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Abstract

Magnetic resonanceimaging (MRI) hasbecomean invaluable tool for studying brain

and its associated pathologies. Multiple sclerosis(MS) is one such pathology and at-

tempts are being madeto useMRI to characterisethe myelination state of MS lesions.

Two techniques have been proposed which appear to be sensitive to myelination:

magnetization transfer (MT) and T2 relaxation. Quanti¯cation of thesetechniquesuses

magnetizationtransfer ratios (MTR) for MT and myelin water percentagesfor T 2 relax-

ation. If the two techniquesare both related to myelin content then they are expectedto

be related to each other. It was found by in vivo MRI measurements that white matter

from normal volunteers and normal appearing white matter from MS patients had sig-

ni¯cantly larger MTRs and myelin water percentagesthan grey matter. However, only a

weak correlation was found betweenMTRs and myelin water percentagesin MS lesions

(R=0.5,P=0.005) indicating that each techniqueprovidesan independent measureof MS

pathology.

Sincewater in white matter residesin two main compartments, in intra/extracellular

spacesand betweenmyelin bilayers, it wasthought that MT would have a di®erent e®ect

on each water pool. This was examinedby combining a T 2 relaxation sequence,which

separatesthe two water pools, with an MT pulse. It was found using in vivo MRI mea-

surements on normal human white matter that the myelin water pool was signi¯cantly

more a®ectedby an MT pulse than the intra/extracellular water pool (P=0.00001 to

P=0.04 for di®erent white matter structures). It wasalsofound that small o®setfrequen-

ciescausedmore direct saturation of the myelin water pool than the intra/extracellular
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pool resulting in di®erent contrast. Finally, at long delay times betweenthe MT pulse

and the initiation of the T2 relaxation sequence(> 500ms), the di®erencein MT between

the two pools was eliminated indicating exchangewithin that timescale.

In vitro experiments on bovine brain wereperformedon a 1H-NMR spectrometer. A

4-pool model was proposedto explain the di®erent relaxation times measuredin bovine

white matter. Thesepools included intra/extracellular water, myelin water, non-myelin

moleculesand myelin molecules. Exchangebetween the myelin water and myelin, and

the intra/extracellular water and non-myelin moleculeswererapid with the former being

slightly faster than the latter. There wasno evidencefor exchangebetweenthe two water

pools within the timescaleof 1 s.

For human brain, a di®usionmodel was proposedto investigate exchangebetween

the water pools. Results showed that variations in parametersassociated with the in-

tra/extracellular water pool a®ectedonly that pool. Variations in the myelin water pool,

however, in°uenced the relaxation times and amplitudes of both water pools. Finally, it

was found that changesin the axonal diameter and myelin thicknessresulted in changes

in the myelin water percentagesand T2 relaxation times. This could account for some

of the di®erencesin myelin water percentagesand T 2 times measuredin di®erent white

matter structures in the human brain.
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Chapter 1

In tro duction

1.1 Brain and My elin

The brain is madeup of neuronsand glial cells which work together to carry out brain

function. The neurons form the communication network in the body while the glial

cells act as a support structure. A sketch of a typical nerve cell is shown in Figure

1.1. The nerve cell is made up of four di®erent structures, the cell body (which is the

metabolic centre of the cell), the axon (which transmits nerve impulsesalso known as

action potentials over long distances), the dendrites (which receive signals from other

neurons)and the pre-synaptic terminal (which releasesneurotransmitter in responseto

action potential in order to passon information to the next neuron). Axonscanpropagate

for distancesup to 1 m and rangefrom 0.2-20¹ m in diameter. The axon connectsto the

cell body at a region called the action hillock. At this location, the composition of the

neuron is unique in order to allow the initiation of action potentials via an integration

of all signals received by the cell. In order for signals to propagate quickly along the

length of the axon, an insulating structure called the myelin sheath is present. Myelin

is described in more detail below. At its terminus, the axon divides into small branches

each with a pre-synaptic terminal. Theseterminals end in proximit y to other dendrites

or cell bodies in order to transmit the signal, through releaseof neurotransmitters, to

the next cell. Therefore, signal propagation in a neuron beginswith neurotransmitters

binding to specialisedreceptorsin the dendritesor cell body wherethesechemicalsignals

