMS, six SPMS and three PPMS) found a 22% decn@aséole thalamic volume
compared with controls, and decreased neuronaltgd@sfelli et al, 2002). The same
study obtained normalised thalamic volumes aftemuaboutlining on 3D FSPGR images
in a further 14 SPMS subjects, and a 17% decreaseolserved relative to controls.
Likewise, in 14 RRMS subjects, normalised thalavailtime was 25% less than controls,
and volume was correlated with disease durationl€¥#yskaet al, 2003). However a
longitudinal study of eight RRMS and three SPMSgpéis found mixed results (Taylet
al., 2004). Average (of three measurements by theesaperator) left and right
percentage thalamic volume change varied betweé&do-&nd +14.2%, whilst whole
brain atrophy was detected in all but one of thigjesuis. The range was partly due to
differing study periods (ranging from 12 to 41 nfws)t but the increased thalamic

volumes in six of the subjects may be due to tiffecdity of reliably outlining thalamic
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regions on T2-weighted images compared with 3D melnic T1-weighted coronal

images.

2.6 Clinical and research applications of brain atrophymeasures

2.6.1 Brain atrophy as a marker of disability

The key factors when assessing atrophy measurerasnta) how well they relate to
progression of disability, and b) whether they akpldisability better than established
measures of focal inflammation. Although redisttiln of N& channels on axons and
cortical reorganisation have been observed in MEmaay result in a return of function
(Craneret al, 2004; Rocceet al, 2003), these processes are likely to become less
effective over time as a threshold of damage ishre@, beyond which it is impossible to
compensate for the changes occurring. Evidencagaffisantly greater brain atrophy
rates in CIS subjects who develop MS compared thibse who remain clinically stable
has been presented (Breixal, 2000; Daltoret al, 2002a; Daltoret al, 2004, Filippiet
al., 2004). However in a group of CIS subjects, mmificant correlation between annual
ventricular enlargement and baseline EDSS, one BB&S or the change in EDSS was
shown (Daltoret al, 2002a). It may be that atrophy in the early esagf MS does not
result immediately in clinical disability (possibtiue to cortical reorganisation), and that
there is a threshold of axonal loss, which may \@wetween individuals, beyond which
progressive disability is apparent. Equally, measw@ent of volume loss may be
confounded by active inflammation resulting in soareas of tissue swelling. In MS
subjects showing sustained progression in disglolit the EDSS, significantly greater
atrophy rates have been observed compared witlesbghowing no progression in
disability (Coleset al, 1999; Ingleet al, 2002; Jasperset al, 2007a; Lossefét al,
1996; Molyneuxet al, 2000a; Rudiclet al, 2000; Zivadinovet al, 2001b). Equally,
subjects who have shown a significant amount ahtatxophy over periods of up to four
years are more likely to show an increase in ED®&sthan subjects without significant
atrophy (Gasperinet al, 2002; Lossefet al, 1996; Turnert al, 2003). GM atrophy
may be particularly relevant; progressive thalaatiophy has been shown to be related to
EDSS change over two years (Audah al, 2006) and significantly greater cortical
thinning has been observed in patients with pregresdisability compared with those
that are stable (Cheset al, 2004). Although some investigations have showen n
relationship of atrophy with disability (Faet al, 2000b; Kalker®t al, 2002; Rovarigt
al., 2001; Stevensoet al, 2004), this may be due to the insensitivity lofical disability
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scales or that atrophy may not cause immediatetsffSignificant correlations between
change on clinical disability scales and brain @igo have also been observed over
periods of two to six years (Fishet al, 2000; Rudicket al, 2001; Zivadinowet al,
2001b). Importantly, an eight year follow-up of IRBMS subjects who had taken part in
a trial of interferon beta-1a, showed that atropdte during the two year trial was the
only significant MRI predictor of disability statumt year eight (Fisheet al, 2002).
Similarly brain atrophy over two years was sigrfily correlated with EDSS at five
year follow-up in another study (Rovaasal, 2007). It appears that atrophy is a relevant
marker of disease progression and may precedestfogppment of measurable disability,
but the mechanisms of this interaction need tobestigated further. It is likely that there
IS heterogeneity between subjects, which is evielérzy the fact that similar atrophy
rates have been observed in RRMS and PPMS, budiftadtility progresses differently.

2.6.2 Brain atrophy as a marker of cognitive impairment

Cognitive impairment is seen in around 50% of M8epds even early in the disease and
appears to progress over time (Achiron & Barak,2@matoet al, 2001; Lazeromet al,
2005; Zivadinovet al, 2001b). Typically deficits in processing speed attention are
observed, although a range of subcortical andoadrdieficits may be seen, such as short-
and long-term verbal and visuospatial memory, wimay affect daily living for people
with MS (Amatoet al, 2001; Lazerort al, 2006; Sanfilipcet al, 2006). Brain atrophy
may be useful as a marker or predictor of cognitivenges and it has been shown to be
associated with neuropsychological impairment wheoerelations with MRI lesion
measures have been weak or absent (Lazetoal, 2006; Sanfilipoet al, 2006;
Zivadinov et al, 2001b). Significantly smaller normalised braiolumes (NBV) have
been observed in RRMS subjects considered to bairetbon neuropsychological tests
of verbal memory, verbal fluency and attention/@nication compared with unimpaired
patients (Amatet al, 2004; Zivadinowet al, 2001a). In SPMS and PPMS also, subjects
have been shown to perform poorly in tests of vem@mory, verbal fluency, attention
and spatial reasoning, and composite cognitive immgent scores have been shown to
correlate significantly with cerebral volume (Caetpal, 1999; Molynewet al, 2000a).
Correlations between longitudinal measures of ba&ophy rate and cognition have also
been observed; in both early RRMS and SPMS, susbjedho worsened on
neuropsychological tests had greater brain atrogt®g than the subjects whose cognition

was stable or improved (Molyneex al, 2000a; Zivadinoet al, 2001b).
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Whilst regional atrophy measurements may not beaecurate indicator of global
cognitive changes, the size of the CC in MS has fmend to correlate with measures of
mental processing speed and rapid problem sol\Retietieret al, 2001). However one
must be careful in ascribing a direct structureztiom association in these types of
studies, where only one region is measured. Intiaddisuperior frontal cortex atrophy
has been correlated with tests of new learningdéed attention and conceptual reasoning
(Benedictet al, 2002). Cortical volume has also been found tadukiced in mildly
cognitively impaired RRMS subjects compared witlgratvely normal RRMS subjects
(Amato et al, 2004; Benedicet al, 2006; Portacciet al, 2006). A VBM study found
that a test of processing speed/working memorycsaglated not only with global GM
volume, but with GM volume in regions associatethwvorking memory and executive
function including the bilateral prefrontal cortéMorgenet al, 2006). In concordance,
measures of regional GM have been associated witltopsychological impairment; left
frontal atrophy was associated with auditory andaememory tests whilst right frontal
atrophy was associated with visual episodic andkiwgrmemory (Tekok-Kilicet al,
2007). Regional atrophy measures of GM and WM midyira our understanding of
specific cognitive changes occurring throughout disease. More longitudinal studies
need to be performed, but may be difficult dueh® relative changes in cognition being
small, changes to imaging and scanners over thegsedp and practice effects on
neuropsychological tests.

2.6.3 Prognosis for patients with clinically isolated syopmes and early multiple
sclerosis
Brain atrophy rate could prove to be a useful mafefuture prognosis in CIS or early
MS patients in terms of MS diagnosis, disabilityl @apeed of progression, and cognitive
decline. Studies described in Chapter 2.1 show@h&tsubjects who go on to develop
MS have significantly greater atrophy rates atdhdiest stages of disease. In addition,
early brain atrophy rate may be related to cogmitthanges that can influence daily
living. Longer follow-up studies of brain atrophwda clinical characteristics in these

patient cohorts are required.

2.6.4 Understanding the causes of multiple sclerosis
Apolipoprotein E (ApoE) expressed in the brain plaan important role in lipid and

cholesterol transport and is involved in growth aageneration of neurons. Experimental
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and clinical evidence exists for a pathogenic ml&poE in Alzheimer’'s disease (AD),
the prototypic neurodegenerative disease, butoits has also been investigated with
respect to MS. Of 76 RRMS subjects in one studyhd® the ApoE e4 allele and had
significantly smaller NBV compared with controlsdamon-carriers, who were matched in
age and disease duration (De Stefanal, 2004). The same result was found when only
subjects with short disease duration (less thagetliears) and low disability (EDSS < 2)
were studied, suggesting that the e4 allele madnereaffect brain development or brain
integrity very early in the disease. In contrassflaly that determined ApoE genotype in
117 MS patients and 100 controls, found that it wasrelated to the degree of brain
atrophy (Zakrzewska-Pniewsket al, 2004), although atrophy was assessed using a

subjective visual rating scale, which may havet¢ethaccuracy.

Longitudinal studies have also produced contrastegplts. In RRMS patients who
underwent ApoE genotyping, significant differeneesre found in brain atrophy rates
between six different genotype groups, mainly dugodtients possessing the e4 allele
(Enzingeret al, 2004). Brain volume loss was -0.66% Ve&8D 0.62) in 22 subjects
with one or two e4 alleles but only -0.13% ye&8D 0.36) in 76 subjects without an e4
allele, despite longer disease duration. A sepastatdy of 174 MS patients found no
major association of ApoE genotype and brain atyajglte however (Zwemmeat al,
2004).

2.6.5 Understanding disease mechanisms

Relationship to lesions

There is evidence that focal inflammation may leadbrain atrophy, but correlations of
brain atrophy with lesion measures have been mM#dlst some studies of CIS and MS
have shown an association between brain volumed asid/pointense lesions (Chaetl
al., 2002b; Daltoret al, 2004; Saileet al, 2003), T2-hyperintense lesions (Chetdl,
2002b; Daltoret al, 2004; De Stefanet al, 2003; Linet al, 2003; Saileet al, 2003;
Sastre-Garrig@t al, 2004) and Gd-enhancing lesions (Lin & BlumhagfiQ1; Lukset
al., 2000), others have not (Chaatdal, 2002b; De Stefanet al, 2003; Geet al, 2000b).
However cross-sectional studies present only datexbview of ongoing disease activity
and comprehensive evaluation of the relationstgpires assessment of serial data.
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Significantly greater ventricular enlargement haerb observed over one year in CIS
subjects with T1, T2 or Gd-enhancing lesions atlras, compared with subjects who
had no lesions on baseline imaging (Dakoml, 2002a). Moreover, this study suggested
that atrophy was to a greater extent due to theepee of T1 lesions than T2 lesions.
Likewise studies in MS have found the number arldrnae of lesions at baseline or over
the initial study phase are significantly corretateith brain atrophy over periods of 18
months to three years (Gaspemtial, 2002; Jasperset al, 2007a; Lukset al, 2000;
Molyneux et al, 2000a; Paolilleet al, 2004). Several studies have shown a relationship
between brain atrophy and change over the samedpirilesion volumes (Horakowet

al., 2007; Ingleet al, 2002; Richeret al, 2006; Rudiclet al, 1999; Rudiclet al, 2000),
however an absence of any correlation has also tleserved (Gasperimt al, 2002;
Losseff et al, 1996; Rashicet al, 2007; Rovariset al, 2001; Rudicket al, 1999;
Stevensoret al, 2002). It may be that focal inflammation has elaged effect on
neuroaxonal degeneration and subsequent atrophsergbestudies including longer
patient follow-up support this argument. One stéaipwing 28 RRMS subjects for 14
years after first symptoms found that the chandesion load in the first five years after
onset was more closely correlated to brain atra@ity} years than later changes in lesion
load (Charcet al, 2003). Similarly a 13 year follow-up of RRMS jeaits found that the
change in T2 lesion volume during the first tworgeaorrelated significantly with BPF at
year 13 (Rudiclet al, 2006). In two-year trials of interferon betagraater brain atrophy
at six and eight year follow-up respectively wagngicantly associated with Gd-
enhancing, T1 and T2 lesion loads during the paé-énd trial periods (Fishest al,
2002; Paolilloet al, 2002).

The absence of a correlation between lesions anghgt seen in some studies and the
only moderate correlations seen in others couldilee to factors such as small lesion
loads, lesion activity resulting in different deggeof axonal damage, inflammation
causing oedema which masks atrophy, or GM lesions ¢ommonly seen on MRI)
having a greater effect on subsequent atrophy Wah lesions. Little research has
investigated the association of tissue fractionsegronal atrophy with global or regional
lesion measures due to technical difficulties. Hesvethere is evidence that factors
unrelated to lesion formation may play a role iroplhy progression. PPMS have fewer
lesions than patients experiencing relapses, lagressive atrophy occurs (Ingh al,

2003; Sastre-Garrigat al, 2004). In addition absence of a correlation leetwlesion
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measures and WMF has been observed in at leastivies (Charet al, 2002b; Dalton

et al, 2004) whilst a study showed that administratibautologous haematopoietic stem
cells had a dramatic and sustained effect on Gdrem@ment and T2 lesion formation but
did not inhibit atrophy (-1.9% year (Ingleseet al, 2004). A similar effect has been
observed with Campath-1H, a powerful lymphocyte letlepy monoclonal antibody

(Coleset al, 1999). It appears that whilst possibly condiidrby inflammatory lesion

load, atrophy may proceed even in the absenceidémese of inflammation, and other
mechanisms underlying neuroaxonal degeneration rbestexplored. Once again,
different time courses for these processes mayooodf studies of short duration: for
instance if there is a long delay between the tffef lesions (or treatment) and the

progression of atrophy.

Progression of atrophy

Atrophy appears to occur from the earliest stagedM8 and continues into the
progressive stages of disease, but it is uncleatheh differences in the development of
atrophy exist between progressive and relapsingdamf MS, or if atrophy rate changes
during the course of disease. Investigation isialiff also because of treatment
intervention in some patients and groups of patigdhe study has suggested that atrophy
is confined to the cerebral hemispheres during Rf® stage, but extends to the
cerebellum, brainstem and spinal cord during thels#e (Liret al, 2003). A trend for
global cortical thickness to be lower in subjectishwSPMS relative to subjects with
RRMS has been observed (Calabresal, 2007a). Recently, SPM analysis of brain
atrophy measured by SIENA was used to investidgegtevolution of brain atrophy in MS
patients according to phenotype (RRMS, SPMS and $P{®aganiet al, 2005b).
Results suggested that ventricular enlargemenpweatominant in RRMS, whilst cortical

atrophy was more important in progressive MS.

Cross-sectional associations between normaliseth m@lume and disease duration
(Bermelet al, 2003b; Geet al, 2000b; Kalkeret al, 2001a; Paolilleet al, 2000; Rudick
et al, 2000) suggest brain atrophy is progressive adodgitudinal analysis of 27 RRMS
and nine SPMS patients, found that brain atropte/wes greater in patients with SPMS,
who had a longer disease duration, than in patweits RRMS (Geet al, 2000b). In
addition no significant differences in NBV or anha&rophy rate have been observed in

two studies of patients with RRMS and PPMS wheeedilibjects had a similar disease
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duration (De Stefanet al, 2003; Jasperset al, 2007a). However, a trend for greater
annual atrophy rates in RRMS and SPMS compared RRtS has also been observed
(Kalkerset al, 2002), despite PPMS subjects having longer seselration. Whether
atrophy rates decelerate or accelerate duringdbese of progressive disease is unclear.
Analysis of 100 subjects with PPMS found that tlegrde of atrophy over the first year
did not correlate with that over the second yeagléet al, 2002). However a subsequent
five year follow-up report, found a relatively castent atrophy rate within individuals
(Ingleet al, 2003). In addition, no obvious change in theaiy rate over 36 months was
observed in 44 placebo subjects with SPMS takimgipa trial of interferon beta-1a who
were observed at six-monthly intervals (Molynamal, 2000a), or in a five year study of
36 patients on combination therapy analysed ann(idtirakovaet al, 2007). Studies of
patients over longer periods need to be perfornmedrder to clarify the temporal
dynamics of atrophy in MS. However this may beidift due to patient drop-out from

studies and changes in MR imaging and scanner degyra

2.6.6 Clinical trials and sample size calculations

Although there is no cure for MS, several diseaselifying treatments have been tested
in patients, some of which are now licensed for iagtration in RRMS and SPMS
following demonstration of their capacity to reduetapse rates and slow the progression
of mild clinical disability (Jacobst al, 1996; Johnsort al, 1998; The IFNB Multiple
Sclerosis Study Group, 1995). Brain atrophy measends have been applied
retrospectively to data from some of these clinit@ls, to assess their effect on
neurodegeneration, and more recently it has beeluded as a secondary (and
retrospective) outcome measure in treatment t(Mdiler et al, 2007; Rovariset al,
2001; Rudicket al, 1999) (Table 2-5). Brain atrophy appears to iooet despite
treatment with these putative disease-modifyingyglralthough longer follow-up periods
in three studies suggest that either therapeuticrais delayed, or that a beneficial effect
from baseline becomes apparent only in later ayrapleasures (Frankt al, 2004;
Paolilloet al, 2002; Turneet al, 2003).

As chronic disease and disability progression & phinciple clinical challenge, and
development of neuroprotective agents is a keyctibge brain atrophy rate as an
outcome measure is becoming increasingly importlints vital that clinical trials

attempting to measure cerebral atrophy as a mafk@ogression are of sufficient power
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to detect a treatment effect. Determining naturalrbatrophy rates in MS allows some
estimation of the patient numbers that are requirelthical trials are to show a treatment
effect. Large variability in atrophy rates in patieand control groups, whether due to
measurement error or biological inter-subject ddfees, will increase the sample sizes
required in parallel group design trials howevenlcGlation of sample sizes from
different brain atrophy measurement techniques help to identify the best method to
implement into future trials of disease-modifyingugs. Evidence that different
acquisitions and measurement techniques affect nadabeatrophy rates advocates
standardisation of acquisition and methods to as®ethe reproducibility and robustness
of results, especially in the context of multicentsngitudinal clinical trials (Leiglet al,
2002).

If brain atrophy is to be used as a marker of nealror axonal degeneration in clinical
trials, reliable detection of atrophy over shotiemals would potentially improve trial
efficiency and reduce costs. However the effeanefisurement errors on brain atrophy
quantification is increased over short intervalad aconsequently results in greater
variance of atrophy rate measures. Sufficient potwedetect significant decreases in
brain volume over short intervals is therefore ljikéo require much larger subject
numbers than would be expected in a longer intextualy. Over short intervals, results of
atrophy studies have been mixed. In two studieS®mfand 28 patients with RRMS
respectively, it was not possible to show signifidarain atrophy over three months using
three different BPF calculation methods or SIENAitget al, 2006; Zivadinowet al,
2004a). Nonetheless, a significant mean changePR 8f -0.23% was observed over
approximately 2.5 months in 128 patients in ond\stand estimated annual atrophy rate
was -1.06% (95% CI -1.50% to -0.62%), a figure caraple to studies following patients
over one year or more (Hardmeedral, 2003). One must be careful extrapolating results
obtained over such short intervals however dubédact that measured atrophy rates are

unlikely to be linear.
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Table 2-5Brain atrophy in MS cohorts taking part in theragieurials.

0-18=-2.02% (2.83)
0-24=-2.76% (3.30)
0-30=-2.74% (3.38)
0-36=-3.86% (3.53)

0-18=-1.65% (2.34)
0-24=-2.17% (2.90)
0-30=-2.84% (3.12)
0-36=-2.919% (3.11)

Study Treatment Method Group N MRI Edtimated atrophyin | Estimated atrophyin | Significant difference | Significant
(placebo/treated) | assessments | placebo over interval® | treated over interval® in atrophy rate, decreasein
(months) (shown in months) (shown in months) placebo vstreatment? | atrophy rate
in treated?
(Filippi et al, IFN p-1a Brain CIS 98/111 12/24 0-12=-0.83% (1.09)| 0-12=-0.62% (1.40) | 0-24 placebo>treated -
2004) (ETOMS study) | (SIENA) 12-24=-0.67% (1.10) | 12-24=-0.61% (0.99)
(Franket al, IFN B-1b Brain RRMS| 0/30 12/24/36 - 0-12=-1.35% (0.79) - yes
2004) 0-24=-1.48% (0.77)
0-36=-1.68% (0.73)
(Gasperinket IFN B-1a ccv RRMS| 0/52 monthly -6-9/| -6-0=0.02% 6-30=-2.2% - no
al., 2002) 12/24
(Geet al, Glatiramer acetate| Brain RRMS | 13/14 24 0-24=-1.8% yé&ar 0-24=-0.6% yeat 0-24 placebo>treated -
2000a) (US study) (FCP) (1.8) 0.9)
(Hardmeieret IFN p-1a BPF RRMS | 0/386 12/24/36 - 0-12=-0.69% (0.79)| - yes
al., 2005) (European study) | (Cleveland) 12-24=-0.38% (0.77)
24-36=-0.38% (0.73)
(Miller et al, Natalizumab BPF RRMS | 315/627 12/24 0-12=-0.40% 0-12=-0.56% 0-12 treated>placebo| -
2007) (AFFIRM study) | (Cleveland) 12-24=-0.43% 12-24=-0.24% 12-24 placebo>treated
(Molyneuxet IFN B-1b ccv SPMS | 46/49 6/12/18/24/3(/0-6=-0.89% (1.35) 0-6=-1.39% (1.47) no no
al., 2000a) (European study) 36 0-12=-1.40% (1.69) | 0-12=-1.60% (2.50)
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Continued from page 84

(Rovariset al, | Glatiramer acetate] CCV RRMS | 114/113 9/18 0-9=-0.7% (2.2) 0-9=-0.8% (1.9) no no
2001) (Euro/Canadian (9-18 months 9-18=-0.6% (2.0) 9-18=-0.4% (1.7)
study) open-label)
(Rovariset al, | Glatiramer acetate| Brain RRMS | 69/73 60 18-60=-3.46% (2.47 18-60=-3.32%0R.4 no -
2007) (Euro/Canadian (SIENA)
study) — long-term
follow-up
(Rudicket al, | IFN p-1a BPF RRMS | 72/68 12/24 0-12=-0.70% (0.92)| 0-12=-0.76% (1.11) | 12-24 placebo>treated -
1999) (Cleveland) 12-24=-0.52% (0.80) | 12-24=-0.23% (0.74)
(Sormaniet al, | Glatiramer acetate| Brain RRMS | 105/102 9/18 0-9=-0.9% (1.2) 0-9=-0.8% (1.0) 9-18 placebo>treated -
2004) (Euro/Canadian (SIENA) (9-18 months 9-18=-1.0% (1.1) 9-18=-0.6% (1.2)
study) open-label)
(Turneret al, IFN B-1a Brain RRMS | 7/13 18/48 0-18=-1.11% 0-18=-0.69% 0-18 placebo>treated no
2003) (PRISMS study) | (Seg prop) (range -2.25 to 1.10) | (range -2.65 to 0.08)
0-48=0.83% 0-48=-1.02%
(range -3.47 to 1.24) | (range -7.52 to 0.64)
(Turneret al, IFN B-1a Brain SPMS | 6/12 18/48 0-18=-0.41% 0-18=-0.51% no yes
2003) (SPECTRIMS (Seg prop) (range -0.58 to -0.01)| (range -3.03 to 1.67)
study) 0-48=-0.26% 0-48=-0.32%
(range -1.16 to 1.34) | (range -2.90 to 1.05)
(Zivadinovet IFN B-1a BPF RRMS | 28/26 36 BPF =-2.5% BPF=-1.3% yes -
al., 2007) (SPM) GMF=-1.4% GMF=0.2%

®mean (SD) unless otherwise stated, BPF, brain graal fraction; CCV, central cerebral volume; FG&zzy connected principles; IFN, interferon; Segmrsegmentation propagation.



2.7 Chapter conclusions

In conclusion, MRI measures of brain atrophy preval feasiblen vivo measure of
neuroaxonal degeneration in MS. A wide range ofhodd have been developed to
measure global atrophy that have been shown termtive to changes from early in the
course of disease to later progressive stages Btaiphy rate appears to provide a better
marker for clinical disability than conventionasien measures and may provide clues for
patient prognosis and understanding disease machanAs the clinical applications of
brain atrophy are moving forward and the likelindbdt it will be applied as an outcome
measure in clinical trials increase, more workdating different brain atrophy measures
in MS and determining the best measure is requinealddition to improving the stability
of MR acquisitions, easily applicable methods fearmtifying brain atrophy and improved
measurement precision, will be particularly impottéactors with the future emergence

of putative neuroprotective agents.

However there are important discrepancies betwegn htrophy and clinical measures.
It is still unclear when and at what rate atropkyelops, how it relates to pathology, and
whether a threshold of atrophy exists beyond wipigdgressive disability is inevitable.
The location of atrophy, and by implication axoraks, will also be relevant.
Longitudinal MRI and clinical studies of subjecterh first symptoms to post-mortem are
required to give insight into the underlying diseasechanisms and verify MRI findings.
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3 Methods overview

3.1 Subjects

Patients and control subjects used in the studissrithed in this thesis were taking part in
two longitudinal clinical and MRI research studiesing undertaken at the Institute of
Neurology, University College London, Queen Squaemdon, United Kingdom. The
aim of these studies was to investigate early MRkera of prognosis and pathogenic
mechanisms in MS and details of the cohorts areritbesl below. The studies in this
thesis were a retrospective analysis of the MRdlindtal data obtained. Ethical approval
for the studies was obtained from the Joint Medithics Committee of the Institute of
Neurology and National Hospital for Neurology anduxbsurgery, University College
London, Queen Square, London, United Kingdom. lditemh, written informed consent
was obtained from all study participants. All pateeunderwent appropriate clinical and

laboratory investigations to exclude alternativagdioses.

3.1.1 Clinically isolated syndrome study

Approximately 90% of patients were recruited te thiudy from Moorfields Eye Hospital
where they had presented with optic neuritis. Offagrents were recruited from general
neurology and out-patient clinics at the Nationabspital for Neurology and
Neurosurgery where they had presented with a Gd§estive of MS including brainstem
and spinal cord syndromes. A baseline assessmethiefetudy was performed within 12
weeks of presentation with a CIS. Further clineradl MR1 assessments were performed
at three months, one year, three years and fivesy@asubsequent diagnosis of MS in
CIS patients was made according to the McDonatdr@i(McDonalcet al, 2001).

3.1.2 Relapsing remitting multiple sclerosis study

Patients were recruited from general neurology amdpatient clinics at the National
Hospital for Neurology and Neurosurgery. All patgerhad clinically definite MS
according to the Poser criteria (Poséral, 1983) and fulfilled established criteria for
RRMS (Lublin & Reingold, 1996). A total of 41 patis were recruited within four years
of symptom onset and none had previously receivis@ade-modifying treatment.
Patients on disease-modifying treatment or wittgéndisease duration were excluded

from the study. None of the patients had experignaeclinical relapse or received
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corticosteroids within the month before assessmdétaents were assessed at baseline
and then at six-monthly intervals for up to thresang. An additional assessment was

performed at five years, which included cognitigsessment.

3.1.3 Control subjects

Control subjects were all healthy volunteers withpmevious history of neurological or
major medical disease, and three control cohorte wtlised in this study. All subjects
gave written informed consent for involvement inaging studies. Twenty-six subjects
were recruited as controls in the longitudinal gtalRRMS. Assessment was at baseline
with follow-up at six-monthly intervals for up tbree years. These subjects were staff, or
relatives and friends of staff, from within the Matl Hospital for Neurology and
Neurosurgery and Institute of Child Health, or weetatives and friends of patients

taking part in the longitudinal study of RRMS.

In addition, five control subjects, who were staffthe Institute of Neurology, were
recruited to be scanned over a planned MRI scaopgrade. These subjects were
scanned approximately 10 times over a 24 week ¢hepidor to the upgrade and

approximately 10 times over a 33 week period foilmthe upgrade.

A further 22 control subjects who had two MR scamgised on the same day were also
used in this thesis. These subjects were takingimar project aimed at determining the
shortest interval required to detect volumetricngeabased on MRI, to distinguish AD
subjects from normal controls (The Minimum Interi@esonance Imaging in AD

(MIRIAD) project). In addition to two MR scans begiracquired at baseline, MRI was

acquired at two, six, 14, 26, 38 and 52 weeks.

3.2 Clinical assessment of patients

At baseline assessment a comprehensive patieatyh&std neurological examination was
performed. At subsequent assessments a historg $irec last assessment was taken,
including any relapses (number, time and lengthetdpse, symptoms), a review of
current medication (if any) or changes in medicgti@and any other pathology.
Neurological examination included assessment amdingc of Kurtzke’'s Functional
Systems and EDSS (Kurtzke, 1983) through a combmaif questions and physical

assessments by the examiner (Appendix 1). The pleil8clerosis Functional Composite
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(MSFC) (Appendix 2) (Cutteet al, 1999; Fischeet al, 1999), a composite measure of
clinical impairment, was assessed in patients VRIRMS at all time-points. This
encompassed a test of cognition (the paced audstargl addition test (PASAT)), a test
of upper limb function (the nine-hole peg test (9Pand a test of lower limb function
(the 25-foot timed walk (TW)).

3.3 Magnetic resonance imaging

All brain MRI was acquired on a 1.5 Tesla GE Sid#arizon Echospeed scanner
(General Electric Medical Systems, Milwaukee, WEA) on the same day as clinical
assessment. The details of the acquisitions arerided below. Image analysis was

performed on digitised images.

3.3.1 Clinically isolated syndrome subjects

A coronal three-dimensional inversion recovery pred FSPGR sequence was acquired
with acquisition parameters TR=10.9ms, TE=4.2ms;4%0ms, matrix 256x192, flip
angle 20°, FOV 240x180mm, resulting in 124 contiggid.5mm thick slices. Axial dual
echo PD and T2-weighted images of the brain wegeieed using a FSE sequence with
acquisition parameters TR=3200ms, TE=19/95ms, mabtbx256, flip angle 90°, FOV
240x180mm, resulting in 46 contiguous 3mm thickcedi Gd-DTPA (Magnevist
(Schering AG, Berlin, Germany)) (0.1mmol/kg) wageated, and approximately 15
minutes later T1-weighted images were acquiredguai€SE sequence with acquisition
parameters TR=600ms, TE=17ms, matrix 256x256, diigle 90°, FOV 240x180mm,
resulting in 46 contiguous 3mm thick slices.

3.3.2 Relapsing remitting multiple sclerosis and consobjects

An axial three-dimensional inversion recovery predaFSPGR sequence was acquired
with acquisition parameters TR=10.9ms, TE=4.2ms;4%0ms, matrix 256x160, flip
angle 20°, FOV 300x230mm, resulting in 124 contiggid.5mm thick slices. In addition
a coronal three-dimensional inversion recovery amegph FSPGR sequence was acquired
with acquisition parameters TR=10.9ms, TE=4.2ms;4%0ms, matrix 256x192, flip
angle 20°, FOV 240x180mm, resulting in 124 contiggid.5mm thick slices. Axial dual
echo PD and T2-weighted images of the brain wegeieex using a FSE sequence with
acquisition parameters TR=2000ms, TE=17/102ms,ixr2H6x256, flip angle 90°, FOV

240x180mm, resulting in 28 contiguous 5mm thickesdi T1-weighted images using a
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CSE sequence were acquired with acquisition paam@iR=550ms, TE=20ms, matrix
256x256, flip angle 90°, FOV 240x240mm, resulting?2B contiguous 5mm thick slices.
In patients, triple dose Gd-DTPA (0.3mmol/kg) wagected, and approximately 15
minutes later a further conventional SE sequenceagguired. None of the patients had
experienced a clinical relapse or received a coofrserticosteroids within a month prior

to imaging.

3.3.3 Control subjects with same-day imaging

Two coronal three-dimensional inversion recovergppred FSPGR sequences were
acquired with acquisition parameters TR=15ms, TE®RS, TI=650ms, matrix 256x256,
flip angle 15°, FOV 240x240mm, resulting in 124 tignous 1.5mm thick slices.

3.4 Image analysis algorithms and methods

3.4.1 MIDAS

MIDAS software (Freeborouglet al, 1997) is implemented in the C programming
language running on a Unix platform. MIDAS allovrsge dimensional MR images to be
displayed in simultaneous multiplanar views. Ourignof regions of interest (ROI) can be
performed using both automated and semi-automatexdibns. The simultaneous display
of orthogonal views allows the operator to editR@! in one view whilst it is updated in
real time in the two other views, thereby aidingisiens regarding brain boundaries.
Rigid-body registrations using Automated Image Riegiion (AIR) (Wood<t al, 1998)
can be implemented within the MIDAS software, antDKS provides an interface for

quantification of brain atrophy using the BBSI.

3.4.2 FMRIB’s Software Library (FSL)
The FMRIB’s (Functional Magnetic Resonance Imagingf the Brain,

www.fmrib.ox.ac.ulk software library includes image analysis andstteal tools for the

analysis of both structural and functional MRI asdun on a Unix platform (Smitét al,
2004). Version 3.1 was used for all analysis. $tmat image analysis tools used in this
work include BET, an automated algorithm that segsdrain from non-brain and
models skull and scalp surfaces (Smith, 2002);tipptameters can be altered to optimise
segmentation. FMRIB’s Automated Segmentation T6#AIT) can be used for brain
segmentation into different tissue types and hld Torrection (Zhangt al, 2001a).

FMRIB’s Linear Image Registration Tool (FLIRT) piides linear inter- and intra-modal
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registration (Jenkinson & Smith, 2001). SIENA isaromated algorithm for assessing
structural brain change and estimating atrophy {Setial, 2002).

3.4.3 Statistical parametric mapping

SPM was developed by the functional imaging lalmoyaat the Institute of Neurology,
London (Frackowiaket al, 1997). SPM99 was used running on a Matlab platfo
(MathWorks, Natick, Mass., USA). SPM software wagpleed to MR data to
automatically delineate GM, WM and CSF.

3.4.4 Displmage

Dispimage, a display and image analysis packageP{Dmmer, University College
London Hospitals NHS Trust, UK) (Plummer, 1992) waa on a Unix system. The
software allows the display of MRI in one plane autlining of regions of interest using
automated or semi-automated methods. Lesions oimMBes were outlined using either
an automated thresholding tool within Dispimageiciwhs based on intensity changes at
the edge of the lesion, or manually, using a malis&n cursor.

3.4.5 Excalp

Excalp is an automated programme implemented i€tpeogramming language running
on a Unix platform (Yoo Done-Sik, University Colked.ondon, UK. “Imaging and
Segmentation of Bone in Neurological Magnetic Rasor”, PhD Thesis, 1998). This
software was originally designed to perform an eameusegmentation of the skull from
MR images, but in part achieves this through deteactf the brain, and it has therefore
been used as a brain segmentation tool. It isegbpdi individual image slices to strip the
skull from brain images, by combining a histograasdd thresholding method and an

edge detection method with connected componentgsi;miand morphological operators.
3.5 Statistical analysis

STATA versions 8 and 9 (Stata Corporation, Coll8¢gtion, Texas, 1999) were used for

statistical analysis of results.
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4 Analysis and optimisation of brain atrophy measurerent

by the brain boundary shift integral in multiple sclerosis

4.1 Chapter introduction

With increasing focus on brain atrophy as a madkelisease progression in MS, and its
potential for use as an outcome measure in clinidals, automated and reliable
measurement methods are currently attractive. Aghahe BBSI (Freeborough & Fox,
1997) is a validated technique, its applicatiopatients with MS has been limited. The
only study performed using this method showed esx®d brain atrophy rates in patients
with RRMS, SPMS and PPMS relative to controls,thathnumber of subjects in each MS
subgroup numbered less than 10 and disease dunaiged considerably between
subjects (Foyet al, 2000b). In addition this method has not beerdiegpo cohorts of
subjects in the early stages of the disease whegept likely candidates for inclusion
into future trials of treatments aimed at slowihg development of disability. Further
investigation into the application and optimisatioh the BBSI to larger cohorts of

subjects early in the disease course is therefareamed.

When designing studies investigating brain atrophg, pulse sequence and parameters,
and data processing protocol, need to be estadlehe optimised in order to reduce the
variability and increase the sensitivity of measwgats. This may increase the power of
the study to detect a difference in atrophy rafes, example between patients on
treatment and placebo. This chapter investigatgs wewhich MR images and the BBSI
method can be optimised for measurement of bragplay in patients presenting with a
CIS and patients with early RRMS. Firstly the effet image intensity normalisation,
both within a single image and between serial imageinvestigated. Secondly, optimal
parameters specifying the location and width oflitbendary sampling window in these
cohorts are determined, and the influence of tihisaophy measures and statistical
power investigated. Finally, this chapter explowmsether averaging same-day data
(images or atrophy rates) can improve measurenmeqispn by the BBSI.

