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Abstract

Magnetic Resonandenaging (MRI) measures of; Telaxation provide a sensitive and
reproducible measure of water content in vivo. In the present studgtdgrams were used to
monitor changgin the brain water content of multiple sclerosis (MS) patients initiating
DiseaseModifying Therapies (DMT7. The initiation of DMT, which target inflammation, is
associated with a decrease in brain volume (BV) greater than would be expected by natural
history aloneReductions in BV may reflect worsening disease in untrgagedntshoweve
for patients treated with DMTreductions in BV early in the treatment course may represent a
clinical improvementue to initial antinflammatory effects of therapy and the resulting
decrease in edemahe initial change in BMupon starting DMTis termedpseudoatrophy,a
reversible decrease in BV due to a loss of water from the brain parenchyma. Patients with
clinically definite MS planning on initiating DMWere recruited and scanned at two time
points prior to initiating therapy and two time pts after initiating therapto determine the

change in water content of the brain.
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1. Introduction

Multiple Sclerosis (MS) is a progressive inflammatory neurological disease of unknown
origin and is the leading cause of neurological disability in young Canadian [ddlults.
Magnetic Resonance Imaging (MRI) is one of the most important clinical and research tools
available for the diagnosis @monitoring of MS in Canada, and worldwi#.MRI measures
of brain volume (BV)have been proposed ase of the best in vivomeasurs of neure
degeneration in MS patients ahave emerged as important predictors of disease progression

in MS.[18-19, 24]

The rate of BV loss has been shown to predict subsequent disability progeestisa
promising biomarker for clinical trials xamine the effect of disease modifying therapies
(DMT). Loss of BV in MS is generally considered to be due to cellular atrophy occurring as a
result of disease activityhich results irpermanent tissue losBrain atrophy is a decrease in
BV caused by th irreversible loss afentral nervous syster@NS) tissue due to a
pathological procesarising fromMS.I n MS r esearch t Hoedtamans Abr
Abrain atrophyo are often used interchangeab
damage anddgsue loss contribute to BV changes in MBanges in tissue edema and cellular
infiltrates may also affect measures of BRéeudoatrophyis a phenomenon that has been
observed in clinical trials of DMinh MS.[3] For the purpose of this stuggeudoatrophis
defined as reversible changes in BV caused by shifts in brain water content. Pseudoatrophy
may mask the beneficial effects of treatmerreventngtissue loss and kamplications for

the usefulness and reliability of monitoring BV chanigeslinical trialsandclinical practice.



1.1. Multiple Sclerosis: Disease and Significance to Canadians

MS is a complex demyelinating disease of the GM&ch is most often diagnosed in
young adults, with the first clinical manifestations appearing between ages 10 EidveD.
affects twice as many women than nveith a significantly higher incidence of the disease
temperate climates compared to warmer oNE3:.is also more prevalent in Northern
European Caucasians than other etlgnozips.Canadians have one of the highest rates of MS
in the world with a prevalence of 24 cases per 10[0POAS is the leading cause of non

trauma related disability in young Canadihis.

The causes of MS remain unknown. Like many other neurological aneinamigne
disorders MS likely involves several different genetic and environmental fatridieanilies
with an affected member, the risk3s5%, with therisk risng to approximately 34% for the
monozygotic twin of an affected patient, strengthening the notion of a genetic component to
the disease. Environmental components may include Vitamin D (sunlight), infections,

smoking and many othef$]

Clinically Isolated Syndrome (CIS) is the earlissageof MS in which patients present
with a single attack of neurological symptoms, but oftéih multiple lesionsalready visible
on the initial brain MRI[5] Lesionsare patches oihflammaion in the CNS in which the
neuronshave been stripped of themyelin.[6] MS can attack any area of the CNS; therefore
the signs and symptoms can be diverse. Amongntbst common clinical symptoms are
numbness and tingling, weakness, optic neuritis and dizZ#eséore difficult to quantify

are cognitive symptoms such as fatigue, slowed thinking, altered mood etc.


http://www.mult-sclerosis.org/inflammatoryresponse.html
http://www.mult-sclerosis.org/neuron.html
http://www.mult-sclerosis.org/myelin.html

MS is characterized by several different subtypegroximately 85% of patients initially
present with relapsinigemitting MS (RRMS)[4] which involves recurrent episodes of
neurological symptoms (relapsds)lowed by periods of recovery. Relapses involve an acute
onset of symptoms (over hours or days), which gradually resattecks (relapses) can last
anywhere from days to months and between attacks, symptoms may resolve completely;
however, permanentenrological problems often occur, especially in later stages of the
diseasd4] Later in the course of the disease, about 50% of cases evolve into secondary
progressive MS (SPMS). SPMS is characterized by worsening symptomgragréssive
disabilities which occur with or without relapse#pproximately 10% of people with MS
initially present with a progressive form of the disease known as primary progressive MS
(PPMS) where patients grow gradually worse without experiencing remigdjo@sirrently
there is no cure for MS although the use of DMT has been moderately effective. The MS
Society of Canada estimates the cost of MS to the Canadian econdrmayntore than $1

billion per yeafl]

1.2. Magnetic Resonance Imaging (MRI)

MRI is an indispensable diagnostic tool. It is iomasive, high resolution and can
generate thirsection images of the human body from any angle. Unlike other imaging
techniques, MRI does not expose patients or research subjeai@y® or radiation butather
takes advantage of a magnetic field and radio waves to produce signals that are reconstructed
on a computer. The application of MRI to the CNS has improved the ability to diagnose and

monitor pathology in the brain and spinal cord.



MRI is an imagingechnique derived from the principles of Nuclear Magnetic Resonance
(NMR). Atoms consist of a nucleus and orbiting electrons. NMR exploits magnetic nuclei
(nuclei with an odd number of protons or neutrons) such as H, P, Na etc. The hydrogen
nucleus (alsealled proton) precesses about its axis which generates a large magnetic
moment The magnetic moment arises from the nuclear spin. When this moment is placed in a
magnetic field, it causes the nucleus to undergo precessiaitgr toa top in a gravitatioal
field. The frequency of this precession is called the Larmor frequency and is proportional to
the magnetic field strength. Each proton acts as a weak magnet and possesses a magnetic

momentm as defined in the equation below:

m=gJ

where g is the gyromagnetic ratigd2.58 MHz/Tesla) and i s t he protonos
momentun7] In addition to hydrogen, other nuclei with angular momentum equal to or
greater than %2 possess a magnetic mofi¢nthese nuclei (spins) act likenyi magnets and
they will align in a strongconstant magnetic field. Radiefjuency (RF) fields are used to
systematically knock the spins off the alignment of this magnetization, causing the nuclei to
produce a signal detectable by the scanner. The fnegukepends on the strength of the static
magnetic field and the nuclei of observation. The engjiggn off at a specific resonance
frequency can be detected and used to gather information about the nuclei their surroundings.
This signal can be manipulatéy additional magnetic fields to build up enough information

to construct an image of the brain.

In a strong magnetic field, the magnetic moment of protons, which are ordinarily

distributed in random directions, align. When a patient is placed in theetiafeld of an



MRI scanner their protons align parallel with the main magnetic field angharailel to it.

The aligned position is slightly favored as the nucleus is at lower energy in this position.
Applying an RF pulse (at the Larmor frequencyhgdrogen)causes protons to absorb energy
andtips the magnetization vector away from itgial direction.These RF pulses are usually
applied through a&oil. MRI scannerslsohavethreegradientmagnetsarrangedn the x, y and

z directions inside theain magnet which can manipulate the main magnetic field and encode
spatial informatiorj7] After excitation the nucldry to return back to their lowest energy

state, or equilibrium state, via a process called relaxdiaring relaxation whethe
hydrogenprotonsreturnto alignmenthe main magnetic field they release enefidys

energy signalis picked up byhecoil and sent to a computdrhe computer systemeceives

thedata that can be convertedan image using a Fourier transform.

Relaxation involves two procesdesgitudinalrelaxation andransversatelaxation[7] T,
describes the time needed for the spins to restore their longitudinal relaxati@sciibes the

speed with which spins lose their transverse magnetizajon.

1.21. T,

The T, relaxation time or longitudinal (spiiattice) relaxation time is a measure of how
quickly the nuclei realign with the external field. The rate at which protons return to the
equilibrium state is related to the size of the molecules or the lattice tb thieiz are bound.

As the protons return to alignment the longitudinal magnetization increases until it returns to
its original value. 1/Tis also called longitudinal relaxation rate and is proportional to 1/(water

content)[8]



1.22. T,

T, describes the transverse relaxation time. After the RF pulse protons begin to lose phase
coherence and transverse magnetization decreases. Protons are influenced by their neighboring

nuclei and these internal magneticdiefariations are distinctive for different tissues.

1.2.3. MRI Contrast

T1and T, are influenced by tissue composition, structure and surroundings (differences in
proton density). In many diseases the pathological process results in changes of the water
content,and this is reflected in the MR imagde.is longer at stronger field strengths because

it takes more energy to align protdid$.

By choosing different combination of imaging parameters we can obtain images with
different contrast. Fweighted mages are based on differences irtHaracteristics between
tissues, Tweighted images are influertby differences in 7. In standard spiecho MRI
sequencedifferentrepetition time (TR, time between each RF excitation), and echo time
(TE, waiting tme before the MR signal is recorded])l result in images witta different
degree of Tand T, weighting or contragZ] Inversion recovery pulse sequences are used to
give images heavy;iweighting theycan provide strongontrastetween tissues having

different T, relaxationtimes.

Conventional MRI sequences aoeitinelyused in the diagnostic worgand monitoring
of patients with MS. The standard MRI protocol for diagnosing MS includes a sagittal fast

FLAIR (fast fluid-attenuated inversierecovery), axial fast spin echo (FSE) PP(D: long


http://www.mr-tip.com/serv1.php?type=db1&dbs=Contrast
http://www.mr-tip.com/serv1.php?type=db1&dbs=T1%20Relaxation

TR, short TE) (%:long TR long TE), axial prgadoliniun Ty (T1. short TR, short TE), 3D

and an axial gadoliniuranhanced 16, 9] These échniques provide a sensitive measure for
visualizing MS lesion load and changes over time. Conventional imaging can also monitor BV
in MS nonrinvasively. However conventional MRI techniques are not specific to the diverse
pathologicafeatures ofnflammétion, demyelination, axonal loss, gliosis attphy in MS

and are often insensitive to subtle changes that may affect B¥lakation time provides a

quantitative MR parameter to investigate water content, which is involved in BV changes.