1



Chapter 1. Introduction 2

are transformed into electrical signals. Theseelectrical signals then transmit passively

to the axon hillock where they are integrated and, if a certain threshold is reached,

an action potential is generated. This action potential °ows uni-directionally down the

length of the axon until it reachesthe pre-synapticterminals. Modulated by the number

and frequencyof the action potentials, neurotransmitter is releasedfrom the pre-synaptic

terminal. The neurotransmitter then di®usesto the next cell and binds to receptors.The

whole processbeginsagain. Depending on the type of neuron being ¯red, an inhibitory

or excitatory signal can be delivered to the post-synaptic cell.

Figure 1.1: A sketch of a typical nerve cell in the brain. From left to right are the
pre-synaptic terminals, the myelinated axon, the cell body and the dendrites. [1]

The myelin sheath is a lipid-protein membrane found in the central nervous system

(CNS) and peripheral nervous system (PNS) of vertebrates [2, 3]. In the CNS, it is

created by specialisedglial cells called oligodendrocytes which wind themselves tightly

around the axon (Figure 1.2) [4, 5]. The resulting multila yer is composedof repeating

units of membrane-cytoplasmicspace-membrane-extracellularspacewith a thicknessof

150-160ºA[6]. Dehydrated myelin is composedof 75-80%lipid and 20-25%protein [7].

This is quite unusual sinceother membranesare generally 50% lipid and 50% protein.
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Myelin makesup 50% of the dry weight of white matter and has a relatively low water

content of 40%[7]. The myelin is present to act asan electrical insulator for neuronsand

allow conduction of nerve signalsto propagateabout 100£ faster. There are gapsalong

the axon whereno myelin is present known asthe nodesof Ranvier which are important

in signal conduction.

Figure 1.2: An electronmicrograph of myelin. The bar represents 0.1¹ m£ 150000.[2]

Sincenerve impulsesconsist of electrical signals, it is important to know how these

are created and how they propagate. A nerve cell membrane has a membrane resting

potential of -65 mV. (The negative sign indicates that the inside of the cell is negatively
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charged with respect to the outside of the cell.) This potential is due to the uneven

distribution of ions, namely Na+ , K+ , Cl¡ and Ca2+ , acrossthe membrane. In signal

transduction, the two most important ions are Na+ and K+ . The Na+ concentration is

about 10 times lower inside the cell than outside while the K + concentration is about

50 times higher inside than outside [1]. Thesegradients are maintained by a Na+ /K +

pump and also by the leakinessof the plasma membrane to K+ but not Na+ . In the

membrane, there are voltage gated ion channelswhich only open when the membrane

becomesdepolarised. The interplay betweenthesechannelscreatesthe action potential

which propagatesalong the axon (shown in Figure 1.3). When the membrane potential

is increasedby about 10 mV (from -65 to -55), an action potential is ¯red. The ini-

tial depolarisation causesvoltage gated Na+ channelsto open and Na+ rushesinto the

cell. This causesa large depolarisation to about +110 mV. The Na+ channelshave a

self-regulatingfeature which automatically closesthem after a short time. At this time,

voltage gated K+ channelsopen and K+ rushesout of the cell causingthe membrane to

becomerepolarised. This e²ux of K+ actually overshoots the initial restingpotential and

the membrane becomeshyperpolarised. The K+ channelscloseand the Na+ /K + pump

restoresthe ion gradients. The overall duration of an action potential is about 1 ms. Cl ¡

is often passively distributed acrossthe membrane although there are sometimespumps

which pump the Cl¡ out of the cell. This ion will alsohelp contribute to the action po-

tential but to a lesserextent. As the membranebecomesdepolarised,it dissipatesquickly

along the axon. This passive conduction of the depolarisation can causeneighbouring

regionsof the axon to reach the threshold and a new action potential is triggered. If

myelin is present, the rate of dissipation of the depolarisation is much slower. At the

nodesof Ranvier, Na+ channelsare found in large concentrations making the triggering

of action potentials very easy. Therefore, the action potential can hop along the axon

from node to node which allows it to travel much faster. This propagation of action
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potentials is called saltatory conduction.