92



4.2 Assessment of non-uniformity correction using a) N&and b) differential bias
correction, on the brain boundary shift integral
4.2.1 Introduction
Underlying the BBSI is the assumption that any geam volume of the brain will be
associated with an exactly equivalent shift in lthain boundaries. Following accurate
registration of two brain images, areas of intgnsiss between serial images are likely to
represent shifts in tissue near the boundariesras latrophy occurs, and the BBSI
derives an automated measurement of global atrbghgirectly comparing the image
intensity profiles of registered MR acquisitions. réquires selection of an intensity
window which should be contained within all theeimsity transitions associated with the
boundaries of the brain (Figure 1-16), and thisdeim should be standardised for a given
scan type and cohort. As such, atrophy quantiGoaby the BBSI could be invalid if
images are affected by either intensity inhomogdgri{bias field, as described in Chapter

1.5.3) or differential intensity between serial gea (differential bias).

A bias field will lead to a shift in the intensiprofile of an image so that the intensity
window may not be encompassed by the relevant l@yndtensity transitions at only
points on the brain boundary surface, i.e. thengitg profile may only partially sit within
the given intensity window for some region(s), dhdrefore will contribute less to the
estimate of atrophy. Figure 4-1a shows that intgmshomogeneity in both baseline and
repeat images has shifted the intensity profilesards. Consequently brain atrophy is
underestimated as the boundary region is not gnteecompassed by the specified
intensity window. This intensity profile represeiist one point on the brain boundary
and will therefore vary at different places in th@undary region of a single subject. In
the presence of differential bias the intensityfigg@f one image is moved relative to the
other, and similarly the intensity window may natempass the boundary movement. In
addition it is possible that non-boundary tissu@ladocontribute to the measurement
(Figure 4-1b). In addition to these potential etfecf intensity bias, the BBSI requires
segmentation of the brain both for image regisimind for estimation of the brain
boundary region. Typically this is done using MIDASich requires specification of
intensity thresholds to delineate the whole br&ire¢borougtet al, 1997), and assumes
intensity homogeneity within a tissue class. Furtiwe, a bias field may make it difficult
to recognise tissue boundaries for either settinth® thresholds or manual editing of

regions.
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Figure 4-1 The effect of intensity inhomogeneity, on singknscand between serial
images, on the BBSI. Based on a one-dimensionedseptation of the intensity profile
through a brain boundary on serial imaging a) inééy inhomogeneity in both images
has shifted the intensity profiles upwards and equagntly the boundary shitt’x) is
underestimated as the boundary region is not egtiesmcompassed by the specified
intensity window, b) differential bias has shiftdte repeat image intensity profile

relative to the baseline and consequently the bagnshift (1x) is underestimated.
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As previously described, a number of methods haen ldeveloped to retrospectively
correct for image intensity inhomogeneity (Chagdté:.3). One such method that is freely
available on the Internet, is nonparametric nomumf intensity normalisation (N3)

(http://www.bic.mni.mcqill.ca/software/N3Sled et al, 1998). Validated on volumetric

brain images acquired on a 1.5T scanner, it idlya dutomated algorithm that estimates
the distribution of voxel intensities within an igeand then iteratively sharpens the
resulting intensity histogram until the CV in ttaio between subsequent estimates of the
nonuniformity field is below a given value. Althduthere are a number of other methods
that could be used for the same purpose, N3 hasdtwavn to be superior (Arnoét al,
2001). In addition, a study investigating a variefy processing streams on different
acquisitions found that the choice of algorithm feducing intensity bias had very little
effect on tissue segmentation (Clakal, 2006). Also N3 is a non-parametric method
which may be important when attempting to corremt ihtensity inhomogeneity in
patients with MS. WM lesions may cause greatemsitg variations, but N3 can deal

with this feature as this there is no limit to thenber of tissue classes in the histogram.

Differential bias correction (DBC) has been desatilfor the standardisation of intensity
between two images from the same individual torobribr differences in the bias field
that may occur with serial imaging (Lewis & Fox,020. Calculation of the differential
bias field is made on the assumption that in sedbfice image of registered serial brain
images, the difference due to atrophy and noisenall-scale. A differential bias field is
of a much larger scale and can be estimated byyiagphn appropriate filter to the

difference image, and subsequently can be corréated

The aim of this study was to investigate the eftédi3 correction on individual images
and DBC on serial images, and to determine thdluance on the sensitivity and
precision of brain atrophy measurements by the BB®htients with MS pathology and

controls.

4.2.2 Methods

Subjects and imaging

Eighty-four subjects with serial MR brain imagiranging in age from 21-56 years were
identified; 16 control subjects (seven male, mega 35.1 years (SD 6.3)), 37 subjects
who presented with a CIS (14 male, 35.0 years () @nd 30 subjects with RRMS

95



(eight male, 37.5 years (SD 7.4)). Subjects witivViRwere within four years of disease
onset and had a median EDSS of 1.5 at baselingg(réf8). All subjects had coronal
FSPGR MRI at baseline and approximately one ydar [gnean follow-up time 1.14

years (SD 0.20)) according to the standard acangitrotocols described in Chapter 3.3.

MRI analysis

MIDAS was used to segment the brain on each im&geelboroughet al, 1997).
Delineation of brain/non-brain was achieved byisgtintensity thresholds to eliminate
voxels that were greater or less than the giveensities, followed by erosions and
dilations. Manual editing was performed when reeplirAs WM lesions are often visible
on T1l-weighted MRI, appearing hypointense in refatito WM, whole brain
segmentation using MIDAS may exclude these regimased on intensity thresholding
(Figure 4-2). Subsequently, these regions may hssifled erroneously as a brain
boundary by the BBSI. Therefore these regions \iikeel in by manual editing of the
ROI (Figure 4-2). All segmentations were perforntdohded to subject identity and

image time-point.

Figure 4-2 The effect of hypointense lesions on whole bragmsatation by MIDASa)
T1-weighted image showing lesion (arrow), b) trséde is excluded from the brain ROI

by MIDAS, c) following manual correction, the arefthe lesion in included in the
ROI.

N3 was applied to each image in order to correctri@nsity inhomogeneity within the
images. Brain regions were then copied and pasted the original images to the N3-
corrected images and edited if necessary. To edtctihe BBSI a registration algorithm
(AIR) (Woodset al, 1998), determining the rotations, translationd shear required to
obtain a subvoxel accuracy over the whole braisitjpmally matched baseline and repeat
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brains, and a linear scaling was used to accouniaigations in voxel size due to scanner
drift. Spatial scaling factors were estimated fribva brain to brain registration. The BBSI
algorithm was applied to both uncorrected and N3eoted image pairs. Each
registration and subsequent atrophy calculation wadormed with and without
automated DBC, in addition to the normal intensitaling that the BBSI carries out.
Thus, four atrophy measures were obtained for eadiject: i) no correction, ii) N3

correction only, iii) DBC only, iv) N3 correctiomd DBC.

Evaluation of the effect of N3 correction and DBC

Visual assessment of each registration was perfbrimecheck that it was accurate. In
addition to analysing the influence on atrophy mesas the effect of N3 correction and
DBC on the actual images was assessed. Visualsasses of images before and after
each procedure was performed. The CV of WM intgnsds determined in each image
before and after N3 correction and compared in sabifect group using a pairédest.
This required delineation of the WM on each baselimon-corrected image using the
brain region obtained from MIDAS, and FAST (Zhastgal, 2001a). This WM region
was eroded once to avoid the inclusion of partilime voxels at the GM/WM border.
The baseline scan was registered (affine) to theatescan, and using the transformation
parameters the eroded baseline WM mask was redlicéte repeat image space. The
same baseline and repeat WM regions were applsecavely to baseline and repeat
N3-corrected images (non-DBC corrected), and thamend SD of voxel intensities
within the WM region were calculated for each image assess the influence of DBC
baseline brain voxel intensities were determineat] subsequently correlated with
registered repeat brain voxel intensities (basedthen MIDAS brain region). The
correlation coefficient was determined before after BC and in each subject group a

pairedt-test was used to look for significant differencethese values.

Statistical analysis

Atrophy measures were corrected for scan intermdl expressed as a percentage of
baseline brain volume. The mean (SD) atrophy retesach subject group before and
after N3 correction and DBC were calculated. Metaophy rates obtained using the four
different processing procedures were comparedttaygfia model relating atrophy rate to
procedure utilising a generalised estimating equatapproach. The model assumed an

exchangeable correlation structure and robust atdnérrors were calculated. This
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approach allows for correlation between the measanel differences in the variance of
measures between methods. A joint Wald test was assan overall test of differences in
mean atrophy rates between procedures. Where dicaigh difference was observed
(p<0.05), pairedt-tests were used to investigate pairwise differendgkewise, a
generalisation of Pitman’s test to more than twseokations was performed within each
subject group to determine if there was a significhfference in the variance of atrophy
rates when N3 correction and DBC were applied (HE869). Where a significant
difference was observed (p<0.05), Pitman’s testapgdied pairwise to observations.

The statistical power of any future trial usingibratrophy as an outcome measure will be
driven by the mean and variance of measures ierdati For any two methods where a
significant difference in the mean or variance wbphy rates was found in the RRMS
patient group, investigation into the relative istatal power was performed. The CV
(o/p) of the two methods was calculated, as the sqofathis value is proportional to the
sample size required for a randomised controliediwith the power to detect a particular
proportional reduction in brain atrophy rate. Hertbe square of the ratio of the
respective CVs indicates the relative number ofeptd required to detect a treatment
effect using atrophy rates obtained using the wdiffe processing methods (for any
expected percentage treatment effect and any eggsiatistical power). A 95% bootstrap
Cl (bias corrected on the logarithmic scale) foe tlatio was calculated using 1000
replicates. This Cl was used to determine whethfflerences were statistically

significant.

4.2.3 Results

On visual inspection none of the images had ndileeintensity inhomogeneity or
differential bias, and following N3 correction ita& not felt necessary to edit any of the
brain regions. However comparing the CV of the Wikach image before and after N3
correction, it was found to be marginally but sfgaintly reduced following N3
correction (mean difference -0.01120, SD 0.00658% 9CI -0.01020 to -0.01221,
p<0.001). In addition the correlation of voxel imsgies in baseline and registered repeat
brain regions was marginally but significantly gezaollowing DBC than before (mean
increase 0.00117, SD 0.00157, 95% CI 0.00151 0082, p<0.001). Mean (SD) BBSI
atrophy rates for each subject group, with andautiN3 and DBC correction are shown
in Table 4-1 and Figure 4-3.
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Table 4-1 BBSI mean brain atrophy rates when images are uected, or intensity

inhomogeneity corrected using N3 and DBC, in cdstand subjects with CIS and

RRMS.
No DBC DBC
Mean (SD) (% yeah) | Mean (SD) (% yeah)
Controls -0.08 (0.51) -0.07 (0.41)
No N3 correction | CIS -0.18 (0.45) -0.18 (0.38)
RRMS -0.56 (0.62) -0.59 (0.49)
Controls -0.08 (0.52) -0.07 (0.42)
N3 correction CIS -0.18 (0.46) -0.19 (0.37)
RRMS -0.56 (0.62) -0.59 (0.50)

Figure 4-3 BBSI brain atrophy rates when images are uncorgicter intensity

inhomogeneity corrected using N3 and DBC, in cdstiand subjects with CIS and

RRMS.
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Comparison of mean atrophy rates from all four psstng methods demonstrated no
significant differences in mean values when N3 exion or DBC were applied to
images (controls p=0.86, CIS p=0.42, RRMS p=0.Applying the generalisation of
Pitman’s test to results from all four methods ed®d a significant difference in the
variance of atrophy rates (p<0.001 in each subggoup). Pairwise Pitman’s tests
revealed that the variance of atrophy rates wasfgigntly reduced in each subject group
when DBC was applied to uncorrected or N3 corredtedges (all p<0.001). No
significant differences were observed when N3 abiwe was applied (p-values ranged
from 0.16 to 0.66). Relative sample sizes to dedeparticular proportionate difference
were estimated to be 26% smaller using DBC (95% 7@ to 18% reduction) compared
with no correction, indicating significantly greatstatistical power by application of
DBC.

4.2.4 Discussion

In this study the effect of a nonparametric nomumnif intensity normalisation (N3) on
single images, and differential bias correction (@Bbetween serial images, on
quantification of atrophy by the BBSI has been stigated. In the cohort studied it was
confirmed that N3 correction significantly redudi® variability of voxel intensities
within the WM, but correction did not significantlaffect BBSI-derived atrophy
measures. However DBC significantly increased ¢aticen between brain voxel
intensities on serial images, and led to a sigmifiadecrease in the variance of atrophy

rates quantified by the BBSI, which resulted inagee statistical power.

In a previous study that applied the BBSI to MSjectis, N3 correction and DBC were
not applied (Foxt al, 2000b). On visual inspection of the images idetliin the present
study intensity bias was not evident, yet a sigaiit decrease in the variability of WM
intensity was detected following application of B&rection. Although the true amount
of nonuniformity in any MRI image is unknown andist not possible to measure the
accuracy of N3 correction directly, this suggektt inhomogeneity correction should be
applied routinely to images. However, it was shotinmat N3 correction did not
significantly affect either the mean or varianceattbphy measures suggesting that the
BBSI is robust to small amounts of intensity bigisis finding is similar to that observed
in a study applying a boundary shift integral methin controls and patients with

Alzheimer’s disease; N3 bias correction had ligfeect on brain atrophy quantification

100



and did not influence group separation (Gumerl, 2003). However bias correction
might be important if investigating serial changesWM volumes, and this warrants

further investigation.

Previously it has been shown that the BBSI candrsiderably altered when there is a
change in contrast between serial images (Prebetské 2006), and efforts should be
made to standardise the acquisition over time. Mgasual assessment of images did not
highlight any differences in intensity between afiyhe image pairs, but the correlation
between the intensity of voxels on serial imageseased following DBC. Although
correlation does not necessarily mean that thasitievalues agreed, only that they were
more strongly associated, analysis of atrophy ratesved that DBC significantly
decreased the variance of measures and consequendgised the statistical power. That
DBC influenced atrophy measures to a greater etant N3 correction, is likely to have
been because the BBSI depends to a greater extahealifference in voxel intensity
between serial images than the consistency of sittenf a tissue class. Indeed if both
images have a similar bias field (Figure 4-1a) eher likely only to be an under-
estimation of atrophy. However with differentialabj noise will be added to the
measurement that will increase measurement vatyablUnlike the original paper
describing DBC (Lewis & Fox, 2004), there was n@aent decrease in the mean
atrophy rate following the application of DBC, whiwvas suggested to be due to some
atrophy being smoothed away during the proces3inig. may not have been so apparent
in the present study due to the lower atrophy rabserved compared with the original

study which was performed in patients with estalelisAlzheimer’s disease.

If both N3 correction and DBC are to be appliedopiio the BBSI, one important

consideration may be the order in which they amiegh and the influence of one on the
other. One may assume that it is logical to improwensity homogeneity on individual

scans prior to intensity standardisation. Indeatudy which investigated this aspect of
optimisation of images found that this was the bester to perform procedures

(Madabhushi & Udupa, 2005).

One of the limitations of this study is that théluence of N3 correction on the initial
brain segmentation and subsequent atrophy quaatitic was not investigated, as the

brain ROl was copied from an uncorrected imagéé¢oN3-corrected image. This aspect
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would have been difficult to examine however, gitieat there is a degree of intra-rater
error associated with repeated brain segmentatioadking it difficult to determine
differences due to measurement error and those tdudifferences in boundary
recognition. Moreover, a study that investigategl éffect of intensity bias correction on
brain segmentation from four different automated aemi-automated algorithms found
that it did not affect method performance (Fenndéingestineet al, 2006), and is
therefore unlikely to have influenced the wholeitraegmentations in this study. It
should also be noted that although N3 should bengisve to pathology such as lesions,
this study did not investigate whether there israghold beyond which the normalisation

process may be significantly influenced by hypaiseeWM lesions.

This study demonstrates that a) N3 correction Bggmtly increases intensity
homogeneity on individual images and b) DBC sigaifitly increases intensity
homogeneity between serial images. Most importallBC appears to decrease the
variance of atrophy rates obtained using the BRjgesting increased measurement
precision. The relative reduction in sample sizersd quarter that was a consequence of
this would greatly facilitate the performance oplkexatory trials using brain atrophy as
the outcome measure. Although N3 correction didimiiience atrophy rates it is likely
that there is a threshold of inhomogeneity beyoridclv N3 correction could be a
valuable pre-processing step for the BBSI. As NBeation and DBC are fully automated
methods that require minimal operator time, théseirfgs suggest that these processes

should be performed routinely in studies priorttophy quantification by the BBSI.

4.3 Selection of optimal parameters for quantificationof the brain boundary shift
integral

4.3.1 Introduction

When calculating the BBSI, the range of intensifigs ;) over which the integral is

calculated must be defined. This intensity rang&iodow has a centre £ (I; + 1,)/2,

and width |, = I;-I, (Freeborough & Fox, 1997). These parameters aedefined and

the intensity window should maximise the numbecafitributing boundary voxels whilst

falling entirely within all of the intensity trart®ns associated with the boundaries

between brain and CSF. These opposing requireraentsomplicated by the fact that the

brain is made up of tissues with differing inteiesit As shown in Figure 1-16 the

boundary shift is estimated as the area A betwsenrttensity profiles within the defined
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window, divided by the intensity window,.l A window that is too wide is likely to
underestimate brain atrophy as the intensity wintkis outside the brain boundary and
therefore the normalising factos-(b) is disproportionately large relative to A. By ngia
narrower intensity window there will be a greatbamce that it falls entirely within the
intensity transitions of the brain boundary andglty will be more reliably detected.
However too small a window can lead to the windging entirely outside the intensity

transitions too often, resulting in measuremerdrerr

The optimum window settings are primarily dependemtthe scan acquisition protocol
which can differ between centres and study cohditte arrangement and intensity of
adjacent brain tissues will not vary significanbgtween subjects from one cohort or
scanner. The optimum window settings can therdbfereletermined for a given scanner
and scan type and then applied to multiple subjé@tts default parameters @£0.75 and

1,=0.25 were those initially published (where 0.7%nm® to 75% of mean normalised
brain intensity) (Freeborough & Fox, 1997). Optiedsparameters (for the particular
image acquisition) can be estimated by comparieg®BSI| to segmented brain volume

differences (BVD), for a range of window parametarsd maximising their association.

The objective of this study was therefore to deteenthe optimal window settings for
maximising the sensitivity, precision and accuratthe BBSI on i) coronal and ii) axial
T1l-weighted volumetric acquisitions, in the cohoft patients and controls being

investigated in this thesis.

4.3.2 Methods

Subjects and imaging

Eighty-eight subjects were identified with coronBEPGR MRI at baseline and
approximately 12 month follow-up (mean follow-upné 1.16 years (SD 0.24)); 16
control subjects (seven male, mean age 35.1 yB8&r$3)), 42 subjects presenting with a
CIS (14 male, 34.4 years (SD 6.3)) and 30 patiefitts RRMS (eight male, 37.5 years
(SD 7.4)). In addition, 17 control subjects (seusie, mean age 35.2 years (SD 6.2)) and
29 subjects with RRMS (eight male, mean age 37arsyéSD (7.5)) had axial FSPGR
MRI at baseline and approximately 12 month follow-{ean 1.06 years (SD 0.11)).
Imaging was performed according to the standardiisitign protocols described in
Chapter 3.3.
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MRI analysis

The brain was segmented on each image using MIBA&scribed in Chapter 4.2.2, and
N3 correction was applied. Brain volumes were aetteed from the segmentations and
the difference in volume between the baseline apdat image was calculated. The BBSI
algorithm, with DBC and default parameters=Q.5 and =0.5, i.e. {=0.75 and #=0.25),
was applied to each serial image pair. Normalisatd signal intensities within the
images was achieved by dividing the intensity aheaoxel by the mean intensity of the
internal intersection region (the intersection lesw the baseline and registered repeat
segmented brain regions, eroded once). This appetgly scales the voxel intensities
within the boundary region between zero and onsudiassessment of each registration

was performed to check registration accuracy.

Subsequently, atrophy was estimated from all regest image pairs using different
window settings. An automated algorithm was desigfoe this purpose and required
only specification ofil and . It was hypothesised that reducing the window hvidl)
would increase the sensitivity of the BBSI. Therefbased on a window width of 0.3,
BBSIs were calculated for window centreg tanging from 0.4 to 0.8 (at 0.05 intervals).
Segmented volume differences and atrophy measwgged from the BBSI were

corrected for scan interval and expressed as au@ge of baseline brain volume.

Statistical analysis

Data from coronal and axial images were analyspdrately. For each window setting

atrophy rates calculated using the BBSI were plogigainst the difference in segmented
brain volume obtained from MIDAS, and linear regies lines were fitted to the data

(the values should approximate each other). In satlect group mean (SD) atrophy
rates were calculated for each window setting dedtepatients with RRMS effect sizes

(u/o) were calculated in order to determine the stedispower of atrophy measures from

each window setting.

4.3.3 Results

The linear regression lines fitted to data fromocait images, comparing the segmented
volume difference and BBSI measures obtained udiffgrent window settings, are
shown in Figure 4-4. Using a window width of 0.3vias found that a window centre of

0.55 gave the closest approximation to the segmerdtime difference. The window
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width was reduced to 0.2 at this window centre Whitcreased the agreement of the
BBSI and segmented volume difference further. Theeselts can be demonstrated by
looking at a real example of an intensity profseen in Figure 4-5, which shows the

boundary transitions that fall within differentemisity windows.

Figure 4-4 Correlation of segmented volume difference and BB&h atrophy rates,

obtained using different window settings on coromatweighted volumetric images.
Atrophy rates from controls and subjects with Clgd sRRMS were plotted and
regression lines fitted to the data. Both the wimd@ntre (c) and the window width (w)

lie between 0 and 1.
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Figure 4-5 The effect of different intensity window settings BBSI atrophy

measurement. Different BBSI intensity windows arerlaid on a one-dimensional
intensity profile through a brain, showing how thendow relates to the intensity
transitions of the brain boundary. The intensitpfile was generated by drawing a line
one voxel high between the points A and B (top @paand normalising the intensity

value of each voxel in this region to the mean wHwhin intensity.
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Table 4-2 shows the mean atrophy rates in eaclecudpjoup for the different intensity
window parameters tested. When looking at the miffewindow centre settings for a
window width of 0.3, mean atrophy rate peaked itiepa groups when the window
centre was set at 0.55. Mean atrophy rate increaked the window width was reduced
to 0.2 at this window centre. Mean atrophy rate @lasest to zero in control subjects for
a window centre of 0.6. As mean atrophy rate irszdathe variance of measures
increased also. However the effect sizes for patievith RRMS reveal that these
increases were not proportional, as the effectwaeat its highest value when a window

centre of 0.5 was utilised (Table 4-2).

Table 4-2 BBSI mean brain atrophy rates quantified usinged#ht intensity window
settings for coronal T1-weighted volumetric imagascontrols and subjects with CIS
and RRMS. Effect sizes §uare given for subjects with RRMS.

Window | Window Mean (SD) atrophy rate (% year™) Effect size
centre width Controls CIS RRMS

0.5 (default) | 0.5(default) | -0.07 (0.42) -0.18 (0.38) -0.59 (0.50) 1.17
0.8 0.3 0.06 (0.26) -0.03 (0.27 -0.28 (0.32) 0.86
0.75 0.3 0.06 (0.33) -0.06 (0.34 -0.37 (0.40) 0.92
0.7 0.3 0.05 (0.39) -0.09 (0.40 -0.48 (0.48) 0.99
0.65 0.3 0.03 (0.44) -0.13 (0.48 -0.58 (0.54) 1.08
0.6 0.3 0.00 (0.48) -0.17 (0.47 -0.65 (0.57) 1.15
0.55 0.3 -0.03 (0.49) -0.19 (0.47 -0.68 (0.58) 81.1
0.5 0.3 -0.06 (0.48) -0.19 (0.44 -0.66 (0.56) 1.19
0.45 0.3 -0.08 (0.44) -0.19 (0.39 -0.61 (0.5p) 81.1
0.4 0.3 -0.09 (0.38) -0.16 (0.32 -0.52 (0.45) 1.15
0.55 0.2 -0.04 (0.52) -0.21 (0.49 -0.72 (0.6D) 11.2

The linear regression lines fitted to data

segmented volume difference and BBSI

obtainsthg axial images, comparing the

measures nalgtausing different intensity

window settings, is shown in Figure 4-6. As withramal images, using a window width
of 0.3 it was found that a window centre of 0.5¥egythe closest approximation to the

segmented volume difference for brain atrophy Mtedow width was reduced to 0.2 at
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this window centre which increased the agreemetwdsn the BBSI and segmented

volume difference still further, when atrophy wadetted.

Figure 4-6 Correlation of segmented volume difference and BB&h atrophy rates
obtained using different window settings on axidl-Weighted volumetric images.
Atrophy rates from controls and subjects with RRMSe plotted and regression lines
fitted to the data. Both the window centre (c) &nel window width (w) lie between O
and 1.
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Table 4-3 shows the mean brain atrophy rates inra@snand RRMS subjects for the
different intensity window settings. When lookingtlae different window centre settings
for a window width of 0.3, mean atrophy rate peakedhe RRMS group when the
window centre was set at 0.55. When the window wistas decreased to 0.2 at this
window centre, mean atrophy rate increased. Inrosntnean atrophy rate was closest to
zero for a window centre of 0.75. As with coromahpes, as mean atrophy rate increased
the variance of measures increased, but againvdssot proportional as the effect sizes

for patients with RRMS reveal that it was highestd window centre of 0.55.
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Table 4-3BBSI mean brain atrophy rates quantified usinged#ht intensity window
settings for axial T1-weighted volumetric imagescontrols and subjects with RRMS.

Effect sizes (i) are given for subjects with RRMS.

Window Window Mean (SD) atrophy rate (% year™) Effect size
centre width Controls RRMS

0.5(default) | 0.5(default) -0.08 (0.37) -0.54 (0.42) 1.29
0.8 0.3 0.02 (0.23) -0.31 (0.33) 0.94
0.75 0.3 0.00 (0.29) -0.41 (0.40) 1.03
0.7 0.3 -0.02 (0.35) -0.52 (0.46) 1.15
0.65 0.3 -0.05 (0.40) -0.63 (0.49) 1.28
0.6 0.3 -0.07 (0.44) -0.69 (0.52) 1.33
0.55 0.3 -0.09 (0.46) -0.71 (0.52) 1.37
0.5 0.3 -0.10 (0.45) -0.67 (0.49) 1.37
0.45 0.3 -0.10 (0.41) -0.58 (0.44) 1.32
0.4 0.3 -0.09 (0.36) -0.46 (0.37) 1.24
0.55 0.2 -0.10 (0.48) -0.76 (0.54) 1.42

4.3.4 Discussion

This study aimed to identify the optimal intenswyndow parameters with which to
calculate the BBSI on both coronal and axial FSR@G&uisitions acquired in the cohort
under study. It was found that an intensity windofM;=0.65 and 4=0.45 (i.e. {=0.55
and |,=0.2) provided the most sensitive measure of barimphy. Although the variance
of measures was increased at this value, this vegogionately smaller than the increase
in sensitivity, which meant that greater statigtipawer could be achieved using these

parameters, as measured by the effect size imgatie

The optimal parameters determined for both theradrand axial images were the same,
but this is not unexpected given that the scan® waequired on the same MR scanner
using a similar protocol. Another study which lodka the optimum window settings for
a dataset obtained on the same scanner as thainugedcurrent study, similarly found
that the best parameters were an intensity windetwden 4=0.7 and 4=0.5 (i.e. }=0.6
and |,=0.2) (Boyeset al, 2004). The marginal difference in parametersvbeh these

studies may have been due to the fact that therdustudy included images from patients
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with MS, and hypointense periventricular lesionsynfave influenced the results.
However in addition to parameters being dependenthe scan dataset they may also
vary for data acquired on different scanners. $hisly has shown how atrophy rates can
vary considerably depending on the window parareetbosen. Although the optimal
parameters did not influence effect size to a geségnt relative to default parameters,
changes were nonetheless observed, and could lgesigaificant for other datasets. This
suggests that it may be advantageous to optimiselomi parameters for any given
dataset, particularly for clinical trials in whiglven small improvements in the sensitivity
or precision of atrophy measurements could impribve ability to detect a treatment
effect. Determining optimal parameters can be lgrgatomated with minimal operator
interaction required. As this was a retrospectwestigation, all subjects with available
imaging were included in the study to give poweth® results and optimise over a wide
range of atrophy rates. For a prospective studglinical trial however, optimisation
could be performed on a subset of subjects whiclkildvaninimise the amount of
computer processing time required to assess a nuoflmfferent window settings on
larger cohorts.

It should be noted that although increased power geened from reducing the window
width to 0.2, it was felt that the window shouldt i@ made any smaller. There is the
potential that reducing,lfurther could lead to spurious results in soméamses, when

the window could possibly fall entirely outside myasrain boundary shift areas. With a
wider window setting there is increased confideiieé some of the brain boundary shift

will lie within the window.

One of the limitations of this study is that noegvpossible window setting was tested,
and it was not assessed whether atrophy rates viondow centre ¢) of 0.1 would be
realistic. For clinical trials, a wider range ottansity windows could be investigated,
including narrower windows, and the results lookédarefully in correspondence with
the difference images to determine whether respipear realistic. A further limitation of
this investigation is that BBSI atrophy rates waseessed against the BVD. This measure
may be subject to error itself and it is not pdssib judge whether it represents the best
estimate of overall brain atrophy. Indeed with bha@quisitions, positive atrophy rates or
brain “growth” did not agree well between segmentetlime difference and the BBSI

using any of the window parameters. However evethowmi approximating BBSI
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measures to the volume difference, the parameteichwive the most realistic, sensitive
and precise measure should be identified. As sartintensity window betweern=0.65
and b=0.45 (i.e. =0.55 and }=0.2) has been shown to increase the sensitivilypamwer
of brain atrophy measurements by the BBSI companéd default parameters in both
coronal and axial FSPGR images. For the remaind#riothesis these parameters will

be applied in other investigations using the BBShis cohort.

4.4 Measurement of brain atrophy by the brain boundaryshift integral on different
volumetric acquisitions and average images
4.4.1 Introduction
With most atrophy measurement techniques, optirarsaf MR images for the technique
may increase the sensitivity and precision of dtyomeasures. This is important when
designing large prospective studies of brain atyppis the acquisition parameters and
sequence for images can be decided upon priomuaraty data in order to maximise the
reliability of measures. Whilst the BBSI has be@pli@d to numerous T1-weighted
volumetric MRI, these images can vary in appearategending on the MRI scanner
used for acquisition and individual scan paramegtieox et al, 2000b; Foxet al, 2005;
Henley et al, 2006; Schotet al, 2005). Images that maximise SNR and CNR, and
minimise chemical shift artefact, are likely to guoe more reliable results. However no
direct comparison of atrophy rates quantified offfecent acquisitions has been
performed, so it is unclear to what extent this reffgct measured atrophy rates. For
multicentre studies, it is important to ensure thatBBSI is robust to small variations in
images between subjects caused by differences il MfRdware and acquisition
parameters. In this study MR data has been acqatrede site only, so it is not possible
to compare atrophy measures by the BBSI on acquisifrom different sites. However
two FSPGR images have been acquired on the sama daytrols and patients with
RRMS. Although acquisition parameters for the twwages were similar, the voxel
dimensions and acquisition plane of the imagesddferent. Therefore the first aim of
this study was to investigate relative atrophy dfiaation by the BBSI on these two T1-
weighted volumetric acquisitions and determine Wwhethe BBSI was robust to these

small differences and whether there was any sysiefias.

In addition to optimising data acquisition by albgrscan parameters, averaging repeated

data could increase measurement precision. Ndiseluted by either the MRI hardware
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or the atrophy measurement technique could be egldiincough this process as the signal
is effectively doubled. Same-day imaging allowsegdpd atrophy measurements to be
obtained and results can subsequently be averdgstightly more complex approach
involves averaging the images themselves priorntyais, which should increase the
SNR by a factor of 1.41. It has previously beernvwshthat the increased signal that can
result from averaging data at each spatial locati@y increase SNR (Holmex al,
1998). This may allow more accurate and precisé bmtrophy measurements to be
made. Indeed one study investigating the impadliféérent acquisition protocols and
processing streams on tissue segmentation usedeaaiga image as the gold standard
(Clark et al, 2006). Averaging of volumetric images has alserbutilised in Freesurfer,
where a number of T1-weighted images can be combpr®r to determination of
cortical boundaries (Salat al, 2004). The second objective of this study wasdtore to
determine whether averaging a) same-day data (B&Skures) or b) same-day images,
increased measurement precision of the BBSI. Thadpinvolves two separate BBSI
measurements from two different scan pairs where liaseline and two repeat images
were obtained on the same day. The latter invalvelging images acquired at the same
time-point and performing one BBSI measurement betwthe baseline average image

and the repeat average image.

4.4.2 Methods

Subjects and MR imaging

Twenty-nine subjects with RRMS (nine male, mean 3¢g& years (SD 7.5)) and 16
control subjects (seven male, mean age 35.1 y8&r$(3)) were identified who had T1-
weighted volumetric FSPGR images acquired in bb#h doronal and axial planes at
baseline and approximately one year follow-up (nmké6 years (SD 0.11)). The imaging
protocols described in Chapter 3.3.2 were usetMf®r acquisition, and coronal and axial
images were acquired in the same scan session. dorensions were 0.94 x 0.94 x

1.5mn? in the coronal image and 1.17 x 1.17 x 1.5hmrthe axial image.

MRI analysis

Whole brain segmentation was performed on all imageng MIDAS, as described in
Chapter 4.2.2, and N3 correction was applied. Affiagistration was used to transform
each repeat image to the baseline image (coronadrtmnal and axial to axial) and the

BBSI quantified using DBC and the optimised pararsetietermined in Chapter 4.3.
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Figure 4-7 gives an overview of the procedure appto average the axial and coronal
image for a given subject and time-point. The axrgge and region were first reoriented
to the coronal plane whilst maintaining all voxehdnsions. The reoriented axial image
was registered to the coronal image using affigesteation, and re-sampled to give voxel
sizes equivalent to the coronal image. An in-halgerithm was used to average the two
co-registered images. Image intensity was norndhlisedividing each image through by
its mean intensity over the whole brain region, #reh image intensities were rescaled
between 0 and 1000. The transformation matrix useetgister the axial image to the
coronal image was applied to the axial brain R@isTransformed axial brain ROl and
the coronal brain ROl were separately copied toatlerage image. Each average repeat
image was then registered to the correspondingageebaseline image, using affine
registration, and the BBSI was quantified. To avmabing results, registration and BBSI
quantification was performed twice on the averameages, once using the axial brain
ROIs and once using the coronal brain ROIs. AgaBC and the optimised parameters
determined in Chapter 4.3 were applied. Visual ssseent of all registrations was
performed to check accuracy.

Figure 4-7 Overview of the procedure used for creating an agerimage and

calculation of the BBSI on average, axial and caldmages.

Axial image & ROI |

| Reorientation to coronal plane |

| Affine registration to coronal image | =I| Coronal image & ROL

Transformqtion matrix

| Transformation of axial image Average image

| Transformation of axial ROL r ---------------
Copy axial ROI to Copy coronal ROT
average brain to average brain

| Register repeat to baseline, and quantify atrophy using BBSI |

Intensity profiles for the coronal, axial and aygramages of a randomly chosen subject
were generated. Using MIDAS a line one voxel higiswositioned across each image

(which were registered to the same space), andirttemsity at each voxel was
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determined. The brain region, eroded once, was tosgdantify mean brain intensity, and
voxel intensities of the line were normalised tes thalue. In addition, the SNR was
measured for each image. For each subject it wvageththat all images were in the same
space as the coronal baseline image. Due to theequees outlined and performed
previously, only registration of the coronally refatted repeat axial image to the
reformatted and registered (to coronal) axial aseimage was required. On each
coronal baseline image a region of approximate§0bxels was drawn within the WM
of the anterior frontal lobe. It was ensured tlns$ region did not include any GM or
lesions. For coronal, axial and average image§fereince image was generated from the
registered baseline and repeat images for eace@uBNR was calculated according to
Equation 4.1 (Pricet al, 1990).