1.2.4. MRI Measuremats of Brain Volume as a Biomarker of Neuro

degeneration

BV loss due to MS can be monitored using cigsstional studieBy comparing withage
matched healthy controls or longitudinal studies witlserial scans from the same subjects.
BV changes occune@r a relatively short period of time (one year or less) and most MRI
scanners can provide good and consistent data for andl9kBrain atrophy can be
identified quditatively and quantitativelyrom images by recognition of an increase in CSF
spacegll] and MRI measurements of BV are the main tool used to measure changes in brain

atrophy in living patients with MS.

Loss ofBV due to MS can be measured in several ways. There is a large range of
techniques available for the measurement of BV, including 2D and 3D techniques as well as
regional and global measund®), 1215] Each MRI technique provides quantitative estimates
of BV and progressive changes in BV. There are techniques that measure global atrophy as

well as regional atrophy that focus on a specific region of the brainasubtie corpus



callosum. Measurement of change within these focal areas may have a further advantage

becaus®f the greatedegreeof change in proportion to the rest of the bijad]

3D techniques provide quantification of whole BV and studies suggest this may better
reflect global disease effts[12] However global measures may miss atrophy that only
impacts specific region&egmentation of 3D methods can be used to quantify the individual
volumes of grey matter, white matter, and cerebrospinal ¢lomlpartment§l2] Each of
these BV techniqudsasunique strengths and weaknesses, and the reliability of the
information that can be obtained is dependent on image quiiigymost important features

of any MRIatrophy index are reproducibility, sensitivity to change and stability over time.

1.2.5. MRI Techniques for Investigating the Mechanisms of

Pseudoatrophy

Monitoring BV changes in MS lacks pathologically specificity. To be useful as a
biomarker for neurodegenei@t and irreversible disability, it is necessary to separate the
amount ofirreversiblechange due to atrophy (tissue loss) fromréheersiblechange due to

pseudoatrophy. The main goal of this thesis was to measure shifts in brain water content.

To invegigate the theory that changes in water content is the mechanism underlying
pseudoatrophya reproducible method of measuring water conteneededMRI is able to
provide a quantitative in vivo approximation of brain water content. A variety of imaging
techniques have been used for this purpose. The cellularupadmed the water content of

brain tissue influences both &nd T, times and botlallow for measures of brain water



content.Changes in Thave been used to investigate edema and have been found to closely

mirror changes in tissue hydratifiv]

1.2.5.1. T; MRI Water Content Measures

Water is present in the brain in bound and free forms. Free water has a long relaxation
time; bound water's relaxation time is much shorter. The measured longitudinal relaxation
time, T, is a weighted average of the "free" and "bound" wéitdB.o und 6 wat er repr
waterin tissue of the body that und to macromolecules or organell€serefore it is

motion restrictecdhnd had a much shorter relaxation time than free water

Pathological processes can affectdlaxation time in the brain parenchyma. T
increases as water in the tissue becomes less organized and mordX8pbilend water

content are related (1416 proportional to 1/(water conten{B]

Fatouros at al. investigated the sensitivity of MR relaxation times to changes in water
content in vivg8] The method involved creating maps from five phassensitive inversion
recovery MR images and was validated in phantom experiments and in vivo using feline and

human biopsy tissud.9]

Ty is the local tissue longitudinal relaxation time apd-Kwater weight/total brain
weight). In the Faturcs study the Fwas measured using gravimetrically obtained values of
corresponding tissue acquired via biopsy. The calculatedlies were shown to correlate
with theMRI T, map[8] From the T map, a "water map" was calculated using an equation
derived from the fast exchange tstate model (14— A + B/T;). The accuracy athe F,
determinatiorwas dependern the accuracy of the measuredv@lues. Absolute fvalues

9



can be extracted from the water maps; and histogram analysis can be conducted and

comparedA histogram of an image is a plot of the number of pixels witlvargdata value.

There are limitations to using a Technique to measure water contentddes not equal
water content and the correlation is imperfect. While we assume that changealin T
represent changes in water content, other factors can affsiginal for example iron can

shorten T.[20]

1.3. Brain Volume

The CNS is made up of the brain, optic nerves and spinal cord. The spinal cord relays
sensory and motor information between the peripheral nervous system (PNS) and the brain.
The brain controls simpleotor behaviors, such as breathing but also elaborate cognitive

behaviors such as learning and meni@dy.

The human braiweighs approximately 1500 grams andtagnts for 2% of body
weight.[2] The BV of healthy humans varies frond@0-2000 ml with an average volume of
1350 1400 ml[21] The brain is a heterogeneous eamiment that contains neurons, glia,
axons, myelin, blood vessels aB&F The brainis made of soft tissue arlde watercontent
in normal brain tissue has beerasured by spectroscoyfall between 0.6& the WMand
0.80in the GM of healthynuman adult$21, 22] The fundamental components of the CNS are
the neurons and glia. Neurons are highly specialized electrically excitable cells that process
and transmit information by chemical and electrical signahegirons have dendrites for
receiving signals, a cell body to integrate information and an axon to propagate the signal to

the next neuron via the synap$@e neuronal axons fill the majority of the space in the brain.

10



Signal transmission is accelerated up to 50 times by the myelin shdiaid,bilayer that is
wrapped around segments of the axon by the processes of oligodendrocytes (a type of glial
cell).[2] Myelin provides insulation to the axomich inhibits charge leakage through
theaxonalmembraneherefore action potentia]21] In myelinated axons, action potentials do
not propagate as waves, lump along the axomt the nodes dRanvier (gaps between the
myelin sheath)Glia arealso citical in the human brain, performing structural, metabolic,
developmental and immunological functions. The typical human brain contains rougly 16
billion neuronswith glia outnumbeng neurons roughly four to orj@l] Axons wrapped in
myelin projections from oligodendrocytes encompass the white nf@éttd) for the brainthe
neuronal cell bodies compose the grey mg@d).[21] Other cellular componenisclude

the cells that make up the chorgigxus and the meninges. In adutitto cells the cranial

cavity contains four major fluid compartments: the blood that flows through the entire brain
structure; the interstitial fluid (ISF) that bathes neurons and glia; the CSF, which circulates in
the brain ventricles and surrounds fipénal cord; and the intracellular flujgl, 23]Materials

present in ISF and CSF can freely diffuse between these two comparipiera3]

The CSF is produced by the choroid plexus and maintains a constant external environment
for the cells of the CN&1, 23]It also provides a mechanical cushion to protect the brain
from impact. Elements of BV that may be influenced by the MS disease state and treatment

are the neurons, glia and fluudmpartmats

1.4, Human Water Regulation

The regulation of water homeostasis in the human body is crucial. Water comprises

appoximately 6670% of human body weight and the water content obtddy can fluctuate

11
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on the order of 3% of total body weidR#] Total body water is distributed between the

intracellular fluid and the extracellular fluids.

1.4.1. Water in the Body

The human organism is composed of trillions of cells. Cells require a constant
environment to survive: water, oxygen, glucose, ions and cellular {2&$t€he human body

maintains a tightly regulated concentration of solutes and water to maintain the cells.

Most biologi@al membranes are seimermeablepermeable to water but not aqueous
solutes. Water can flonceoss membranes from compartments of lower concentration to areas
of higher concentratiof25] Osmolality is he concentration of all solutes in a given weight of
waterand emoregulation is the active regulation of the osmotic pressure of bodily fluids to
mai ntain the homeostasis of the human bodyoés

fluids from becomingdo dilute or too concentrated.

Water metabolism is the balance between the intake and excretion of water. Water intake
comes fronthe content of ingested food and beverages. Water loss from the body occurs in a
variety of ways, via the kidney, the respany system, and the skj@6] Two major
mechanisms for regulating water metabolism are thirst and pituitary secretion of tleméorm

vasopressin.

1.4.2. Water in the Brain

Under normal physiologic conditions the brain preserves BV through tightly controlled

homeostasis. Several mechanisms are responsible for the maintenance of brain homeostasis
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during shortterm fluid shifts includingangotensin,vasopressimandaquaporin channe[&3,

27]

Precise regulation of brain water content and by relation BV is crucial to normal function
in the CNS28] The brain is occupied by neurons surrounded by glia with the remaining
extracellular space filled witfuid.[29] Small water content changes in extracellular space
can affect ion concentration and neuronal funcgt.Mechanisms for water transg across
plasma membranes play a central part in healthy brain physiology. It is likely that these

mechanisms are also important in pathophysiological processes like edema.

The BBB acts as a fApureodo | ipid memistrane
cross directly through the membranes of the endothelial cells by dissolving in th¢2g]jids.
Angiotensin andriasopressitwo of the hormones involved in the regulation of the systemic
fluid and electrtyte metabolism in the body may also acthin the CNS and contribute to

regulating brain water contef&0]

Aquaporins are a family of water channels that have been found to fatibtage
membrandransport of water in a number of organs including the h2ainThe discovery of
aquaporins in the brain has changed the understandingtef fluctuations in the CNS. Water
does not simply move throughout the brain via the lipid bilayer. Water shifts in the brain are

regulated by a sophisticated network of membrane proteins with-sedé&amtive poreR27]

Aquaporin 4 is the principaquaporin found in the brain: mostlytime plasma membrane

w h

and astrocytes. It has also been suggested that aquaporin 4 plays a part in the development of

the BBB.[27, 31]It is likely that aquagprin 4 primarily serves to mediate activitigpendent
water fluxes that are required to maintain ion and volume homeostasis at central synapses.
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Water transport in the brain is not solely the domain of aquaporins. Brain vasculature is
uniquely adapted taxcrease water permeability when subjected to osmotic stress sumakti
be regulated byasopressior angiotensij28] However, the aquaporins are {hvemary

regulatordbecause of therapacity and selectivity for water transport.

1.4.2.1. Brain Volume Modifiers

Possible modifiers of BV include physiological and pathological factors, and BV shifts
may be transient or perment. Hydration status, alcohahddietarethemain physiological
factors that have been shown to influence[BY, 32, 33] dehydration may lead to shriage
of astrocytes (glial cells crucial for water regulation between the cellular, vascular and
ventricular compartments of the brain). BV shifts have also been observed in individuals with
anorexia nervosa where studies suggest that a decrease in serum proteins causes fluid shifts

and a decrease in synaptogenesis leading to decrease$32]BV.

Another factor that may contribute anincrease or decrease in BV is the level of
hydration at the time of the MRI. A study by Duning et al. found that lack of fluid intake prior
to an MRI scan can lead to a transient, reduction in BV simildegnedo thatseen annually
from MS disease progressi¢®4] The results suggested that unless fluid intake of a patient is
controlled in a way that ensures an equivalent level of hydration prior to different scans, it was
a possible source of variation in BV. However the UBC N®BB$earclCenter recently
completeda similar studywith contradictory finding$34] The study involved 20 healthy
subjects between the ages of3Bscanned four times in a 3T scanner at vatlixels of
hydration. The results of this study demonstraiedtatistical differences in brain water

content adifferent states of hydratidB4] using two different independent techniqu@sain
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homeostasis for water content is tightly controlled under normal or moderate fluctuations in
general body hydration could explain these results. It is possibletiniaextremedegreeof

hydration or dehydratiomight produce different results.

Elements of BV that may be influenced by the MS disease state and treatment are the
neuronsglia and fluid component&V may also be affected when thi®od brain barrier
(BBB) is diffusely compromised, resulting in brain edema; a state of increased brain water
contentf21, 35]Brain edema arising from disease can be localized or generalized. There are
two types of edemia the brain 1) cytotoxic edema which results from damage to neurons
and glia, leading to a buildup of sodium and water inside the cells and 2) vasogenic edema

whichresults from an influx of water across the BBB into the extracellular $péte.

Patients with MS exhibit an overall increase in total brain water of approximately 2.2%,
compared with normal individual87] Inflammation can have a significant impact on edema
formation[38] so the increase in total brain water in patients with MS could be due, at least in
part, to diffuse lowgrade inflammation causing mild brain edema, although this is yet to be
proven. Inflammatioinduced breakdown of the BBB is tinght to play a key role in the
uptake of fluid by the braif89] The BBB may be disturbed adl lesions and at all stages of
MS (active, inactive, lesions, Normal Appearing White Matter (NAWM), etc). The
observatiothe NAWM appears to have higher water content than no¥iidlin unaffected
individuals further supports the relationship betwediaimnmation and diffuse low grade
edema in M5 [40] Monitoring changes BV has practical applications for detecting

therapeutic outcomes andsdase specific prognosis.
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1.5. Brain Atrophy

BV has become an important measurement in the study of neurodegeneration and MRI is
an increasingly important diagnostic and research tool fesigating volumeelated brain
changes. MRI techniques can detecuwétric changes as small as 1.5 to 3 ml 010013%
of total BV [24] thereby allowing researchers to examine and quantify slight fluctuations in
BV. Many neurological angsychiatricd i sor ders such as Al zhei mer @
and schizophrenia exhibit regional and/or global neuratomical changg41-43] The rate of
global brain atrophy observend healthy subjects is much lower than in those with dig@ase
11, 39, 4448] and itis also important to differentiate between pathologic rates of atrophy

from normal ageelated atrophy33]

1.6. Multiple Sclerosis as Model ofBrain Atrophy

MS is characterized by multifocal recurrent episodes of autoimmune mediated
inflammation. Acute inflammation and edema are accompanied by different degrees of
demyelination, destruction of oligodendrocytes and may be followed by remyelination, axonal
loss and/or gliosif36] Reductions in kain and spinal cord volume have been recognized as
common pathological features in MS. Studies in patients with CIS have found that BV loss
occurs early in the disease procgsd.BV is inversely related to the disease duration of
MS.[47, 48] As MS progresses, reductions in BV become more widespread, affecting more
regionsof the CNS. Studies indicate that BV changes occur over a relatively short period of
time at a rate of 0-6.35% loss of BV annually in patients with RRN#®] Similar rates of

BV loss have been reported in patients with SPMS and HRK)g8]Rates of BV loss in

16



cross sectional studies of healthy controls studieshave reportednnualdecreases d.1i
0.3%decrease iBV which is significantly lower than rates seen in 8] WM andGM

atrophy are also common pathological features in[8]S.

1.6.1. Mechanisms of Brain Atrophy in Miltiple Sclerosis

Loss ofBV in MS is generally thought to be due to atrophy occurring as a result of disease
activity causing permanent tissue loss. The loss of myelin, which is the classical ¢é&i&e
lesions, results in a loss of tissue and contributes to atrbjawever t is clear that many
other processes are involvedBN loss[3] The etiology and mechanisms of atrophy in

patients with MS are poorly understood thaught to be mukfactorial (Figurel-1).
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Factors influencing
brain volume

Increased glial
cell population

Inflammation-
induced edema

Dehydration

Factors influencing
brain atrophy

Axonal injury
Neuronal loss

Demyelination

Wallerian degeneration

Figure 1-1 Factors contributing to changes in BV and brain atrophy in patients with MS

Demyelination, axonal damage, neuronal loss, and Wallerian degeneration are thought to be
the major contributors to the pathologic atrophy associaiddMS andchronic outcomes of

the inflammatory phase of the plaque or disease process. Edema caused by inflammation
appears to be one of the main factors that confound the relationship between brain volume and
atrophy.
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Axonal damage and loss has bebserved in pathological studies of active inflammatory
lesions[14] Demyelination, axonal damage, neuronal loss, and Wallerian degeneration are
thought to be the major contributors to the pathologic atrophy associated wjdR2VED, 51]
with each of these featuré®ingchronic outcoras of the inflammatory phase tbie plaque or

disease process.

Contrast enhancing lesions reflect the acute inflammatory step in lesion development. MRI
markers of inflammation (Gadolini@nhancingésions, nevand enlarging ,-hyperintense
lesions) are only partially predictive of subsequ@¥itioss in patients with M$E8] Evidence
indicates that a compartmentald component of inflammation exists that is not easily
detected by conventional MRhich may independently contribute to neurodegeneration and

thus brain atrophj40]

The pathologesunderlying atrophyare multifactorial andmay not be constant over
time[39] These pathologies differentially affect gray and white madisitregional versus
global CNS[52] Understanding how these pathologies appeaeuramaging can help us

better understand atroplayddesign outcora measures for clinical trials

Tissue damage and subsequendphy are not the sole factors that affectBieof
patients with MSIn MS BV is primarily affected by three mechanisms: fluctuations in edema
(associated with disturbances o& BBBB and inflammation); tissue loss of myelxpns and

other glial cellsand regeneration (remyelinatioi3). 14]

Non-inflammatory processes may also contribute tor®l8ted atrophy. These include

growth factor depletion, impaired electrical conduction, and pathologic iron deposition,
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leading to loss oWWM andgrey matteiGM tissue [40] The complete set of mechanisms

contributing to progressive tissue loss and atrophy is still under investigation.

Focal brain edema is also associated with newitedevelopment. MS lesions have
minimal mass effect and it is unlikely that individual lesions would have a major impact on
total BV measures. Although botBM andWM are affected by MS, higher levels of
inflammation are detected in regionsvdM than inGM.[49] Reductions irBV due to white
matter atrophy could be masked, to some extent, by inflammassocated edema in these
areag53] This may also apply t&M, although inflammation is usually not a feature of
cortical lesiong46, 54] Results from a-year longitudnal study in patients with CIS
suggestive of MS also support this hypothesis of diffuse inflammation and gtgjnha
patients who had developed MS by the end of the stv@§ lesion loads increased
considerably during the-gear observation ped. However WM fractional volume did not
decrease accordingly, and results even suggested arstnadisen meanWM fractional
volume during the study (+1.3%). In contrast, m&n fractional volume decreased
significantly § 3.3%) over 3 yeargl6] The authors attributed this observation to the influence
of diffuse inflammation and glial cellularity, which may have offset the lo@&votaused by
loss of parenchymal components.[4] Microglial activation appears to be present in the
NAWM of the majority of patients with M§5] The implication of these findings is that

diffuse edema may mask the severity of brain atrophy in MS.