V2 mearsignalin WM ROI of image
mearsignalin WM ROI of differencamage

SNR=

(4.1)

Statistical analysis

SNR measurements from the different images (coroagial and average) were
compared pairwise using a pairegest. All BBSI values were corrected for scanmeé
and expressed as a percentage of baseline braimeolA Bland-Altman plot of BBSI
values obtained on coronal and axial acquisitiorss \generated to investigate their
association. The BBSI quantified on serial corceradl axial images was averaged and
subsequently mean (SD) atrophy rate in controlsRIRMS subjects was determined for
i) coronal images, ii) axial images, iii) averagecoronal and axial atrophy rate, iv)
average images using coronal brain regions, v)ageeimages using axial brain region.
As in Chapter 4.2 mean atrophy rates obtained erthitee different images and average
values were compared by fitting a model relatingmty rate to method, utilising a
generalised estimating equations approach. The maedstmed an exchangeable
correlation structure and robust standard errone walculated. A joint Wald test was
used as an overall test of differences in mearphyroates between methods. Where a
significant difference was observed (p<0.05), mhirdests were used to investigate
pairwise differences. Again, a generalisation ofmAn’s test to more than two
observations was performed within each subject mgrtwu determine if there was a

significant difference in the variance of atroptates using the different images and
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methods (Han, 1969). Where a significant differem@s observed (p<0.05), Pitman’s

test was applied pairwise to observations.

Investigation into the relative statistical powédramy two methods, where a significant
difference in the mean or variance of atrophy ratas found, was performed. The CV
(o/) of the two methods was calculated, and the reqaf their ratio determined to
indicate the relative number of patients requiteddtect a treatment effect using the two
different methods.

4.4.3 Results

Upon visual inspection, all the registrations appeéaacceptable. An example of an
original coronal and axial image and the averagegemgenerated is given in Figure 4-8.
The average images appeared to be smoother widlhegriatensity homogeneity within
each tissue class. The mean SNR was significargigtey in axial images than in coronal
images (mean 38.4 versus 29.0, p<0.001) and signify greater in average images

(mean 46.1) than either coronal or axial image#h(pe0.001).

Looking first at whether there was any systemats between atrophy rates obtained on
the coronal and axial T1-weighted volumetric acgoiss, Figure 4-9 shows the Bland-
Altman plot of the average of these values anddifference between them for each
subject. The mean difference in atrophy rates betwibe two acquisitions (coronal —
axial) was 0.03% year(SD 0.58, 95% CI -0.28 to 0.34, p=0.85) in corgtrahd 0.03%
year" (SD 0.50, 95% CI -0.16 to 0.22, p=0.73) in pasenith RRMS. Therefore no bias
in average measures was evident, although differenp to approximately 1% yé&ar
were observed within individual patients. The 958terence range shows the values
within which 95% of the differences between measin@m coronal and axial images are

expected to lie, and it is interesting to note thet range is wider in control subjects.

Figure 4-10 shows that the intensity profile of #werage image lay between those of the
coronal and axial images. Figure 4-11 shows thaegpéot of atrophy rates obtained for
all subjects, whilst Table 4-4 gives the mean dtyopates in each subject group when
quantified using 1) coronal images, ii) axial imaga) average coronal and axial atrophy
rate, iv) average image using coronal brain regighsverage axial image using axial

brain regions.
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Figure 4-8Visual comparison of a coronal, axial and averaggge from a single subject. Images are shown wiesved in both the coronal
and axial plane. From left to right: the originabmonal image, the original axial image, the axialage following reorientation and registration

to the coronal image, the average image.

Axial image after
Coronal image Axial image reorientation and Average image

registration
r . r —
R -
- I
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Figure

4-9 Bland-Altman plot comparing BBSI brain atrophy ratesamified on

coronal and axial T1-weighted volumetric imagesc¢amtrols and subjects with RRMS.

The reference ranges are the values within whicho 9% the differences between

atrophy measurements from coronal and axial imagesxpected to lie.
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was no evidence of a difference in mean hyrogtes using the different methods

in either controls (p=0.24) or subjects with RRMS({.41). The generalised Pitman’s test

revealed a significant difference in the varianéeatvophy rates in both controls and
subjects with RRMS (both p<0.001). The SD of atgoptes when BBSIs from coronal

and axial images were averaged was the lowest eoffitle measures, and pairwise

Pitman’s tests revealed that it was significanthwer than the SD of measures obtained

on the average images (using either coronal or &@s) (p< 0.001). Consequently,

sample sizes were estimated to be 22% and 18% rh{gk®.05) when quantifying

atrophy on average images (coronal and axial R€pleetively) compared with averaging

BBSI data from the two acquisitions (95% CI 8% 8%3higher when using the coronal

ROI, and 4% to 35% higher when using the axial RB#sed on pairwise Pitman’s tests,

no significant difference was observed in the vargaof measures from either the single

coronal or axial images and the average imageetwvden the coronal and axial images,

although the latter had marginally less varianaeaies.
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Figure 4-10Intensity profiles of an average, axial and coroimage from one subject.

A one-dimensional intensity profile through the bran each image was generated by
drawing a line one voxel high between the points1é B (top image), and normalising
the intensity value of each voxel in this regioth#® mean whole brain intensity.
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Figure 4-11 BBSI brain atrophy rates quantified on average, ksiad coronal T1-

weighted volumetric images, in controls and sulsj@ith RRMS.
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Table 4-4BBSI mean brain atrophy rates quantified on averag&l and coronal T1-

weighted volumetric images,

in controls and sulsjedth RRMS.

Mean (SD) atrophy rate (% year™)

Control RRMS
Coronal -0.04 (0.52) -0.73 (0.61)
Axial -0.07 (0.48) -0.76 (0.54)
Average BBSI -0.05 (0.40) -0.74 (0.52)
Average image (coronal ROI) -0.05 (0.50) -0.76 (0.65)
Average image (axial ROI) -0.08 (0.50) -0.80 (0.66)
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4.4.4 Discussion

The aim of this study was to perform a direct conspa of the BBSI when applied to
two different T1-weighted volumetric images andneestigate whether averaging data
could improve the precision and power of atrophyasaeement using the BBSI. No
significant difference was observed between atroplgs obtained on the two volumetric
images, and it was shown that averaging repeatefll BBeasures can decrease the
variance of atrophy measurement by the BBSI. Istergly, this simple strategy was
superior to averaging MR images prior to atrophyasoeement, and significantly

increased statistical power.

Although the two images analysed in this study vesguired with similar protocols on
the same scanner, small differences in their centnad in the “sharpness” of edges was
apparent, possibly due to the differences in thentations of voxel dimensions and
partial volume effects (Figure 4-8). However onrage the SNR was greater in axial
images compared with coronal images. Although withdividual patients differences
between atrophy rates obtained on coronal and em&ges were apparent, there was no
systematic bias between average measures fromvihestiggesting that the differences
are likely to have been due to noise from either MR hardware or the measurement
method. This is advantageous if the technique Isetased in future multicentre studies
where differences in acquisition may occur betweentres. As mentioned previously
however, one of the limitations of this study istththe two images compared were
acquired on the same scanner. To fully investigla¢erobustness of the BBSI, direct
comparison of measures from images acquired oardifft makes and models of scanner
should be performed. It is noteworthy that the lagiequisition had marginally less
variance in measures. This is likely to have beentdithe slightly larger voxel sizes of
this acquisition which led to an increase in SNiaf increases in voxels sizes for
volumetric acquisitions may be a useful method Ihyctv measurement precision could

be increased and should be investigated further.

Averaging the coronal and axial images significarnticreased SNR relative to either
individual acquisition. Despite the increased SIN&¢ was no significant increase in the
precision of atrophy measurement by the BBSI whpplied to the average image
compared with single images (coronal or axial), Hrestandard deviation was actually

increased in RRMS patients. One reason for thdifinmay be due to the images having
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been acquired in different planes. Correction fadgent distortions performed at the time
of scanning is applied in-plane, but is not neadgsatfective in removing through-plane
distortion. Therefore distortion may have beenedéht between the two images which
may have led to more blurring at the edges of tlakand “cancelled out” any gain in
signal that may have been attained through avegadfimmay also have been due the
limited number of scans available for averaging. sAudy that investigated the
effectiveness of averaging up to 20 T1l-weighted meliic images (spoiled GRASS
sequence, 1.0 x 1.0 x 1.0mm voxels) in creatingaeodd MR images found evidence
from intensity profiles that noise was reduced #rat the GM/WM intensity crossings
were much clearer on the average images (Hobhes, 1998). It was also noted in this
study that the benefit of averaging was apparetit as few as five images, but became
noticeably greater as the number of images coninidpuo the average increased. It may
be that average images have a greater impact osunesaof regional or tissue-specific

atrophy, where the contrast between GM and WMt#.vi

The benefits of averaging repeated MR images aocasing measurement precision
must be balanced against the time and expensegoiriag multiple MRI. As there was
no significant difference in the variance of atrpphtes from coronal, axial and average
images this implies that there is unlikely to be aabstantial benefit from acquiring
multiple images for averaging. Simpler, more castd time-efficient approaches may
improve measurement precision. For example, irsthdy by Holmest al. (Holmeset

al., 1998), voxels were resampled to 0.5mamich may have improved measurements
due to a reduction in partial volume effects. ladliadn, the current study found that the
greatest measurement precision was achieved whemepeated BBSI measures were
averaged; the variance was significantly lowerttiiss measurement than for atrophy rates
obtained on average images and this method consiygbed greater statistical power.
This result also suggests that noise introduceth€yBBSI| measurement technique may
be greater than noise from the MR hardware.

One of the limitations of this study is that braegions were not resegmented on the
average image following its generation. Anotherdgtuhat investigated the use of
principal component analysis applied to multispddata to generate a composite image
found that segmentation of images was superiohercomposite image compared with
single image segmentation (Zhagigal, 2001b). However the BBSI should be robust to
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small differences in the segmentation and no sagmtf differences in atrophy rates were

observed between average images using the conotied axial ROIs.

In summary, this study has shown that the BBSI afgp® be robust to small differences
in acquisitions, and obtaining more than one sdama atudy assessment for image
averaging is not likely to be advantageous whemtifyang the BBSI. Whilst averaging
atrophy measurements by the BBSI increased measuotgrecision, generating average
composite images did not improve measurement poecielative to single image
analysis, despite significantly increasing SNR tredato single images. However this
study has only investigated the averaging of twtiqdar sequences; BBSI measurement
on different 2D or 3D acquisitions may benefit framage averaging. Moreover, this
process may be more advantageous when using otlageianalysis methods or when
looking at regional brain areas. This study suggtsit data averaging may be a simple

approach to increasing the statistical power ahbaitrophy measurement by the BBSI.

4.5 Chapter conclusions

This chapter describes automated brain atrophy une@aent using the BBSI and
implementation of procedures designed to optimisephy measurement using this
technique. Whilst some optimisation strategies tniggh complex or labour intensive, it
has been determined that using simple widely adailéechniques, the precision and
sensitivity of measurements can be significanttreased. Correction of differential bias
was shown to reduce the variability of atrophy sated suggests that DBC should be
performed routinely, even when there appears tmdelisparity in intensity between
images on visual inspection. Altering the windowgpaeters for BBSI quantification was
shown to increase measurement sensitivity. Forelaahorts determining the optimal
parameters with which to run the BBSI should béquaered, as it can be fully automated
and may increase statistical power. It has alsa Baewn that obtaining multiple images
at a given assessment to allow image averagingtiskely to improve statistical power
significantly, and will increase the time requified both acquisition and post-processing.
Whilst it may not be practical to analyse a datasate than one time in large studies, for
small exploratory studies averaging repeated measnts may be useful to increase the
power of the study. Further investigation into tredative advantages of different
acquisitions, specifically 3D images with largexebsizes (given the lower variance of

measures on the axial image with larger voxels thartoronal), should be performed.
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5 Analysis and optimisation of brain atrophy in multiple

sclerosis using SIENA

5.1 Chapter introduction
As described previously, SIENA (Smigt al, 2002) is an automated algorithm, part of
the FSL toolkit fwww.fmrib.ox.ac.ulk (Smith et al, 2004), that allows the direct

quantification of brain atrophy from serial MR ing&g It has been applied in numerous

studies of MS, investigating brain atrophy in peopho have experienced a CIS (Paolillo
et al, 2004) and patients with RRMS (Richettal, 2006), SPMS (Rovarist al, 2003)
and PPMS (Stevensat al, 2002). Studies have shown brain atrophy rategimg from
-0.3 to -1.4% yedr (Filippi et al, 2004; Richertet al, 2006; Rovariset al, 2003;
Stevensoret al, 2002). As shown in Chapter 4 however, optimisatof automated
methods for a subject group and scan acquisitiotopol may increase the sensitivity and

precision of measurement.

Few of the studies investigating brain atrophy 5 Msing SIENA have applied the
technique to 3D volumetric MRI, although the tecjua is reported to be robust to
different MR acquisitions. One of the most likebasons for the lack of studies applying
SIENA to 3D images is that if the initial automatbrhin extraction is not accurate,
manual editing will be time-consuming for acquaits with over 100 slices. The first aim
of this experiment was therefore to determine wéresitcurate brain segmentation could
be generated on 3D volumetric images by BET, wharsttutes the initial stage of the
SIENA algorithm. BET automatically removes skull andn-brain regions from the
image, and certain algorithm parameters can beedliey the operator which will alter
the resulting extracted region and can be useltdothe accuracy of segmentation. Like
the BBSI, the brain ROI acts only as a guide tolitzen region. Edge detection methods
are used to determine the true brain boundary nvithis ROI, from which atrophy is
calculated by comparing intensity gradient profiléetween images (intensity
inhomogeneity correction is performed as part efdlyorithm). In theory this means that
atrophy measures by SIENA are relatively protecteminf small errors in brain
delineation, and should be less sensitive to teeses than methods that derive volumes
from brain delineation. This chapter therefore alseestigates whether a propagated

template (average) brain region, which will notemgirely accurate for each subject, leads
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to comparable atrophy rates by SIENA from volumeMiRI to those generated when

individual brain masks are used.

Finally, as few studies have applied SIENA to voltmecquisitions in MS, this chapter
examines whether atrophy measurements by SIENA@rgarable with those obtained
on standard T1l-weighted CSE imaging, the acquisitia has most commonly been

utilised in previous studies.

5.2 Optimisation of brain extraction for a volumetric acquisition and investigation
into the use of brain templates for atrophy measumaents using SIENA
5.2.1 Introduction
As described previously, BET forms the initial stajehe automated SIENA algorithm
(Smith et al, 2002; Smith, 2002). Unlike the brain extractissed for the BBSI, BET
does not attempt to model the brain surface afitiest level following gyri and sulci.
Instead a tessellated surface mesh of trianglesefisrmed iteratively until a smooth
surface fits the brain. Validation against manuathrods have shown BET to be accurate
for T1-weighted images although it was thought timat brain boundary was slightly
overestimated by approximately one voxel (Smitf20In addition, the validation study
demonstrated that BET was robust to differencasnamge slice thickness (images with
slices thicknesses ranging from 0.8-6mm were tg¢stedl variations arising from
differences in scanners (scans from 15 differeatsers were tested, including 1.5T and
3T) (Smith, 2002).

With improvements to MRI scanner software and haréwdecreasing scan times and
improving image quality, and the development of neehniques for the analysis of high
spatial resolution MR, it is now common to acquirte-weighted 3D volumetric images
with slice thicknesses of 1.5mm or less. Despitkdason of BET for images with
thinner slices, few studies investigating brairopltty in MS have applied SIENA to
volumetric images. This may be because other fadtdluencing the appearance of an
image may subsequently affect the performance of,B&ich as individual scan
parameters, resulting in scan contrast, intensiy-umiformity, and chemical shift and
susceptibility-related artefacts. Although reducintpe variability of atrophy
measurements is important, high levels of accueasieyalso desirable. Therefore prior to

further processing by SIENA, manual editing of ilmages may be required, which can
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be labour intensive for volumetric sequences. BEGwal a number of parameters to be
altered by the operator, and these can be usegtimise the brain extraction in an
automated manner. Given the limited informationilatzée on the application of BET to
3D volumetric images in MS, the first aim of thteady was to determine the accuracy of
brain extraction using this tool on the set of 3@uwmetric images being used in this

thesis.

As slice-by-slice manual editing of sub-optimalibreegions can be labour intensive, it
would be useful to develop methods which allowedueste, robust and automated
segmentation of the brain on any acquisition. Basethe hypothesis that SIENA should
be relatively insensitive to small errors in braggmentation, the second aim of this study
was to address whether a standard template (aydseaie region could be registered to
images, and processed by SIENA, to give comparatde atrophy rates to those

obtained using accurate subject-specific brain sagations.

5.2.2 Methods

Subjects and MR imaging

Sixteen control subjects (seven male, mean agey@ars (SD 6.3)), 42 subjects with CIS
(14 male, 34.4 years (SD 6.3)) and 30 subjects RRMS (eight male, 37.5 years (SD
7.4)) were included in the study. All subjects ltadonal T1-weighted volumetric MRI
(voxel dimensions 0.94 x 0.94 x 1.5) at baseling approximately one year follow-up
(mean follow-up time 1.16 years (SD 0.24)), acawgdb the standard protocol described
in Chapter 3.3. Images were reoriented to axiantation, as SIENA is conventionally

applied to axial images, whilst maintaining all ebdimensions.

MRI analysis

BET was applied to all images using default parareesed the resulting brain masks
inspected for accuracy. If the regions were nosimared to be sufficiently accurate BET
algorithm parameters were subsequently altereddardo optimise the automated brain
extraction and obtain the most accurate brain regibe three parameters that could be
altered were: i) the fractional intensity thresholhich leads to the overall segmented
brain becoming larger or smaller, ii) the threshgitddient, which adds a gradient to the
fractional intensity threshold leading to a largeerall segmented brain at the bottom of

the image and smaller at the top, or vice vergathié co-ordinates for the centre of the
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initial brain surface sphere, which should lie apgnately central in the brain. To
estimate the co-ordinates for the centre of thenprdne MNI-152 standard space
reference image (www.bic.mni.mcgill.ca/cgi/icbm w)e(Mazziottaet al, 2001) was
registered to each image, using the FLIRT registtapackage (see Chapter 3.4.2)
(12dof), maximising the normalised mutual inforroati(Studholmeet al, 1999). The
brain segmentation available in FSL for this rafieeescan was transformed to each of the
individual scans by applying the correspondinggfarmation parameters obtained from
image registration, thereby creating an approxirheagn mask on each scan in its native
space. Using this approximate template brain mtmk,co-ordinates of the centre of
gravity of this mask were calculated and used asbtain centre. All optimised BET

brain masks were visually inspected for accuradyraanually edited where required.

In order to generate template brain regions on gaahje, the same method used to apply
an approximate brain mask to each image for esomat the co-ordinates for the centre
of the brain was applied, i.e. the MNI-152 standapdce reference scan was registered to
each image and the brain segmentation on this geesean was transformed to each
individual scan by applying the corresponding tfamsation parameters. It should be
noted that generation of the template mask on gaabfje uses the same method as the
“betpremaskoption available in the FSL software packagehds been suggested that
betpremaslcan be applied prior to BET, if BET alone is nabqucing optimal results. It
was felt however, that the shape of the brain R€aiduby betpremask was not always
optimal for all images and often excluded infeniegions of the temporal and frontal
lobes. Therefore the MNI-152 standard space bmanplate was manually edited to
improve its accuracy before using an in-house st¢apperform the same process as
betpremaskEach individual image was visually assessed tarerthat the template brain

mask had been successfully transformed.

SIENA was run on all serial image pairs using § tptimised BET brain mask, and ii)
the template brain mask. PBVC was output for eadhest using each mask and
corrected for scan interval. The accuracy of regfisin of baseline and repeat images was

checked as was the colour overlay showing regibagaphy.
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Statistical analysis

Mean (SD) atrophy rates (% y&awere determined for control, CIS and RRMS subject
groups when using subject-specific brain maskstlaademplate brain mask. Within each
subject group a paireetest and Pitman’s test was performed to deternfitieere were
significant differences in the mean and varianceatabphy rates respectively, between
measures obtained using subject-specific brain snaskl the template brain mask. In
addition, a Bland-Altman plot was created to astiesslifferences between atrophy rates
obtained when using the two different brain ma#is.in Chapter 4, relative statistical
power for atrophy measurements obtained using iffiere&ht masks was calculated if

there was found to be significant differences thexithe mean or variance of measures.

5.2.3 Results

Figure 5-1 shows examples of the brain regionsimédausing BET in one subject from
the cohort. Default parameters gave inaccurate begjions which were not improved by
altering the intensity threshold and threshold gmaid(Figure 5-1a to c). By specifying
the co-ordinates of the centre of the brain for ithial brain surface sphere, accurate
brain extraction was achieved for all images (Fegbi¥ld to f). There were no failures
when creating the template brain region but smathre were apparent on all scans
(Figure 5-1g to i), mainly exclusion of the edgéshe inferior and lateral temporal lobes,
anterior frontal lobes and inferior cerebellum.addition there was some inclusion of

dura in the superior regions of the head in sorbgests.

In controls mean atrophy rates were -0.07% Ve@D 0.34) using the optimised
individual BET brain mask, and -0.03 % yéaSD 0.34) using the template mask.
Similarly, in CIS subjects mean atrophy rates wede31% yeal (SD 0.48) with
individual masks and -0.30% y&afSD 0.49) with the template mask, whilst in RRMS
subjects they were -0.78% yéafSD 0.59) and -0.77% yehr(0.57) respectively.
Looking at the Bland-Altman plot (Figure 5-2) thexgas no apparent bias in
measurements obtained using the two different masid the 95% reference range (the
values within which 95% of values are expectedigd Was relatively narrowvith all
differences below 0.4% yearThis was confirmed by quantifying the mean difere
(individual BET mask — template mask) between dityoates, and pairdetests gave no

evidence that there was a significant difference.
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Figure 5-1 Examples of the BET brain extraction using diffeneatameters, and the
template brain extraction from a coronal T1l-weighteolumetric image. a) original
image, b) BET default parameters, c) changing thetiwaal intensity and gradient
thresholds, d)-f) specifying the co-ordinates foe tentre of the initial brain surface

sphere of BET, g)-i) using a template brain mask.
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Mean differences were -0.04% yéan controls (SD 0.09, 95% CI -0.09 to 0.01, p=0,08
-0.01% yeat in CIS subjects (SD 0.10, 95% CI -0.04 to 0.02).62), and -0.01% year

in subjects with RRMS (SD 0.13, 95% CI -0.06 t040.9=0.75). In addition, no
significant differences were seen in the varianteneasures calculated using the two
different masks (controls p=0.94, CIS p=0.42, RRd48.56).

Figure 5-2 Bland-Altman plot comparing SIENA brain atrophy ratgsantified using
optimised individual BET brain masks and a templatain mask on T1-weighted
volumetric images, in controls and subjects witls @hd RRMS. The reference ranges
are the values within which 95% of the differenbesween atrophy measurements

using the two different masks are expected to lie.
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5.2.4 Discussion

This study investigated the performance of BET drwkighted volumetric images, and
the relative brain atrophy rates obtained using ZIBMhen applying subject-specific
accurate brain masks and a template brain masiaslishown that brain extraction can be
achieved on these images using BET, without thd faemanual editing. In addition, it

was demonstrated that using an average template roesk, similar brain atrophy rates
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are quantified by SIENA suggesting that the techmigurobust to small errors in the

brain extraction.

Although using default parameters BET gave poaulte®n the images included in this
study, it was found that by specifying the co-oat@s for the centre of gravity of the head
from which the deformable model is initiated, aetarresults could be achieved on all
images. The most likely reason for this is that iesagnalysed in this study were acquired
in the coronal plane, and the brain was not pegtiocentrally within the FOV (when
viewing it in the coronal plane, i.e. neck was ulgd in the image and the brain therefore
was positioned higher). If the deformable modehisated at the centre of the FOV, this
consequently results in large regions of non-braieyior to the brain, being included in
the extraction. By specifying the approximate cdiuaites for the centre of the head the
deformable model can achieve accurate brain segtimntIndeed a study published in
2007 which included volumetric images that contadiaelot of lower non-brain matter
devised a simple script that re-ran BET severakgimeach time intialising the brain
centre estimation using the centre of gravity foandhe previous iteration (Smiét al,
2007). In this way accurate brain extraction waseved for downstream processing by
SIENA. Another study that used BET to process Tlghteid volumetric MPRAGE and
SPGR images (both 1nimoxels) similarly found that accurate brain extiat could be
achieved by altering BET parameters (Clatkal, 2006). In this case the threshold for
extraction was optimised for the different pulsgusnces. It seems that the optimisation

of BET will depend to a large extent on the acquisiin question.

Use of a registration template is advantageousd,iggully automated, reproducible, can
be applied to any acquisition, and the cost funcfioormalised mutual information)
should not be influenced by image inhomogeneitleeyement or lack of boundary
definition (Maes et al, 1997), making it highly reproducible providindpat the
registration technique is robust. It also avoidsola intensive manual editing or scan
specific optimisation (as was used with BET on 3iguasitions). Although templates
may represent a trade-off between accuracy vepgexisand reproducibility, when using
a standard template brain mask in this study, h{roptes closely approximated those
obtained when the individual and accurate BET braasks were applied. As already
mentioned, these results appear to suggest th&t/Sikay be robust to small errors in

brain segmentation. A study that investigated gaetre agreement of brain atrophy
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measurement in MS using SIENA on 2D images found mmanual editing of brain
regions obtained by BET did not significantly alteean atrophy rates (Jaspeedeal,
2007b), suggesting that downstream processing tisafiected when some non-brain
regions are included in the initial brain mask.sTilsiin agreement with the findings of the
experiments described in this chapter. Howevervtreance of measurements within a
centre was greater compared with when manual gditimegions was performed which

is in contrast to the present study.

Although a standard brain mask was used as a te@mi#s can lead to inaccuracies due
to the normal variation in human brain between exttbj One approach that has been
investigated that could lead to more accurate satatien is the creation of a specific
template for a given dataset. For example a tem@pécific to patients with RRMS or
controls could be created and applied, or a fawiilyprain templates could be collated
which are then searched to find the “best” tempiate given image, as proposed in one
study (Wuet al, 2007a). Non-linear registration of a templat@ribmask to images may
also improve the accuracy of resulting individualib masks.

From this study, it appears that high resolutioneg@iquisitions should be considered for
future brain atrophy studies in MS as (i) automdiggin segmentation can be achieved
using BET, and (ii) SIENA appears to be robust talssegmentation errors in the brain
mask, which may not be true on images that haversesolution. The use of template
brain masks on a larger cohort of subjects withwElghted volumetric images from

different MR scanners should be performed.

5.3 A comparison of SIENA performance on “3D” volumetric acquisitions and
“2D” spin echo acquisitions

5.3.1 Introduction

Typically SIENA has been applied to T1-weighted “208E images with 3mm or 5mm

thick contiguous slices (Rovargt al, 2003; Stevensoet al, 2002), in part because the

acquisition is acquired for other analyses, bub decause the number of slices

comprising the image is limited, minimising manadlting when required. It was shown

in the last experiment, that an automated and atzbrain extraction can be achieved on

volumetric T1-weighted acquisitions using BET. tfatysis time is not increased, this

finding may promote the acquisition of 3D volumetiimages for future studies using
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SIENA. One might expect more reliable atrophy measents to be obtained on images
with higher resolution (i.e. 3D volumetric imagesapposed to 2D CSE images), where
partial volume effects will be minimised and sewm#it to detect small tissue volume
changes may be improved. However little investayatomparing atrophy quantification

by SIENA on the two sequences has been performed.

In the original validation of SIENA by Smitst al. (Smithet al, 2002), it was found that
image slice thickness had no effect on longitudatedphy measures using SIENA. Yet
this observation was based on analysis of contrigjests who had been scanned over a
short interval and in whom no atrophy was expedted. unclear whether in patients in
whom brain volume loss is occurring, longitudinglophy measurement by SIENA is
influenced by image slice thickness and whethargu8D T1-weighted images provides
better results than 2D images in relation to meamant precision, sensitivity, processing
speed and reliability. This aim of this experimards to evaluate the performance of
SIENA on 2D and 3D T1-weighted acquisitions in pagewith RRMS in whom brain
atrophy was occurring, and control subjects.

5.3.2 Methods

Subjects and MR imaging

Twenty-nine subjects with RRMS (seven male) anchddmal healthy control subjects
(five male) with MRI at baseline and one year faHop (mean 1.1 years (SD 0.1)) were
identified for the study. At baseline the MS grdwgal a mean age of 37.3 years (SD 7.4)
whilst controls had a mean age of 35.3 years (2 Flean disease duration in patients
was 3.0 years (SD 0.8) and disability was mildhvaitmedian EDSS of 1.5 (range 0-3).

T1-weighted 2D CSE and coronal 3D FSPGR images alaaned using the acquisition
parameters described in Chapter 3.3.2. Voxel difnassvere 0.94 x 0.94 x 5nirfor the
CSE image and 0.94 x 0.94 x 1.5tfor the FSPGR image. Both acquisitions were

acquired on the same day.

MRI analysis
Three-dimensional volumetric images were reforndatte axial orientation, whilst
maintaining all voxel dimensions. Individual braimasks were generated for each 2D and

3D image using the optimised version of BET desttim Chapter 5.2, which required
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specification of the co-ordinates of the approxenantre of the brain for the initial brain
surface sphere. Results were visually assessethdhd case of 2D images a judgement
was made regarding the need for further optimisadioBET. Alteration of the intensity
threshold, threshold gradient, or manual editing warformed as necessary on the 2D
images in order to obtain an accurate brain maskeach image. SIENA was
subsequently run on each 2D and 3D serial image \phich registered the repeat brain

to the baseline brain prior to atrophy quantificatiAll resulting PBVCs were annualised.

Statistical analysis

When assessing the results several factors wersidesad. Firstly the level of
automation and operator time required to obtaia@urate brain mask on a given image
was considered. It was also noted if there werefaihyres in either creating the brain
masks or with SIENA. Mean (SD) atrophy rates in aaatand patients with RRMS were
calculated on the two acquisitions. Atrophy rategmed on the 2D and 3D acquisitions
were compared pairwise by subject using a Blandiait plot and paired-tests to
determine if there was bias between the two adepnsi Pitman’s test was used to
determine if there was a significant differencé¢hie variance of measures obtained on the
two acquisitions. The mean (SD) difference betw2bnand 3D atrophy rates was also

determined.

Investigation into the relative statistical powér2® and 3D acquisitions for monitoring
brain atrophy was performed. As in Chapter 4.2GNe(c/p) of the two methods was
calculated, and the square of their ratio was detexd to indicate the relative number of
patients required to detect a treatment effectguia two different acquisitions.

5.3.3 Results

Brain masks obtained on the 2D images using the sgtimised version of BET as for

3D images were sub-optimal, including non-brainaeg mainly in the area of the eyes
(Figure 5-3a). Due to the nature of the errorsaswlecided that altering the intensity
thresholds would not significantly improve braintrextion, so manual editing was
performed on all images (taking approximately 20wutes per subject). Creation of the
brain masks on the 3D images using the optimisesiore of BET was fully automated

and none of the subjects failed. An example oféselting brain mask is shown in Figure
5-3b.
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Figure 5-3 Example of the brain extraction (outline) obtainesing an optimised
version of BET on a) a T1l-weighted 2D spin echo image b) a T1-weighted 3D

volumetric image.

Figure 5-4 gives an overview of the brain atropétes obtained in controls and patients
with RRMS on each of the acquisitions whilst Figbr& shows the Bland-Altman plot
comparing brain atrophy rates obtained on the teguigitions. For most subjects
agreement between the two measures was reasohableyer three patients, who have
greater atrophy, show much larger atrophy rateshen3D compared with the 2D
acquisition, suggesting there may be some biaseasares. As can be seen on the plot,
differences up to around 1% yédsetween 2D and 3D acquisitions were observed, and
the range of differences within which 95% of sutgeare estimated to lie is wide (shown

on the Bland-Altman plot).
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Figure 5-4 SIENA brain atrophy rates quantified on 2D spin eano 3D volumetric

acquisitions, in controls and subjects with RRMS.
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In controls, there was no evidence that the atraplgs differed between 2D and 3D
acquisitions with mean (SD) atrophy rates of -0.0y8ar" (0.23) and -0.02% year
(0.30) acquired on 2D and 3D images respectivehe mean difference (2D-3D) in
atrophy rate was only -0.05% y&aiSD 0.38, 95% CI -0.26 to 0.17, p=0.63). Although
the variance of atrophy measures was marginalljyilesnan the 2D acquisition compared

with the 3D acquisition, this difference was ngsiicant, p=0.37.

In RRMS patients the atrophy rate quantified ondd 3D images agreed less than in
control subjects. Mean atrophy rates were -0.5786WSD 0.36) and -0.80% yeh(SD
0.58) acquired on 2D images and 3D images respdctiVhe mean difference (2D-3D)
in atrophy rate was statistically significant 4% year" (SD 0.48, 95% CI 0.06 to 0.42,
p=0.012). The variance of measures was signifigasmialler using 2D acquisitions in
patients with RRMS (p=0.003). However the increasgehn and variance with 3D
acquisitions were of a similar magnitude and hesaraple size requirements using the
two acquisitions were not significantly differerBample sizes to detect a particular
proportionate difference were estimated to be 1&8allser (not significantly different)
using 2D acquisitions (95% CI 45% reduction to 28&6ease).

5.3.4 Discussion

This study has been able to analyse directly thHierdnces in brain atrophy rate

quantified on 2D and 3D MR acquisitions by SIENAjngssame-day MRI scans of

controls and subjects with RRMS. This is the fgttdy to directly compare SIENA on

different MR acquisitions in patients with a diseaslated increase in brain atrophy.
Some limitations of the study should be noted haweFirstly, this study was based on
images that were acquired on one MR scanner, ardftite one should be cautious in
generalising these results to scans acquired ar sttanners or in multicentre studies.
Secondly, the FOV for 2D images did not includd hdad coverage superiorly, with

some skull and the tips of some gyri excluded (Fedu3). This may have biased results
slightly in terms of the stability of both brainteaction and registration of 2D images.
Edge detection by BET is to some extent based dntansity gradient, and the lack of
gradient when the tips of gyri are excluded mayehavluenced the segmentation.
However, as can be seen from Figure 5-3, probleitistiae segmentation were primarily

around the eyes. Registration of images by SIENApsmised using the skull and

therefore may also have been affected on 2D imaf¢msever as described by Sméh
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al. (Smithet al, 2001b), a small amount of “missing skull” is rggnerally a problem,

and in addition all registrations were acceptaliemvchecked.

In the cohort described in this paper it has bé®wa that within individuals there may
be differences observed between atrophy rates ifgdrmn 2D and 3D acquisitions. In
control subjects, in whom little atrophy is occaog; atrophy rates appear to agree on
average. However a significant difference in atyophtes acquired on 2D and 3D
imaging was found in RRMS patients, a finding dnivgy the patients showing greater
atrophy over the course of a year. Differences @asared atrophy rates such as these,
which are in the order of up to 1% yé&awill impact on the ability to compare results
from studies using different acquisitions, as mie@mn atrophy rates in RRMS have been
shown to be in the order of only -0.9 to -0.5% Ye@fox et al, 2000b; Kalkerst al,
2002; Richertet al, 2006; Rovarist al, 2003). However, as it is difficult to know the
true atrophy rate for a subject, it is not feasiolesay whether 3D acquisitions provide

more accurate measures than 2D acquisitions.

In these patients it appeared that 3D acquisitiegr® more sensitive in detecting atrophy
than 2D acquisitions. The mean atrophy rates famaD acquisitions in this study were
marginally lower than those observed in previousliss however. A median atrophy rate
of -0.7% year (SD 0.9) was found in one study in RRMS whereatguisition consisted
of 5mm thick slices (Rovarist al, 2003). In two other studies of RRMS that applied
SIENA to CSE acquisitions with 3mm thick slices,aneatrophy rates of -0.87% yéar
(SD 0.34) (Richeret al, 2006) and 0.9% over a nine month interval (SD) (Sormanket

al., 2004) were found. This discrepancy may be dudifterences in the cohorts, and
disease duration and severity are likely to infeeerates considerably. It may also have
been due to the brain region obtained on the 2isitigns excluding the most superior
tips of the gyri in some patients, which may haeerdased the amount of atrophy
detectable on 2D acquisitions. It should be nolted the variance of brain atrophy rates
was significantly lower for 2D acquisitions than 3bquisitions in RRMS subjects and
hence the two acquisitions demonstrated similaisstal power. In other words the
increased sensitivity and greater mean atrophyaat8D scans was offset by a greater
interpatient variability in the rates of atrophyhelresult is a neutral effect in sample size
requirements for demonstrating a therapeutic etiadhe rate of atrophy. However if the

difference between 2D and 3D acquisitions is gremtepatients with more atrophy,
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identification of patients with higher atrophy mfler inclusion into treatment trials could
provide smaller sample sizes if using 3D imagimgl this should be investigated further.
One question that should be addressed in relatidhet difference in variance between
the two acquisitions is whether there is a systematrease in measurement variability
because 3D acquisitions take longer to acquire may be more prone to movement

artefact.

Other studies that have compared atrophy measutenoen2D and 3D acquisitions
include an investigation into GMFs and WMFs whitiowed significant differences in
the measurements from four different acquisitiomglding 2D and 3D images)
(Zivadinov et al, 2004b). The study concluded that the optimak@uwequence for
measurement was a 3D spoiled gradient echo adquisih addition, a cross-sectional
study investigating measures of BPF found that BB @D acquisitions were equally

sensitive in distinguishing controls and MS pasdi@harmaet al, 2004).

One advantage of the 3D acquisitions that was wedan this cohort was the ability to
obtain brain regions using fully automated metheds|st manual editing was required
on all 2D acquisitions. This may be due to the loweage resolution with increased
partial volume effects influencing segmentatiortloe 2D acquisition. A study comparing
an automated brain extraction algorithm on 2D aDda8quisitions from 52 MS patients
also found that unreliable segmentations were wéthion 2D images, whilst on 3D
images the segmentations were acceptable (Shetrmla 2004). However it should be
noted that in addition to spatial resolution, otfa@tors may affect the appearance of MR
images, and subsequently the performance of BEJh as the scan parameters, field
strength, resulting scan contrast, intensity noifermity, and chemical shift and

susceptibility-related artefacts.

Although not investigated in this study, one mighkpect the reproducibility of atrophy
measures to be greater on 3D than on 2D acquwsitiblowever one study that
investigated scan-rescan reproducibility showedse/oeproducibility on 3D acquisitions
compared with 2D acquisitions, when BPF was medsuaress-sectionally using an
automated algorithm (Horsfielet al, 2003). It would be useful to determine the scan-
rescan reproducibility of longitudinal SIENA measugn 2D and 3D acquisitions to add

to the current findings.
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In conclusion, differences between atrophy measustsg SIENA on 2D and 3D
acquisitions exist and may be larger when atroghgcdcurring. Comparisons between
studies using SIENA on different acquisitions shcagdmade with caution. However the
variability of measures relative to the mean wasilar for both acquisitions, suggesting
that they have similar statistical power. It hasrbshown that it is possible to obtain brain
regions using BET in a fully automated manner onv@limetric acquisitions, negating
the need for labour-intensive manual editing. Gittem similar statistical power of the
two acquisitions, this suggests that further ingesion into the application of SIENA to
other 3D volumetric images and in other MS clinisabgroups who may have higher
atrophy rates (e.g. SPMS and PPMS, rapidly detgimy RRMS) should be performed.

5.4 Chapter conclusions

This chapter has investigated the performance BN&I on T1-weighted volumetric
MRI, as few studies have previously applied thenteque to 3D images. Volumetric
MRI is now commonly acquired in patients with MSdamprovement to MR scanner
hardware and software means that they can be easilyuickly obtained. This chapter
has shown that automated brain extraction can b on these images using an
optimised version of BET, which will increase the@naducibility of measurements. In
addition, atrophy measurement by SIENA was robusimall errors in brain extraction
when a template brain mask was used. The use bfauwethod may be an important
consideration for large studies where brain atragislysis is to be performed at multiple

centres.

Differences appear to exist in atrophy quantifmatby SIENA on these 3D volumetric
images and 2D CSE images to which SIENA has beeledpmore often. From this
small study it seems that atrophy measurementsicsimai be compared or combined
between studies using different acquisitions. Altjio there may be advantages to using
3D volumetric acquisitions in future studies, givbat automated brain extraction may be
more robust, 2D acquisitions gave marginally grestiistical power, although this was
not statistically significant. This may be more wnjant in future studies designed to
detect differences in atrophy rates between grddps.should be cautious in generalising
these results to other 2D and 3D acquisitions heweas this study compared only one
particular 2D acquisition and one particular 3D wasijon. A large number of different

3D acquisitions exist (and from different vendasil it may be that 3D acquisitions with
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larger voxels that could be acquired in a shortgusition time (and therefore be less
noisy) would improve 3D performance. Further inigggion into the relative atrophy
measures from other 2D and 3D acquisitions shoelgdsformed in larger cohorts and

other clinical subgroups to extend these findings.

SIENA has been shown to provide automated religbdén atrophy measurements in
patients with MS and controls. Investigation intee trelative performance of this
technique with other automated and semi-automatad btrophy measurement methods

should be performed.
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6 A comparison of brain atrophy measurement technique

6.1 Chapter introduction

The development of new disease-modifying treatmérdas may target the underlying

causes of disability in MS, namely neuroaxonal dzmahas increased the need to
monitor disease progression as precisely (and aistyy as possible. Measurement of
brain atrophy is thought to be a promising markethts cerebral damage. A major

motivation for research in this area is that ideraiion of robust, sensitive and precise
techniques to measure global or regional atrophy aichin detecting effective treatments

that slow disease progression.

In Chapters 4 and 5 it was shown that the BBSI @fitNA can be optimised for T1-
weighted volumetric MRI and used to detect bramo@ty in patients with MS early in
the course of their disease. Other methods commus®y to quantify atrophy rates are
based on segmentation of ROIs on serially acquBd, and calculating the difference
in ROI volumes over the scan interval. These R@dtude WBV, central cerebral brain
volume, ventricular volume, GM and WM volumes ([Dalet al, 2006; Rovarist al,
2000; Tiberio et al, 2005). A variety of software and algorithms usied ROI
segmentation have already been described in ChhpgteWhilst these methods may have
been validated for atrophy measurement, they haea bpplied to diverse study cohorts
making it difficult to determine their relative pemmance and ability to measure brain
atrophy in patients with MS. The few studies thatvércompared atrophy measurement
techniques have been limited, for example compaomlyg two techniques (Sormaet
al., 2004), or comparing the same measurement (€§) Bsing different algorithms
(Sharmeet al, 2004; Zivadinowt al, 2005).

This chapter directly compares several commonlyl usethodologies for measurement
of brain atrophy in MS, to investigate which migihovide the most sensitive, precise and
reliable measure of atrophy, and therefore whiclilccdbe the most effective in

monitoring disease progression in MS. In the fiiatt of this chapter a direct comparison
of the two registration-based methods, the BBSI &lNA, is carried out. The second
part of this chapter explores other methods that Haeen applied in brain atrophy

studies, and are thought to be good markers af tisziue loss.
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6.2 A comparison of registration-based methods of braimtrophy

6.2.1 Introduction

The previous two chapters have confirmed that tB&SIBand SIENA are sensitive to
disease-related atrophy, and it has been shownthibgtcan be optimised for a given
cohort and particular MR acquisition to improve #ueuracy, sensitivity and precision of
measurement. As has already been described, betBBSI and SIENA consist of

algorithms that register serial MR images from slaene individual and estimate brain
volume change through detection of changes at dige ef the brain. However some
differences between the two techniques exist, andngparison of them is presented in
Table 6-1. It should be noted that although a degfeoperator interaction is required to
obtain an initial brain segmentation for registafi BBSI brain atrophy quantification

itself is calculated automatically.

Table 6-1A comparison of BBSI and SIENA methodology.

Similarities Differences
BBS SIENA
Automated registration- | Scaling changes optimised Scaling changes optimised
based technigue using brain using skull
Brain segmentation Semi-automated brain Automated brain segmentation
required prior to segmentation using MIDAS | using brain extraction tool

registration and atrophy | image analysis software

guantification

Atrophy quantification Quantification based on Quantification based on
based on movement of | intensity differences between | distance moved by brain edge

brain edge brain edges

Small segmentation errors May be affected by intensity | Relatively insensitive to
should not affect changes from baseline to repedhtensity changes

guantification image

Although both these registration-based methods baea applied to MS subjects in the
previous chapters, it is unclear how they comparernte another, and to differences in
segmented brain volumes, in their ability to detgobphy in subjects with early MS and
CIS. A study published in 2006 did investigate ¢ffect of registration on measurement

of short-term (three months) brain volume changegusdifferent segmentation
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techniqgues and SIENA. However no change in braiunael was detected over this
period and no significant differences in volumerayes were observed on registered and

non-registered images when comparing results betteahniques (Fritet al, 2006).

The first objective of this study was to compareediy: i) segmented BVD on non-
registered images ii) the BBSI and iii) SIENA, tagh quantification of brain atrophy
rates over one year in subjects with CIS, early FRvid controls. If brain atrophy is to
be utilised in clinical trials, one might assumatthn effective treatment would reduce
atrophy rate to the level observed in control sttbjeand therefore the ability of a
technique to differentiate between control andgméitgroups may indicate the statistical
power of a method. Moreover, it is important toedetine how well any potential atrophy
measure relates to disability. Detection of subdgrees of atrophy early in the course of
disease, particularly at the CIS stage, may aigndisis and prognosis of individual
patients. The second objective of the study waetbee to compare the ability of each
method to differentiate between patient groups @ntrols, and between patients with
CIS who had developed MS at a three year follovearppared with those who had not.

6.2.2 Methods

Subjects and MR imaging

This study included 83 subjects: 37 patients (14des)aresenting with CIS, 30 patients
(eight males) with early RRMS (less than four yedusation) and 16 control subjects
(seven males) as described in Chapter 3.1. Thody-patients with CIS presented with
optic neuritis, two with spinal cord syndromes am@& with a brain stem syndrome, and
patients ranged in age from 21 to 48 years at in@sghean 35.0, SD 6.2). Patients with
RRMS ranged in age from 26 to 56 years (mean $D5/.4), and mean disease duration
(from the first clinical episode) was 2.0 years (8B, range 0.5 to 3.8). Two patients
were on beta interferon from baseline, whilst dhieir two patients started beta interferon
treatment during follow-up. Controls ranged in &gen 27 to 53 years (mean 35.1, SD
6.3). The EDSS (Kurtzke, 1983) was used to asgeability in patients at the time of
baseline MRI and median (range) EDSS score wa$1100to 2.5) in patients with CIS
and 1.5 (0 to 3.0) in patients with RRMS. A coro8Bl FSPGR sequence was acquired
on all subjects at baseline and approximately @& jater (mean 1.1, SD 0.2, range 0.9
to 1.8), according to the protocol described in@@&a3.3. Baseline MRI was performed

within 12 weeks of symptom onset in patients witB @Gnean 6.0, SD 3.4).
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MRI analysis

(i) Segmented brain volume difference

Semi-automated segmentation of baseline and repaias was performed using MIDAS
as described in Chapter 4.2.2, with correctiom@dges for intensity inhomogeneity using
N3 (Sledet al, 1998). Brain volume was determined from the sagation within
MIDAS and the baseline volume subtracted from dtl@d-up volume. Cerebral volume
loss was expressed as a percentage of total babelim volume and annualised to give a
global atrophy rate.

(i) BBSI

The BBSI was applied to images as described in €hap2.2. DBC (Lewis & Fox,
2004) was applied at registration and the BBSI| wwgarameters were set at the optimal
values determined in Chapter 4.3=0.65, b=0.45). Cerebral volume loss was expressed
as a percentage of total baseline brain volumeammdialised to give a global atrophy

rate.

(iii) SIENA

SIENA was applied as described in Chapter 5.3.% fidguired axial reorientation of all
images, and the initial brain segmentation was ieegwsing the optimised version of
BET, described in Chapter 5.2. PBVC calculated ByN& was annualised to give a
global atrophy rate.

Three year clinical assessment of patients with CIS

All but two of the patients with CIS (n=35, 12 ns&ldad clinical assessment at three-
year follow-up, when they were evaluated for a dasjs of MS (progression from CIS)
according to the McDonald criteria (McDonatlal, 2001).

Statistical analysis

Mean (SD) atrophy rates in each subject group &mheof the three methods were
calculated. To investigate bias, a Bland-Altmant g6 the BBSI and SIENA was
generated, and differences in the mean and SD abf eeethod were assessed within
subject groups using pairgdtests and Pitman’s test respectively. Where ANOVA
suggested a significant difference in atrophy rdtesveen subject groups (p<0.05), a

two-tailed independent samplietest was applied and the 95% CI of the differanaate
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was calculated. In addition, the ability of eachtme to distinguish between subject
groups was assessed using logistic regressionerBiftes in the mean atrophy rate
between CIS subjects who had developed MS at feaefollow-up and those who had
not was assessed using a two-tailed independerglesitiiest and the 95% CI of the

difference in mean rate was calculated.

6.2.3 Results
Mean (SD) brain atrophy rates within subject grogpantified by each technique are

presented in Figure 6-1 and Table 6-2.

Figure 6-1Brain atrophy rates quantified using segmented brailume difference, the
BBSI and SIENA, in controls and subjects with CISRR#MS. Subjects with CIS were
divided into those who had not developed MS atetlyesar follow-up (CIS (CIS)) and
those who had (CIS (MS)). The two CIS subjectsdidhaot have three year follow-up
are included in the CIS (CIS) group (their atropiages were -0.58% yearand 0.28%
year® using segmented brain volume difference, -0.4186yand 0.00% yeat using
the BBSI and -0.16% yeaand -0.22% yeaf using SIENA).
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Table 6-2 Mean brain atrophy rates quantified using segmenbzdin volume

difference, the BBSI and SIENA, in controls and stbpih CIS and RRMS.

Mean/median (SD) atrophy rate (% year™)
Controls CIS RRMS
BVD 0.51/0.44 (1.32) -0.25/-0.28 (1.04) -0.76/-1(038)
BBSI -0.04/-0.02 (0.52) 10.22/-0.14 (0.48) -0.72/-0(6%0)
SIENA -0.07/-0.10 (0.34) -0.32/-0.22 (0.47) -0.78/-0.0%0)

The Bland-Altman plot of measures obtained by t@SBand SIENA showed no
significant bias between the two methods (Figug).No significant differences between
mean atrophy rates quantified by BVD, BBSI and SIENé&re observed in any of the
subject groups. However Pitman’s tests showedtligavariance of atrophy rates within
each subject group was significantly reduced whasntified either with the BBSI or
SIENA compared with BVD (all p<0.001). In CIS an&RS subject groups the variance
in atrophy rates was very similar between the B&®1 SIENA, but was less similar in
the control group (p<0.05). However, SIENA and ti&SBwere closely correlated; the
mean difference between the measures (BBSI mirEl/&) was 0.03% yedr(SD 0.34,
95% CI -0.15 to 0.22, p=0.70) in controls, 0.10%rygSD 0.31, 95% CI -0.007 to 0.20,
p=0.07) in subjects with a CIS and 0.05% Ve@D 0.28, 95% CI -0.05 to 0.16, p=0.32)
in subjects with RRMS.

There was no significant difference in mean agé®@8) between subject groups. Brain
atrophy rates calculated using each technique aseck between controls and patients
with CIS and between patients with CIS and thosh WRMS (Table 6-2). ANOVA
indicated significant between group differencesgisach technique. The difference in
mean brain atrophy rate between patients with @S antrol subjects using BVD was
0.76% year (95% CI 0.08 to 1.44, p=0.0287). No significarffatience was observed
using the BBSI or SIENA. The difference in atroplyes between patients with RRMS
and controls was 1.27% y&a{95% Cl 0.42 to 2.11, p=0.0044) using BVD, 0.6984iy
(95% CI 0.33 to 1.04, p=0.0003) using BBSI and @7lear* (95% Cl 0.38 to 1.03,
p=0.0001) using SIENA. Significant differences imibratrophy rates between patients
with RRMS and CIS were shown by the BBSI and SIERA0% yeat (95% Cl 0.24 to
0.76, p=0.0003) and 0.46% yéd®5% CI 0.20 to 0.71, p=0.0007) respectively.
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Figure 6-2 Bland-Altman plot comparing brain atrophy rates quaed by SIENA and
the BBSI, in controls and subjects with CIS and RRN8. réference ranges are the
values within which 95% of the differences betwagaophy measurements from the
BBSI and SIENA are expected to lie.
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Logistic regression demonstrated that subjects W2itames (95% CI 2 to 60 times) more
likely to be a RRMS subject than a control for edéh yeal" increase in brain atrophy
rate for the BBSI (p=0.0002) and 111 times (5 tO@@mes) more likely for SIENA
(p<0.0001), compared with only twice as likely (1024 times) with BVD (p=0.0039).
SIENA was significantly better than both BVD (p=002) and the BBSI (p=0.0058) at
distinguishing patients with RRMS from control sedip.

Of the 35 patients with CIS who had three yearofelup, 19 had developed MS (17

RRMS, two SPMS) whilst 16 remained clinically igeld Table 6-3 lists mean (SD)

brain atrophy rates in both groups for each oftdulniques. Mean brain atrophy rates
were significantly different between patients whaml ldeveloped MS and those who had
not using each technique: 0.83% ye&95% CI| 0.15 to 1.51, p=0.0187) using BVD,
0.45% yedl (95% Cl 0.14 to 0.76, p=0.0056) using the BBSI &@t2% yeat (95% ClI
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0.12 to 0.72, p=0.0078) using SIENA. In the 19 eatyy who had developed MS, all
methods showed that atrophy rates were signifizagitater than in control subjects:
1.14% yedt (95% CI 0.33 to 1.95, p=0.007) using BVD, 0.39%r}g95% Cl 0.04 to
0.74, p=0.0282) using the BBSI, and 0.45% y€86% CI 0.15 to 0.75, p=0.0048) using
SIENA. No significant difference was observed bemweontrols and CIS patients who
did not develop MS.

Table 6-3 Demographics and mean (SD) brain atrophy rates ubjexts with CIS
according to three year clinical status.

Subjectswith MS at Subjectsremaining
threeyears ClSat threeyears

Male:Female 4:15 8:8
Age, years (mean, SD) 35.6 (6.6) 33.3(5.2)
EDSS at basdline (median, range) 1(1-2) 1(1-4)
BVD (% year™) -0.64 (1.04) 0.19 (0.93)
BBSI (% year™) -0.43 (0.50) 0.02 (0.38)
SIENA (% year™) -0.52 (0.50) -0.10 (0.34)

6.2.4 Discussion

In this study brain atrophy rates quantified usBgD and two registration-based
methods, the BBSI and SIENA, have been comparexmirols and subjects with CIS
and early RRMS. It has been shown that atrophys ratg#ained using the BBSI and
SIENA are well correlated and provide a higher lesemeasurement precision than
volume subtraction based on manual segmentatiorhasiet This study has also
confirmed brain atrophy rates to be significantlgager in subjects with early RRMS than
controls, whilst atrophy rates are already incréasesome subjects presenting with CIS,
particularly those who go on to develop MS. Thessults were not affected by the
atrophy measurement technique used.

Although atrophy quantified from segmented BVD g¢ed similar mean rates to the
registration-based techniques in patients with @8 RRMS, there is a much higher
variance associated with this measure. In agreematht these findings, a study

investigating a segmentation-based technique aBN/Afound that SIENA reduced the
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standard deviation of longitudinal atrophy measwet® by over half those obtained
using the segmentation technique (Sormenal, 2004). Another study investigating
brain atrophy in PPMS using serial segmentation 3iEtNA also demonstrated that the
variance of measurements was lower using SIENAt(&&arrigaet al, 2005a). As
already described, measurement precision is pkatigumportant if brain atrophy is to
be used as a primary outcome measure in trialstatipe disease-modifying drugs. For a
given number of subjects the power to detect aifsignt difference between groups is
driven by the standard deviation of the measureneshinique. Sormamt al. found that
the power to detect a difference in atrophy ratts/éen the placebo and treatment arms
of a trial was 32% using the segmentation-basdthigae but 73% using SIENA, due to
the difference in standard deviation between meth@8ormaniet al, 2004). By
increasing measurement precision and statisticaleposample sizes can be reduced
which in turn reduces the length and cost of ctihtdals (Foxet al, 2000a). This study
suggests that the BBSI and SIENA have almost qgmaér. In addition to the BBSI and
SIENA providing direct quantification of atrophy rttugh image subtraction, the
registration process also compensates for vargiiothe MR scanner over time, which
can lead to changes in apparent voxel sizes.altpsssibility that the greater variance in
atrophy measures that was observed using the BViisnstudy is due not only to
segmentation errors, but that the volumes were noomalised. Some segmentation
methods, such as the BPF do perform a normalisatem(Rudiclet al, 1999), but may

still be subject to errors in segmentation at s&rnge-points.

Results from multiple logistic regression suggdwit tSIENA may be slightly more
sensitive than the BBSI in distinguishing subjeet$h RRMS from controls, although
both methods provided greater sensitivity than BVIhis is confirmation of the
importance of using a precise measurement technigumeilarly to these findings, a
previous study which compared methods derived f&ENA and the BBSI found that
the SIENA-derived method gave better group separdigtween control subjects and
patients with Alzheimer’s disease compared withBB&I-derived method (Guntet al,
2003). However in the work presented in this chaple greater sensitivity of SIENA is
most likely due to the lower variance seen in tbetol group using this technique. No
difference between SIENA and the BBSI was obsemedistinguishing subjects with
CIS from controls, and although segmented BVD slibaesignificantly greater brain

atrophy rate in CIS than control subjects, this ywasbably due to the large variance of
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measurements in all subject groups using segmentasind the outliers seen in the

control group leading to an unexpected positivepdty rate (brain “growth”).

Recently, a cross-validation study of the BBSI &tENA has been performed in a cohort
consisting of 23 control subjects and 45 patienth Wizheimer's disease (Smitt al,
2007), with MRI data available at seven time-poeriabling the quantification of atrophy
over multiple intervals. This study confirmed thgreement shown in the present
investigation between the BBSI and SIENA, with a rae@bsolute difference in atrophy
of 0.25%, which compares to a mean difference 67%. year found in this study.
Whilst there was a trend for greater brain atrogigs to be detected using SIENA than
the BBSI in the study presented here, Smattlal. found that SIENA gave a 20% larger
estimate of atrophy than the BBSI. This differemgeestimates of atrophy is to be
expected from the original report of the BBSI (bB@®ugh & Fox, 1997) where it was
reported that the BBSI in effect scaled atrophyabgput 0.8. Estimates of effect size
(Cohen’s d) by Smitlet al. showed the BBSI to be slightly more powerful.

Considering whether the results from the BBSI afteNa presented in this study are
typical of those that might be expected in suclolaod, the atrophy rates observed in
subjects with RRMS appear to be similar to thosedbin previous investigations. One
study which applied the BBSI found an annual mediain atrophy rate of -0.8% yé&ar
(Fox et al, 2000b). Likewise, application of SIENA to 34 setis with RRMS showed a
median brain atrophy rate of -0.7% y&gSD 0.9) (Rovariset al, 2003). A larger
analysis of 105 subjects using SIENA found meambatiophy was -0.9% (SD 1.2) over
only nine months (Sormaset al, 2004).

Although no previously published studies have ukedBBSI to quantify brain atrophy in
subjects with CIS, several studies have applied BlENthese subjects. In agreement
with these findings, one study of 20 subjects prtasg with a CIS found a median brain
atrophy rate of -0.3% yea(SD 0.6) (Rovarit al, 2003). However a larger study of 38
subjects, who had not developed clinically defibt8 by an 18 month follow-up, found
a median brain atrophy rate of -0.58% VedQR -1.02 to -0.24) (Paolillet al, 2004),
whilst investigation of beta interferon treatmentsubjects with CIS found that brain
atrophy rate in around 100 placebo subjects w&8%6.year" (SD 1.09) during the first
year of study and -0.67% y&afSD 1.10) during the second year of study (Filigipal,
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2004). Within any group of subjects presenting waitGIS, some may develop MS whilst
others remain clinically isolated, and the hetenegg of CIS subject groups within
different studies may account to some extent fer dliferent atrophy rates observed.
When the CIS subjects were divided into those Heaat developed MS at three year
follow-up and those who had not, all techniquesasdtbthat the atrophy rate in the MS
group approached that seen in subjects with eskefoli RRMS, whereas in subjects
remaining clinically isolated the atrophy rate a@whed that of controls. Other
investigations have shown rates of ventricular rgeliament (Brexet al, 2000) and GM
atrophy (Daltoret al, 2004) to be greater in CIS subjects developir) thbn in those
who do not. In a trial of beta interferon in CISaib atrophy was used as a secondary
outcome measure, and atrophy rates of -0.92% wasereed during the first year of
study in subjects who had developed MS at two yearspared with -0.56% in subjects
remaining stable (Filippet al, 2004). Over the second year of the trial atrophg only
-0.64% in subjects who had developed MS comparéu \0i50% in subjects remaining
stable. These rates are greater than those obserted study, particularly for subjects
remaining CIS, but this may be the result of theatiment in some subjects (with a
treatment-associated reduction in oedema), theteshfwllow-up period of two years
within which MS could be diagnosed, or the selectid only CIS patients with MRI
abnormalities (some of the CIS patients in thiglgthad a normal scan). One of the
limiting factors when investigating the differencbstween subjects with CIS who
develop MS and those who do not is the length lbdvisup. It is possible that subjects
who remained clinically isolated at follow-up maii slevelop MS, and this may explain

the difference in atrophy rates observed betweeer studies and the present one.

In summary, registration-based techniques apptigtiree-dimensional MRI acquisitions
provide more precise measurement of brain atromigsrthan segmentation-based
techniques, with the BBSI and SIENA providing congie results. Accurate evaluation
of brain atrophy is necessary if it is to be used rhonitoring treatment efficacy in
controlled trials. Although not investigated inglstudy directly, accurate evaluation may
also aid in the identification of patients mostelik to obtain long-term benefit from

disease-modifying treatment.
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6.3 Comparison of the BBSI and SIENA with other cerebrdatrophy measurement
techniques, and reliability of measurements
6.3.1 Introduction
The previous chapters have confirmed that brawpair can be successfully measured at
the earliest stages of MS using two registratiosebdaechniques. In addition it has been
shown that these measures may be more precise maf@ogression than atrophy rates
derived from the subtraction of absolute brain wwods. Other techniques based on
different methodology or regional measurements h@en proposed as markers of whole
brain atrophy however (Chaed al, 2002b; Foet al, 2000b; Lossefét al, 1996; Schott
et al, 2005), which may provide a similar sensitivitydgprecision of measurement to the
BBSI and SIENA.

One such measure is ventricular enlargement, aamdqgos studies in MS and CIS have
shown ventricular enlargement at the earliest stajethe disease (Breat al, 2000;
Dalton et al, 2002a; Kalkerst al, 2002). Furthermore, in some studies significant
ventricular enlargement has been observed wheigniicant change in WBV has been
detected (Horakovet al, 2007; Turneet al, 2003), suggesting that this measure may be
more sensitive to small changes, as tissue lossighout the whole brain may result in
relatively large increases in CSF spaces. Manudihog of the lateral ventricles can be
performed quickly and with a high degree of accymgigen the high contrast brain-CSF
boundary. In the last few years the automated iettdr boundary shift integral (VBSI)
technique has been applied, which directly quagtifientricular enlargement following
the accurate registration of local ventricular oegi, using the same methodology as the
BBSI (Schottet al, 2005). It has been shown to provide highly samineasures to

volume subtraction following segmentation.

The CCV is defined as a region that includes aelagmgportion of the lateral ventricles
(Losseffet al, 1996), and measures of this ROI may thereforsifdarly sensitive to
global tissue loss as ventricular enlargement. @ribe main advantages of this measure
is that segmentation of the superior and infenimit$ of the brain is avoided which,
firstly, may decrease the time required for analysiative to whole brain segmentation
methods and, secondly, could reduce segmentatimmsethat may occur due to the

complex folding of gyri and sulci or due to imagéetacts away from the centre of the
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image. Significant decreases in CCV have been showatients with MS (Losseét al,
1996; Rovari®t al, 2000).

As mentioned in Chapter 6.2.4 it is possible thatdreater variance in atrophy measures
observed following the subtraction of brain volunvess due not only to segmentation
errors, but that the volumes were not normalisdeM Ssoftware allows normalised
measures of brain, GM and WM to be generated. AhdVS lesions occur within the
GM they are thought to be associated with lesanmfhation (Bget al, 2003a) and
therefore measures of GM atrophy could be moreitsensnarkers of neuroaxonal loss
and disease progression. Studies have shown psogre&M atrophy occurring in
patients presenting with CIS and RRMS (Chatdal, 2004; Daltonet al, 2004).
Moreover it has been shown to progress at a gresteethan atrophy of the WM (Dalton
et al, 2004; Tibericet al, 2005), and be correlated with disability (Sapdilet al, 2005).
Atrophy of the cortex has also been shown to cateeivith measures of cognitive
impairment in people with MS (Portacat al, 2006), and therefore measures may be of

particular clinical relevance.

As the methodologies behind these other technigliésr from those presented in
Chapter 6.2, it is important to determine the redapower of these measures to detect
brain atrophy and, by implication, disease progoessm MS. The primary aim of this
study was to compare these techniques directly thghBBS1 and SIENA. The relative
sensitivity, precision and effect sizes are ingsggd for BBSI, SIENA, ventricular
enlargement, VBSI, CCV, SPM BPF, SPM GMF and SPM RVMs no standard
software has been adopted for the measurement ¥f &Gecondary aim of this study
was to investigate the relative advantages of tifferdnt software packages (Excalp and
MIDAS) that could be used to obtain this volume.dddition, one of the potential
problems with longitudinal CCV measurement is einguthat subjects are positioned
consistently within the scanner, so that serial sueaments are obtained on the same
ROI. Therefore it was also investigated whetheisteggion of images could improve

atrophy rates estimated from CCV.

One of the important features of any potential onte measure for a clinical trial is its
reliability (the reproducibility of a measuremenhem repeated in the same subject)

(Lachin, 2004). Random measurement error will redatiability and decrease the power
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to detect a treatment effect. Whilst reliabilitynchbe calculated by performing repeated
measurements on the same scan, this does nomntakaccount the degree to which the
measurement is influenced by scanner-related \iltiyal-or example, an inaccurate but
fully automated measure would produce exactly émeesresult when applied twice to the
same scan. If, however, measurements on two scapusred on the same day on the
same subject produce very different values, thesnregscan plus analysis method) must
be deemed to lack reproducibility. Therefore thiadg also analyses the relative
reliability and consistency of different measuretrteghniques based on same-day scan-

rescan MRI.

6.3.2 Methods

Subjects and MR imaging

Fourteen controls (five male, mean age 35.3 y&ddsg3)), 41 subjects presenting with a
CIS (15 male, mean age 34.3 years (SD 6.4)) ansuBfects with RRMS (eight male,
mean age 37.3 years (SD 7.4)) were identified ath T1-weighted coronal volumetric
FSPGR and T1-weighted 2D CSE MR imaging. Detailhefacquisitions are described
in Chapter 3.3 and the FSPGR sequence was the feartiee three subject groups. In
controls and patients with RRMS CSE images had 5thitk slices. In subjects
presenting with CIS, CSE images had 3mm thick slened were acquired following the
administration of 0.1mmol/kg Gd-DTPA. MRl was aagad at baseline and

approximately one year later in all patients, vaitmean interval of 1.17 years (SD 0.24).

Twenty-two older healthy control subjects were tded from a longitudinal project
undertaken at the Institute of Neurology, aimeddetermining the shortest interval
required to detect volumetric change based on MiRKlistinguish AD subjects from
normal controls (11 male, mean age 69.6 years (S]. Bubjects had two MRI scans
acquired on the same day (without being removeuh fitte scanner) and a repeat scan
approximately one year later (mean interval 1.0ry€&D 0.0)), which were used to
perform an assessment of the reliability of measerd techniques. Coronal T1-weighted

MRI was acquired in these subjects according tgtbtocol described in Chapter 3.3.3.

MRI analysis
All methods were applied to FSPGR MRI except fdinegtion of CCV which was

determined on CSE images.
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(i) BBSI and SIENA
The BBSI and SIENA were obtained as described apGr 6.2.2.

(i) Segmented ventricle volume difference (VVD)

Images were placed into standard space based onMiKE152 brain image
(www.bic.mni.mcgill.ca/cgi/icom_view) (Mazziott@t al, 2001) and using a 9dof6
registration (the transformation matrix is deteratinusing 9dof, but the image is
transformed using only translations and rotatioBsch repeat brain in standard space
was subsequently registered to the correspondisgliba brain in standard space using
affine registration. An upper threshold value repreing 60% of the mean brain intensity
was used to delineate ventricles (which includedigiteral ventricles and temporal horn)
on registered images using MIDAS (Freeboroeglal, 1997). This threshold excluded
brain, whilst a lower threshold set at zero wasduseinclude CSF. Baseline ventricle

volume was subtracted from repeat ventricle volame corrected for scan interval.

(ii) Ventricular boundary shift integral (VBSI)

Using the ventricle regions obtained in (ii), adbédof registration was performed to
positionally match ventricular regions between lthseline and registered repeat images
in standard space. The VBSI was calculated overltical region in the same manner as
the BBSI. Calculation of the VBSI was also perfodnssing only the baseline ventricle

ROI. VBSI measurements were corrected for scanvialte

(iv) Central cerebral volume

The “starting slice” (the most inferior slice oktfiROIl) was determined on each scan by
identifying the velum interpositum cerebri, guidels for which were developed in
association with an experienced neuroradiologigip@hdix 3). For repeat images, the
choice of starting slice on the baseline image netesred to in order to match the starting
slices as closely as possible. Excalp and MIDASewesed to obtain an ROI containing
this starting slice and the three (RRMS patientsjive (CIS patients) slices above it.
Prior to application of Excalp (see Chapter 3.4d&)heimage slice to be processed was
saved as a separate file. Excalp was used to ativaihastrip the skull from each slice
and the morphological opening operator used toragpthe brain from other components
in the image was set to a diameter of 10mm. Anyaieimg areas of non-brain were

removed by manual editing in Displmage (see Chap##l). An in-house script was
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used to calculate the volume of each slice by surgrthe number of voxels multiplied
by the voxel dimensions. CCV was the sum of theesliolumes. Baseline CCV was
subtracted from the repeat CCV and the differexgeessed as a percentage of baseline
CCV volume, before correcting for scan intervaptoduce a rate of change.

The method used to obtain CCV using MIDAS was sinib that used to obtain WBV.
Intensity thresholds were set to exclude voxelghber e.g. dura/scalp, and darker e.g.
CSF, than these values over the whole image. Itragirto whole brain segmentation the
most inferior slice was set to be the “startingeslj which therefore excluded voxels
inferior to this slice. Erosion and a conditiondhtion of the ROI was then performed.
Following this the most superior slice of the CCVsaselected and the voxels on all
slices above this were deleted. Manual editing pexformed on the resulting region if
required and the total CCV was calculated autoraliiovithin MIDAS. As before,
baseline CCV was subtracted from repeat CCV andeszpd as a percentage of baseline

volume before correcting values for scan interval.

Registration of CSE images was performed by regigtehe MNI-152 standard space
reference scan (www.bic.mni.mcgill.ca/cgi/icom_vjefMazziottaet al, 2001) to each
image, using the FLIRT registration package (Chapi#.2) (12dof) and maximising the
normalised mutual information (Studholmet al, 1999). The brain segmentation
available in FSL for this reference scan was ti@nséd to each individual scan by
applying the corresponding transformation pararsedétained from image registration,
thereby creating an approximate brain mask on saah in its native space. Using the
approximate brain regions, each baseline imageswlasequently registered to the MNI-
152 standard space brain template using a rigifl69@gistration with renormalised sinc
interpolation (Thackeret al, 1999). Transformation parameters were subseguent
applied to the approximate baseline brain regioepdat images were registered to
standard space baseline images using 12dof andnmal®ed sinc interpolation. All
resulting registrations were checked for accur&igrting slices were determined for

each subject and CCV was obtained on each scag M$DAS as described above.

(v) SPM fractional measures
Images were reoriented axially, maintaining all @odimensions. Using SPM99 software
(Ashburner & Friston, 1997) with inhomogeneity emtion (Chardet al, 2002c), GM,
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WM and CSF segments were automatically generaesiohs were contoured on each of
the images using the semi-automated Displmage amdtChapter 3.4.4) to create a
lesion mask which was used to generate the fimarpimasks of GM, WM, CSF and

lesions in SPM. Tissue inferior to the base of tkesbellum was excluded from the
masks and all segmentations were visually asse$ssilie volumes were subsequently

determined from each binary mask and BPF, GMF aMFWere calculated as follows:

_ greymatter+ white matter+ lesion voume
total volumewithin surfacecontour(brain tisuevolume+ CSF)

_ greymatter volime
total volumewithin surfacecontour(brain tisuevolume+ CSF)

white matter volime+ lesion voume
total volumewithin surfacecontour(brain tisuevolume+ CSF)

WMF =

Changes in tissue fractions were obtained by stibita the baseline from repeat

estimates, and expressed as a percentage of leasalies.