20



1.6.2. Natural History andSignificance of Brain Atrophy in Multiple

Sclerosis

Brain atrophyhas been reported as a featur&&in early pathological studig89] In
MS brain atrophy is defined as an irreversible decrease in BV due to the patholtygsailf
brain tissue that reflects the cumulative loss of neurons, axons, myelin and glia particularly
oligodendrocyte§l2, 56]CNS atrophy is a multifactorial process that occurs early in the
disease and measurableangesn brain and spinal cord volume have been demonstrated over
periods as short as¥ monthg57] As the disease progresses, reductioridvrbecome
more widespread, affecting all regions of the bf&igure1-2),[58] and impacting on both
gray and white matter compartmefitg] It has been established that monitoring brain atrophy

in MS is a valuable biomarker fareversible diseasg9]

BV is an important measurement because it correlates more closely with the level of
paient disability than lesion volume or activity measy&s39]T h e fi cirhagingi ¢ a |
par adox 0 ribesthévi&crapansybetweesion burderseen orMRI and clinical
findings Overall, changes iBV have a higher correlation witlinical disability as measured
onthe ExpandedDisability StatusScale (EDSSpand changes in EDSS than other conventional
cerebral lesion measures, such akypointense and;lhyperintense lesionslume[57, 60]
Longitudinal studies hav&hownthatbrain atrophy is a significant predictor of subsequent
long term neurological deteriorati¢®8] Therefore, loss dBV has been widely adopted as a
useful biomarker of disease progression or neurodegeneration in cliitsabtrMS

treatments.
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Measures of regional atroplayeuseful specifically in helping to understand cognitive
dysfunction and other clinical findingStudies have linked many of the comnsmineres
affected by MS suchsaognition, mood, fatigue and qitslof life, with changes iBV.[58,
60] Zivadinov and colleaguasoted that the rate of BV loss correlated with both cognitive
dysfunction and physical disabilif9] and ventricular enlargemehésalso beertonneted

with cognitive dysfunctior58]

In the past 20 years MRI has assum@daminentrole in the diagnosis and monitoring of
the evolution of MSn vivo. MRI is instrumental in monitoring the appearance and evolution
of pathology, some of which might not be clinically appaf@ht.esions are the mostsible
pathology seen olIRI; however it is clear thahe pathology of MS isafr more complex than
lesion quantification and volumBestructive or degenerative changes associated with axonal
loss are common in Mf1]. In addition here is evidence that brain atrophy is not restricted
to later stages of MS. Unlike other MRI markers, such as lesionBdatheasuregan be
directly correlated to MS disease duratjdf, 51, 60, 62Brain atrophy becomes widespread
as the disease progresses, affecting all brain regions including all the cetedsalie
compactWM tracts, brainstem and cerebell{#] BV loss isseen irall clinical subtypes of

MS.[37, 60](Figurel-2)
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BPV at baseline: 0.780 BPV at year 8: 0.651

Figure 1-2 Magnetic resonance imaging (MRI) scans showing progression of brain
atrophy in MS

Magnetic resonance imaging (MRI) scans showing progression of brain atrophy in multiple
sclerosis (MS) in patient in the Prevention of Redspsnd Disability by Interferon bela
Subcutaneously in Multiple Sclerosis (PRISMS) study with {targn follow up. Patients had

a standardized MRI at baseline and with the same scanning parameters and accurate
repositioning at the year 8 losigrm follow up visit. a) 11.8% decrease in brain parenchymal
volume (BR/) between baseline and year 8 arwEighted scan; b) 16.5% decrease in BPV
from baseline to year 8, and ventricular enlargement on proton déPBjtgcan[63]
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1.7. Disease Modifying Therapy

There is no cure for MS; however several therapies have proved effegingratting
rrecovery offunction after an attack, preventifigure attacks, and gstponingdisability.[64]
The term DMT includes fivantiinflammatory, immunomodulatory and immunosuppressive
treatmentghat are currently availablacludingIFN beta IFN beta is a common treatment fo
patients with RRMS:tiis amed at reducing the biological activity of MS in order to prevent

or postpone future neurological injury

1.7.1. Evidencefor Pseudoatrophynduced by Miltiple Sclerosis

Therapies

DMT canaffect physiological mechanisms and produce reversible decreases in BV. In MS
patients BV is primarily affected by three mechanisms: inflammation and edema (changes in
water content), tissue loss (myelin, axons, glial cells) and regeneration (remyejif@&jon
Edema caused by inflammation is one of th@miactors that confound the relationship
between BV and atrophy. However, treatments that target inflammation are the principal
therapeutic strategy for most patients with MS. Therefore, while reductions in BV may reflect
worsening disease in untreateatipnts, for treated patients, reductions in BV early in the
treatment course may even represent a climegafovementdue to initial antinflammatory
effects of therapy and the resulting decrease in edema. On examination of BV data from
clinical studiesof DMTs that target inflammation, this is exactly the observed pattegare

1-3).
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Figure 1-3 Early changes in BV following initiation of treatment with DMT

a) Early changes in brain volume following initiation of treatment with diseas#fying
therapies in six studies in multiple sclerosis: annualized mean percentage change in brain
volumefrom baselind12, 16,53, 57, 61] b) A theoretical graph showing typical changes
brain parenchymal volume (BPV) in patients wiMI$ after treatment witidDMT (thick line).
This graph is based on observations made in a large number of clinical trials for MS
treatments. The use of natural higtdata to compensate for pseattophy isalso illustrated.
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A study investigating the efficacy &N betala (30 mcg once weekly) in patients with
RRMS reported similar reductions BPFfor active treatment and placebo groups during the
first year[66] However, during the second year of the study, the rate of BPF reduction was
significantly less in the treatment arm than in the placebd@8iFN betala is known to
have effects on disease activity and disability progression in the first year of treatment and,
therefore, it is unlikely that the observed trend in BPF was due to delayed therapeutic effect.
The initial masking of decelerated atrophy by the BV loss due to reduced inflammation and
associated edema (pseudoatrophy) could explain the apparent lack of benefit in terms of BPF
during the first year of treatment. However, this study was confoundéxt ldetrease in the

number of subjects who completed the second year of the study.

Another study investigated changes in BPF in patients with RRMS, before and during
treatment with IFN betda 30 mcgpnce weeklyf67] There was no placebo group and
therefore the annualized rate of BV change
and afteinnitiating therapy. The relative annualized rate of BPF reduction increased
significantly fromi 1.06% before treatment id.49% during the first 4 months of treatment,
which may reflect the initial reduction in inflammation due to the drug. The anndiadiize of
BPF reduction then decreased significantly@dB3% over the subsequent 32 months of
treatment, which may reflect the benefits of treatment in terms of reduced atrophy. The main
limitation of this study was the lack of a concurrent placebo gridopever, it does provide
insight into the timing of the pseudoatrophy effect and a potential strategy for future

therapeutic trials.
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The PRISMS (Prevention of Relapsew Disabilitywith Interferon beta 1a
Subcutaneously iMultiple Sclerosis) study investigated the effects of IFN ietd22 or 44
mcg three times weekly (tiw)) in patients with RRMS and measured changB¥iaver a
period of 8 year§s3] In the first 2 years of the study, patients were randomized to IFN beta
la 22 or 44 mcg tiw, or placebo and the rate of BPV loss ilFthdetala 44 mcg tiw group
was greater than that observed in the placebo d63}@\fter 2 years, patients receiving
placebo were reandomized to active treatment (lteatment group) and the blinded study
continued for a further 4 years. Afterr@domization to active treatment, the placebo group
had a similar initll BPV loss seen in the original 44 mcg tiw group. Furthermore, over the
course of treatment the rate of BPV loss decreased, and duririgtiyeats after treatment
was initiated, the ratef BPV lossin the IFN betala 44 mcg tiw group was lower thanttha
seen in the placebo group during the first two years of the study (yeans late treatment
group)[63] Again, it is difficult to calculate the on treatment rate of tissue loss related to
disease progression (atrophy) since the initial BV used for that calculation has been affected
by pseudoatrophy. Not only does pseatdophy mask potential therapeutic benefit on this
outcome, it can also exaggerate the magnitude of actual tissue loss. If the pseudoatrophy effect

plateaus early after treatment, then subsequent BV changes would primarily reflect tissue loss.

The IFNbetalb study for the treatment of secondary progressive MS also demonstrated a
greater decrease in BV in a subset of the original patients. During the first 6 months of the
study, the treated group had a decreasé.80% compared to placebo group decredse o
0.89%. However, the decrease from baseline to month 242na%% for the IFN betdb
group versus2.76% for the placebo groyif8] It is unlikely that this earlgreaterdecrease in

BV while starting therapy islinically detrimentalks overall, the treated cohort fared better
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clinically in terms of delaying disability progression compared to placebo. Althooghah

the data published on BV reductions wititial treatment are from studies of IFN bdia,
evidence for inflammationelated effects on BV has also been observed with other treatments
for MS. Two studies have reported BV changes during methylmedaitreatment used to
control acute relapses in patients with RR$S, 70]Both studies found a rapid reduction in

BV within the first month of treatment, and this effect slowed over subsequent months. The
rapid and sigificant reduction of BV seen in these patients may reflect the high levels of
inflammation present during an MS exacerbation. In one study in patients with PPMS treated
with IV cladribine, there was a marked effect on the prevention of new inflammatmnydes

on MRI[71] In addition, there was a greater degreB\dfdecrease at the end of the 12

month, double blinded study in the treated patients compared with pla@dg@ddis may

reflect a greater reduction of diffuse inflammation with a potentiafitdimmatory

medicationyeflected in the greatdV losses.

In an 18month trial evaluating glatiramer acetate (GA) treaitrin patients with RRMS,
the placebo and GA groups showed similar levels of BV loss during the first 9 months of
treatment. However, in the second 9 month period a significantly greater reduction in BV was
observed in the placebo group compared to theg@Ap[72, 73]Assuming that MS
treatments have a beneficial effect on tissue loss, then the inability to detect this benefit in the
first year on treatment could either be due to several mechanisms. Pseudoatrophy may
exaggerate the rate of tissue loss relatva placebo group or tissue loss occurs months to
years after the injury and so a treatment started today may not prevent an established process

of tissue loss. Until we can separate pseudoatrophy from true tissue loss, it will be difficult to
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use MRI meaures of BV to explore the mechanism of action of new or current therapies on

the pathogenesis of atrophy.

Similar treatmentnduced, reversible BV decreases have been seen with other therapies
for other indications, including renal dialygid] and valproic acid treatment for localization
related epilepsy75] Interestingly, increases in BV related to therapy have also been
reported,76] providing yet another potentiabnfounder in the interpretation of a stabilization
in BV changes in future clinical trials. There have been no studies demonstrating a reversal of

pseudoatrophy due to the MS therapies mentioned previously.

The long term benefits of the currently appr@d@MTs for MS still generate debafé7]
However there is no clinical evidence thagde treatments are neurotoxic or that
pseudoatrophy is associated with tissue loss in addition to a reduction in edema. While some
formulations of IFN beta (Betaseron, Fiblaferon, BG9015) have shown neurotoxicity at high
doses in patients with malignaritagnas, neurotoxicity has not been reported for IFN beta
treatment in patients with MS. Moreover, there is some evidence to suggest IFN beta may
even provide a degree of neuroprotection. Indirect evidence of neuroprotection comes from
studies withother MR biomarkers including the assessment of chroniwdighted black
holes[78-80] Neurotoxicity is an important consideration in the development of any new

therapetic strategy for MS.