Reliability

No scan-rescan CSE images were available and dhnertsfe reliability of CCV measures
was not assessed. Cross-sectional volume measusemere made on all images from
the 22 older control subjects (ventricle volumeFBBMF and WMF). Atrophy rate was
subsequently determined between scan pairs foe tneshods and for the BBSI, SIENA
and the VBSI: i) baseline A to baseline B, ii) HameA to one year repeat, iii) baseline B

to one year repeat.

Statistical analysis

Mean (SD) atrophy rates for each of the methodscabsilated for each subject group,
and the effect size (p) was calculated for patients with RRMS. As veniiac
enlargement was not expressed as a percentageseiinea due to the large normal
variation that can occur in baseline ventriculazesithese results were analysed
separately. In each subject group a joint Wald tess used as an overall test of

differences in mean percentage atrophy rates. Wherggnificant difference was
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observed in RRMS subjects (p<0.05), paitddsts were used to investigate pairwise
differences. Likewise, a generalisation of Pitmde& to more than two observations was
performed within each subject group to determirtbefe was a significant difference in

the variance of atrophy rates using the differeethods (Han, 1969). Where a significant

difference was observed in RRMS subjects (p<ORiiinan’s test was applied pairwise.

Measures of VVD were correlated with whole brairoply rates from SIENA using

Pearson’s correlation coefficient. Bland-Altman tploof VVD and the VBSI were

generated to assess visually whether there wabiasyn measures, and a joint Wald test
was applied to the three measures of ventriculargement to determine if there was a
significant (p<0.05) difference in mean rates. lise, generalisation of Pitman’s test
was used as overall investigation of differenceghm variance of measures obtained
using the three techniques. Where significant diffiees were observed in RRMS

subjects (p<0.05), pairwigdests and Pitman’s tests were applied to obsenti

Assessing reliability, the mean value of the s@&stan volume change estimate was
calculated. This should be zero if there is nogwsttic bias in the estimation of atrophy.
A one-sample two-tailetttest was used to investigate whether the diffeembserved
were significantly different from zero. Assessihg ttonsistency of annual atrophy rates
that were calculated from each of the two baselnages, Bland-Altman plots were
generated to assess whether there was any biasasurements. In addition, a paited
test was performed and the mean difference (SD, ©§%etween the two measurements
was calculated for each method. The coefficientredfability (intraclass correlation
coefficient (ICC)) between the two longitudinalaggthy measures was calculated for each
method (Lachin, 2004). This value gives an estim&tbe proportion of variation that is
not due to measurement error. Significant diffeesngetween ICCs were investigated by

calculating the 95% bootstrap ClI for the differebeéwnveen the ICC of two techniques.

6.3.3 Results

Excalp failed on one control subject and SPM fadacne patient with RRMS, therefore
these two subjects were excluded from further amalBoth Excalp and MIDAS CCV

methods required minor editing of regions followimgtial processing. All tissue

segmentations from SPM were acceptable on visiggdertion. Mean (SD) rates of
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atrophy and ventricular enlargement, plus effeg@sfor each method, are given in Table

6-4, whilst Figure 6-3 and Figure 6-4 show the gjemmeasured on individual subjects.

Table 6-4 Mean rates of brain atrophy and ventricular enlamgent quantified from

eleven different measurement techniques, in canamot subjects with CIS and RRMS.

Effect sizes (i4) are given for subjects with RRMS.

Controls CIS RRMS Effect
Size
Excalp CCV 0.69 (1.02)| -0.48 (1.05) 0.66(2.93) 0.20
MIDAS CCV 0.96 (1.40)| -0.21(2.29) -0.18(1.58) 0.15
MIDAS CCV 0.40 (0.34)| -0.09 (0.46) -0.26 (0.48) 0.58
(registered images)
BBSI 0.04 (0.51)| -0.20(0.49) -0.70(0.5p) 1.26
Mean (SD)
atrophy rate
L SIENA 0.00(0.31)| -0.30(0.48) -0.75(0.51) 1.38
(Yo year™)
BPF (SPM) -0.41 (1.16)] -0.59(1.39) -1.16(1.2p) 0.92
GMF (SPM) -0.33(1.22)] -0.97(1.87) -1.35(1.5¢) 0.86
WMF (SPM) -0.55(1.39)] 0.23(1.30) -0.76 (1.6p) 0.46
VVD -0.23 (0.68)] 0.41(1.07) 1.32(1.15) 0.99
Mean (SD)
ventricular | VBSI -0.20 (0.67)] 0.34(0.94) 1.22(1.08) 1.02
enlargement | (both ROIS)
(ml year™) VBSI -0.17 (0.68)] 0.31(0.86) 1.16(1.00) 0.99
(baseline ROI)

CCV, central cerebral volume; BPF, brain parenchyrraction; SPM, statistical parametric mapping;
GMF, grey matter fraction; WMF, white matter framti VVD, segmented ventricular volume difference;

VBSI, ventricular boundary shift integral; ROI, feg of interest.
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Figure 6-3 Atrophy rates quantified from eight different mea&snent techniques in
controls and subjects with CIS and RRMS.
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Figure 6-4 Rates of ventricular enlargement quantified fromnsegted ventricular
volume difference and the VBSI, in controls and subjeith CIS and RRMS.
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Ventricular enlargement and atrophy rates calcdlateing BPF, GMF, and CCV on
registered images, increased between controls atrehts with CIS, and between patients
with CIS and those with RRMS. Change in WMF, andMQ@easured on unregistered
images, were less consistent. Positive atrophg (at&in “growth”) were seen in control
subjects using CCV methods, and in RRMS subjectenwising the Excalp CCV
method. Small effect sizes were also observed watraphy was quantified using CCV,
although registration of images did improve statdtpower slightly. The BBSI and
SIENA gave the largest effect sizes, with all threeasures of ventricular enlargement
giving relatively high statistical power also. BRRd GMF gave slightly smaller effect

sizes, whilst those obtained using atrophy of thdRWvere poor.

There was evidence of a significant difference gampercentage atrophy rates given by
the different methods in each subject group (p=ZBd0r controls, p=0.0003 for CIS and
p<0.0001 for RRMS). Pairedtests in RRMS subjects showed that mean ratesMiF G
atrophy were significantly greater (more negatittgn rates quantified by the BBSI
(p=0.0408), SIENA (p=0.0405), and CCV (Excalp p=0®0 MIDAS p=0.0128,
registered images p=0.0011). Rate of BPF atrophg significantly greater than rate of
atrophy from CCV (Excalp p=0.0058, MIDAS p=0.0178&gistered images p=0.0008),
whilst the BBSI and SIENA gave significantly greasé#rophy rates than CCV measured
using Excalp (BBSI p=0.0213, SIENA p=0.0169) or MIBAN registered images (BBSI
p=0.0001, SIENA p<0.0001).

There was also evidence of a significant differenceéhe variance of atrophy rates
between techniques (p=0.0032 for controls, p<0.G0OTIS and p=0.0012 for RRMS).
Pairwise Pitman’s tests revealed that the variasfcatrophy rates was significantly
reduced when quantified with the BBSI and SIENA paned with SPM fractional

atrophy rates, and CCV atrophy rates measured cggistered images (all p<0.001).
Percentage rate of change of CCV measured oneegisimages was significantly less
variable than SPM fractional atrophy rates and oreasof CCV from unregistered
images. BPF measurements were significantly marnabla than measurements of GMF
(p=0.016).

Ventricular enlargement was shown to correlate wath whole brain measures of
atrophy by SIENA (Figure 6-5). The correlation dENA with VVD, VBSI with both
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ROIs and VBSI with the baseline ROI only was r=60.8€.80 and -0.79 respectively (all
p<0.001).

Figure 6-5 Correlation between rate of ventricular enlargemésggmented ventricle

volume difference) and rate of whole brain atrofBiENA).
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Pairwise Bland-Altman plots of the different mea&suof ventricular enlargement showed
that as ventricular enlargement increased thereanteend for the VBSI (both methods)
to underestimate the volume change compared wehVi¥iD (Figure 6-6). This was
confirmed by the joint Wald test, where in subjestth RRMS there was evidence of a
significant difference in rates of ventricular egkement (p=0.0009). In these subjects the
mean difference between VVD and the VBSI using @is (VVD-VBSI) was 0.10ml
year" (SD 0.14, 95% CI 0.04 to 0.15, p=0.0011). Simjlahe mean difference between
VVD and the VBSI using only the baseline ROI wakstnl year* (SD 0.24, 95% CI 0.07
to 0.25, p=0.0015). Looking at the two VBSI measwgats, mean difference (VBSI
(both ROIs) — VBSI (baseline ROI only)) was 0.06raki* (SD 0.14, 95% CI 0.006 to
0.11, p=0.0306).
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Figure 6-6 Bland-Altman plot comparing ventricular enlargemerdasures quantified
from the difference in segmented ventricular volamneé the ventricular boundary shift
integral. The reference ranges are the values witlwhich 95% of the differences
between measurements from the two methods are tedptr lie. VVD, segmented
ventricular volume difference; VBSI, ventricular bdany shift integral (which was

calculated using both baseline and repeat ventacutgions of interest (ROI)).
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In the CIS and RRMS subject groups there was eg&eha significant difference in the
variance of rates of ventricular enlargement olethirusing the three techniques
(p<0.0001). Pairwise analysis revealed that theamee of rates was significantly greater
when quantified by VVD compared with the VBSI (bgbk0.001). As the relative

changes in mean and variance of measures was rsithiéa effect sizes were almost

identical for the three measures.

Reliability and consistency of brain atrophy measure
The mean difference in volume between scan-resaaslibe images is given in Table
6-5 for each method. There was evidence that tiiereince was significantly different

from zero when quantified using the BBSI.
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Table 6-5Scan-rescan analysissing the different atrophy measurement techniques
22 control subjects. Mean volume difference betvieerwo images and the results of

a one-sample t-test are given.

Volume change® One-samplet-test

(mean (SD)) (p-value)
BBS 0.099% (0.21) 0.04
SIENA 0.016% (0.32) 0.81
BPF (SPM) 0.083% (0.83) 0.65
GMF (SPM) 0.090% (1.36) 0.76
WMF (SPM) 0.072% (1.00) 0.79
VVD -0.043ml (0.27) 0.47
VBSI (both ROIS) -0.091ml (0.35) 0.23
VBSI (basdine ROI only) -0.185ml (0.45) 0.07

%expressed as a percentage of volume ‘A’ excepteutricular measurements. BPF, brain parenchymal
fraction; SPM, statistical parametric mapping; GMgrey matter fraction; WMF, white matter fraction;
VVD, segmented ventricle volume difference; VB&itricular boundary shift integral; ROI, region of

interest.

Looking at the consistency of atrophy rates quictifrom the two baseline images to
repeat one year image, no bias was evident fropeat®n of the Bland-Altman plots
(not shown). This was confirmed by pairetdests, and mean differences calculated
between the two measures were less than 0.06%ffoemtage atrophy rates and less than
0.2ml for ventricular enlargement (Table 6-6). TI&C between the atrophy rates
calculated on repeated one year intervals was s$tidgioe VVD and was significantly
greater than those for all other measures excepBBSI. The ICCs of the BBSI and
VBSI using both ventricular regions were signifitariarger than those of SIENA and
the VBSI using only the baseline region. The rdiigbof SPM-derived fractional
volumes was significantly lower than those of otimexasures.
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Table 6-6 Consistency of different atrophy measurement teckas. In 22 control
subjects using each of the measurement technidwe# atrophy or ventricular
enlargement was quantified twice between baselhte ane year, for each of the two
(scan-rescan) baseline images. For each technique rtiean difference in rates
calculated from the two baseline images, and resuflta paired t-test on all results for
a technique are given. The intraclass correlatioefticient (ICC) of repeated measures

is also given for each technique.

Differencein atrophy rate® Paired t-test | ICC

(mean (SD) (95% Cl)) (p-value)

BBSI 0.047% yeadt 0.34 0.91
(0.226, -0.148 to 0.053)

SIENA 0.033% yeat 0.63 0.86
(0.312, -0.109 to 0.175)

BPF (SPM) 0.044% yeat 0.81 0.65
(0.839, -0.337 to 0.426)

GMF (SPM) 0.031% yeat 0.92 0.64
(1.371, -0.593 to 0.655)

WMF (SPM) 0.058% yeat 0.80 0.76
(1.016, -0.404 to 0.521)

VVD -0.048ml yeaf 0.43 0.94
(0.274, -0.173 to 0.077)

VBSI (both ROIls) -0.109ml year 0.16 0.91
(0.345, -0.266 to 0.048)

VBSI (basdline RO -0.199ml year 0.06 0.86

only) (0.455, -0.406 to 0.008)

%expressed as a percentage of baseline volume ‘é¢péxfor ventricular measurements, BPF, brain
parenchymal fraction; SPM, statistical parametri@pping; GMF, grey matter fraction; WMF, white
matter fraction; VVD, segmented ventricle volumigedénce; VBSI, ventricular boundary shift integral

RO, region of interest.

6.3.4 Discussion
In this study a direct comparison of methods fomitwsing brain atrophy has been
performed. Significant differences in atrophy ratesl the variance of measurements

were observed, suggesting that some methods mapfesensitive to global tissue loss
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and would be a more effective marker of diseasgrpssion and treatment effects. In
addition, some techniques appear to be more radmgdt provide more reliable and
consistent results than others, an important fa€tthrese methods are to be utilised in

future clinical trials.

In contrast to previous investigations, this stémynd that measures of CCV were poor
markers of brain atrophy, which appeared to bepeddent of the software used for
analysis. CCV has previously been shown to decrsigsgficantly over time in RRMS
subjects, with changes ranging from -3.4ml Ye@pproximately -1.1%) (Losseét al,
1996) to -2.3crh (approximately -0.8%), -1.4% (SD 2.3) and -2.6%ero¥8 months
(Rovariset al, 2000; Rovariset al, 2001; Saileet al, 2001). Atrophy rates in RRMS
patients were much smaller in this study and theas an unexpected positive atrophy
rate (brain “growth”) in RRMS subjects when usingc&8p. This was most likely due to
the three outliers seen in this group, which agsbtbd the large variance of measures seen
with this technique. One limitation of the Excalp@edure that may have led to errors is
that re-inclusion of brain tissue erroneously edelll by automatic processing is not
possible. It was observed that even when baseliderepeat images were of similar
quality, Excalp sometimes stripped more of one intgn the other. Excalp also failed
to derive a volume for one control subject sugggsthat this software may not be
consistently robust. In addition, it takes longerderive measurements by Excalp than

MIDAS as it is applied on a slice-by-slice basis.

Although MIDAS CCV gave a greater spread of valmesontrols and CIS than Excalp,
both techniques detected highly positive atroplesrén controls, again suggesting some
degree of measurement error. It is likely that gheater variability may to some extent
have been due to differences in slice thicknesse delection and repositioning for
follow-up images, leading to volumes of interest necessarily being equivalent over
serial imaging. Support for this idea comes frone tneasurements performed on
registered images, which showed significantly kemsability. However despite increased
precision following image registration, the senglyi of measurements and statistical
power was still poor, and in controls brain “groivthf 0.4% year* was detected.
Although one study has previously found CCV changke$.2% over 18 months in
control subjects (Rovariet al, 2000), the finding in the current study is likéd have

been the result of measurement error. Other stuafie®ntrols using different atrophy
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measurement techniques have shown rates of ar@uRdo -0.3% yedar (Fox et al,
2000b; Richertet al, 2006; Rovariset al, 2005b; Scahillet al, 2003). One of the
potential problems with registration of CSE imageghe interpolation of voxels that is
performed, which may not be entirely accurate, #mgl may have led to the errors

observed in controls and the low atrophy ratesotietien patients with CIS and RRMS.

Of all the methods tested, the BBSI and SIENA vstr@wvn to have the largest statistical
power based on effect sizes calculated from atrofgs in subjects with RRMS.
However ventricular enlargement was also shown aweehhigh statistical power and
correlated well with whole brain atrophy rates nuead by SIENA. In addition, analysis
showed that the mean difference in ventricular rgel@ment when measurements were
repeated on scan-rescan images was less than @ddnbver one year VVD was the
most consistent measure. There has been consilevalibtion in reported rates of
ventricular enlargement, which may to some exterdue to analysis of different cohorts.
In patients with RRMS with longer disease duratiban the subjects studied in this
investigation, median ventricular enlargement &hfl.year* (range -1.7 to 4.2) (Dalton
et al, 2006), 2.1ml yedr (IQR 0.7 to 3.7) (Foet al, 2000b) and 2.3ml over six months
(IQR -0.94 to 2.51) (Redmonet al, 2000) has been observed. Although CIS subjects
were grouped together in this study, rates of v@arar enlargement were intermediate to
those observed in a three year study of CIS patiehb were divided into those who had
developed MS at follow-up and those who had nogmwhange over the three year study
period was 2.4ml (95% CI 1.3 to 3.5) in patientovgnogressed to MS and 0.2ml (95%
Cl-1.0to 1.4) in patients who did not progresal{@net al, 2004).

This is the first study to apply the VBSI to patemvith MS and whilst there was no
difference in the correlation of whole brain atrgpb the VBSI compared with VVD, the
VBSI appeared to underestimate ventricular enlaggemelative to VVD. This is a
similar finding to that with whole brain BSI, andagnbe caused when the window over
which the boundary shift is quantified does notessarily include all the intensity
changes that occur over the ventricular region (Roxrreeborough, 1997). This
discrepancy between the two measures also appeabedgreater when there was more
ventricular enlargement. Periventricular lesionsyniave caused differences in the
intensity transitions at the borders of the velggowhich can be accounted for when

outlining regions in MIDAS, but may have caused sdnms in VBSI measures. The
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VBSI increased measurement precision relative td\Wowever, and effect sizes were
similar using the VVD and VBSI. One of the advaesgf the VBSI when using only the
baseline ROI is that analysis time would be redudé&as could be particularly useful in
large multicentre studies where multiple assessnan¢ performed. Following the
segmentation of the baseline ventricular regiomntjtication of ventricular enlargement
at each follow-up could be acquired automaticalifhwninimal operator interaction.
Although one might expect that measures using tB&IMvould be more reliable and
consistent over time, as the technique is automatedsurement reliability was slightly
reduced relative to VVD and mean scan-rescan voldifference was greater. This may
be because the method is more sensitive to smatigels in scan acquisition. Although
ventricular enlargement measures were shown toehsitve, precise and reliable, it
should be noted that the relationship between ettdr enlargement and brain atrophy
may not always be consistent. In patients with Alater's disease evidence was
presented that the proportion of brain volume kitigbutable to ventricular expansion is
greater with increasing ventricular volumes. Howetess may not be true for different
diseases, with different disease mechanisms atvibdigons of pathology (Schoét al,
2005).

SPM measures of WMF appeared to be subject to degree of error, with inconsistent
atrophy rates quantified between controls, CISRR#S subjects. Mean atrophy rates in
control subjects were larger than might be expecatdilst a positive mean atrophy rate
(i.e. increased WMF) was observed in patients WitB. A similar finding has been
observed previously; change in WMF was 0.2% owvexetlyears in CIS patients who had
remained stable, and 1.3% in patients who had dpedl MS over the study period
(Daltonet al, 2004). WMF atrophy rate in subjects with RRMSswanilar to that found
in a previous study that included 28 RRMS patieit£% over three years was observed
(Zivadinovet al, 2007). Evidence suggests that atrophy of the i/idversely correlated
with the volume of Gd-enhancing lesions (Tibeetoal, 2005), adding support to the
hypothesis that inflammatory disease preferentialtiects WM, which is likely to
confound volume measures of this tissue compartmiEmns may partly explain the
inconsistent results between controls, CIS and RRidi&nts, and the relatively large
variance of measures found in this study. Howeveray be that the distinction between

WM and GM is inherently sensitive to noise in seaquisition.
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SPM measures of BPF and GMF gave more consistaumitgend the highest percentage
changes of all the measures investigated, significdarger in the case of GMF. The
results from this study were in concordance witvpgus reports. Over three years a BPF
change of -0.6% in CIS subjects, and -1.4% in stbj@ho had developed MS over the
study period, was observed (Dalteinal, 2004). In subjects with RRMS a -2.5% change
over three years has been reported (Zivadiabwal, 2007). In these same patients
changes in GMF were -1.1%, -3.3% and -1.4% respaygti However the variance of
these BPF and GMF measures in the present studgls@sigh, and therefore statistical
power was lower than that of the BBSI, SIENA andtxieular enlargement. Outliers in
both the CIS and RRMS group, as observed in Figd8 will have increased the
variance but show that SPM may not be as robustha&s techniques. SPM measures can
be affected when the FOV is too small and thergtieer signal drop-off or the CSF is
somewhat excluded. This may lead to misclassiboatif voxels and underestimation of
CSF volume which may have been the cause of tHiersutit should also be mentioned
at this point that SPM is an automated segmentatiohand therefore inaccurate tissue
classification may occur, the degree of which cardifficult to assess. SPM also failed
completely on one subject providing further evidetiwat it may not be as robust as other
techniques. Although SPM may be useful to invesigiasue-specific changes that may
help to elucidate disease mechanisms, lesion congpmust be performed which is
time-consuming and a further disadvantage of #ghrique, especially for patients with

high lesion loads.

Measurement reliability is important if atrophyestare to be utilised in clinical trials
where MRI acquisition may be performed at multipentres. Previous studies have
investigated scan-rescan reliability but these Hmeen restricted to cross-sectional rather
than longitudinal measurements. In addition the@¥ usually been reported, making it
difficult to compare results from this study witiose reported previously (Caroeeal,
2006; Foxet al, 2000b; Lossefét al, 1996; Paolilloet al, 2004; Rovariet al, 2000;
Zivadinov et al, 2004a; Zivadinovet al, 2007). Although SPM is an automated
technique it appears that small differences in Btigpns may affect image segmentation,
as evidenced by the ICC for repeated measuremehsseline to one year atrophy rates.
The ICC was significantly lower for SPM measurersethtan all other measurements.
Although the ICC was high for the BBSI, scan-reseesessment estimated change

significantly different from zero, which suggestsr® measurement error. This finding
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may be due to the fact that the SD of measuremeassthe lowest of the techniques.
Over the scan-rescan interval SIENA estimated thvedb change, suggesting it is robust
to small differences in acquisition. In a crossdation study of the BBSI and SIENA in
which 185 scan-rescan image pairs were analysedn miéerences were 0.0006% for
SIENA and 0.1118% for the BBSI, which are similarthiose found in the current study
(Smithet al, 2007). The ICC of repeated longitudinal measuras similar to that of the
BBSI. To rigorously test measurement reliabilitydatonsistency of measures, it would
have been valuable to have had scan-rescan imbtiEsane year time-point also.

One of the limitations of this study is the mukiptomparisons that were performed to
investigate differences in the mean and varianceneésures. Although these were
limited to patients with RRMS, it is possible thgignificant effects were found by
chance. However, in conclusion, there appear talear benefits to certain atrophy

measurement techniques, namely the BBSI, SIENAvantticular enlargement.

6.4 Chapter conclusions

This chapter has investigated the relative advastagd brain atrophy measurements of a
number of techniques that have previously beenegpf MRI of patients with a disease-
related decrease in brain volume. It has been shbainregistration of serial images
increases measurement precision, which consequentbases statistical power and will
allow better detection of disease progression seatrhent effects. In particular the BBSI
and SIENA, both registration-based methods, wergsho provide more precise brain
atrophy measurements compared with techniques basethe subtraction of serial
volumes. However ventricular enlargement was shimacorrelate well with whole brain
atrophy measures, and these measurements were/ hajtalble with relatively high

statistical power.

Studies of larger cohorts with longer clinical @RI follow-up are needed to investigate
these measures further, and establish their pateas sensitive markers of the
development of irreversible disability which mayd an identifying effective disease-
modifying treatments and in prognosis for individyatients. Also, further work is
needed to try and improve the stability of scaruestpns.
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7 Sample size calculations in relapsing remitting miibple

sclerosis

7.1 Introduction

The standard primary outcome measures in triafgoténtial disease-modifying drugs in
MS are clinically based and include the developnoémtisability or relapse rate (Jacobs
et al, 1996; Johnsoat al, 1995). However, with evidence that neuroaxooss lis a key
pathological feature of MS (Petersenal, 2001; van Waesbergle¢ al, 1999) which is
widely considered to be the main pathological gabstof irreversible disability, it is
likely that current scales which measure cliniagabdility may not reflect the extent or
severity of this underlying and irreversible patgy. There may be a threshold of
neuroaxonal loss only beyond which disability magdme apparent, and pathology may
occur in clinically silent locations which does moimediately cause a measurable change
in clinical function. Moreover, it can be difficutb monitor the extent of irreversible
disability in patients when using subjective clali@assessment scales that may not be
sensitive enough to detect small changes in fumctespecially if the patient is

experiencing relapses.

With the development of new disease-modifying tresits and potential neuroprotective
agents for MS, there is an increasing need to mioditectly the efficacy of these drugs
on the underlying global MS pathology, especialgumaxonal loss. This thesis has
investigated and optimised a number of atrophy oreasent techniques that allow
visualisation and measurement of the irreversibiue loss that occurs as a result of this
pathology and that may provide a means by whichaaewnal loss can be inferred non-

invasively in-vivo from structural MRI.

Currently, brain atrophy has only been used asanskary (and retrospective) outcome
measure in treatment trials (Filipgi al, 2004; Rudiclet al, 1999), with the sample size
having been determined for the primary outcome orea®.g. relapse rate or disability
for a phase Il trial or MRI lesion activity for @ghase Il trial. If MRl measures of brain
atrophy are to be adopted as markers of diseaggession in future clinical trials of

disease-modifying treatments for MS, the numbepaifents required to detect a given

treatment effect should be determined. This id fataany trial; if not enough subjects are
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entered, there may be insufficient power to dedetiteatment effect, whilst the inclusion
of more subjects than necessary may expose addisoibjects to harmful side effects.
Both cases will ultimately result in wasted resestcThis thesis has already identified
several techniques that provide relatively preciseproducible and sensitive
measurements of brain atrophy, which may aid iruced) the number of patients

required to detect a treatment effect.

In this study, brain atrophy was measured longitaidly at multiple time-points for up to
three years using the three methods that wereifidenin Chapter 6 as being relatively
more powerful markers of brain atrophy. Power dakions were then performed to
determine the sample sizes required for a placehtralled trial with respect to the
atrophy measurement method and duration of study.sBmple size comparison, an
atrophy measurement method that was deemed tdelss aptimal marker of progression

was also included.

7.2 Methods

7.2.1 Subjects and MR imaging

Sixteen control subjects and 33 patients with céitly definite RRMS (Poseat al, 1983)
were identified from the cohorts included in thiggis (Chapter 3.1) (Table 7-1). Patients
had experienced at least two clinical episodesware within four years of symptom
onset (median 1.7, range 0.5-3.8 years). At studgy all patients had an EDSS 3
(median 1.5, range 0-3), and only patients witleast two MRI scans and who were not
on disease-modifying treatment were included. Téteepts were representative of those
who would be considered for inclusion in treatmerdls. If patients were started on

disease-modifying treatment, subsequent data waisded from analysis.
T1-weighted coronal 3D FSPGR imaging was acquiretbageline and at up to six

subsequent time-points (approximately six monthfy to 36 months) (Table 7-1),

according to the protocols described in Chapter 3.3
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Table 7-1Characteristics of controls and subjects with RRM® had available MRI data at each time-point fample size calculations.

Time-point (months)
Baseline 6 12 18 24 30 36

Controls | N (M:F) 79 79 79 6:5 7:6 5:2 6:2

Age (years) (mean, SD) 35.1(6.3)| 35.7(6.4) 349(84) 38.7(6.6) 37.3)7 38.7(9.0)| 38.0(5.4

Follow-up time (years) (mean, SD) 0.56 (0.06)| 1.07 (0.08)| 1.66 (0.24)| 2.14 (0.18)| 2.54 (0.07)| 3.00 (0.09)
RRMS | N (M:F) 11:22 7:22 7:17 7:14 6:15 6:12 4:7

Age (years) (mean, SD) 36.0(7.4)| 36.7(7.6) 39.2(74) 39.3(6.p) 38.6(§ 40.0(6.4)| 39.9(6.8

Follow-up time (years) (mean, SD) 0.54 (0.06)| 1.05 (0.07)| 1.53 (0.10)| 2.03 (0.12)| 2.57 (0.16)| 3.09 (0.20)

EDSS (median, range) 15(0-3) | 2(0-35)| 15(1-385) 15(0-3p) 2(8)3.| 2(0-6) 2 (0-3)

Disease duration (years) (mean, SD) 1.7 (0.8) 2.5(0.8) 3.1(0.8) 3.5(0.9) 40(0.7) 6@®.7) 5.2 (0.8)
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7.2.2 MRI analysis

(i) Segmented brain volume difference

Semi-automated segmentation of baseline and repaias was performed using MIDAS
as described in Chapter 4.2.2, with correctiom@dges for intensity inhomogeneity using
N3 (Sledet al, 1998). Brain volume was determined from the sagation within
MIDAS.

(i) BBSI

The BBSI was applied to quantify atrophy from eaelpeat image to baseline as
described in Chapter 4.2.2. DBC (Lewis & Fox, 2004k applied at registration and the
BBSI window parameters were set at the optimal esldetermined in Chapter 4.3
(1,=0.65, b=0.45).

(ii) SIENA
SIENA was applied to quantify atrophy from eachesgpmage to baseline as described
in Chapter 5.3.2. This required axial reorientatafnall images, and the initial brain

segmentation was acquired using the optimisedorersi BET, described in Chapter 5.2.

(iv) Ventricular enlargement (VE)
Ventricle volumes were determined on all imagedessribed in Chapter 6.3.2.

7.2.3 Statistical analysis

Separate linear mixed models for controls and pitievere fitted to the data using Stata
Xtmixed. The logarithm of the brain volume measugata against time from baseline
was modelled. For BBSI and SIENA, the logarithmled tatio of volume at the second
scan to volume at the baseline scan was modellgl, the repeat volume calculated
using the baseline volume and the BBSI/SIENA chgfgestet al, 2004). By modelling
log volumes, these three models assume that bodumes decrease proportionately with
time. Conversely, for VE the absolute ventriculalunee was modelled, consistent with

an assumption of a constant volume increase vmta.ti

Evidence of acceleration in atrophy rate was tetitenligh the introduction of a fixed
quadratic effect in time. In each model the repkatehin-subject measurements were

allowed for using random slopes, where estimatiéonthe corresponding variance
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component was possible. Random intercept effects imeluded in the models for BVD
and VE. A further random effect was included in B®SI and SIENA models to allow
for the additional correlation structure inherantirect measures of change (Freisal,
2004).

Sample size calculations were performed for a imeluding baseline and one follow-up
assessment, using the estimated means and varfamtethese mixed models, and were
based on the standard formula (Equation 7.1) wi#h power to detect a treatment effect
and 5% two-tailed significance level. For BBSI &@ENA, calculations were based on
performing an analysis of change, whereas for BYiD ¥E, calculations were based on
an analysis of covariance. A completely effectik@atment was considered to be one
which reduced the atrophy rate to the level seegomtrols, and an immediate and
constant effect was assumed. The effect of diffemeathods and trial duration on sample
sizes was assessed by determining ratios of sasipés, with 95% bootstrap CI
calculated to indicate whether differences werdissizally significant, treating the
atrophy rate in controls as known.

(u+v)® (20?)

Samplesizepertrial arm= >
(,ul - :uz)

(7.1)

u = 1.28 to provide 90% power

v = 1.96 to test at the 5% significance level

M1 and [ are the mean log brain volume atrophy rates (BBBSI, SIENA) or mean VE
rates in the placebo and treatment groups.

o° is the variance of the ANCOVA log BVD atrophy rathe variance of the log BBSI
and SIENA atrophy rates or the variance of the ANBOE rates.

The mean rate in the treatment group was taken@ee@entage of the difference between
control and RRMS rates. A completely effective tneat was considered to be one which
reduced the atrophy rate to the level estimatedantrols, i.e. a 30% reduction in
atrophy rate in the treated group was equal to 3@0Rthe difference in mean rate of the
control and RRMS groups, which was subtracted fltsmiean RRMS atrophy rate.

A 5% drop-out of subjects and 5% of scan pairsdpeimusable was taken into account by

dividing resulting sample sizes by .95
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7.3 Results

Eight RRMS patients started treatment with betarfaton during the study period; three
patients by 12 months, and a further two by 18 imgndne by 30 months and two by 36
months. Atrophy rates while on and off treatmentenestimated, but there was no
statistically significant evidence that these ratiéfered. It was therefore judged that bias

to less disabled patients was not introduced biudiwy on-treatment data.

Estimated atrophy in controls and patients with R&RNl shown in Table 7-2. For both

controls and patients with RRMS, there was vemjelievidence of between subject
variability in atrophy rate quantified by BVD (raomh slope effect could not be fitted).

Consequently, the model predicted SDs of atropher awme, two and three years were
equal. There was no evidence for acceleration mmnagrophy rate over the three years in
patients with RRMS using the BBSI (p=0.90), SIEN#=Q.31) or BVD (p=0.08). A

linear rate of atrophy over this period was thaefssumed.

Estimated sample sizes for a parallel group, plaxcamtrolled design with atrophy rate
as the outcome variable are shown in Table 7-3akgven effect size, sample sizes were
affected by measurement method, particularly atrtehdrial durations. The smallest
sample sizes were observed using SIENA, followe¥Bythe BBSI and BVD. Over all
trial durations sample sizes were statisticallyngigantly smaller than BVD using the
three other methods (Table 7-4). Although the BESENA and VE showed similar
sample sizes, SIENA gave marginally smaller estimateer all trial durations, which
were statistically significantly smaller than th&® when considering trials conducted
over one year. As expected, the longer the lenftiollow-up, the smaller the sample
sizes required. For all atrophy measurement meftstaksstically significant reductions in

the sample sizes required were observed as thilehtyial increased (Table 7-5).
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Table 7-2Brain atrophy and ventricular enlargement over otvep and three year intervals, estimated from Imeexed models, in controls

and subjects with RRMS. Results for the BBSI aBNSltake into account that the true atrophy ratéfedfrom the mean atrophy rate.

I nterval Controls RRMS
mean (SD) (95% Cl) mean (SD) (95% Cl)
BVD BBSI SIENA VE BVD BBSI SIENA VE
(% basdine (% basdline (% basdine (ml) (% basdine (% basdline (% basdine (ml)
volume) volume) volume) volume) volume) volume)
1 year -0.22 (2.27) | -0.09 (0.39) | -0.11(0.30) 0.11 (0.67) -0.84 (2.16) | -0.63(0.59) | -0.79(0.58) | -1.51(1.75)
(-0.59, 0.15) | (-0.21,0.02) | (-0.22,-0.01)| (-0.14,0.35) | (-1.11,-0.57)| (-0.78,-0.48)| (-0.96, -0.61) | (0.98, 2.04)
2 years -0.43 (2.27) | -0.19 (0.46) | -0.23(0.42) 0.21 (0.95) -1.67 (2.16) | -1.26 (0.84) | -1.57 (0.93) | -3.02 (2.94)
(-1.17,0.31) | (-0.42,0.04) | (-0.45,-0.01)| (-0.27,0.69) | (-2.20,-1.13)| (-1.56,-0.95)| (-1.91,-1.22)| (1.96, 4.07)
3years -0.65 (2.27) | -0.28 (0.57) | -0.34 (0.56) 0.32 (1.30) -2.49 (2.16) | -1.88(1.13) | -2.34(1.33) | -4.52 (4.24)
(-1.75,0.47) | (-0.63,0.06) | (-0.67,-0.02,)| (-0.41, 1.04) | (-3.28,-1.70)| (-2.33,-1.42)| (-2.85,-1.83)| (2.94, 6.11)
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Table 7-3Estimates of the sample sizes required for pargitelp placebo-controlled
trials of a treatment reducing brain atrophy ratg farying degrees in patients with
RRMS. Estimates are the numbers of patients requiregach trial arm, with 90%
power to detect a treatment effect at the 5% samte level, and taking into account a

5% subject drop-out rate and 5% of scans pairs peinusable.

Trial Measurement Treatment effect size (% reduction in atrophy rate)
duration method 30% 50% 70% 90%
1 year BVD 3051 1098 560 339

BBSI 314 113 58 35
SIENA 191 69 35 21
VE 269 97 49 30
2 years BVD 763 275 140 85
BBSI 157 56 29 17
SIENA 123 44 23 14
VE 140 50 26 16
3 years BVD 339 122 62 38
BBSI 128 46 23 14
SIENA 111 40 20 12
VE 114 41 21 13

BVD, segmented brain volume difference; VE, varlfiicenlargement.
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Table 7-4 Relative sample sizes for each brain atrophy meamant technique. Relative sample sizes are nattedfdy power, significance

level or effect size.

1 year 2 years 3years
Relative sample size (95% Cl) Relative sample size (95% ClI) Relative sample size (95% ClI)
BVD 1 1 1
BBSI 0.10 * 1 0.21* 1 0.38 * 1
(0.06, 0.19) (0.09, 0.38) (0.16, 0.78)
SIENA 0.06 * 0.61 ** 1 0.16 * 0.79 1 0.33* 0.87 1
(0.038,0.13) (0.37,0.96) (0.07,0.41) (0.48, 1.28) (0.12,0.86) (0.49, 1.41)
VE 0.09 * 0.86 1.41 0.18 * 0.89 1.13 0.34* 0.90 1.03
(0.04,0.21) (0.56,1.59) (0.90, 2.88)| (0.09,0.43) (0.55,1.64) (0.47,2.44)| (0.16,0.82) (0.42,1.78) (0.32,2.47)

* p<0.05 for sample size ratio relative to BVD diffig from 1; ** p<0.05 for sample size ratio rela¢ to BBSI differing from 1; BVD, segmented braitume difference; VE,

ventricular enlargement.
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Table 7-5Relative sample sizes for different trial duratioRglative sample sizes are not affected by pasiganificance level or effect size.

BVD BBSI SIENA Ventricular enlargement
Relative samplesize (95% Cl) | Relative samplesize (95% Cl) | Relative samplesize (95% Cl) | Relative sample size (95% Cl)
1 year 1 1 1 1
2 years 0.25* 1 0.50 * 1 0.65* 1 0.52 * 1
(0.25, 0.28) (0.36, 0.69) (0.46, 0.86) (0.45, 0.81)
3years 0.11* 0.44 ** 0.41* 0.81 ** 0.58 * 0.90 ** 0.43 * 0.82 **
(0.11 0.15) (0.44,0.52) | (0.24,0.63) (0.67,0.92) | (0.36,0.83) (0.78,0.97) | (0.34,0.77) (0.76, 0.95)

* p<0.05 for sample size ratio relative to one yedrp<0.05 for sample size ratio relative to twears; BVD, segmented brain volume difference.
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7.4 Discussion

This study estimated the sample sizes required wisery brain atrophy measurements
from serial volumetric MRI to investigate treatmefiicacy in MS. Results suggest that
measurement of brain atrophy could be a practidditian to clinical endpoints for
monitoring treatment effects on disease progressigiase Il placebo-controlled trials
of treatments for RRMS. However, it has been shtvan it is vital for a sensitive and
precise measurement technique to be used in ardairtimise the number of patients

required.

Studies have shown that it can take long followpagods to detect change using clinical
outcomes (Paolill@t al, 2002; The IFNB Multiple Sclerosis Study Group9%). MRI-
based measures of disease progression, notabbn lesad quantification, have been
investigated to determine their potential overichhendpoints as a more objective and
sensitive approach to assessing treatment efficeBRMS. One study looked at annual
T2 lesion load increase and estimated that oveoayear trial with 80% power to detect
a treatment effect, 214 patients per treatment \@ould be required to show a 30%
reduction in the rate of increase (Molyneebal, 2000b). This compares to an estimated
123 patients in each treatment arm in this studgnvaasing SIENA to measure brain
atrophy. Of note is the difference in sample sigstimated over shorter trial durations,
with 638 patients required per treatment arm f80% reduction in lesion load over one
year (Molyneuxet al, 2000b), compared with 191 patients for a 30%visig of atrophy
rate (using SIENA).

Counts of new or enlarging lesions on monthly eskdrMRI may be more sensitive to
treatment effects than T2 lesion load (Frakal, 2004). Studies of monthly MRI over
six months or less typically estimate sample safdsss than 100 patients per treatment
arm (Sormaniet al, 2001; Tubridyet al, 1998). It appears however that to achieve
statistical power greater than 80% with these nuslieeatment effects need to be in the
order of 50% or more. Moreover, although this oomteaneasure may appear to require
smaller patient numbers to show a treatment eff@er shorter durations than brain
atrophy, they are essentially assessing differespees of MS. Whilst new enhancing
lesions may reflect the acute stage of the diseagd lesions in general have shown
limited correlations with future clinical disabylit(Fisheret al, 2002; Wolinskyet al,
2001). Brain atrophy is thought to have better glatlical specificity for axonal loss and
has been shown to correlate with later diseasergsegn (Fisheet al, 2002; Paolilloet
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al., 2002). It may be that counts of new and enlgrdesions are a suitable outcome
measure for phase Il trials, based on the serngitwidetect treatment effects over short
periods. However for longer phase lll trials, drehtments hypothesised to prevent or

slow neuroaxonal loss, brain atrophy is likely éogdbmore appropriate outcome measure.

In considering the feasibility of brain atrophyas outcome measure, note that two year
placebo-controlled phase Ill trials which have bperformed in RRMS, with relapse rate
or disability as the primary outcome measures, havelved a minimum of 100-200
patients per treatment arm (Jacatsal, 1996; Johnsoet al, 1995), and sometimes
considerably more (Polmaat al, 2006). These numbers equate to those estinratbdi
study for a 30% slowing in atrophy rate using SIENKe BBSI and VE. In agreement
with these findings, a study of interferon betaifiasubjects presenting with a CIS
suggestive of MS, found a statistically significasibwing of brain atrophy rate of
approximately 30% over two years using SIENA, wleamparing 123 subjects on
treatment with 117 placebo patients (Filippal, 2004).

It was observed in Chapter 6 that measurement siwaciis greater using “direct”
measures of atrophy, whereby serial brain imagespasitionally matched and the
difference between them quantified, as opposedubdracting absolute volumes. This
study has shown the clinical consequences of thdinp as the number of patients
required to detect a treatment effect is influensephificantly by the method used to
quantify brain atrophy. VE, BBSI and SIENA gave istatally significantly smaller
sample sizes over all trial durations than BVD. Ml@aments of VE gave similar sample
sizes to whole brain atrophy from SIENA and the BB3le benefits of this method have
already been discussed, and these results prouitleef evidence that it should be
considered as a suitable measure of brain atroptiydisease progression. However VE
may not be specific to brain volume loss and cdwddinfluenced by factors such as
hydration to a greater extent than whole brainpityomeasures. In addition it has been
suggested that treatments could alter ventricutar larain volumes to different extents
(Schottet al, 2005). However assessing alterations in thdioakhip of brain volume
loss and ventricular expansion could provide infaiion concerning treatment

mechanisms.

All atrophy measurement methods gave statisticadjgificantly smaller sample sizes the
longer the trial duration, although the largestusttbns were observed with segmented
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volume difference as longer follow-up periods wilsually compensate for lower
measurement precision. It should be noted thamaalkion of this study was the small
number of subjects available at three year follgwAhis may have meant that estimation
of the variance in atrophy rates at this time-pwias poor, which in turn meant that there
was less change in sample sizes estimated foea year follow-up compared with a two
year follow-up for the BBSI, SIENA and VE. In addit, whilst it may be advantageous
to minimise the length of clinical trials to reduoests, drop-outs and impact on patients,
a phase Il trial must be of substantial lengtldésermine the efficacy and safety of the
treatment. The hypothesised treatment effect mestdnsidered fully, for example
whether the treatment is effective immediately fradministration and whether it has a

constant effect over time.

Confounding factors that may influence brain atsopteasures such as demyelination,
remyelination, gliosis, inflammation, oedema, deftidn and anti-inflammatory agents
may need to be accounted for when designing ti&iglies have found that brain volume
decrease was greater during the first year in matieeceiving beta interferon than
subsequent years, and it has been hypothesiseththas due to resolution of oedema
initially (Hardmeieret al, 2005; Rudicket al, 2000). Although data acquired when
patients were on treatment was excluded from tladysis, which could mean that the
analysis is based on a patient group with mildseake symptoms, data was additionally
analysed including patients on treatment, and atisstally significant differences in
atrophy rates were found. In addition, the atrogtgs reported on patients who are not
receiving disease-modifying treatment are comparabth those seen in other natural
history and placebo RRMS cohorts (Rovatsal, 2003; Rudiclket al, 1999). Although
the finding of no significant difference between @md off-treatment groups could be
taken as evidence that these patients need notdheded from the analysis, it was felt
that due to the small number of data-points thatilvde excluded it was better to
maintain a more homogeneous group, given thatnteat could be causing subtle

unknown differences.

With disease-modifying treatments currently avadadior RRMS, there is an increasing
possibility that new treatments must be testednsgéinose currently available. Although
this study has not addressed this aspect dirdetlger sample sizes are likely to be
required than for placebo controlled trials. Howesareful selection of patients recruited
to clinical trials, focussing on those that haveadly shown progression in disability may
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increase the power to detect treatment effectadtfition, data in this study was obtained
and analysed in an identical fashion for all pasewnhilst for multicentre drug trials
scanners, protocols and analysis may vary betwiges and researchers. This could
increase the variability in brain atrophy measumgisieéelative to the current study and
may increase the sample sizes required for a reottie clinical trial. Note also that this
study was based on three-dimensional volumetric,MiRilst most studies and clinical
trials in RRMS to date have investigated atrophyscains with limited resolution in one
plane. Whilst this study has only investigated fibeesibility of using brain atrophy as a
surrogate marker of disease progression in RRM@ijllitboe of particular relevance to
determine the sample sizes required for trials eabe-modifying drugs in the

progressive phase of MS when neuroaxonal loss maydre extensive.

Finally, although the sample sizes calculated is #iudy show that measurements of
brain atrophy could be utilised to test treatméintacy in RRMS patients participating in
phase Il clinical trials, recommendation that bratrophy is the primary and definitive
outcome measure is premature. This will only besiitess when the relationship between
atrophy and disability is better understood, analsiient evidence has emerged that the

development of atrophy reflects and predicts diggbi
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8 Methodological considerations for longitudinal bran

atrophy measurements: MRI scanner upgrades

8.1 Chapter introduction

Many of the techniques that have been developedetimeate regions and quantify
atrophy rely on intensity differences between CSHM, and WM. Over the duration of a
longitudinal study, changes in the intensity peofie.g. contrast between tissues) of an
image could affect the reliability of segmentatiand atrophy measurements. It is
therefore important that the MR image is consistertppearance and quality over time.
Techniques that correct or normalise image intgnsithin and between serial scans
(non-uniformity) have been developed that improsgnsentation accuracy and precision
(Lewis & Fox, 2004; Sle@t al, 1998; Smithet al, 2002). However upgrades of scanner
hardware and software can alter the quality andrasinof structural MR images in ways
that cannot be corrected for using commonly avklagorithms. Upgrades may be
performed when changes have been made by the seaanafacturer to improve image
guality, decrease acquisition time, include adddideatures or increase the reliability of
imaging. There are clearly many advantages to penfig upgrades, but differences in
the quality of images may be problematic when tlegur during the course of
longitudinal cohort studies. Whilst they may notcessarily affect qualitative visual
assessment of MRI, they may influence quantitaivephy measurements of the brain or
smaller cerebral structures, especially when agraphsubtle compared with the likely

measurement error caused by scanner changes.

Whilst scanners invariably undergo upgrades, kadbtifew studies have reported the
effect of these changes on brain atrophy measMth brain atrophy being used
increasingly in longitudinal trials of potentialsdiase-modifying drugs and studies aiming
to understand the progression of disease, it i®itapt to determine the possible effect of
routine scanner upgrades on these measurementsinihaf the first part of this study
was therefore to determine the effect of a majanser upgrade on volumetric measures
of whole brain and lateral ventricles, derived gsinsemi-automated intensity threshold-
based segmentation tool. In the second part ddtthey a potential method for correcting

ventricular volume measurements for upgrade-reletiedts is explored.
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8.2 Investigation into the effect of a major scanner ugrade on brain atrophy
measurements
8.2.1 Methods
Subjects and MR imaging
Five healthy volunteers with no history of neuratad) complaints (three male, mean age
at baseline 34.8 years (SD 7.8, range 24.9 to ¥aBs)) were scanned on a 1.5T GE
Signa scanner, used for imaging of the other stbjacluded in this thesis, before and
after a major scanner upgrade. Volunteers were remmbf staff at the Institute of
Neurology and gave informed consent to be scanfeel.upgrade included a change in
the radio frequency transmitter coil, radio frequemmplifier, computer and software
(Signa Horizon Echospeed 1.5T (5.8) pre-upgrade Sagola EXCITE 1.5T (11.0) post-
upgrade). Imaging was performed at regular intereal nine or ten occasions during an
average 5.3 month (SD 0.27) period prior to theragg, and on nine or ten occasions
during an average 8.6 month (SD 2.3) period pogtage. Three of the five subjects
were scanned using a coronal three-dimensionaksioreprepared FSPGR sequence
with acquisition parameters TR=10.9ms, TE=4.2ms, F0ms, matrix 256x192, flip
angle 20°, FOV 240x180, resulting in 124 1.5mmKtlstices. The other two subjects
were scanned using an axial three-dimensional srM@prepared FSPGR sequence with
acquisition parameters TR=10.9ms, TE=4.2ms, TI=450nerix 256x160, flip angle
20°, FOV 300x230, resulting in 124 1.5mm thick edic

MRI analysis

All scans were corrected for intensity inhomogegnaging N3 (Slecet al, 1998). Using
MIDAS, measures of whole brain and lateral vergricblume were obtained on all scans
as described in Chapters 4.2.2 and 6.3.2. Forigelatr segmentation, brains in MNI-152

standard space were registered to the earlieseimaguired prior to segmentation.

Statistical analysis

Mean (SD) brain and ventricle volumes pre-and ppgfrade were calculated for each
subject and a pairedtest was used to determine if there was a sigmficlifference in
volumes before and after the scanner upgrade.

Piecewise mixed effect multiple linear regressiordeis (Equation 8.1) were fitted with
outcomes whole brain volume and ventricular volumeasured at different time-points

on each subject, and as covariates an upgradeaiadi¢l=after upgrade, O=before
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upgrade), months centred on the upgrade datetgkeng value O at the time of the
upgrade), and a month*upgrade interaction term. ddedficient for the latter term tests
for before-after difference in rate of change, andropped in models where the upgrade
does not affect this gradient. Subsequently théficeat for ‘'months’ estimates the mean
upgrade-adjusted rate of change; models assumitig@ahange also drop this term. In
all models the upgrade indicator estimates changetd the upgrade. These factors
estimate ‘fixed’ effects, which characterise therage trajectories. The remaining terms
of the model record the residual deviations froeséhaverages, and are used to estimate

the variabilities around the average:

volumg = 0o + aj.after + (dot+ vj).u_dayg + d..u_days*aftey +y + g; (8.1)

volumg=ith measurement of subject |

u_dayg=time of ith measurement in subject j, measuredhiys centred on upgrade date
afterj=upgrade indicator taking value 1 if the measuretmerafter upgrade, O if before
u_days*aftey=interaction term

ao=estimated mean volume just before upgrade

m=estimated mean upgrade step, after — before

&=estimated gradient of change in volume before aggri.e. change in volume per day
o=difference in gradient, after — before upgrade

u=random intercept, assessing between-subject vditialm intercept

vi=random slope, assessing between-subject variglnligradient

gj=within-subject variability around subject-specifiteans

8.2.2 Results

Figure 8-1 shows an example of the images obtdeéate and after the upgrade. Subtle
differences in the intensity and contrast can lem $®tween the images. Table 8-1 gives
the mean (SD) brain and ventricle volumes in eatjest before and after the scanner
upgrade whilst Figure 8-2 shows a plot of the pred post-upgrade brain and ventricular
volumes in the five control subjects. There appéarse a consistent increase in brain
volumes and a decrease in ventricular volumesviatig the upgrade. A pairdetest on
these average pre- and post-upgrade volumes iadidhiat these differences were
significant (both p=0.0012).
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Figure 8-1T1-weighted volumetric images showing the diffeesrin appearance when
obtained a) pre-upgrade and b) post-upgradée images appear to be a slightly
different intensity and contrast. The arrows inde&cssome areas where there is a
noticable difference between the two images, mostnwonly darker more enlarged
CSF spaces in the pre-upgrade image. The voxelsiies are directly comparable as

the window and level settings within the viewingl tqMIDAS) are automatically

adjusted between the two scans, by linearly scaliegcontrast and width settings.

Table 8-1Mean (SD) brain and ventricle volumes pre- and pgsjrade in five control
subjects scanned regularly before and after a seampgrade Images were acquired
in the coronal (three subjects) or axial (two sultgy plane.

Brain volume Brain volume Ventricle Ventricle
pre-upgrade post-upgrade volume pre- volume post-
(ml) (ml) upgrade (ml) upgrade (ml)

Coronal 1 1148 (5.1) 1187 (5.9) 12.00 (0.32) 10.58 (0.29)
Coronal 2 1225 (5.3) 1258 (3.3) 12.55 (0.22) 11.00 (0.23)
Coronal 3 1312 (5.5) 1352 (3.7) 7.11 (0.32) 5.75 (0.36
Axial 1 1144 (7.2) 1174 (9.1) 5.86 (0.18) 4.08 (0.19
Axial 2 1221 (10.4) 1278 (10.7) 13.28 (0.28 10.60 (0.29)
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Figure 8-2 Repeated a) brain and b) ventricle volume measurgsmenfive control
subjects scanned regularly before and after a seampgrade. Images were acquired

in the coronal (three subjects) or axial (two suibg plane.
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The graphs suggest that brain and ventricular vetuare stable over time except for the
“lump” in values over the upgrade. This is to bpepted as the upgrade will not change
the effect of aging and is also unlikely to altee tscanner stability. However as the
sample was small, this was tested for using theemdebr brain volumes, the model
estimated the difference in gradient of measures and post-upgrade to be -0.0021
(95% CI -0.064 to 0.068, p=0.95). For ventriculatwnes, the estimated difference in
gradient pre- and post-upgrade was also small amdsignificant: -0.00012 (95% CI
-0.00272 to 0.00248, p=0.93). Therefore it was mesuthat there was no change in the
gradient for either brain or ventricular volumesd ahis term was dropped from the
model. Subsequent reported results assume a congnaoiient before and after the
upgrade, with only a step change due to the upgrade

Assuming a gradient in measured volumes, the mextehated the upgrade-related brain
volume change to be 38.66ml (95% CI 29.6 to 47<0.@01). The estimated gradient
was 0.005ml day (95% CI -0.042 to 0.053, p=0.83). As there wagvidence to suggest
a statistically significant gradient of changeisitsensible to re-run the model under the
assumption that the small gradient is not real, taatithere is in truth no change. Under
this assumption the volume change related to tlyeade is slightly increased; a model
excluding the gradient term estimated the upgratited brain volume change to be
40.15ml (95% CI 36.8 to 43.5, p<0.001). Of not¢his fact that this model assuming no
gradient in measured volumes is essentially eqetdb, though more efficient than, the
paired t-test, and therefore confirms the finding of aistaglly significant upgrade-
related change in volume. Based on the model-esnanean brain volume of
1210.56ml prior to the upgradeg], the upgrade-related volume change as a pereentag

of total brain volume was 3.3%.

Similarly for ventricular volume, assuming a gradién measured volumes, the model
estimated the upgrade-related ventricular volunangh to be -2.01ml (95% CI -2.36 to
-1.65, p<0.001). Again, the estimated gradient @times was small and there was no
evidence to suggest that it was statistically $iggmt; 0.00095ml day (95% ClI
-0.00119 to 0.00310, p=0.39). Excluding the gradienm from the model led to a
decrease in the estimated upgrade-related changmincular volume; -1.76ml (95% CI
-1.90 to -1.61, p<0.001). This effect was the ofpa® that seen in the brain volume

model because the overall gradient is in the oppalsiection to the upgrade step. Based
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on the model-estimated mean ventricle volume 013l prior to the upgradexg), the

upgrade-related volume change as a percentageab¥émtricle volume was -17.3%.

Assuming a small gradient in volumes, estimatethefvariability within and between

subjects are shown in Table 8-2. Relatively smathwisubject variability was detected
and there was no evidence that this variabilityed#d pre- and post-upgrade (brain
volumes p=0.74, ventricular volumes p=0.66). Thaavee in mean volumes was the

greatest contributor to between subject variability

Table 8-2 Linear regression model-derived estimates of thealdity in brain and
ventricular volumes between and within control selg, scanned regularly before and

after a scanner upgrade, when assuming a smalligradn volumes over time.

Brain volumes Ventricle volumes
(variance, 95% ClI) (variance, 95% ClI)
Slope 0.0015 0.0000038
(0.0003,0.0069) | (0.0000009, 0.000016
Estimated
| ntercept 4943.4 11.16
between-
_ (1235.5, 19779.4) (2.79, 44.66)
subject
o Covariance 0.71[0.26] -0.0023 [-0.34]
variation
[correlation] between (-2.19, 3.61) (-0.0092, 0.0047)
dope and intercept
Estimated within subject variation 44.4 0.069
(32.9, 60.0) (0.051, 0.093)

8.2.3 Discussion
This study has shown that MRI scanner upgradeshasaa a significant effect on MRI-
derived volumes of the brain which are dependent imtensity threshold-based
delineation of this structure from CSF. Such efemte significant enough to influence
brain atrophy measures over the course of longialditudies crossing an upgrade. These
results suggest that ideally scanner upgrades dgHmlavoided during the course of
longitudinal MR studies of quantitative brain volermeasurements. However this may
be impractical given that scanners are used fotipteilstudies with overlapping time
frames. The statistical model applied in this studgy be useful to compensate for
changes in acquisition without the need for timastoning post-processing of images.
This should reduce the amount of unusable datatime longitudinal studies.
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In this study an upgrade-related increase in bvalome and a decrease in ventricular
volume were observed. Comparing images obtainedgmeé post-upgrade a noticeable
change in image contrast and an increase in imyemsid occurred. This affected

measurements of brain and ventricular volume what on the contrast between brain
and CSF. The border regions of the brain in thé-ppgrade image included more voxels
of a higher intensity than the pre-upgrade imagd,taerefore more voxels were defined
as “pbrain” and fewer as “CSF”. This is in spite“nbrmalising” brain intensity over the

mean intensity of the whole brain, and threshotdsventricular segmentation being set

as a percentage of brain intensity.

Although the change in contrast and intensity betwgre- and post-upgrade images was
subtle when scans were inspected visually, thecaged change (increase) in brain
volume was estimated to be approximately 3.3% oMVBhis increase is typically much
greater than the annual atrophy rates (e.g. dexgeafs 0.5-2%) seen in neurological
disorders such as MS (Rovaeisal, 2003), Alzheimer’s disease (Schettal, 2005), and
Huntington disease (Henlegt al, 2006). Similarly, the upgrade-related decrease i
ventricular volume was approximately 2.0ml (17.3%estimated ventricular volume),
which is within the range of annual increases lttzate previously been observed in these
diseases (Daltoet al, 2006; Schotet al, 2005). It is also of note that the upgrade-eelat

changes observed in this study are in the oppdséetion to biological atrophy changes.

In contrast to the current study, a recent invaitg found no noticeable bias in cortical
thickness measurements from images obtained on&j@ scanner upgrade (Hahal,
2006). In fact the upgrade improved the reliabildfy measurements post-upgrade,
probably reflecting the increased SNR. Another tudvestigating brain atrophy in
patients with Alzheimer’'s disease and controls,ntbuhat a major hardware change
between scan pairs had a negligible effect on biserved atrophy rates quantified using
two registration-based methods, and did not deerd¢las group separation between
controls and patients (Guntet al, 2003). The difference in findings between these
studies and the current one may be due to sewamstdr$. Firstly, the actual procedures
that were performed at the upgrades are likelyateetvaried, which could cause different
changes to acquisitions. Secondly, different adipmsparameters and pulse sequences
were used in the three studies, which may have aiéected differently by the associated
upgrade. Lastly, these studies all used differé&apay measurement methods that may

be relatively more or less robust to changes ingenquality. Methods that rely on
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intensity and contrast differences between brath@8F are more likely to be affected. It
would be useful to investigate the effect of thegrape on other measures of brain
atrophy used in this thesis, such as those whichsure brain volume loss directly
following the registration of serial images, e.¢EISA (Smithet al, 2002) and the brain
and ventricular BSI (Freeborough & Fox, 1997).

With brain atrophy measurements being used inarglgsio monitor disease progression
in a number of neurological conditions, it is imjamt that potential upgrade-related
effects on these measures are identified and d¢eddar if found to be significant. This
may be important for relatively short-term studiaking place over one to three years
when it is desirable to reduce measurement ernatsniay confound outcomes; disease-
related brain atrophy changes over such periodssaual, and in trials of potential
disease-modifying treatments real treatment effexisld be obscured by larger
magnitude spurious changes due to an upgradealdasmportant in longer-term follow-
up studies of subjects, which may wish to investighe progression of atrophy and its
relationship to clinical outcomes and other MRI keas. For example a study that
investigated atrophy over eight years in MS pagiemtitially recruited for a two year
treatment trial, analysed BPF (Fistadral, 2000). Although MRI at eight years were
acquired with pulse sequence parameters as siaslgossible to the original study and
progressive brain atrophy was detected, ther&eadylto have been subtle changes in the

images that may have affected outcome measures.

Several strategies could be utilised to minimisgrage-related changes over longitudinal
studies. Firstly, changes in the acquisition patarseand pulse sequences can be made to
obtain an image as close as possible in appeatargre-upgrade images. However this
will reduce the advantages of performing the upgradterms of obtaining images with
greater CNR and SNR, and other benefits. Secopdst;processing of the images could
be performed that could more closely match imagegppearance pre- and post-upgrade.
Thirdly, statistical modelling of data obtainedrfrgre- and post-upgrade images can be
performed and used to correct for artificial voluatmanges. This method will allow more
realistic changes in MRI measures to be obtained oggrades for use in future studies,
whilst minimising time-consuming post-processingtmes. Techniques that do not
require absolute or relative intensity values, saslsome registration-based methods, to
determine volume change may be less affected bya#itins in image contrast changes
and should be investigated in this respect.
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The statistical model included volume measuremé&ota control subjects at multiple
time-points, and therefore allowed accurate andbiel estimates of the upgrade step and
gradients of change pre- and post-upgrade. Howiemodel could be adapted to be
used in datasets of subjects in whom brain atraplay be occurring more rapidly
(involving the gradient terms of the model to aadee extent), and when only single scans
are available for subjects pre- or post-upgradeapfations to this model for these
purposes will need to be investigated further. @&lijh the gradient of measures was
small and non-significant in this control cohott¢could be misleading not to include this
term in models of patient data, particularly ovender studies in neurodegenerative
diseases, where small gradients are expected dueatovolume changes over time.
Excluding the gradient factor from the model in therent study altered the upgrade-

related volume change estimate marginally.

In summary, it has been shown that changes in ina@geisition related to scanner
upgrades can occur, despite all attempts to mairdantical acquisition parameters, and
the effects of these changes need to be takermaactmunt. Other factors may also impact
on MRI-derived volume and atrophy measures in koignal studies, e.g. changes in
acquisition parameters, subjects being scannedfferetit scanners, scanner drift, subject
positioning and subject hydration. Regular scanrofgcontrol subjects prior to and

following planned upgrades will help to identify grade-related changes which it may

then be possible to adjust for when investigating tongitudinal biological changes.

8.3 Can a new protocol for ventricular segmentation catect for upgrade-related
changes in ventricle volume?
8.3.1 Introduction
The analysis of control images over an upgradéenprevious study demonstrated that
significant changes in volume measurements canrahoel to scanner upgrades. These
must be corrected for if reliable quantitative meaments of brain volume and atrophy
rates are to be obtained. A statistical model ifmukaneous estimation and correction of
upgrade-related changes was described in the piewection, but it may be that for
cross-sectional measurements of volume, simpleatites to segmentation methods
could be performed which might effectively corretteasures. This would allow
correction of upgrade-related effects on volume rwispecialist statistical help is
unavailable or when investigating single subjeatisen it is not possible to generate a
regression model. Given the observed changes omlvisspection and through further
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examination of the images, it was determined tlthbagh mean brain intensity was
similar on pre-and post-upgrade images, CSF wakedan the pre-upgrade scans
relative to post-upgrade scans. Given the factrttaaty segmentation methods, including
the brain and ventricular segmentation methods umstite previous section, are based on
thresholding and rely on image contrast, it wasoliygsised that by altering the protocol
(the percentage of mean brain intensity used asugper threshold) for ventricular
segmentation on post-upgrade images, “upgradeated®volumes could be achieved.
The aim of this study was therefore to determimedptimum percentage of mean brain
intensity for ventricular segmentation on post-@olgr images, and to test whether
ventricular segmentation based on this thresholthodedid indeed correct for upgrade-
related changes.

8.3.2 Methods

Theory behind alteration of the segmentation protoc

Due to the difference in CSF intensity betweenpitee and post-upgrade images, there is
less intensity change across the brain/CSF bomlg@ost-upgrade images compared with
pre-upgrade images. This is demonstrated in Figt8evhich shows the intensity profiles
of representative pre- and post-upgrade images fvom subject. Using the standard
upper threshold value of 60% of mean brain intgrisit ventricular segmentation, voxels
which have an intensity above this value are exaduds the post-upgrade scan has more
voxels of a higher intensity in the brain/CSF baanydregion, this means a greater
number of voxels are excluded from the ventricalsgmentation compared with the pre-
upgrade image, making the ventricular region smatla the post-upgrade scans
(assuming there is no real change in volume) (Eig##a). Using a higher threshold
value (as a percentage of mean brain intensityldammpensate for the generally higher
intensity of the voxels in the border region, bgliling voxels with intensity >60% (and
<x%) of the mean brain intensity (Figure 8-4b).

The value that the new threshold for ventriculagnsentation on post-upgrade images
should take can be calculated as a percentage ofaih between CSF and brain intensity
and so the aim is to match these between pre- astdupgrade images (Equation 8.2).
The new value can be expressed as a percentageaofhmain intensity for application to

other images (Equation 8.3).
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Figure 8-3 Intensity profiles of a pre-upgrade and a postsaplg T1-weighted image
from one subject. A one-dimensional intensity peatirough the brain on each image
was generated by drawing a line one voxel high betwthe points A and B (top
image), and normalising the intensity value of eaokel in this region to the mean
whole brain intensityThe area where the region of interest crosses #rdricles is

labelled on the intensity profile.
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Figure 8-4 Effect of differences in image contrast due to ansea upgrade on

ventricular segmentation and quantification of voki The figures show one-
dimensional representations of the intensity pesfilhrough a brain boundary for pre-
and post-upgrade images, and assume no real chiangentricle volume. a) The 60%
upper threshold used for ventricular segmentatiowl ghe corresponding ventricular
boundaries on pre- and post-upgrade images (3,-B) Using a higher threshold (x%)
for the post-upgrade image, the same boundary regen be achieved on the post-

upgrade image as when using a 60% threshold fopteeupgrade image
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Tpre - Ic'sf(pre) — Tpost - Icsf(post) (8 2)
l brain(pre) - I csf(pre) l brain(pos} - Icsf(post)
Tpost
X% =—""1—x100 (8.3)
brain(pos}

T=threshold, I=mean intensity, pre=pre-upgrade ireagost=post-upgrade image.

Subjects and MR imaging
The five control subjects and registered imagesided in the previous experiment were

utilised in this study (see Chapter 8.2.1).

MRI analysis

The first post-upgrade image available for onenefsubjects was selected and the lateral
ventricles were segmented using an upper thresbioB8% of mean brain intensity.
Based on this ventricular region, and the brainoregbtained for this image in Chapter
8.2.1, new estimates of mean brain and CSF intemste determined and the values
entered into Equation 8.2, in conjunction with imgi®y values for the pre-upgrade image
of the same subject (the last image before theadedr Based on the result, it was
determined whether the percentage threshold ndedsslincreased or decreased and the
segmentation performed again, changing the thrégdhplone point. This process was
repeated iteratively until the optimal thresholdttmost closely matched pre- and post-
upgrade images according to Equation 8.2 was rdadftee percentage of mean brain
intensity that this value represented was thenreh@ted according to Equation 8.3, and
the ventricles segmented on all other post-upgiradges for the five subjects, based on

this percentage threshold.

8.3.3 Results

The optimum percentage threshold for ventriculgnsantation on post-upgrade images
was calculated to be 67%. Figure 8-5 shows a pltieoventricular volumes in the five
control subjects using this new threshold for pgsgrade images, whilst Table 8-3 gives
the mean (SD) ventricle volumes in each subjecbrbefind after the scanner upgrade.
Average volumes appear to be more constant ovenggeade using the new threshold,
and there was no evidence that mean values prepeastaupgrade were significantly

different (p=0.98).
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Figure 8-5 Repeated ventricle volume measurements in fivealosiibjects scanned
regularly before and after a scanner upgrade, u$iigo of mean brain intensity as the
upper threshold for ventricular segmentation ontpgsgrade imagesimages were

acquired in the coronal (three subjects) or axislq subjects) plane.
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Table 8-3Mean (SD) ventricle volumes pre- and post-upgradévie control subjects
scanned regularly before and after a scanner upgradsing 67% of mean brain
intensity as the upper threshold for ventriculagsentation on post-upgrade images.

Images were acquired in the coronal (three subjemts@xial (two subjects) plane.

Ventricle volume pre-upgrade Ventricle volume post-upgrade
(mi) (mi)
Coronal 1 12.00 (0.32) 12.16 (0.29)
Coronal 2 12.55 (0.22) 12.69 (0.15)
Coronal 3 7.11 (0.32) 7.01 (0.39)
Axial 1 5.86 (0.18) 5.50 (0.23)
Axial 2 13.28 (0.28) 12.60 (0.23)

As the sample was small, these results were tesiad the statistical model described in

the previous investigation (see Chapter 8.2.1). Moelel estimated the difference in

gradient of measures pre- and post-upgrade to .68046 (95% CI -0.0030 to 0.0021,
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p=0.72). Therefore it was assumed that there washange in the gradient and this term
was dropped from the model. Assuming a gradienmeasured volumes, the model
estimated a change in ventricle volume over theragegof -0.40ml (95% CI -0.76 to
-0.05, p=0.025), despite using the altered threkfarl ventricular segmentation on post-
upgrade images. The estimated gradient was 0.00d&yn|(95% CI 0.00048 to 0.0032,
p=0.008). The volume change related to the upgesda percentage of total ventricle
volume was -3.7% (based on a mean ventricle voliM@.78ml).

8.3.4 Discussion

This study investigated a simple method for coiecbf upgrade-related changes in
measured ventricle volumes, which required estonatind application of a new intensity
threshold with which to segment the ventricles ostjupgrade images. Although there
was no significant difference in mean ventriclewoé before and after the upgrade when
tested for using a pairaeest, the more stringent multiple linear regrassiwodel which
accounted for a gradient in measured volumes fol@idventricle volumes post-upgrade

were significantly smaller than pre-upgrade values.

There are several possible reasons why this mettagchave failed to adequately correct
for the upgrade-related changes. Firstly, this mathssumes that the intensity profile
over the brain/CSF boundary is linear. This may betrue if there are local subvoxel

fluctuations in intensity due to artefacts for exden Secondly the threshold value can
only be set as an integer, which may account foreseariability between pre- and post-
upgrade volumes. The range of intensities ovebthandary was relatively small, but the
intensities could be scaled over the entire imageallow a greater range of values
however. In addition, it is not clear whether viemiiar size could affect the method, for
example larger ventricles may have more partialma voxels that are included using
the new method compared with smaller ventriclesrefore causing artificially greater

enlargement in subjects with bigger ventricles.

As such these results suggest that the proposdtbdhdbes not completely correct for
upgrade-related changes in ventricle volume medausing MIDAS. It is possible that a
similar approach to that presented in this studyccbe useful for other segmentation and
volume quantification techniques based on methagyolsimilar to that used for
ventricular segmentation. This would have to besstigated further, but could allow
correction of volumes from a single subject ancetipoint.

200



8.4 Chapter conclusions

In summary, this chapter has shown the significapiact major scanner upgrades can
have on brain volume measurements. Due to a scaopgrade, longitudinal
measurements of brain and ventricular volume shashediges in the opposite direction
to those expected when brain loss and normal agsogr. Whilst not investigated in this
study, it is likely that regional measures (e.@ tortex, caudate, CC) will be similarly
affected by scanner upgrades. Only volumetric FSH@®Rges acquired over one
particular scanner upgrade were investigated sgtidy, however it is likely that most
major scanner upgrades, will have some effect @nbrolume measurements. Even
minor scanner upgrades could have subtle effestsregular scanning of phantoms and
control subjects should therefore be routinelygrened to monitor these effects.