1.8. Aims, Objectives, Hypothesis

The goal of this thesis is to determine the effect of high dose, high frequency interferon

therapy for the treatment of MS on fheasures brain water content within 6 months of
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starting treatment. By measuy T; water content prior to initiation of therapy and during
therapy we hope to track changes caused by the @M hypothesis is that brain water
content (measured by T) will decrease after initiating DMT. We believe these shifts in
water content areesponsible for the BV changes related to pseudoatrdpteymain focus of
this researciproject is to better understand the physiologic mechanisms underlying

pseudoatrophy as well as establishing sound methodology to investigate them.

1.9. Motivations

MRI is one of the most important clinical and research tools available to diagnosis and
monitor MS in Canada and worldwidglinicians and researchers are increasingly dependent
on quantitative measurements derived from MRI data both for the developnment of
therapies and monitoring their impact on the overall disease course. Despite a vast amount of
research in MS, the relationship between tissue degeneration and clinical disability is still not
well understood, and the correlation between MRI biomaikeasclinical symptoms is
modest at best. For this reason, precision and accuracy are of utmost importance when
performing studies to evaluate treatment protoadts an acute awarenessdtentially
confounding factors sudks changes in water contentiwtireatmentThis knowledge will
lead to better designed clinical trials and more efficient development of effective new
treatmentsA better understanding of how water content impacts thenMBRsuresan be

used in developing and monitoring new theraggr MS.
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2. Materials and Methods

2.1, Subjects

This study is supported by the MS Society of Canada and was reviewed and approved by
the University of British Columbia Clinical Research Ethics Board. A total of 30 MS subjects
diagnosed with clinicallglefinite MS, eligible for DMT (at least two relapses in the past two
years) and planning on ilBN(ibterfaronibetagla @hted4dapy wi
mcg SC tiw) and interferon beta 1b 250 mcg SC EOD) are being recruited at the UBC
Hospital MS Clinic.Once recruited, subjectseinitiatedon IFN therapy per routine clinical
practice at UBC. This involved a dose escalating titration schedule over 8 weeks. The
concurrent use of over the counter oral analgesic medications for flu like side effects was not
restricted. If a patient required the use of high dose oral or intravenous steroids for a MS
relapse, the MRI scan was performed prior to the use of steroids agliafiect the primary
outcome brain water contefgnd BV) All subjectshad a diagnosisf MS and were able to
provide informed consentVe required thatubjectsbeaged between 18 and 55 years of age
so BV loss would not occur as a result of the normal ageing pr&igesd informed consent

was obtained prior any evaluations.

Studyexclusioncriteria included: No subject who had taken high dose oral or intravenous
steroids within 30 days. No use of interferons, copaxone, imuran or experimental treatment
within the past 6 months and no use of mitoxantrone or cyclophosphamide watipastil2
months. Patients who were unable to provide informed consent, unable to tolerate the MRI

protocol or any contrandications to MRI were not recruited to the study.
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2.2. Study Protocol

The study protocol involved 4 MRI scapsrformedover the coursef 8-9 months Table
2-1). Pretreatment scans includedans one and twdcan one occurredtt 3 months prior to
initiating treatment (Montk3). The second scan was scheduled to coincide with the initiating
of treatment (Baseline: Month 0). Scans three and four {jpeatment scans) were acquired
three months and six months following initiation of treatment (Month 3 and MonBy 6
month 3 patients were takinke full doseof IFN. TheMonth-3 and baseline (Moht0) MRI
scanswvereused as control to measure the natural progression of ataophi prior to
treatmentinitiation. The scans taken at months 3 andedebe used to determine the effects
of therapy on brain water content and BV compared to bas&lestudy did not delay

therapy as it often takes patient in British Columbia three to six months to begin treatment.

Table 2-1 The timeline of the Pseudoatrophy study

Scan Number Scanning Time Timeline

Month -3 to-1: Screening scaprior to starting FN beta

1 hour Month O: Baselineypon initiation of FN beta
1 hour Month 3 after starting FN beta
1 hour Month 6after starting FN beta
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2.3. MRI Scan Protocol

All MRI scans were performeoh a Philips 3.0" Achieva system (Philips Medical
System, Best, The Netherlands) using a phasey head coil and Dual Nova gradieritse
scans wer@cquired in thexial plane usinghe Genu and Splenium of the corpus callosism

reference for accurate repositionifiggure2-1).
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Figure 2-1 Location of MRI scans
a) Alignment of 3DT scars using thegenu andsplenium of the corpus callosum
b) Alignment of inversion recovery; Bcars using thegenu andsplenium of the corpus

callosum
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Following aquick T;-weighted survey for patient positioniagd a reference scamtrue
midline Ty inversion recovery (IR) sagittal scan (1 slice, TR = 1880 Tl = 800ms, TE = 10
ms, slice thickness =im) and a FLAIR fluid-attenuated inversierecovery)(29 slices, TR
=11000ms, TE =125ns, IR 2800ms,slice thickness = Bnm) were collectedTheslices
werepositionedusingthe bottom edge of bottom slice positionesing thecorpus callosumas

areference

An IRTy (Ty inversion recovery sequend®) Tls (1501 2100ms), TR/TE=8/4.6 ms, TFE
= 100, shotnterval = 3000 ms, FA = £255 slice} was also collectedAdditional scans
included a 3D T-weighted scan positioned to includ& 4lices above the brain (170 slices,

TR =7.8 ms, TE = 3.6 ms, Flip Angle 8°,TFE factor 200 and a voxel size of 1x1x1cm)

2.4. MRI Analysis and PosProcessing

2.4.1. Registration

Images werexportedrom the scanner as Philips PAR/REC files. All images were
converted to NIfTI format using FSL version 4.1.4. FSL is a comprehensive library of analysis
tools for FMRI, MRI and DTI brain imaging da

Software Librarywww.fmrib.ox.ac.ul.

All images were registered to tMe-3 TI = 1200ms scan using the FSL (FMRIB's Linear
Image Registration Tool (FLIRT) version 5.5).ifnages were registered with transformation
type (Model/DOF) reisicted to traditional 9 parameter model. In the advanced options the
initial optimization search stage was performnagth the x, y, zset with theangular rangat

max: 15° and min:15°, a mutual information cost function with Bi&togrambins, SINC
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interpolation was used in the finalséce transformatiorf-ollowing the registration process

all images were inspected visually to ensure proper alignment.

2.4.2. Segmentation

WM and whole brairsegmentationvereaccomplished using FSL FAST and eroding by
one pkel to minimize partial volume. We obtained the MRI parameters for both white matter
and full brain parenchyma (CSF removed). Segmented masks were created for each subject
from scan 1 (Month3) (Figure2-2). All masks were inspected visually to ensure proper

segmentation.
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Figure 2-2 White matter and whole brain segmentation

White matter(left) and whole brairfright) masksextractedfrom scan 1(time point Month-3)
of subject PO21singFMRIB's Automated Segmentation Tool
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2.4.2.1. White Matter and Whole Brain

The extracerebral tissue was removed using BET version 2.1 in FSL (Brain Extraction

Tool, FMRIB Software Librarywww.fmrib.ox.ac.u. Segmented masks wereeatedusing

scan 1 ime pointMonth-3) (Figure2-2). A combination of two Timages Tl = 150ms and

400ms) was used to obtain a valid and conservativ mask. Thell = 1200msdatawas

used to create the whole brain mask. Fractional iftyeparameters were set at 0.3 for the 150

ms, 0.15 for the 40fhs image and 0.5 for the 120thsimages The data was segmented into

WM, GM, lesionsandCSFusi ng FAST version 4.1 (FMRIBOs /

Tool, FMRIB Software Librarywww.fmrib.ox.ac.ulf. The segmented images were loaded

into MATLAB (The Mathworks, MA, USA)TheWM segmentation masks of the 153 and

400msechoesvere combined using MATLAB.

In-house software was useddrode the WM and Givhasks by doxel in order to
minimize potential partial volume error and create a more conservative mask. Small clusters
of unwanted pixels (ex. near the edge of the brain) were removed during this process. The
masks were eroded twice, and a pixel conmigtof eight was used. Finally a reconstruct

function was used to remove remaining unwanted pixel clusters near the brain edge.

All these steps were completed using MATLAB scripts written by Sandra Meyer and

modified by Emilie Mackie.

24.3. T;Maps

All the MRI data were reconstructed and parametric maps were produced with in house

software.T; relaxation wadit to a single exponential in order to compute velxgivoxel

38


http://www.fmrib.ox.ac.uk/

whole brain T maps.
S(TI) = S(infinity) *(1 -f*exp(-TI/T 1) + exp¢TR/T 1)

On the & maps thevarious colours and intensities represent differgnalues.The WM
and whole brain masks are combined with then&p in MATLAB in order to obtain T
values for each voxel of the segmented mas&seach subject, the Values fronthe WM
and the wha brainwereusedto create histogram30o maintain consistency the scan 1
(Month -3) WM and whole brain maskgereusedto create Thistograms at athetime

points(M-3, MO, M3, M6)

2.4.4. TyHistograms

T1 histogram analysis is quantitative, reproducible ginds a global measure of tissue
water contenf34] To produce T histograms the WM and whole brain masks wes
applied to the Tmaps resulting in a numerical faue for each voxel of the mask;
histogramsawvere constructetdy binning and summing the individuadxel T, values for the
whole brain and WMGraphs were created using EXCEL (Microsoft Office 2007).
Histograms were normalized loyiding thenumber of pixels in each bin by the topatel
court and multiplying by 100 to get a percentafix histogranfeatures were extracted from
each normalized histogram: meanrélaxation time, peak height, peak locatiandT;

relaxation time value of the $550" and 75" percentiles.
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2.5. Statistical Analysis