These upgrade-related changes need to be corfectiédeliable longitudinal analysis is
to be performed. Although a simple method for adrom of post-upgrade ventricular
volumes was investigated, it did not adequately pmmsate for the upgrade-related
changes. For large longitudinal studies, statisticathods may prove to be the most
reliable approach with which to correct brain voasrand atrophy measurements. In this
chapter a regression model was presented that earsdal to estimate upgrade-related
changes in volume. Simultaneous estimation ancectoon of post-upgrade volumes in
control and patient cohorts using this model must rbe investigated. In addition,
investigation into the ability of this model to cect volumes when only one image is

available pre- or post-upgrade must be performed.
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9 Relationship of brain atrophy to clinical progresson in
patients with clinically isolated syndromes and redpsing

remitting multiple sclerosis

9.1 Chapter introduction

It has been identified that certain techniques prayide better measures of brain atrophy
than others, and that the sensitivity and precisibmeasurement can be optimised to
allow brain atrophy, and potentially disease pregian, to be tracked more efficiently.
Although the previous chapters have confirmed ain atrophy occurs from the very
earliest stages of the disease, it is still necgssadetermine how brain atrophy relates to
the progression of clinical disability in theseigats. In addition, cognitive function is
often affected in patients with MS and the assmriatf brain atrophy to this aspect of the
disease must also be investigated. Long term fellpwstudies are required to explore the
relationship of progression of brain atrophy tanicial disability and cognition. This
chapter investigates such relationships througé figar clinical follow-up of patients
presenting with CIS and with RRMS.

9.2 Investigation into the prognostic value of brain atophy rate for clinical
progression in subjects presenting with a clinicayl isolated syndrome suggestive
of multiple sclerosis

9.2.1 Introduction

In Chapter 6.2 it was shown that brain atrophy na¢@asured over the first year following

initial symptoms was significantly greater in Cli&bgects who had progressed to MS by

three year follow-up, than in controls and subjeet® remained CIS. This confirmed
previous reports that have shown ventricular eelawent, and changes in BPF and GMF,
to be greater in CIS patients progressing to MS peeods of up to three years (Breix

al., 2000; Daltoret al, 2004).

Currently, it is known that the probability of pregsion to a diagnosis of MS in CIS
subjects is greater in those subjects who havéleisi2-weighted lesions on MRI
acquired at presentation (Barkheif al, 1997; Brexet al, 2002; Daltoret al, 2002a).

However with evidence that brain atrophy is anyefdture of MS, it is possible that this
could provide an additional indicator of prognasisubjects presenting with CIS. With
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research showing a beneficial role of early immuoduafatory treatment in patients
presenting with CIS (Conat al, 2001, Filippiet al, 2004; Jacobst al, 2000; Kappost
al., 2007), the identification of patients with atnigsk of developing MS, and those who
may have a faster evolving disease course and wueiltlkely to benefit most from
treatment is of clinical relevance. The aim of thisdy therefore was to investigate
whether early brain atrophy rate is independerdlgted to the risk of development of
MS. One of the limitations of the investigation ©fS in Chapter 6.2 was that subjects
had been followed-up for only a three year peravdi that they may have been diagnosed
with MS at a later date. Therefore the follow-upige: of CIS patients in this study was
extended, and only subjects that had a clinicaéssssent at five year follow-up were
included.

9.2.2 Methods

Subjects and MR imaging

Thirty-seven subjects (14 male) presenting with 18 @ere identified from the total
cohort (Chapter 3.1.1). Subjects had clinical anRlNMssessment at baseline, three
months and one year, and clinical follow-up at figears. Baseline assessment was
performed within 12 weeks of first presentation draa 5.5 weeks) and mean age was
34.6 years (SD 6.6). Initial presentation was opeairitis in 34 subjects, spinal cord
syndrome in two subjects and brainstem syndronoménsubject. Subjects were assessed
for progression to MS according to the McDonaldecia (McDonaldet al, 2001)
Coronal three-dimensional inversion recovery prep&SPGR, and FSE sequences, were
acquired for all subjects at baseline using theisiatgpn parameters described in Chapter

3.3.1. A coronal FSPGR image acquired again ayeaewas also used for this analysis.

MRI analysis

T2-weighted images were assessed for the presétegans at baseline, and the number
of lesions were determined by a trained neurologfstFernando). Brain atrophy was
calculated from the FSPGR images using SIENA, asritbesl in Chapter 5.3.2., and

results were annualised.

Statistical analysis

Comparisons of demographic data, mean brain atrogieg and proportion of subjects

with T2 lesions at baseline was performed betweenps (subjects who had progressed
to MS by five year follow-up (“converters”) and g®that had not (“non-converters”))
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using two-tailed unpairetttests and Fisher's exact test where appropriatéoghstic
regression model was used to relate five yearceinstatus jointly to the presence of
lesions at presentation and early brain atrophs. @tds ratios (OR) and 95% CI were
calculated to determine the predictive value of [&&ons at presentation and early
(baseline to one year) brain atrophy rate for pregjon to MS. However, a difference
between the p-values for the Wald and likelihootioréLR) tests suggested that the
logistic regression model results should not beptetaly relied on. Therefore, to assess
the extent to which initial brain atrophy rate wadependently useful in differentiating
converters and non-converters, a linear regresamutel was used to relate brain atrophy
rate to five year clinical status whilst controffifor lesions at presentation. Robust
standard errors were used in these models to &iodifferential heterogeneity between
subjects in each of the two groups. Survival anslyss used to investigate the predictive
value of brain atrophy rate and T2 lesions at baseior the risk of subsequent MS
diagnosis. A Cox multivariable regression analyses used to relate the risk of MS
diagnosis to early brain atrophy rate, presencé2fesions on baseline MR, and the
number of T2 lesions detected on baseline MRI. aig®llow-up and gender were also
included as covariates. The influence of atrophg cat time to progression was further
investigated with Kaplan-Meier survival curves. feabs were divided into three groups
of approximately equal size and according to th&ophy rates relative to the control
brain atrophy rates determined in Chapter 6.2; g#n= 14) had atrophy rates less than
or equal to the control rate (i.e>x-0.07), group B (n=11) had atrophy rates greéian t
the control rate but less than one SD from therobnate (i.e. -0.4K x < -0.07), and
group C (n=12) had atrophy rates greater than dhdr@n the control rate (i.e. x <
-0.41). These cut-off points were chosen becausedivaled the subjects into groups of
similar size. A plot of the Kaplan-Meier estimatef survival function for the three
groups was generated and differences betweenréne ghoups were analysed by the log-
rank test, taking into account the fact that treugs were ordered.

9.2.3 Results

At five year follow-up 24 subjects (seven male) lprdgressed to MS according to the
McDonald criteria, whilst 13 subjects (seven malejnained CIS. There were no
significant differences in age (p=0.78), gender)(ft¥), time since presentation (p=0.73)
or interval between baseline and five year follgw{p=0.52), between converters and
non-converters. Mean atrophy rate in non-convenras 0.02% yedr(SD 0.29), whilst

in converters it was -0.44% y&afSD 0.49). There was evidence that atrophy ratéise
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two groups were significantly different (mean diéfiece 0.46% yedr(95% Cl 0.16 to
0.77, p=0.001)). Of the 24 converters, 23 had $ies (any number, i.e.1) on MRI at
presentation whilst of the 13 non-converters, fil@monstrated T2 lesions on MRI at

presentation (Fisher’s exact test p<0.001).

Univariate logistic regression analysis provided exadence that gender, age or the
number of lesions at baseline were significantipteds of a subsequent diagnosis of MS,
and these variables were therefore excluded froen nfultiple regression analysis.
Multiple logistic regression showed that the odds psogressing to MS were
approximately 25 times greater if subjects presemtgh T2 lesions (95% CI 2 to 287
times, Wald test p=0.009, LR test p=0.002), and@pmately 22 times greater per 1%
year" increase in brain atrophy rate (95% CI 0.7 to ti®@s, Wald test p=0.074, LR test
p=0.027).These effects were similar in magnitude to redutisy models assessing the
effect of each variable separately. These resuligest that atrophy rate may be an
independent predictor of MS diagnosis, but theed#iice between the p-values for the
Wald and LR tests suggest that the logistic regresniodel should not be completely
relied on. Using linear regression with robust déad errors, atrophy rate differed
significantly between converters and non-converteven after adjustment for the
presence of lesions at baseline (p=0.006), proyidatiable evidence that atrophy rate is

independently predictive of five year clinical sist

In the Cox regression model it was found that thes@nce of lesions at baseline and
atrophy rate during the first year were risk fasttmor MS diagnosis. The risk (hazard) of
diagnosis with MS was multiplied by 3.6 (95% CI 18310.0, p=0.016) for each 1%
year' increase in atrophy rate, and by 11.5 (95% Cltd.81.7, p=0.021) when lesions
were present at baseline. The number of T2 lesabibsseline, age and gender were not
independent risk factors for MS diagnosis. Wherjestig were divided into three groups
according to one year atrophy rate, there was se@léhat subjects with greater atrophy
rates during the first year were at a greaterafskubsequently being diagnosed with MS;
median survival times for groups A, B and C regpebt were 57.5 months, 60 months
and 17.5 months, p=0.015 (Figure 9-1).
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Figure 9-1 Kaplan-Meier curves for subjects presenting witts Giccording to brain

atrophy rate (% yeat) during the first year after presentation.

S
0

1.0
|

2

L T

0.75
|

0.50
]

0.25
]

Proportion of patients remaining CI

0.00
|

| | T |
0 20 40 60
Time since presentation (months)

atrophy x>=-0.07 (n=14)
atrophy -0.41<=x <-0.07 (n=11)
atrophy x<-0.41 (n=12)

9.2.4 Discussion

This study provides evidence that brain atrophyioarg early in the course of disease is
clinically relevant. Brain atrophy rate during thiest year following presentation was

found to be a significant predictor of a futuregiiasis of MS, which was independent of
the predictive value of T2 lesions at presentatiBmidence was also found for a
significant relationship between brain atrophysataring early follow-up and the risk of

being diagnosed with MS, with greater atrophy ratsociated with a higher risk.

The finding that brain atrophy occurs from the ieatlstages of disease and that mean
brain atrophy rate is greater in subjects who msgto MS than in subjects who remain
stable has been shown previously (Be#xal, 2000; Daltoret al, 2002a; Daltoret al,
2004). Although not investigated in this studyhdts been suggested that this atrophy is
related to focal inflammatory lesions (Daltenal, 2002a; Filippiet al, 2004; Paolilloet

al., 2004). However lesions do not wholly accounttfa variance in atrophy rate (Dalton
et al, 2002a; Paolilloet al, 2004) and other, perhaps unknown, mechanisms for

neuroaxonal damage may be occurring at this staile alisease.
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In contrast to other studies of brain atrophy irs C3ubjects in this study had a longer
clinical follow-up and the value of brain atrophyr ffuture prognosis was investigated.
The previously recognised value of T2 lesions onl MR presentation for predicting
progression to MS (Bregt al, 2002; Ghezzet al, 1999; Optic Neuritis Study Group,
1997) was confirmed in this study. Logistic regm@ssestimated that subjects were 25
times more likely to progress to MS if T2 lesiong@present on baseline MRI. Due to
the dichotomous nature of this predictor variableas not possible to verify the result
using linear regression, but it was highly sigrifitwhen tested by both the Wald and LR
tests. Unlike other studies, the number of T2 lesiat baseline was not prognostic (Brex
et al, 2002; Tintoréet al, 2006). Regression analysis also showed that ltedphy rate
during the first year after presentation was aiicgmt predictor of progression to MS,
independent of T2 lesions on baseline MRI. Thigifig was in contrast to a study of 35
patients with CIS, who showed evidence of disea&sethination in space (Rovagsal,
2005b). Despite 24 patients progressing to MS atettd of the one year study, brain
atrophy measured by SIENA over the first year frprasentation did not significantly
predict subsequent diagnosis. This may have beenaddifferences in the cohorts; only
37% of subjects presented with optic neuritis intcst to 92% of subjects in this study.
Indeed one of the limiting factors of this studythat the majority of subjects presented
with optic neuritis. Any association between préisgn symptoms and subsequent
progression could not be investigated. Althoughcopeuritis has been associated with a
lower risk for conversion to MS, this appears torélated to normal MRI being more
commonly observed in these patients (Tintetré@l, 2005). Risk of MS conversion was
similar in patients with different presenting symps when only those subjects with
abnormal MRI were studied. Another study observed in patients with an abnormal
baseline scan, progression to MS is highest inethm®senting with optic neuritis,
followed by those with a brainstem syndrome, aradithvest rates were seen in patients
with spinal cord syndrome (Morrissey al, 1993). This may account for the discrepancy
of findings between this study and that by Rovarial. (Rovariset al, 2005b).

Evidence from this study that progressive braiogty is greater in patients who progress
to MS earlier, supports the hypothesis that evelCli® patients the more active the
disease the greater the accumulation of permarsnage. The number of lesions (T2
and Gd-enhancing) on baseline MRI has been assdcwith an early MS diagnosis
(Pestalozzat al, 2005), and patients with worse clinical outcorhage been shown to
have larger numbers and volumes of lesions on MPaaeline (Brexet al, 2002). In
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addition, greater increases in T2 lesion volume® leeen seen in subjects who develop
MS compared with those that remain CIS (Dalanal, 2004), and in patients with
abnormal MRI at baseline a trend has been showthndse with more lesions to develop
MS more frequently (Morrissegt al, 1993). However the finding that higher atrophy
rates were associated with a higher risk of MS riiags was most likely driven by the
patients with particularly high atrophy rates. &ctf the Kaplan-Meier plot shows that
survival without progression to MS was very simifar patients with intermediate
atrophy rates and for patients with atrophy ratdbelevel of controls or less during the
first year. This may have been due to the cutadtsd to group patients which, although
based on mean control atrophy rates and dividirey dbhort equally, are relatively
arbitrary. In fact the 95% CI for the atrophy ratecontrol subjects was -0.25 to 0.11,
which spans atrophy rates included in the interatedatrophy group (B), suggesting that
a significant proportion of CIS patients have cesklbsses over one year that are within
the control range. Those subjects with rates oaitfiits range (group C) have much
higher rates of conversion to MS at five yearss lalso likely that pathology occurring
after the one year observation period in subjews fgroups A and B will influence
whether patients develop MS. This illustrates @ltough brain atrophy rate may be a
significant independent risk factor for progressitin MS, it would be difficult to
incorporate this indicator for diagnostic purposas development of management
strategies. There is difficulty determining whah@mal and abnormal, and a continuum
of atrophy rates exists in CIS subjects that mag ahry depending on the measurement
technique, person measuring the atrophy and thenscaand acquisition. In addition,

pathology occurring beyond one year follow-up mamgtdbute to progression to MS.

Further investigation of the prognostic value dibratrophy rate in larger cohorts of CIS

subjects with longer clinical and MRI follow-up e be performed. In addition to the

small number of subjects included in this stude ithvestigation presented has several
limitations, some of which have already been mewtib Partly as a result of the small

sample size, it was not possible to include a langeber of explanatory variables in

relation to subsequent MS diagnosis. Larger, pasestudies would have the power to

investigate additional MR, clinical, demographiaagenetic factors that may aid in the
prognosis for patients presenting with a CIS. Atke,log-rank test showing a significant

relationship between atrophy rate and the suntirred does not provide a comparison of
the total survival experience of the three groups, rather gives a comparison at an
arbitrary time-point (in this study the median suaV time). In addition, the survival
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analysis included subjects who had been diagnoséd MS during the first year of
follow-up, when measurement of brain atrophy hadnbeerformed. However it is
impossible to measure brain atrophy rate priorltwical presentation, and excluding
those patients who converted during the first yg&kely to bias the results. Therefore as

this experiment was exploratory it was felt thapatients should be included.

Although clinical follow-up was extended to fiveays in this study, the time during
which there is the highest probability of develapiS, of the 13 subjects remaining
clinically isolated at follow-up, some could stifogress to MS. In a 14 year follow-up
study of 71 CIS patients, amongst those with a mabbaseline MRI scan who converted
to clinically definite MS, the median time to demement of MS was 7.5 years (range 5 to
11 years) (Brexet al, 2002). However that study found that approximya@8% of
patients overall had developed MS at follow-up, alhis a similar proportion to that
found at follow-up in this study (65%). In contraat 10 year follow-up study of 102
subjects presenting with optic neuritis found tit risk of progressing to MS was only
42% after 10 years (Ghezet al, 1999). Obviously it cannot be concluded with any
certainty that of the patients remaining stablfvat year follow-up in this study few will
progress to MS at a later date, as the cohortsliiezent and MS is a heterogeneous
disease, but these studies might be considerecstingg that the majority of patients in
this study who are going to progress to MS haweadly done so.

In conclusion, the findings in this investigatiamdicate that initial brain atrophy rate
following presentation with a CIS could be an addal prognostic factor in patients
presenting with a CIS. These results need to bdrowed in bigger cohorts with longer

clinical and MRI follow-up.

9.3 Investigation into the predictive value of brain atophy rate for clinical
disability in patients with relapsing remitting multiple sclerosis

9.3.1 Introduction

Many studies previously investigating the assommtbetween brain atrophy and

subsequent disability may have been limited by @ness-sectional study design

(Calabreseet al, 2007a; Charcet al, 2002b; Filippiet al, 1998; Geet al, 2001;

Quarantelliet al, 2003), or short clinical follow-up which coul@Ve been insufficient to

detect a significant change in disability using ED&ores (Gasperiet al, 2002; Luks

et al, 2000). This may explain the weak or absent @&tsocs observed between atrophy
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and disability in RRMS (De Stefaret al, 2003; Linet al, 2003; Lossefet al, 1996;
Luks et al, 2000; Lycklama & Nijehokt al, 1998; Rovarist al, 2003). Associations
between changes in global or regional brain voluares concurrent changes in EDSS
score have also been mixed (Audeinal, 2006; Audoinet al, 2007c; Kalkerst al,
2002; Rudicket al, 2000). Several reasons have been suggestedhdse tfindings,
including that brain atrophy may not immediatelgddo changes in disability, that there
may be a threshold of neuroaxonal damage beforehwtiisability is not clinically
apparent, that cortical reorganisation may limitnichl manifestations, and that
neuroaxonal damage may occur in clinically silengiaa. It has also been suggested that
the EDSS may be too heavily weighted towards maigability, it is insensitive to small
amounts of change and is subject to high inter-ketaability (Noseworthy, 1994).

Longer clinical follow-up studies have greater pigd to determine relevant associations
between brain atrophy and subsequent developmentdigdbility. Inclusion of
longitudinal measures of brain atrophy, as opptés@toss-sectional volumes, may allow
additional associations to be seen. Furthermorgy NS rating scales have been
developed, including the MSFC (Cuttgral, 1999), which is thought to provide a more
sensitive measure of clinical disease progresdiam the EDSS (Cuttezt al, 1999;
Hobartet al, 2004). A study in 2001showed MRI measures oinbfd and T2 lesion
loads to correlate significantly with MSFC scores ot EDSS scores in a large group of
relapse-onset patient (Kalkezs al, 2001b). The MSFC is comprised of three objective
and quantitative tests: leg function/ambulatiom/@and function, and cognitive function,
and standardised z-scores are used to relate adud’'s performance to the average

performance in the population.

The aim of this study was to investigate the retethip of annual atrophy rate early in the
course of RRMS to the development of disabilityfibg year follow-up, as measured by
the MSFC, and investigate whether brain atrophyhimigxplain subsequent clinical

disability better than established MRI measurdeadl inflammation.

9.3.2 Methods

Subjects and MR imaging

Twenty-five subjects (six males) with RRMS werentiiied from the total cohort of 41
subjects enrolled in a longitudinal clinical and M&tudy (Chapter 3.1.2). All subjects
had been recruited within four years of symptomeorisiedian 1.7, range 0.5-3.8), and
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had been assessed at baseline, one year and &irse pedian EDSS at baseline was 1.5
(range 0-2). Mean follow-up time was 5.0 years (B#2) when mean age was 42.1 years
(SD 7.5) and mean disease duration was 6.9 yeBxd (. Seventeen patients were on
disease-modifying treatments at follow-up. At bemela coronal T1-weighted three-
dimensional inversion recovery prepared FSPGR, awdifjhted CSE and a FSE
sequence were acquired using the sequences outiiri@ohpter 3.3.2. The T1-weighted
three-dimensional inversion recovery prepared FSR@&Rrepeated at approximately one

year follow-up.

MRI analysis

T1- and T2-weighted lesion areas were identifiedtlom T1-weighted CSE and PD-

weighted images respectively, and contoured usisgl®age (Plummer, 1992) (Chapter
3.4.4) by a trained neurologist (W. Rashid). Annpefcentage brain atrophy rate was
determined from the baseline and one year T1-weijRSPGR images using SIENA,

according to the optimised method described in €ndp3.2.

Multiple Sclerosis Functional Composite score
The MSFC was administered at baseline and five fgdlaw-up as outlined in Appendix
2 (Cutteret al, 1999; Fischeet al, 1999). Z-scores at follow-up were calculatedhgsi

the baseline scores from the whole RRMS cohortIhag the reference population.

Statistical analysis

Univariate linear regression was performed to itigate linearity between each
independent variable (MRI and demographic factarg) the dependent variable (MSFC
z-score). Multiple linear regression analysis wasfggmed to determine significant
relationships between MSFC z-score and MRI or deapdgc variables, using a forward
stepwise procedure. A p-value of 0.05 was requioedh variable to be included in the
model and p-value of 0.1 was required to retainvér@ble in the final model. Predictor
variables investigated were baseline T1 lesion melubaseline T2 lesion volume,
baseline to one year atrophy rate, disease duragmat follow-up, interval (baseline to
five year follow-up), gender and treatment statussa year follow-up.

9.3.3 Results
Mean atrophy rate in the 25 subjects was -0.81%'y&8D 0.50). Mean baseline T1-
weighted lesion load was 1.30¢n(SD 1.28, range 0-3.75) and mean baseline T2-
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weighted lesion load was 6.84E(8D 4.64, range 0.86-19.61). Median EDSS at faary
follow-up was 2.5 (range 0-6) whilst mean MSFC arscwas -0.10 (SD 1.10, range
-3.13 to 1.16). Using forward stepwise linear regren, brain atrophy rate during the first
year of study, treatment status at follow-up andebiae T1 lesion volume were all
retained in the final model as significant indepamdoredictors of MSFC z-score at five
years (Table 9-1). T2 lesion volume, disease duratage at follow-up, interval and
gender were found not to be significant indepengeadictors of MSFC z-score at five
year follow-up (Table 9-1). For each 1% y&amcrease in atrophy rate, MSFC z-score
decreased by 1.03 (95% CI 0.38 to 1.69, p=0.008)il&@ly, when on treatment MSFC z-
score decreased by 1.01 (95% CI 0.31 to 1.70, pZD.0For each lchincrement in
baseline T1-weighted lesion volume, MSFC z-scoadsed by 0.29 (95% CI 0.031 to

0.54, p=0.030). The final model accounted for 58%ne variance in MSFC z-score.

Table 9-1Crude and adjusted regression coefficients for pahelent variables entered

into a linear regression analysis looking at asstion with MSFC z-score.

Predictor variable Effect on MSFC z-score
Univariate regression Adjusted regression

coefficient (f), (95% ClI) coefficient (f), (95% ClI)
Baseline T1 lesion volume -0.32 (-0.66, 0.023) -0.29 (-0.54, -0.031)
(cnt) p=0.066 p=0.030
Baseline T2 lesion volume  -0.033 (-0.13, 0.068) 0.084 (-0.095, 0.26)
(cnt) p=0.502 p=0.339
Brain atrophy rate 1.07 (0.24, 1.90), 1.03 (0.38, 1.69)
(% year') p=0.014 p=0.003
Disease duration 0.24 (-0.13, 0.60) 0.12 (-0.16, 0.41)
(years) p=0.189 p=0.377
Age at follow-up -0.0031 (-0.067, 0.061) 0.017 (-0.031, 0.034)
(years) p=0.921 p=0.474
Interval baseline to 5 years 0.37 (-0.12, 0.86) 0.28 (-0.093, 0.65)
(years) p=0.133 p=0.134
Gender 0.29 (-0.79, 1.38) -0.41 (-1.21, 0.39)
(male vs female) p=0.579 p=0.300
Treatment status -1.19 (-2.05, -0.34) -1.01 (-1.70, -0.31)
(no DMT vs DMT) p=0.008 p=0.007
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9.3.4 Discussion

This investigation has provided evidence that ba#iaphy rate early in the course of MS
(within four years of symptom onset) is signifidgntelated to subsequent disability
measured by the MSFC. In addition, the volume ofwElghted lesions, which are
thought to be the result of severe focal tissueatdmnwas also a significant independent
predictor of disability five years later. Thesediimgs are important in the search for valid

markers of disease progression in MS and undeis@déease mechanisms.

One of the strengths of this study was that patibatl a relatively long clinical follow-
up, and had been recruited into the study withur fgears of symptom onset. Partly
because of the mixed correlations between atropkydssability over shorter follow-up
periods, it is thought that effects on disabilitgyriag relative to changes in rates of brain
atrophy. Studies such as this one, which includegdo patient follow-up may aid in
establishing the relationship between brain atrophg permanent disability. One such
long-term follow-up study of 138 RRMS patients whed taken part in a treatment trial
of beta interferon, found that brain atrophy duritig original two year trial was
significantly correlated to MSFC at eight year datup (r=0.35). Moreover, in a logistic
regression analysis, brain atrophy during the oalgitwo year trial was a significant
predictor of patients having an EDSS greater thaagoial to six (Fisheet al, 2002).
However the patients had longer disease duratidnlarger lesion volumes at baseline
than the cohort investigated in the current stwdyich suggests that even an increased
atrophy rate early in the course of the disease beayelevant to future disability. A
recent study published in 2007, investigating pasgievith a disease duration of less than
two years, found that atrophy rate over approxitgdteo years was significantly related
to MSFC score at follow-up (Jaspeetal, 2007c).

The findings in a six year follow-up study of 55 KRR patients who had been enrolled in
a two year trial of interferon beta-1a were simitathis study, in that T1 lesion volume at
baseline was a significant predictor of the changgisability over the six years (Paolillo
et al, 2002). However in contrast to the current stidd¥y)esion volume at baseline was
also a significant predictor of the change in digglwhilst atrophy was not. That study
utilised the EDSS as a measure of disability, whistalready mentioned may be subject
to interater variability, and therefore may to soesdent explain the difference in
findings. The difference may also be because lataophy was measured using the CCV
which, as has been shown in Chapter 6.3, may noasheensitive or precise in
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measurements as SIENA. Inconsistencies in the iaisocof atrophy with disability due

to differences in the atrophy measurement technipve been seen in other studies. A
four year investigation of 20 patients with RRMS31d8 patients with SPMS showed no
significant difference in the change in EDSS ovés fferiod between subjects classified
with brain atrophy and those without brain atropfiyrner et al, 2003). However

significantly greater disability was observed ire thame patients classified as having
ventricular enlargement compared with those whonditl— this discrepancy suggests a

difference in the sensitivity of methods.

In contrast to the current study, several invesbga have shown that T2 lesion volume
correlates with or is predictive of EDSS. In 142NRR patients taking part in a trial of
glatiramer acetate, a correlation was observeddstw 2 lesion volume at baseline and
EDSS approximately six years later (Rovatsal, 2007). A smaller study that included
patients with both RRMS and SPMS found baselinde§ibn volume was predictive of
EDSS deterioration at a follow-up of approxima#ly years (logistic regression analysis
of stable versus sustained increase in EDSS) (Roeaal, 2003). Baseline T1 lesion
volume and atrophy rate measured over the firat gethe study using SIENA were not
significantly associated. An eight year follow-uptbe same patient cohort confirmed
baseline T2 lesion volume was a predictor of EDS$s&mng, and by this stage T1
lesion volume was also a significant independertliptor (Agostaet al, 2006). That
baseline T1 lesion volume became predictive of ER8&ening at a later stage may be
further evidence of a delay between permanentdiseimage and disability. Although
brain atrophy remained a non-significant predidbEDSS worsening in the eight year
follow-up study, analysis included changes in BRFVMF and WMF. Again, the
discrepancy in results with the current study cobkl because different atrophy
measurement techniques were used and the fad&E@i&® was utilised as the measure of
clinical disability.

Interestingly, it was observed in this analysig hatients who were on disease-modifying
treatments had significantly worse disability meaduby the MSFC at five year follow-
up. This is likely to be because patients who hadoge aggressive disease course were

placed on treatment, rather than that treatmentaasing increased disability.

Limitations of this study should be noted. Firstjthough the MSFC is thought to be a
more sensitive marker of clinical disability thather clinical scales, including the EDSS,
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it may still be subject to error and it is diffitlo determine the actual amount of
permanent disability that a patient has accumulate of the primary reasons for
investigating markers of disease progression i$ glahology may be occurring in
clinically silent locations, and therefore ratirgaes and MRI markers measure different
manifestations of MS and are unlikely to correlaepletely. A further limitation of the
study is that the MSFC had been administered igetlpatients at approximately six-
monthly intervals for three years prior to the fiyear follow-up assessment. Practice
effects, particularly with regard to the PASAT ntagrefore have influenced the MSFC
score to some extent. Also, it was not possibléntestigate other clinical and MRI
variables that may be related to subsequent digalsiich as relapse rate and quantitative
measures from DW-MRI. This was in part due to thmals sample size which did not
allow the inclusion of many more variables in tlegression model. This study did not
investigate concurrent changes in atrophy and ilityadither, which has been presented
in some studies previously (Fishetr al, 2000; Rudicket al, 2001), and may help to
further elucidate the relationship between brampdty and disability. Investigation of
associations between regional brain atrophy ratessaores of localised function may

also aid in this endeavour (Calabresal, 2007a).

In conclusion, these results provide further evigethat neuroaxonal damage is a cause
of permanent disability in MS which may precedaickl manifestations, and that brain
atrophy may be a good marker of that damage amdlthef disease progression. MRI
measures of disease activity in the early yeathetlisease appear to be important in the
long-term prognosis for disability in MS patientsirger studies and investigation of the

associations of atrophy and disability in prognes$i1S need to be performed.

9.4 Investigation into the predictive value of brain atophy rate for cognitive
impairment in patients with relapsing remitting multiple sclerosis

9.4.1 Introduction

As described in Chapter 2.6.2, cognitive impairmsritnown to occur in patients with

MS. It is thought that between approximately 40-60PAS patients exhibit cognitive

impairment (Achiron & Barak, 2003; Rab al, 1991), and subtle cognitive changes have

been detected in subjects presenting with a CI8il(€eet al, 2007) and subjects with

early RRMS (Amatcet al, 2001; Deloireet al, 2005). Deficits in attention, speed of

information processing, working memory and verbal asisuospatial memory are

commonly observed (Amatet al, 2001; Benedicet al, 2005; Benedicet al, 2006;
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Deloire et al, 2005; Lazeroret al, 2006). These deficits may significantly impacat o
daily living in relation to both occupational anacgl functioning. Cognitive impairment
is progressive over the course of the disease afiditd may extend to additional

domains and functions over time (Amatoal, 2001).

Associations between global and regional brain meisi and cognitive dysfunction have
been shown in cross-sectional studies (Anet@l, 2004; Christodouloet al, 2003;
Sanfilipo et al, 2006). Moreover brain atrophy has been showactmunt for greater
variance in cognitive functioning than lesion burde cross-sectional studies (Benedict
et al, 2004; Lazeromt al, 2006). However some cross-sectional studies havvehown
significant associations between cognitive impammand MRI measures of disease
burden (Achiron & Barak, 2003; Deloiret al, 2005). The true relationship of brain
atrophy and cognitive changes need to be explarddeir through longitudinal studies.
Little is known about the ability of MRI parameterscluding early brain atrophy, to
predict the development of specific cognitive d&fiddentification of patients who might
go on to develop such deficits may aid in the stregof patients and provide a rationale
for administration of disease-modifying therapy,ilgthn addition allowing management
strategies to be developed, and support for indalighatients. This study explores the
value of MRI parameters obtained at baseline irdiptieg cognitive impairment in

specific domains five years later.

9.4.2 Methods

Subjects and MR imaging

Of the initial 41 patients with RRMS (Chapter 3)1.34 subjects had returned for
cognitive assessment at five year follow-up. Manhiviey tests showed no significant
differences between subjects that returned for itwgrassessment and those that did not
in age at onset, disease duration, EDSS at fivefgaw-up, baseline lesion volume, or
brain atrophy rate during the first year of follayw- Of the subjects that returned for
cognitive assessment, 26 (six male) had baselidecae year follow-up MRI scans
available for atrophy measurement. Subjects had besuited within four years of first
presentation. At baseline, mean age was 37.2 y8&¥.5), mean disease duration was
2.0 years (SD 0.8) and median EDSS was 1.5 (rargje At baseline and one year
follow-up assessment a coronal T1-weighted threeedsional inversion recovery
prepared FSPGR, a Tl-weighted CSE and a FSE sexjwegre acquired using the
parameters outlined in Chapter 3.3.2.
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MRI analysis

Annual percentage brain atrophy rate over the fiestr from baseline assessment was
determined using SIENA on T1l-weighted coronal FSP@mRges, according to the
optimised method described in Chapter 5.3.2. T1- B2dveighted lesion areas were
identified on the baseline T1-weighted CSE and Rilghited images respectively and
contoured using Dispimage (Plummer, 1992) (Ch&pter) by a trained neurologist (W.
Rashid).

Clinical and neuropsychological assessment
At five-year follow-up, self-reported symptoms oixeéety and depression were rated with
the Hospital Anxiety and Depression Scale (HADS)ai$h & Zigmond, 1986). A score

of 11 or above was used as a cut-off point for Isothscales.

A neuropsychological test battery was administexetive year follow-up by a trained
psychologist (M. Summers) and the following cogr@tdomains were assessed:

(i) General intellectual functioningias assessed with a shortened version of the \ldechs
Adult Intelligence Scale — Revised (WAIS-R) (Weehsl1981) and measures of verbal
(vocabulary, digit span, arithmetic and similastisubtests), performance (picture
completion, picture arrangement and block desigbtests) and full-scale 1Q were

obtained. Optimal premorbid intellectual functiagpiwas estimated using the National
Adult Reading Test (NART) (Nelson, 1982). The diéiece between the NART IQ and

the WAIS 1Q was considered an index of IQ changg¢ieRts with measures of current IQ

15 or more points below premorbid estimates wensidered to have IQ decline.

(i) Verbal and visual recall memorwere assessed using the story and figure recall
subtests of the Adult Memory and Information Preaes Battery (AMIPB) (Coughlan &
Hollows, 1985). In the story recall subtest, pgraats are asked to freely recall a short
story immediately after presentation and againr &t80-minute delay. The score is the
number of correctly recalled story segments, oud ofiaximum 56. In the figure recall
subtest, participants must copy a complex figutentre-draw it from memory
immediately, and after a 30-minute delay. The si®rthe number of correctly drawn

design elements, out of a maximum 80.
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(iii) Attention/speed of information processinwgre assessed with the PASAT (Sampson,
1956) and the Symbol Digit Modalities Test (SDMT)mi8, 1982). In the PASAT,
subjects have to add successive pairs of digitsiwduie presented aurally at three second
intervals. The score is the number of correct &mthf out of a maximum 60. In the
SDMT, subjects have to transcribe single digitsnfreymbols according to a visually

presented key. The score is the number of digit®ctly transcribed in 90 seconds.

(iv) Executive functioningvas assessed using the Spatial Working Memory ($WM
subtest of the Cambridge Neuropsychological Testoated Battery (CANTAB)
(Sahakian & Owen, 1992), the Hayling Sentence Cetignl Test (Burgess & Shallice,
1997) and the Brixton Spatial Anticipation Test (§ess & Shallice, 1997). In the SWM
subtest, participants search for tokens in an aofalgoxes (four-, six- and eight-box
arrays) presented on a computer monitor, remengand avoiding locations where they
have already found a token. The number of timescgaants return to a location where a
token has been found during an earlier searcheigttor score. A strategy score is also
given, which is a measure of search pattern camggt with a lower strategy score
indicating a more efficient search strategy. Thglidg sentence completion task consists
of two parts. Part one measures verbal responseragem, where participants must
complete a sentence with an appropriate word, aad fwo measures response
suppression, where participants must complete tersem with an unconnected word,
suppressing connected response words. The sabeeved from a composite of response
times for each item in parts one and two and thabms of errors (connected word
responses) made in part two. Longer response amesnore errors yield a lower score.
In the Brixton test, participants are presentechveit 10-position array, in which one
position is marked by a filled circle. On subseduamsentations, the marked position
changes according to a pattern and participantsegrgred to guess which position will
be marked on the subsequent presentation, baseitheorurrent spatial pattern of

movement. The score is the total number of incbgaesses made.