Values are given as means + one standard deviation $&distical analysis was
performed using SPSS 2010 for windows package PASdictive Analytics SoftWare)
Because ofhe relatively small number of subjects in the sttigydifferences in Thistogram
features between time points were evaluated usamgparametric statistics. Specifically the
Wilcox signedrank testa nonparametricstatistical hypothesis te&ir the case of two related
samples or repeated measurements on a single saaplesed as it can liged as an
alternative ta paired Student'stestwhen the population cannot be assumed todvmally

distributed

40


http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Statistical_hypothesis_testing
http://en.wikipedia.org/wiki/Student%27s_t-test
http://en.wikipedia.org/wiki/Normally_distributed
http://en.wikipedia.org/wiki/Normally_distributed

3. Resuls

At present subjects have completed all serial MRI evaluations (subject PO7 coudé not
scamedat month 6 on schedule due to a shoulder injury). For the purpose of this thesis,
results from the first 5 subjects are reported (3 females, 2 males, meanyages@ange 25
52yearg, mean disease duration: ¥@€ars(range 16 yearg, median EDSS 2.0pubjects are
labeled by recruitment order (P02, P03, P04, B&fA8,P0Y. PO1 represented pilot scans of a
healthy control and P06 delayed beginning therapyefoer mth are excluded from the data

presented in this thesis

3.1. WholeBrain T,

Theaveragedvhole brain T histograms in this study exhibit the characteristic profile of
data previously recorded for MS patie(fisgure3-3).[81] The highest peak generathgcurs
at low T, and represents the WNIhe lower, wider peak at highei fleflects the more
diverse T seen in GM81] Visually the averaged whole brain flistogram profiles changed
over time Figure3-3). The post treatment; profiles moved twards lower T values

indicating a lowering of water content or an increase in global iron.

3.1.1. Whole BrainT; Maps: All Subjects

As seen irFigure3-1 individual subject have different; Tnaps.FigureA-1 represents the
group meamwhole brain T histogamsacrossat all time points. We observed that histograms
vary widely between differersubjectshoweverthe shapes of thaistogram profilesemain

consistentfor each subjec@icrossall scansFigure3-2 shows the evolution of the mean T

41



values for each subject ovalt scansThe mean Ttrendlines vary greatly between subjects.
There is no clear pattern that emerges alth@gintfrom one outlier the means seem to be

decreasing over time in the whole brain.
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Figure 3-1 T1 maps

T1 mapsof same slice of allive subjectsrom all four time points (M3, MO, M3, M6). In the

T1 maps @rk redrepresentslongerT; time.
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Whole Brain: Mean T,
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Figure 3-2 Variation of meanT; in the whole brain

Plot of themeanT; in the whole brairof individual subject®verall four time points(M-3,
MO, M3, M6). M-3 and MO represent tilsgangprior to initiating DMT, M3 and M6represent
the scans post initation dMT.
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3.1.2. Mean Whole Brain T, (All Subjects)

Whole brain istogram metrics were extracted and averaged over all suldjegpisg3-3).
Mean T, values showed a steady decrease over (@fter initiating DMT)from 1.03+.03 s in
M-3to 1.01+.01 s in MGFigure3-4) This trend is also apparenttime group meanT

histogram featuregeak location, 28, 50" and 75" percentile Figure3-4).

Using a Wilcox signedlank test we compared tigeoup meari; histogram featurefsom
Month -3 and Month 6. None of the six histogram features were significantly different
between Month3 and Month 6Themean T relaxation time (p = 0.068), 25ercentile (p =
0.144), 58 percentile (p = 0.068), Ppercentile (p = 0.068peak keight (p = 0.465), peak

location (p = 0.285).

Table 3-1 Mean T, histogram features of the whole brainHistogram features were
extracted fronthe T, histogramsaising SPSSvValues araneans of measured values
standard deviations

Pre-treatment

During treatment

M-3 MO M3 M6
1.0340.03 1.0240.04 1.0240.02 1.0140.01
1.36 1.42 1.42 1.50
0.98+0.01 0.97+0.01 0.97+0.04 0.96+0.02
1.02+0.02 1.01+0.03 1.01+0.03 1.00+£0.@
1.08+0.05 1.07+0.06 1.06+0.02 1.05+0.03
7.06%£2.02 7.26%+2.32 7.3+2.59 7.83%+2.60
1.00+0.02 0.99+0.02 0.99+0.03 0.98+0.01
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Whole Brain: All Subjects
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Figure 3-3 Group meanwhole brain T; histograms for each time point

Normalizedwhole braingroup mearr; histograms at all four time pointdistograms were
normalized bydividing thenumber of pixels in each bin lblge totalpixel court and
multiplying by 100 to obtain a percentage. Blue lines represent pre DMT scehariiMO0)

green lines represestansfter initiatingDMT (M3 and M6).
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Figure 3-4 Evolution of whole brain histogram features

Thegroup mean Thistogram featuresneanT;; peak locatior{purple) 25" (red), 50" (blue)
and 7% (green)percentile of whole brain histograms across all time points.(Error bars
represent the standadéviatior). All the features show a steady (although not significant)

decreasafter initiating DMT.

a7



3.1.3. Individual Differences in Whole Brain T

Figure3-5 a. and brepresent the ;Tmaps for subject PG@nd POt all time points. The
dark red represents a highersignal and therefore higher water cont&fisually for subject
P02the T, mapsappear to have higher $ignals prior to initiating treatment than during the
first six months of treatment (this is demonstratedbbyer area oyellow and red in pre
treatment maps and more blue in post treatment m@pbject PO5's ;Tmaps remainimilar
pre and postreatmentFigure3-5 c. and d.arewhole brain T, profiles which represent the
normalized T histograms. Théaistogram profilesn Figure3-5 c. clearly confirm the
differencesdetween pre and peseatmenseen inP02'sthe T; maps. The whole brain mean
T1, peak heights and pe&dcations M3 (1.08+0.16 s, 3.96 %, 1.03 s), MO (1.08+£0.16 s, 4.01
%, 1.03 s), M3 (1.01+0.16 s, 3.71 %, 0.95 s) and M6 (1.02+0.16 s, 3.81 %, 0.97 s) indicate a
higher T, signal prior to treatmen8ubjectP05's T histogramgFigure3-5 d.) areshapedrery
different fromsubjectP02s. In additionP05 ha no noticeable shift between pre and post
treatment histogram3he whok brain mean I peak heights and peak locations3vi
(1.0240.05 s, 9.62%, 0.99 s), MO (1.00+0.05 s, 9.38 %, 0.98 s), M3 (1.01+0.05 s, 9.13 %, 0.98

s) and M6 (1.01+0.06 s, 9.39 %, 0.98 s) indicate a highsigihal prior to treatment.
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P05: Whole Brain
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Figure 3-5 Individual differences in whole brain T

All histograms were normalized blviding the number of pixels in each bin by the total pixel
count and multiplying by 100 to obtain a percentdgeT, maps for subject P02 all time
points(pre-treatmentM-3, MO; during treatment3 and M@ (longerT; times ardandicated

by darker red)(b) T, maps for subject Pat time points M3, MO, M3 and M6{c)

individual normalized whole brain;histograms from subject R@t time points M3, MO,

M3 and M6;(d) individual normalized whole brain; histograms from subject P05 at time
points M3, MO, M3 and M@gboth horizontal and vertical scalase the sambetweerthe two
figures. Blue lines represent pre DMT scans-@vand MO0), green lines represent scans after
initiating DMT (M3 and M6).Subje¢ PO s h i sihdzajen eeardifference inl
between pre and during treatment scans. However subject POBatahow the same clear
shift in Tj.
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3.2. White Matter T,

As in the whole braine T; WM histogramsalsoexhibit the characteristyrofile seen in
previous studies of MS patiexjB1] Visually thegroup mearWM T, histogram profiles peaks

loweredover time(FigureA-1).

3.2.1. WM Ty All Subjects

In WM the mean Ttrendlines vary greatly between subjects amdike the whole brain,

there is no clear pattern that emerdéagire3-6).
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White Matter: Mean T,
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Figure 3-6 Variation of mean T; in the white matter

Plot of the variantion in meah; in the WM of individual subject®ver all four time points
(M-3, M0, M3, M6). Mean Twas extracted from the; histograms. M3 and MO represent
the scans prior to initiating DMBtM3 and M6 all subjects are on DMT.

53




3.2.2. Mean WM T; (All Subjects)

The WM histogram features were extracted ameraged over all subjecEable3-2).
Mean T; values remained constant over time fror85+0.08 s in M3 to 0.97+£0.03 s in M6.
Unlike in the whole brain the evolution of the™?50" and 7%' percentiles and peak location
do not indicate any tren@igure3-8). Peak height decreased slightly (p = 0.068), 8.82+5.48 s
at M-3 to 8.28+3.81 s at M6 and peak location remained constant fr@(dv@7+0.03 s) to
M6 (0.96+0.01s). This indicates that the range qfvRlues in the WMmay bewidening after

treament.(Figure3-8)

Using the Wilcox signedank test we compared tigeoup meatwM T, histogram
features from M3 and M6. None of the six histogram features were significantly different
between M3 and M6.TheP values ofnean T, relaxation timgp = 0.715) 25" percentile (p
= 0.715), 58 percentile (p = 0.715), "5ercentile (p = 1.0)peak height (%) (p = 0.068),

peak location (p = 0.414).
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Table 3-2 Mean T histogram features of whte matter. Histogram features were extracted
from the T, histograms using SPSS. Values lmi@ans of measured values + standard
deviations

Pre-treatment During treatment

M-3 MO M3 M6
0.95+0.08 0.95+0.08 0.94+0.05 0.97+0.03
1.82 1.93 1.85 1.98
0.88+0.15 0.88+0.14 0.88+0.11 0.94+0.02
0.97+0.05 0.96+0.06 0.96+0.01 0.97+0.01
1.04+0.09 1.04+0.10 1.03+0.06 1.03+0.07
8.82+5.48 8.93+6.065 8.57+5.51 8.28+£3.81
0.97+0.03 0.98+0.03 0.96+0.01 0.96+0.01
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White Matter: All Subjects
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Figure 3-7 Group meanwhite matter T, histograms for each time point