Analysis of neuropsychological data

To determine whether patients were impaired in eamgnitive domain, patients’ raw
scores were compared with those from age-relat@dthlyecontrols in the published
literature, and converted into percentiles. Asribemative controls came from a variety
of educational backgrounds, cognitive impairmens wat adjusted for educational level.

Following standard practice, scores falling at etotv the &' percentile of published
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norms were considered impaired. The total numbeesi$ failed (i.e. performance at or

below the & percentile of published norms) was also determfoedach patient.

Composite and domain-specific z-scores were olaimeorder to analyse associations
between MRI parameters and neuropsychological pedoce. For each test score, mean
and standard deviation was calculated for the #&mia, allowing each patient’s score to
be expressed as a z-score, referenced againstpatiemts’ performance. Z-scores from
measures of 1Q deficit were averaged to produd&atteficit z-score (such that a smaller
IQ deficit constituted a higher z-score). Likewigescores from all memory, attention and
executive function tests were averaged to produeenony, attention and executive
function z-scores respectively. These z-scores aareaged for each patient to produce a

composite z-score in which each cognitive domais agually weighted.

Statistical analysis

Multiple linear regression analysis was performedi¢termine significant relationships
between cognitive performance and MRI variablese Buthe small sample size in this
study and the large number of demographic andcelinvariables, univariate linear
regression analyses were performed for each varaid only those that were significant
were retained for the multivariable model. The afles considered were disease
duration, age at follow-up, interval (baseline iteefyear follow-up), gender, medication,
years of education, EDSS at follow-up, premorbicalf@ anxiety and depression ratings.
Significant variables were retained and entered the multivariable linear regression
using a forward stepwise procedure with the MRIdmter variables which included
baseline to one year brain atrophy rate, and lesé&ll and T2 lesion volumes. A p-value
of 0.05 was required for a variable to be includethe model and p-value of 0.1 was

required to retain the variable in the final model.

9.4.3 Results

At five year follow-up mean age was 42.2 years {Sb), mean disease duration was 7.0
years (SD 1.2) and median EDSS (based on onlyl#éds) was 2.5 (range 0-6). Fifteen
patients were on disease-modifying treatment aadrtban interval between baseline and
follow-up assessments was 5.0 years (SD 0.9). Tamnis were not rated with the
HADS, whilst three patients did not complete theRIAand consequently 1Q deficit
could not be established for these subjects. Avvielip, the HADS scores were above
the threshold for depression in one patient and@bwe threshold for anxiety in six.
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In the 23 subjects in whom premorbid IQ was esthblil, seven (30%) showed 1Q
decline from premorbid estimates in at least onem@asure (five verbal 1Q, five
performance 1Q, four full-scale 1Q). Scores foriindual neuropsychological tests and

the number of subjects impaired at five year folggvare shown in Table 9-2.

Table 9-2 Standardised neuropsychological test scores and beuwsnof patients

impaired at five year follow-up.

Test Mean (SD) Range | Impaired | Composite
z-score
(mean)
General Premorbid full-scale IQ | 108.6 (10.1) 86-124 0/23 2 1151
intelligence | Fyll-scale 1Q deficit 8.8 (6.8) -5-22 4/23
Memory Story recall: immediate 36.6 (8.2) 19-53 0/26
(max 56)
Story recall: delayed 34.1(9.5) 18-53 0/26
(max 56)
(Fr:?:xr(; (c):;)py 78.1(2.5) 70-80 0/26 4.01x10°
Figure recall: immediate| 61.2 (14.3) 28-80 1/26
(max 80)
Figure recall: delayed 60.0 (13.2) 38-80 0/26
(max 80)
Executive | SWM: within-trials error 3.5(4.8) 0-16 2/26
function | SWM: strategy 33.2(7.2) 8-42 0/25
Hayling test: overall 17.4 (3.1) 6-21 0/25 2 31x10°
score (max 23)
Brixton test: errors 14.4 (6.1) 3-29 2/25
(max 54)
Attention PASAT 3 46.5 (15.0) 0-60 3/26
(max 60) 1.50x10°
SDMT 46.4 (10.8) 23-65 6/26
Overall cognition -0.021

PASAT, Paced Auditory Serial Addition Test; SDM/misol Digit Modalities Test; SWM, Spatial Working

Memory.
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Mean atrophy rate in the 26 subjects was -0.81%y¢8D 0.50). Mean baseline T1-
weighted lesion load was 1.51¢n(SD 1.63, range 0-6.62) and mean baseline T2-
weighted lesion load was 7.348(SD 5.40, range 1.42-21.3).

Of the demographic and clinical variables, gendes vassociated with 1Q deficit,
premorbid 1Q was associated with tests of attengiod executive function, and anxiety
rating was associated with executive function. gsimultiple regression, brain atrophy
rate in the first year from baseline was retaimethe final models as the only significant
independent predictor for memory z-score and olveranitive z-score. For each 1%
year' increase in atrophy rate, memory z-score decrdag@d65 (95% CI 0.09 to 1.20,
p=0.024) and overall cognitive z-score decreased By (95% CI 0.15 to 0.96, p=0.009).
Brain atrophy rate accounted for 16% and 22% ofvireance in memory and cognitive
z-scores respectively. Baseline T1 lesion volumes wee only significant predictor
retained in the model for attention z-score. Fahekcnt increase in T1-weighted lesion
volume, attention z-score decreased by 0.21 (95%.@3 to 0.38, p=0.021). IQ deficit

and executive function were not significantly poteld by atrophy rate or lesion volumes.

9.4.4 Discussion

This study has demonstrated that a higher braoplayr rate early in the course of the
disease is associated with lower scores on testogfition in patients with RRMS.
Specifically, a higher brain atrophy rate was fouadbe an independent predictor of
overall cognitive functioning and memory impairmentaddition, T1 lesions were found
to be an independent predictor of performance skstaf attention. These results were
found even when clinical and demographic variahke$ been taken into account and are
unlikely to have been influenced by the educateel of subjects, as years of education

and premorbid 1Q were included as variables.

At five year follow-up the patients included inghnvestigation demonstrated only subtle
cognitive deficits and very few patients were cdased impaired on individual tests.
There are several possible reasons for this. ¥itske patients included in this study were
at an early stage of their disease when cogniteserve, functional and structural
plasticity, and brain reorganisation may limit citiye symptoms (Audoiret al, 2007b).
Other studies have shown cognitive function to ke ywreserved in groups of RRMS
patients with longer disease durations than thaggests investigated in this study
(Olivareset al, 2005; Schwicet al, 2007). It has also been suggested that MS psitien

221



may perform similarly to control subjects in testdich assess the accuracy of
performance rather than the time taken to comple¢etask (Achironet al, 2007;
Lazeronet al, 2006). Most of the test scores in this studythivihe exception of the
PASAT, SDMT and Hayling tests) were not time-limditand therefore may not have
identified subtle changes. In addition, there mayehbeen a bias in the patients who
returned for cognitive testing at five years. ltligely that subjects who were more
impaired would be less likely to return or agreectmnitive testing. Four patients in
whom baseline lesion volumes and first year braiophy rate could be quantified did
not have cognitive assessment at five year follpnand were therefore not included in
the study. Of these patients, three were unalbtenee in for testing due to disability and
it is likely that these patients had worse cognitidlthough no significant difference in
disability was found between those subjects thatrmed for cognitive testing and those
that did not, this analysis may have been limitgdhe small numbers of patients who did

not return for assessment giving the analysis dichgower.

Despite the minimal impairment in most subjectsi¢iwhreduced the power to determine
an association), this study found that brain atyopdte was the only independent
predictor of overall cognitive test score at fiveay follow-up, when taking into account
clinical and demographic variables and, importantty and T2 lesion load. This finding
supports the idea that whole brain atrophy is dagmal measure of diffuse damage
including cortical neuronal loss. It also suppdfte hypothesis that brain atrophy is a
relevant marker of the disease that may aid in taong the progression of disease and
predicting future disability. Moreover, and perhapsprisingly, T2 lesion volume was
not predictive of any of the composite cognitiveores. This implies that diffuse
neuroaxonal damage plays a more important roleturd disability in MS than T2 lesion
volumes. Arguably lesion volumes are measures @l ftvransient damage which do not
take into account longer term global pathology.

Interestingly, T1 lesion volume, not brain atroptaye, was found to be predictive of
deficits in attention and information processingesh Patients were most commonly
impaired on tests in this domain, in agreement wr#vious studies showing deficits in
this area early in the disease (Achiron & Barald20-euilletet al, 2007; Olivare®t al,
2005). Long axonal fibres connecting cerebral negjiare contained within the WM and it
is thought that demyelination leads to slowingha speed of neuronal conduction. This
could explain the predictive value of T1 lesiongalibare considered to represent chronic
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demyelination and tissue damage. It may be that Wiphy rather than T1 lesion
volume or whole brain atrophy could be a bettedister in this domain, as diffuse
pathological changes are taken into account in rea aore relevant to deficits in
processing speed. A cross-sectional study hasquayifound that WM volume was the
best predictor of mental processing speed and nwgrkiemory (over GM and lesion
volumes) in a group of 40 MS patients (Sanfilgtoal, 2006). Area of the CC has also
been associated with deficits in information preaes speed (Liret al, 2007; Pelletieet
al., 2001; Raoet al, 1989). Furthermore, studies have found venaicudize and
enlargement to be associated with performancesiPKSAT and SDMT (Benediet al,
2002; Benedicet al, 2006; Christodouloet al, 2003; Jaspersst al, 2007c), and it has
been hypothesised that this ventricular enlargensedtue to damage of periventricular
WM tracts. In one study, the BPF was only signifita associated with cognitive
performance when third ventricular width was exeldiffom the analysis (Benedgital,
2004).

Only one patient was considered impaired on tefstsemnory but it has been suggested
that memory may be one of the earliest cognitivaalas to be affected in MS (Amagbd
al., 2007; Christodouloet al, 2003; Deloireet al, 2005; Feuilleet al, 2007; Piragt al,
2003). Performance on the memory tests was signifi¢ predicted by brain atrophy rate
in the first year from baseline. Functions medidtgdvidely dispersed cortical regions,
such as memory, are likely to be related to glatmatical damage and disruption of
connections between cortical associative areascartttal/subcortical structures. Brain
atrophy is a global measure and so subjects witlespread atrophy are more likely to
have cortical dysfunction in multiple areas. MRlidses have shown GM and cortical
volumes to be correlated significantly with verb@mory (Amatcet al, 2004; Benedict
et al, 2006; Portacciet al, 2006; Sanfilipcet al, 2006). At a more focal level, lesions
have recently been shown to occur frequently withenhippocampus, a structure thought
to play an important role in memory function (Gewet al, 2007; Roosendaat al,
2008).

Over a quarter of patients showed significant I@lide in at least one IQ measure, but
this was not predicted by any MR measure. Howevemprbid IQ was shown to be
related to scores in tests of attention and infdionaprocessing speed, and executive
function which may be evidence of cognitive resesgehas been observed in previous
studies (Corrakt al, 2006). Similarly to 1Q decline, performance &sts of executive
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function was not predicted by any MR measure. Haretigh anxiety ratings were

associated with poorer executive function. Incréaseiety may use available cognitive
capacity in this domain, thus lessening capacitynone demanding tasks. It may also be
that impairments in these areas generally takeelotggmanifest and that impairment is

related to many years of pathological damage.

Despite the significant predictive value of brainophy rate and T1 lesion volume in
certain cognitive domains, they explained only alsproportion of the variance in test
scores at five year follow-up. This may be due dwesal factors. Firstly, as already
mentioned, cognitive reserve and structural andtfonal reorganisation may alter the
relationship between brain damage and cognitiveopaeance. Secondly, it is likely that
the location of pathology will affect the cognitieeanges observed. Therefore, regional
measures of atrophy may be more sensitive in gregicognitive deficits in certain
domains. Cross-sectional studies found that measdremporal lobe atrophy accounted
for more variance in tests assessing verbal antikpaemory dysfunction than whole
brain atrophy (Benedictt al, 2005), and that superior frontal lobe atrophgdpmted
impairment in verbal learning, spatial learningteation and conceptual reasoning
(Benedictet al, 2002; Locatelliet al, 2004). These results were corroborated recemtly i
the first study to investigate associations betweegional GM volume and
neuropsychological function (Tekok-Kiliet al, 2007). It found that left frontal GM
atrophy was associated with tests of verbal meminist right frontal GM atrophy was

associated with impairment in visual and workingmoey.

A limitation of the current study is the small sdenpize and the results of this study need
to be confirmed in larger cohorts of patients. Thil also allow the inclusion of other
clinical and MRI criteria which may be importantedictors of future cognitive status,
such as relapse rate or measures from other MRItmegldn addition, these patients did
not have baseline cognitive assessments, whichdwvbabe allowed a more precise
assessment of cognitive deterioration and assogiaif the development of cognitive

impairment with early MRI markers of disease.

In summary, these results suggest that early btaphy rate may be predictive of future
cognitive deficits in patients with RRMS. It appedo be a more relevant indicator of
prognosis than MRI measures of T2 lesions, as tw@gnperformance requires the
integrity of functional networks between differdmain areas. However, the individual
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predictive value of GM, WM and regional atrophyesafor future cognitive impairment
need to be determined. This could allow identifaatof patients early in the disease
course who are most likely to develop cognitivebems that may impact on daily
living, and as such allow preventative and suppttegies to be established prior to

significant impairment.

9.5 Chapter conclusions

This chapter has investigated the relationship rainbatrophy early in the course of
disease to the future development of clinical diggland cognitive impairment in CIS
and RRMS. Mean brain atrophy rate is significamiyreased from clinical presentation
in subjects who are later diagnosed with MS, wilghose who remain with a clinically
isolated syndrome it is close to zero. This findswuggests that brain atrophy may be
occurring prior to clinical presentation and thedib atrophy could be used as a marker of
disease progression from the very earliest stafjdsease. Whilst this study confirmed
that the presence of T2 lesions at initial clinipaésentation is highly predictive of
whether a subject will be diagnosed subsequently MiS, brain atrophy rate during the
first year after presentation was found to be iedelently predictive of the risk of a
diagnosis of MS at five year follow-up. This higifits the relevance of brain atrophy to
clinical progression and prognosis, but it is premeato suggest that brain atrophy could

be used for diagnostic purposes in individual pdsie

This chapter has also shown that brain atrophy eatrty in the course of relapsing
remitting disease is predictive of disability ratedthe MSFC, and cognitive impairment.
This is further evidence that neuroaxonal lossyeiarlthe disease course is of clinical
relevance. As such, these results confirm the itapoe of brain atrophy measurements
as a marker of disease progression. However |diofjew-up studies are required that
include more patients, to explore in more detaalrélationship of brain atrophy and other
MR markers of disease to clinical disability andymtion. These studies may help to

elucidate the mechanisms relating pathology, MRkerarand clinical disability in MS.
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10 Thesis conclusions

This thesis investigated the application of a wiglege of image analysis techniques for
measurement of brain atrophy, and their relativenqit@l to monitor disease progression
and assess therapeutic efficacy in MS. Despitee@sing application of brain atrophy as
an outcome measure in trials of putative diseasgHgiog treatments for MS, the most
appropriate technique for this purpose has not lestablished. It may be that different
techniques have value in different cohorts or wdifierent acquisitions and clinical
questions. However given that there are a numbpotaitial measures it would be worth
optimising and comparing techniques for possibkeinscommon clinical trial scenarios.
Furthermore, robust sample size calculations forgubrain atrophy rate as an outcome
measure have not been performed. The techniquestigated in this thesis range in their
methodology and automation, and include thosehaae previously been applied widely
to MS subjects and those that are novel in MS studi

The focus of this thesis was therefore to assesanbst powerful measures of brain
atrophy in CIS and RRMS patients who were earlyhien course of their disease and
typical of the subjects who would be included itufe treatment trials. Robust sample
size calculations were performed to determine timaber of RRMS subjects that would
be required for a placebo-controlled trial of agmbial disease-modifying treatment.
Lastly, this thesis evaluated the prognostic valuerain atrophy rate early in the disease

for future clinical disease progression.

10.1Assessment of brain atrophy measurement techniques

In order to assess the relative advantages andwdiseages of atrophy measurement
techniqgues a range of factors were considered dimguthe sensitivity, precision,
robustness, reproducibility and degree of opelafost required. Measurement error must
be minimised as it can reduce sensitivity to chapgeticularly when atrophy rates are
low, as they may be in the early stages of diseaseeatment effects small. With this in
mind, automated techniques that directly quantiirbatrophy following registration are
attractive. These techniques avoid quantificatibriorain volumes at serial time-points
when errors associated with obtaining each volunag tme additive. However such
automated techniques often consist of a seriesogkpses and the output of each need to
be examined carefully to ensure the general acguaad precision of the method. In

addition, these techniques may not allow for déferes in the appearance of images (e.qg.
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contrast), and selection of the optimal acquisiiod processing parameters for a specific
dataset may increase the validity of measurem&htsinitial part of this thesis focussed
on the assessment and improvement of brain atno@agures using two such automated
registration-based techniques, the BBSI and SIENM$ subjects.

Small, but significant amounts of intensity inhorangity between serial images acquired
using an identical acquisition protocol on the sacenner may occur during longitudinal
studies. Differential bias correction between $eneges appeared to increase intensity
homogeneity between them, and can significantlyege measurement precision by the
BBSI. Application of intensity inhomogeneity cortien on single images was also
described. Although the BBSI appeared to be rotaustmall amounts of inhomogeneity
within individual images, correction of this artefanay become more relevant as an
increasing number of MRI studies are performed Drs&nners and inhomogeneity may
be more prominent. Improvement of acquisitions rpteo BBSI atrophy quantification,
using fully automated processes that require mihwparator time, such as DBC, can
provide significant increases in statistical powsrggesting that these processing steps

should be performed routinely.

Application of the BBSI to two FSPGR sequences described. A small reduction in
the variance of measures was observed using theisdmmn with marginally larger
voxels. However this was non-significant and it waacluded that the BBSI was robust
to small differences in acquisition protocol. Ieingly, averaging BBSI measurements
obtained from the two FSPGR sequences increaseleit(ahon-significantly)
measurement precision. Averaging two volumetricgesahas been used in this thesis in
an attempt to increase the SNR and provide an irttegemay allow more sensitive and
precise atrophy measurement by the BBSI. This vebrdwed that despite increasing
SNR significantly, brain atrophy measurements weeimproved and it was concluded
that to benefit atrophy measurements significanthyages obtained using exactly the
same acquisition parameters, are required. Iniaddit may be that greater than two
images are necessary, and this would be impraatidghe context of large clinical trials.
Therefore, there was no strong evidence to suggesnefit from combining two scans at

each MRI session for atrophy measurement in a giedient.

Brain atrophy rates quantified by the BBSI can vaonsiderably depending on the
processing parameters used for analysis. Altetegiritensity window over which the
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BBSI is calculated, can increase brain atrophy oreasents. Although measurement
precision is reduced in association with this iaseg the changes are not proportional and
marginal gains in statistical power can be obtaimvever the best method by which to

assess the optimal intensity window needs to berméted.

SIENA is often applied to “two-dimensional” imag&gh limited resolution in one plane.
This thesis showed that high resolution three-dsimral images could be used for
reliable brain atrophy quantification and should domsidered for future brain atrophy
studies in MS. Accurate automated brain extractian be achieved on these images
when processing parameters are carefully selesfaitst manual editing was required on
images with lower resolution. The use of affineistgtion of a template brain mask to
high-resolution images, prior to atrophy quantiiima by SIENA, was shown to produce
results consistent with those obtained followinghaegation of subject-specific brain
masks. SIENA appears to be robust to small errothe initial brain extraction. This
technique has potential for future analysis ofrbetrophy in clinical trials, as generation
of brain masks does not rely on image contrastubjest positioning within the FOV.
Validation of the technique is required based difedint volumetric acquisitions to
determine the potential application of this metheakther work to assess ways in which
the accuracy of a template brain mask could be awgat should be performed, for
example non-linear registration of the templatdai@et images, or use of a template

library.

High resolution volumetric images may not only pdevan easier and more automated
means of initial brain extraction than “2D” imagdsjt a systematic bias in atrophy
quantification may occur on these two acquisitidrain atrophy may be underestimated
by SIENA on 2D acquisitions. However higher measwaet variability using volumetric

acquisitions resulted in the two sequences havinglas statistical power. Further

investigation of these findings in patients witleaper atrophy rates, and application to 2D
and 3D images acquired using different parametefi®m different scanners needs to be

performed.

Direct comparison of brain atrophy rates quantifisthg different techniques in the same
control and MS subjects highlighted some substadifferences in measurements. In
addition to being automated, it was determined that “direct” (registration-based)
measures of whole brain atrophy, SIENA and the BRBfalye significantly better
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precision of atrophy measurements than methodsdbase the segmentation and
subtraction of volumes at serial time-points. Atrppneasurements from the BBSI and
SIENA correlated well, although SIENA had marginathpre statistical power than the
BBSI. Another automated technique, SPM segmentatidmmain tissue fractions, showed
BPF and GMF to have the highest percentage voluraeges of all methods. Unlike the
other methods investigated, this method providemdaication of pathology in both GM
and WM, and as such is useful in increasing unaedstg of disease mechanisms.
However the technique was affected by high measememariability and was not as
robust or reliable as the other techniques, andnmach lower statistical power to track
atrophy. Automated segmentation techniques suclcR¥ may be limited by the
accuracy of tissue segmentation and the appeacdme@ges is more likely to affect the
performance of the algorithm than semi-automateginsatation methods that allow
manual adjustment of regions. Optimisation of asitjons for this technique could
improve the results and further work is requiredassess the value of other regional
atrophy measures that may be applicable for mongalisease progression in MS.

Measures of ventricular enlargement were an exaepto the generally inferior
performance of segmentation and subtraction methGdsnpared with whole brain
measures, the simple (no complex folding of gymghhcontrast boundary between brain
and ventricular CSF, and use of a standard inietisiéshold for segmentation, mean that
there are fewer subjective decisions about the demigs, and therefore segmentation is
highly reproducible and precise. Application of r@ypously untried method in MS, the
VBSI, was described to register local ventriculagions and automatically quantify
ventricular enlargement. It was found that there wa significant improvement in the
precision of measurement as assessed by compandosemi-automated segmentation
of regions, and underestimation of ventricular eg@anent at higher values was apparent.
Scan-rescan analysis showed it to be less reliable semi-automated segmentation and
subtraction of volumes, and with similar effectesizobtained by segmentation and the
VBSI, there was no evidence to suggest that the IV@®uld be used instead of

calculation of segmented ventricle volume diffeenc
Measures of CCV, which attempt to capture the chamgrurring in and around the

lateral ventricles, appear limited due to applaatiof this technique to “2D” CSE

acquisitions. Differences in slice selection andifaning, and possible problems with
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interpolation of low resolution images followinggistration, lead to poor measurement

precision and robustness.

To aid reliable quantification of brain atrophyeastimages should ideally be consistent
over time. Changes to scanner hardware and softvearéead to changes in images that
are incorrectly interpreted as brain volume chamgeome segmentation techniques that
are driven by tissue contrast. Altering methodoltmgygorrect for these changes in images
is one possible solution, but may not adequatelypamsate for scanner-related changes,
and it is impossible to know the true value thaiudth be obtained. Regular scanning of
control subjects allows changes over time, andethiekated to specific changes in MRI
hardware and software, to be determined. Regreasialysis provides a means by which
to estimate and correct for upgrade-related chaimgeslume. Future work could assess
registration based methods and histogram correafoscans combined with atrophy
measurement techniques that are driven less byudbsizsue contrast and may be more
robust to such changes in acquisitions.

10.2Sample size calculations

Sample size calculations for RRMS patients weréopmed for the techniques that had
been identified as the more effective techniquesni@asurement of brain atrophy,
namely SIENA, the BBSI and ventricular enlargemésging a sensitive and precise
measurement technique, brain atrophy rate coula lpgactical addition to outcome
measures in clinical trials for MS. The number dRNRS subjects required in each
treatment arm for a placebo-controlled trial of Geptial disease-modifying treatment
was estimated to be comparable to or less thanrdlgaired for studies using clinical
outcome measures, currently the gold standardHase 1l trials. SIENA was the most
powerful measure, with estimates that only 123exttbjwere required per treatment arm
to show a 30% slowing in atrophy rate over two ge@ver a two year trial no significant
difference in the number of subjects required waseoved between SIENA, the BBSI
and ventricular enlargement, but comparison wikksa precise measure of brain atrophy
(segmented brain volume difference) highlightedithportance of using a less variable
measurement technique. Reduced variability minisnise number of subjects that would
need to be exposed to treatments that may be atigeand have side effects, and reduce
the cost of clinical trials. The cost of a trialutth potentially also be reduced by shorter
follow-up intervals. However it was shown that sémgizes were significantly increased
with short trial duration. Furthermore, the meckanbf treatment needs to be considered
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to make sure that a delayed effect on diseasegssign is not overlooked due to a short

trial duration.

10.3Clinical findings

Throughout this thesis application of atrophy measient techniques to control subjects,
subjects presenting with a CIS and patients withViSRhave been described. Brain
atrophy is not specific for pathology and represemtnet (integral) effect. Transient
inflammation, remyelination and gliosis, amongstentfactors, may have a confounding
effect on brain atrophy measurements and futureliegsuneed to investigate the

relationship between brain atrophy and these qih#rological features of MS. Despite

this limitation, a comparison of atrophy rates amlyg RRMS subjects showed significant
differences in rates of whole brain and GM atrophpd expansion of the lateral

ventricles. When global brain atrophy was studieer dhree years it was concluded that
there was no consistent acceleration or deceleraticate, which might be expected in an
inflammatory disease particularly if there is afoamd of different treatment being taken

during the study, but longer MRI follow-up is rergd in order to confirm this finding.

This study showed clearly that brain atrophy redes increased from first clinical
presentation. Evidence of significantly increasatgs of atrophy in CIS subjects who go
on to develop MS relative to control subjects dmabé who remain stable was presented.
Subjects with higher brain atrophy rates from fjsésentation are at a significantly
increased risk of development of MS, and this mesasay therefore aid in the prognosis
of patients presenting with a CIS. The prognostici® of brain atrophy in CIS patients is
independent of that gained from the detection ofl@&ons on MRI at presentation.
Further investigation of the value of brain atropiayes in CIS patients needs to be

investigated in larger cohorts.

Evidence from the studies presented in Chapteggesied that rates of atrophy in early
RRMS were predictive of future disability and, innamtly, of deficits in cognition,
independent of the predictive value of MRI lesiopasures. Brain atrophy rate was a
significant independent predictor of disabilitydiyears later, as measured by the MSFC,
a measure of ambulation, arm/hand function and itognSubtle cognitive impairment
was observed in RRMS patients when cognitive tg@stias performed in subjects at five
year follow-up. Brain atrophy rate was found to the most significant independent
predictor of overall cognitive score and memorychion at follow-up. Future studies
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investigating regional brain atrophy and cognitideficits may reveal specific

associations that could more reliably predict fatcognitive impairment.

10.4Summary

Brain atrophy is a clinically relevant marker okese progression in MS. This thesis
investigates a range of brain atrophy measurenesftniques in MS. It shows that
techniques vary considerably in their sensitijiiygcision, robustness and reproducibility.
Choosing appropriate atrophy measurement technidues possible to reliably detect
treatment effects using brain atrophy as an outcaneasure. The possibility of
improving the reliability of these measures anddhg contributing to improved drug
discovery in MS is an important and feasible airasjpite a number of important caveats
and cautions it appears likely that treatments shatv atrophy progression, especially
over longer studies, may truly be reducing the léexgn burden of disability in this

devastating disease.
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Appendices

Appendix 1: Kurtzke Expanded Disability Scale
The Kurtzke Expanded Disability Status Scale (ED&Rirtzke, 1983) is a method of
quantifying disability in MS. The EDSS quantifiesability in eight functional systems

(FS) and allows neurologists to assign a functisgatem score in each of these.

The function systems are:

Pyramidal
Cerebellar
Brainstem
Sensory

Bowel and bladder
Visual

Cerebral

Other

EDSS steps 1.0 to 4.5 refer to people with MS wieofally ambulatory, and the precise

step is defined by the functional system scores. &£EB8ps 5.0 to 9.5 are defined by the

impairment to ambulation.
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Score Description

0

1.0
15
2.0
2.5
3.0
3.5
4.0

4.5

5.0

55

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5
10.0

Normal neurological examination (all grade 0 8) F

No disability, minimal signs in one FS.

No disability, minimal signs in more than orie F

Minimal disability in one FS.

Mild disability in one FS or minimal disability two FS.

Moderate disability in one FS, or mild disapiln three or four FS. Fully ambulatory.
Fully ambulatory but with moderate disability one FS and more than minimal
disability in several others.

Fully ambulatory without aid, self-sufficienp and about some 12 hours a day despite
relatively severe disability; able to walk withaitl or rest some 500 metres.

Fully ambulatory without aid, up and about mothhe day, able to work a full day,
may otherwise have some limitation of full activily require minimal assistance;
characterised by relatively severe disability; ablevalk without aid or rest some 300m.
Ambulatory without aid or rest for about 200tres; disability severe enough to impair
full daily activities (work a full day without spid provisions).

Ambulatory without aid or rest for about 100tres; disability severe enough to
preclude full daily activities.

Intermittent or unilateral constant assistace@e, crutch, brace) required to walk about
100 metres with or without resting.

Constant bilateral assistance (canes, crutbha@ses) required to walk about 20 metres
without resting.

Unable to walk beyond approximately five metresn with aid, essentially restricted to
wheelchair; wheels self in standard wheelchair tadsfers alone; up and about in
wheelchair some 12 hours a day.

Unable to take more than a few steps; redfrictevheelchair; may need aid in transfer;
wheels self but cannot carry on in standard wheglehfull day; may require motorised
wheelchair.

Essentially restricted to bed or chair or pdmalated in wheelchair, but may be out of
bed itself much of the day; retains many self-danetions; generally has effective use
of arms.

Essentially restricted to bed much of day; d@mse effective use of arms; retains some
self care functions.

Confined to bed; can still communicate and eat.

Totally helpless bed patient; unable to comoatei effectively or eat/swallow.

Death due to MS.
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Appendix 2: The Multiple Sclerosis Functional Compsite

The Multiple Sclerosis Functional Composite (MSKEscheret al, 1999) is a multi-
dimensional measure which reflects the varied @inexpression, including cognitive
function, of MS across patients and over time, alhalvs for the dimensions to change

relatively independently over time. The MSFC is cosgdl of:

1. Timed 25-foot walk (TW)
2. Nine-hole peg test (9HPT)

3. Paced auditory serial addition test (PASAT-3 veTtkio

The results from each of these three tests arsftnaned into z-scores and averaged to
yield a composite score for each patient at each-point.

Timed 25-foot walk

The TW is a quantitative measure of lower extrerfutyction. The patient is directed to
one end of a clearly marked 25-foot course andssucted to walk 25 feet as quickly as
possible, but safely. The task is immediately adstened again by having the patient
walk back the same distance. Patients may usdiassisvices when doing this task. The

time taken for each trial is recorded.

Nine-hole peg test

The 9HPT is a quantitative measure of upper extyearm and hand) function. Both the
dominant and non-dominant hands are tested twite.patient must pick up pegs one at
a time, using one hand only, and put them intoshake quickly as possible until all the
holes are filled. Then without pausing, the patranst remove the pegs one at a time and
return them to the container as quickly as possiblee time taken for each trial is

recorded.

Paced auditory serial addition test

The PASAT is a measure of cognitive function thpec#fically assesses auditory
information processing speed and flexibility, adlvae calculation ability. It requires the
patient to listen to a series of single digit numsb@n a CD which are presented at a rate
of one every three seconds. The patient is requirdidten to the first two numbers, add
them up and tell the tester the answer. When tkemenber is presented the patient must
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add it to the number preceding it. The patient iomets to add each number presented to

the one preceding it. The number of correct resgoissrecorded.

MSFC score

TW: the times from the two trials are averaged.

Nine-HPT: the two trials for each hand are averagedverted to reciprocals of the mean
times for each hand, and then the two reciprocalsazeraged.

PASAT: the number correct from the PASAT-3.

Z-scores are created for each of the componenescasing test results from the baseline
visit from all patients in a study cohort. Thus thescore is a standardised number
representing how close a test result is to the noéanstandard reference population to

which the result is compared. Overall MSFC z-s@®lculated as follows:

MSFC z-score =

[{(average(1/9HPT) — baseline mean (1/9HPT))/baselib(1/9HPT)}
+ {-(average TW — baseline mean TW)/baseline SD TW}

+ {(PASAT-3 — baseline mean PASAT-3)/baseline SCERA-3}] /3
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Appendix 3: Starting slice for Losseff technique

Slice Above

Starting Slice

| Third ventricle
present

Splenium not
present

Proceeding superiorly, the slice where the thirshtvele had disappeared and the
splenium of the corpus callosum had appeared, et&srdined. In addition, the presence
of the internal cerebral veins were be used as idegto the best slice to start
measurements especially on images acquired witholigadn where they were

particularly visible.
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List of abbreviations

9HPT
AIR
ApoE
BBSI
BET
BICCR
BPF
BVD
CC
CCVv
Cl

CIS
CNR
CNS
Cr
CSE
CSF
CVv
DBC
DTI
DW-MRI
EDSS
FAST
FCP
FLAIR
FLIRT
FMRIB
FOV
FSE
FSL
FSPGR
FS
Gd-DTPA

Nine-hole peg test
Automated image registration
Apolipoprotein E

Brain boundary shift integral

Brain extraction tool

Brain to intracranial capacity ratio
Brain parenchymal fraction
Brain volume difference

Corpus callosum

Central cerebral volume

Confidence interval

Clinically isolated syndrome
Contrast-to-noise ratio

Central nervous system

Creatine

Conventional spin echo
Cerebrospinal fluid
Coefficient of variation

Differential bias correction
Diffusion tensor imaging
Diffusion weighted magnetic resonance imagin
Expanded disability status scale
FMRIB’s automated segmentation tool
Fuzzy connected principles
Fluid attenuated inversion recovery
FMRIB’s linear image registration tool
Functional magnetic resonance imaging ofttran
Field of view

Fast spin echo

FMRIB'’s software library

Fast spoiled gradient recall
Functional system

Gadolinium diethyltriaminepentaacetic acid
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GM Grey matter
GMF Grey matter fraction
GRASS Gradient recalled at steady state

'H-MRS  Proton magnetic resonance spectroscopy

HADS Hospital anxiety and depression scale
ICC Intraclass correlation coefficient

IQR Interquartile range

LR Likelihood ratio

MIDAS Medical image display and analysis system
MNI Montreal Neurological Institute
MPRAGE Magnetisation-prepared rapid acquisition gradiehbe

MRI Magnetic resonance imaging
MS Multiple sclerosis
MSFC Multiple sclerosis functional composite

MT-MRI  Magnetisation transfer-magnetic resonancagimg

MTR Magnetisation transfer ratio
N3 Nonparametric nonuniform intensity normalisation
NAA N-acetylaspartate

NAGM Normal appearing grey matter
NART National adult reading test
NAWM Normal appearing white matter

NBV Normalised brain volume

OR Odds ratio

PASAT Paced Auditory Serial Addition Test
PBVC Percentage brain volume change

PD Proton density

PPMS Primary progressive multiple sclerosis
ROI Region of interest

RRMS Relapsing remitting multiple sclerosis

SDMT Symbol digits modalities test

SIENA Structural image evaluation, using normaigsgtof atrophy

SIENAX  Structural image evaluation, using normdima of atrophy—cross-sectional
SNR Signal-to-noise ratio

SPGR Spoiled gradient recall

SPM Statistical parametric mapping
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SPMS
SWM
TE

Tl

TR
TW
VBM
VBSI
VE

WAIS
wBvV
WM
WMF

Secondary progressive multiple sclerosis
Spatial working memory

Time to echo

Time to inversion

Time to repeat

Twenty-five foot timed walk
Voxel based morphometry
Ventricular boundary shift integral
Ventricular enlargement
Ventricular volume difference
Weschler adult intelligence scale
Whole brain volume

White matter

White matter fraction
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