Normalized goup meatWM T histograms at all four time pointdistograms were
normalized bydividing thenumber of pixels in each bin by the topatel court and
multiplying by 100 to obtain a percentage. Blue lines represent pre DMT scedhariiMO0),
green lines represent scans after initiating DMT (M3 and M6).
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White Matter (All Subjects)
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Figure 3-8 Evolution of white matter histogram features

ThegroupmeanT; histogram feature&y; peak locatior{purple),25" (red), 50" (blue)and

75" (green)percentileof white mattetistograms across all time points. (Error bars represent
the standardeviatior). Unlike in the whole brain the chang2®", 53" and 74" percentiles

and peak location do not indicate any trend

57



3.2.3. Individual Differences in WM T

Figure3-9 a. and brepresent the WM iIprofiles of subjects P02 and PU5he
observation thahistogram profile®f WM are shaped very differently in differesubjectss

consistent with the whole brain findings

In subjectP02 he WM mean T, peak heights and locations84(1.07+£0.20 s, 3.65 %,
1.02 s), MO (1.07£0.20 s, 3.59 %, 1.03 s) indicate a highpreltireatmen, M3 (1.00£0.20 s,
3.60 %, 0.94 s) and M6 (1.00+0.20 s, 3.49 %, 0.96 s). This subject started out with @ high T
time before initiating INFbeta and returned to where the other subjects were at babkeline
subjectP05s histograms there are no shiftgneanT; or peak location between pre and post
treatment however the peak height decredselke subject PO2he WM mean T, peak
heights and locationsf PO5 atM-3 (0.96+£0.12 s, 130 %, 0.97 s), MO (0.95+0.12 s, 13.31 %,
0.96 s), M3 (0.95+£0.12 s, 12206, 0.96 s) and M6 (0.96+0.13 s, 12.27 %, 0.968dgate no

difference in 1.
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Figure 3-9 Individual differences in white matter T,

Histograms were normalized lviding the number of pixels in each bin by the total pixel

count and multiplying by 100 to obtain a percentdgelndividual normalized white matter

brain T, histograms fom subject P02 at time points-8 M0, M3 and M6{b) Individual

normalized white matter brain hiistograms from subject P05 at time points3\MM0, M3

and MG Blue lines represent pre DMT scans-@and MO0), green lines represent scans after
initiating DMT (M3 and M6).Subject PO@ s h i sihdzajen eeardifference inl

between pre and during treatment scans. However subject PO5 does not show the same clear
shift in Tj.
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4. Discussion

MRI can be used for sensitive and specific approaches to studying braircovasant
changes iMS patientsnitiating DMT. Our hypothesisvas thathe initiation of INFbeta
would resultin a decrease in brain water content as measureg. Bftfiough there was no
statistically significant decrease inmMeasuredn thestudypopulaton there was a decreasing
trend observed whole brain T following the initiation of DMT. This trend was nptesent

in the WM. Different patterns theshifts of T, valueswere seen in different subjects.

4.1. Comparison of T Histograms from the Literature

T1 measures have been used previously to investigate pathological changes within MS
brains. Studies suggest that global measurementwitfi relaxation times represented as a
histogram could provide a good assessment of disease purdea8, 8184] Subsequent
studies have shown significant differences between MS patients and healthy ¢8ajrote
T1 histograms of all MS types (RRMS, SPMS, PPMB)w reduced peak heights and shifts
towards higher Tsignal value$83] The T; measurements in the studies detailedable4-1
were acquired with different MRI protocols at different field strength Tlahd 3.0T). The
T1 histograms features measured in this study are in agreement with results previously
reported i the literature for the WM and whole brain in MS patieftb{e4-1). In addition

T1 histogram profilesreconsistent across all studies.

T1 signal increases at higher field strength but is independent of other observation
parameter§83] At 3.0T, T1 is expectedo be longer, requiring a longer inversion tirAs.

seen inTable4-1 the present study revealbijherT; values in both WM and whole brain
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compared witlpreviousstudies conducted at 1.5 T; values reported in the current study

were also similar to the Pgrstudy which is the only study conducted &t.[83]

Table 4-1 List of studies looking at ;Thistogram metrics in the whole brain (WB), WM and
GM of MS subjects and healthy controls, at 1.5 andr3[Q7, 18, 8184]

Field Author WB Peak WB Mean WM Peak WM Mean GM Peak GM Mean
Strength location T;(SD)(s) location T;(SD)(s) location Ty (SD) (s)
(SD) (s) (SD) (s) (SD) (s)
1.5T Griffin et al. MS MS - - - -
[81] 0.68 (0.11) 1.03(0.07)
1.5T Vrenken etal. - - MS - MS -
[82] 0.77 (0.03) 1.31 (0.06)
(LSAF | Vaithianathar - - 0.61 (0.01) - - -
etal. [18]
1.5T Castriota- - - - MS - -
Scanderberg et 0.70 (0.03)
al. [84]
1.5T Davies etal. - - MS MS MS MS
[17] 0.64 (0.03) 0.67 (0.03) 1.12(0.04) 1.14(0.04)

Controls Controls Controls Controls
0.61 (0.03) 0.63 (0.02) 1.01(0.05) 1.10(0.02)

3.0T Parry et al. - - - MS - -
[83] 0.99 (0.09)
Controls
0.89 (0.02)
3.0T Mackie Thesis MS MS MS MS - -

(2010) 1.00 (0.02) 1.03 (0.03) 0.95 (0.08) 0.97 (0.03)

Of special interest is the study by Daviesletwhich followed 23 patientwith early
clinically definite RRMS for 26 months (patients were scanned every 6 m¢hifgit
baseline no pathts were takin@MTs, however eight patients began IBita during follow
up (three prior to 18 month followp, two prior to 36 month follovap). No patients received
steroids a month prior to imaging at any time plf. Mean T, and peak location both

showed progressive increases in NAWM from basglinean: 0.67 £ 0.03 s, peak height:
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0.64 = 0.03 s) to 6 month followp (mean: 0.68 + 0.02 s, peak height: 0.65 £+ 0.02 s) although

not significanf17]

4.2. Variation in Data

The Ty histogram profiles in this study varied widely between subjects in whole brain and
WM (FigureA-1). The most likely explanation for differences between histogram profiles
between subjects is natural variations between different H8n81 Histogram profiles
remain consistent for each subject between time points which indicates that the differences are
not caused by inconsistencies in the scanner etc. Subjects varied in age, sex, and disease
duration and EDSS (3 females, 2 males, mean agé&ige 2552y), mean disease duration

3.6 (range HBy), mean EDSS 2.0) and these factors may also explain the differences observed.

As mentioned in the previous section the wgebject differences in the, Water content
shifts thatoccurredbetween tine points could be the result of intgubject differences in
disease activitydisease burden and B¥ baseline (Month3). Enhancing lesions on an MRI
scan indicatactive lesions, meaning that there is a breakdown d@dBiand inflammation
is preseni6] If a subject (for example subject 2) had a higher level of disease activity
(Gadolinium enhancing lesions, DAWM) at Monthit could explain the higher; &t
baseline. Studies have shown thatvalues are eleved in lesions and the surrounding
tissues.[84] Mean T, values of black holes (a type of chronic lesion) were significantly higher
than mean Tvalue of WM in healthy controls and NAWM in MS gm[83] Changes in T
have been observed NAWM aswell asin lesions which could contribute, significantly to

whole brain and WM Tvalues
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4.3. Effect of IFN betaon T, RelaxationMeasures oBrain Water

Content

Although tere were natatisticallysignificant results in this study, the findingsthe
whole brain T over timeare very interestingl'he lack of significance is likely the result of a
lack of statistical power due tbhelow number of subject$dowever this study has provided

several interesting and informative observations.

In patients with MS B/ is affected by initiatingFN beta. In the first year of phase IlI
clinical trials of IFN beta, researchers found no significant differences or higher decreases in
the BV of patients taking IFN beta when compared with placebo groups. Howexears

two and three there was a substantial reduction in the rate of BV loss iiNtbetk-

groups.[3]

BV changes irMS involve a combination of voluragaining and viume-losing processes.
Transitory inflammation (edema) and remyelinating processes can causeesdreBV
whereas demyelination améurodegeneratiosuch as axonal logause decreases in B3]
These changes in BV can be further confounded byirdtammatory therapies, which may
reduce inflammation, causing the accelerated BV decline called pseudoatrophy which may be

caused by decreases in brain water content.

The mechanisms of pseudoatrophy may involve intracellular water being lost due to
changes in vascular permeabililiyis possiblehat DMT may lead to irreversible BV loss
true atrophypossibly due to chemotherapyduced neuronal toxicity (not shifits brain water

content) but given that BV decrease slows after the first year of treatment this seems
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unlikely [3] At the present we do nanhderstand how DMT preveswr slows BV lossin the
long term It is possible that molecular mechanisms associated withdaldelerate BV loss
by reducing inflammation and/or promoting repair. However there is no current evidence to

support a neuroprotective mechanism or oligodendeogwyyelin) protectiof3]

Studies examining experimahtdema have found that changes in tissuard closely
mirrored by changes in tissue hydrat[@i] In the current study iThistograms varied widely
between subs. Disease activity in MS fluctuates and it is likely that reversible or
fluctuating pathological processes such as inflammation influepcetfie brain parenchyma.
These factors may explain the intmjectvariation Different MS subjects may have
different amounts of inflammatiowith differing responses to DMand hence exhibit
differing amounts of pseudoatrophy. This may also explaintivbybserved changesTa
fluctuated greatly between time poinfibject PO2 had a high Hefore initiatinglFN beta,
which atM3 andM6 decreased to & Similar to that of the other subjects at3MHigher |
time indicatexonsiderabléenflammation at baseline while the other subjects had much less

inflammation and hence smalleffect on T; with druginitiation.

Given these results it is possilsigbjects with longer iTat M-3 will have a bigger shift at
M3. Those with shorterilat M-3 may have less inflammation to resolve and therefore have
less of a shift. In addition BV changes do not occur at a linear constant rate during
pseudoatroph®] making it ikely that water content changes are also-limoear and therefore

more difficult to measure.

Finally the current study did not examine GM because it is very difficult to segment

reliably. However given that larger change in whole brairelative to theNVM it is possible
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that water content in GM may be disproportionately affected by DMT compared to WM.

4.3.1. UpdatedHypothesis

Analysis of the data indicates thair preliminary hypothesis may be incomplete.
Observation of the differences between individualsgals thatlifferents u b j wholé hivasn
and WM T; respond differently tthe initiation ofDMT. Figure3-2 andFigure3-6 represent
mean T at each time point antlustratestheindividual differencegraphically. In the whole
brain three grops emergedsroupl, included subject P02; thelgect had high Tsignal
prior to initiating DMT which decreases to a level comparable with ther sthbjects after
beginning DMT Subjects in group &xhibited minimal change in Tafterinitiating DMT.
Grow 2 includessubjectd03,P04 and POSSubject PO7 represents groupA3though data
from month 6 is missing for this subjeetclear increase im TS visible following the
initiation of DMT. The differencesbserved in the whole braare also apparent in the WM,
with the exception of g rdidinptin8reaseltothe sameextdl Su b

as in the whole brain after initiatif@MT.

Our hypothesis was thhtain water content (measured by T;) would decrease after
initiating DMT . The results indicate thatifthypothesis is incompleté.is possible that the
three groups observed represent different responses DMT IFN beta Group 1 may
represent MAsuper rora mentioded previbusly, subjéck ttaalb e t a
higher level of disease activity (edema) at baseline. Group 2 may represent a group of subjects
whod o robntinimallyrespond to IFN beta or subjects who preséwnith a low level of
disease activity (edesi. Finally grop 3 represents subjects who may becoroeseafter

beginninglFN beta.
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Currently there is not enough data to conclude that subjects will fathiesethree
groups;however itis an important observation. The observations confirms that it is important

to look at the data of individual subjects not simply only as a group.

4.4, Reproducibility

Establishing the reproducibility of our, Theasurements is essential for verifying the
validity of this technique. The reproducibility for the tEchnique used in the current study
was validated in a previous UBC study. The study involved scanning 20 healthy controls at
various levels of hydration over two dgel] As in the current study histogram profiles
varned widely between subjects, in this case healthy conffotgire4-1). The T,
measurements were shown to be very reproducible between scans indicating that scanne

fluctuations and hydration status did not significantly affect quedhnique34]
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Scan1 ©

Scan 2

Histograms for each
wvolunteer from
second dehydration
scan (i.e. scan #4).

=

Scan 3

Scan4

C d.
—— defydraied
S— T
COV=09%
Tils)
e.
Histogram Metrics
Tissue Scan
Mean pe:ak pegk
height location
baseline 0.75 6.7% 0.75
WM hydrated 0.77 6.9% 0.74
dehydrated 0.77 7.0% 0.74
reproducibility| 0.78 6.6% 0.75
baseline 0.89 4.9% 0.91
M hydrated 0.88 5.8% 0.91
dehydrated 0.88 5.4% 0.91
reproducibility | 0.89 5.2% 0.92

Figure 4-1 UBC hydration study

(a) Histograms from each voluntefgom scan 4 (reproducibility scan) of the UBC hydration
study(Top: WM, Bottom: GM) (b) T; maps fromonesubject in the UBC hydration study
(darker red idongerT3); (c) T, histogram profiles o¥VM in healthy controls in the UBC
hydration study (at all four time points: baseline, hydrate, dehydration and reproducibility);
(d) Ty histogram profiles oM in healthy controls in the UBC hydration study (at all four
time points: baseline, hydrate, gelation and reproducibility)e) table of histogram metrics
from the UBC hydration study [74]
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4.5. Limitations of Study

The major limitation of this study is the small number of subjects and the lack of data from
M6 for subject PO7. The goals of this thesere to establish sound methodol@pdanalyze
preliminary data. All statistical analyses have been performed in anticipation of including
more subjects. At this point of the study trends are emerging that suggest differences between

pre and postreatmemn T, valuesfor whole brain

In addition this study followed subjects foif97/months total (6 months following initiation

of DMT); this may not be long enough to observe thedtiéécts of pseudoatrophy.

45.1. T,;as aMeasurement oBrain Water Content

T1 measures of water content have the potential to be a very valuable method for
measuring treatment induced changes in brain water content. However there are several
limitations in this study. Given the inherent differences between different j lastograsné
the small sample size may result in outliers having a large impact on the results. In addition T
does not equal brain water content, it is proportionalAavéter content) + cd constant that
varies with scanner strengfput can be affected lpther factorsuch as iron conteft9,

20] T, histograms may not be sensitive enough to detect small changes in brain water content.
It is also possible that shifts in brain watentent caused by pseudoatrophy are
compartmental. Therefore measuring changes in whole brain water content may not be

representative of regional changes in brain water content.
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4.6. Ongoing Analysis

As of May T'2010, 16 subjects have beamolled inthe pseudoatrophy study. In addition
to collectingT; data we are also performing lesion counts to assess disease aativity

volumetric analysis.

4.6.1. Potential Influence of Disease Activity

As mentioned previously disease activity at the time of the firstreegrinfluence all
subsequent fmeasurements. Measuring lesion load at each time point may increase our
understanding of how disease activity affectslfTmight also beusefulto remove lesions

from WM masks to create NAWM masksaddition to the curré’WWM masks

4.6.2. MS/MRI Volumetric Analysis

The nextstep of the study involves analyzitige seriabolumetric datdor each subject
The volumetric measurement of absolute BPV in this study will be completed by the MS/MRI
research group. PD§Bcans along with the latest image processing techniques will be used to
reduce RF inhomogeneity, remove noise, and automatically generate intradural and CSF
masks. These masks will be intersected to extract the intricate CSF boundaries within and
surroundhg the brain. For MS subjects, the result are combined with the goatfityolled
lesion masks obtained from a semitomatic } burden of disease analysis to greatly reduce
the inaccuracy of measurement due to misclassifying lesion voxels as CSFisnhich
common problem in other BV quantification techniques. The final mask computed by the

MS/MRI method accurately represents the region composed predominantly of grey and white
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matter. The volume of this region divided by the volume of the intraduras gpaes the

BPV. For additional quality control, each mask will be reviewed by a trained technician using
specialized irhouse software to correct any larggale errors found in the automated process.
The primary advantage of the MS/MRI method is theg &ble to obtain an absolute

measurement of the fraction of the intradural space occupied by brain kggure4-2).

Comparing the Tand volumetic data will allow us to determine if volumetric changes
vary as widely between subjects asThis will help us determine the origin of the variations

in our T; data.
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Figure 4-2 MS/MRI measurement ofabsolute brain parenchymal volume using PD/T

Masks are intersected to extract the intricate CSF boundaries within and surrounding the brain
(red). For MS subijects,; burden of disease masks (blue) are used to reduce the inaccuracy of
measurement due to misclassifying lesion voxels as CSF, which is a common problem in other
BV quantification techniques. The final mask computed by our method accurately represents
the reggion composed predominantly @M andWM. The volume of this region divided by

the volume of the intradural space gives the BPV. The primary advantage of the MS/MRI
method is that we are able to obtain an absolute measurement of the fraction of theaintradu
space occupied by brain tissue.
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5. Conclusion

The findings of this study represent the first time thathistograms have been used to
systematicallytrack changes iwater contenaissociated with the initiation of DMih MS.
Theresults presented this thesis represent a small number of subject€antinuation of
the current methodology is underwagcruting more subjects to reach an acceptable
statistical power levelUpon completiorof the studyadditional statistical analysis will be

required to fully interpret theobservations.

Although testatistical power in the current sample size is logtrends apparent in the

resultssuggest severahportantfindings

T; histograms measure$ the whole brain and WMere compared for changes oviend
in MS patients before and after hbegan DMTMRI 6 s wer e acquired
treatment, at baseline, three and six months post treatAsaoitedictedT 1 histogramsrofiles
varied between subjecis both whole brain and WMt was aconsistent findinghatthe
shapes of the histogram profiles reneginmelatively similabetween scans of the sasubject
acquired during different sessiod$e shiftsin T; histogramsat different stages of treatment
differed greatly between subjectssgibly reflecting differences in treatment response from

differences in baseline condition as well as individual differences in treatment response.

The average T, histograms othe whole brain and WMere limited by the small number
of subjectsln the wiole braincomparing thecombined mean T 25", 53" and 7%’
percentiles othe T, histogramsat M-3 and M6demonstrated a trend towaadliecrease in 1T
(p = 0.068)between treated and untreapatients. This suggests that DMSIcausinghe

water content of thevhole brain to decreasén the WM, peak height of the Thistograms

73

t hr e



approached a significant decrease (p = 0.@68)other histogram metrigsdicateshat T

histograms are widening.

The Ty measuraised in this study offela nonrinvasive technique for the assessment of
changes in braiwatercontentin-vivo in particular the changes in brain water contémat
occur as a result afitiating DMT in MS. This study has establishad important
methodologythat will allow for appropriate interpretations of fesultsin relationto
volumetric datalt is probabé that future DMTfor MS will have antiinflammatoryeffects;
thereforea better understanding of how therapy affects MR measures of &\cial br the
development and monitoring tife initiation phase afewtreatmentsThis knowledge will be
directly applicablefor the development of any new therapeutic modaliteeseg MRI to
quantitatively monitor thacute influences on brain water conterd aotentially disease

progression and overall therapeutic efficacy.
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Appendices

A. Additional Figures

Figure A-1 Histogram profiles (All Subjects)

The normalized Wwole brain and white matter Ristogram profiles foeach subject at each
time point.Histograms were normalized loyiding the number of pixels in each bin by the
total pixel count and multiplying by 100 to obtain a percentapes.figure illustrates the

inter-subject differences in histogram profiles and the consistency ocgilge hi st ogr am

profiles at all time pointsVertical scales differ betweesome of the figureg@) P02;(b) P0O3;

(c) PO4;(d) PO5;(e) PO7
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b)

P03: Whole Brain
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