Figure 1.3: A sketch of an action potential. The two solid linesshow the °ux of Na+ and
K+ through ion channelsand the dashedline represents the resulting action potential.
The horizontal referenceline is at -65 mV and the top of the action potential reaches
about +110 mV. [1]

1.2 Multiple Sclerosis

In Canada, the number of people a²icted with multiple sclerosis(MS) is one of the

highest in the world. It is thought that over 50000Canadianshave the disease.MS is

usually diagnosedat an early age,between20and 40yearsand the ratio of womento men

a®ectedis 1.8:1. MS is characterisedby the destruction of CNS myelin. The diseaseis

thought to be brought on by both environmental and geneticfactors. A virus is thought
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to play a role but nonehasbeende¯nitiv ely linked [8, 9]. There are two forms of MS: a

chronic form (90%of cases)which manifestsasa continuousrelapsing/remitting cycleof

demyelination and an acute form (10% of cases)wherethere is rapid and progressive de-

myelination. The chronic form usually consistsof relapsesand then subsequent recovery

of most disabilities. After several years,completerecovery no longer occursand the dis-

easebecomesknown assecondaryprogressive. Demyelination arisesfrom an autoimmune

responsetargeting myelin antigenswhich are thought to derive from myelin basicprotein

or someother myelin speci¯c protein [2]. Theseareasof demyelination are referred to

as lesions. Early lesionshave been correlated with the breakdown of the blood brain

barrier near small vessels.The lesionsare then believed to becomein°amed followed by

demyelination, gliosisand ¯nally axonal loss. Lesionscan be visualisedby computerised

tomography (CT) and magnetic resonanceimaging (MRI) [10, 11, 12] although the im-

agesare generally non-speci¯c to the state of the lesion. MS lesionsbecomein¯ltrated

by immune cells such as macrophages,neutrophils and lymphocytes. The macrophages

appear to destroy myelin sheathsby digesting the outer layers until all myelin is gone.

Strangely, this cellular attack will stop at a boundary and the white matter beyond looks

relatively normal. There is no known causefor this behaviour. Normally the demyeli-

nated tissuewould be repairedbut the diseasealsoa®ectsthe body's abilit y to replenish

the myelin. Oligodendrocytesdo attempt to remyelinate someneuronsbut they areboth

slow and ine±cient. Although lesionsare the main locationsfor disease,there is evidence

that normal appearingwhite matter may alsohavesmall abnormalitieswhich aredi±cult

to seewith MRI (hencethe term normal appearing). Theseabnormalities may add to

the overall lesion load and contribute to disabilities acquiredby the patient.
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1.3 Motiv ation

Myelin is found wrapped around axonsin brain white matter and helpsspeedup nerve

signal conduction. Unfortunately in certain diseasessuch as multiple sclerosis(MS),

myelin breaksdown. Magnetic resonanceimaging (MRI) is a fairly new technique which

has proven useful in detecting MS lesions. However, MRI is not capableof detecting

the pathologicalstate of the lesionand correlation betweenlesionload and disability has

beensmall [13, 14, 15]. Therefore e®ortsare being made to produce an MRI sequence

which will be able to probe the state of the lesionand be able to quantify the amount of

myelin.

Dr. Alex MacKay hasdevelopedan in vivo T2 relaxation pulsesequencewhich allows

the separationof di®erent water pools in the brain. One of thesepools is thought to be

associated with myelin. Initial experiments on brain [16, 17] showed that white matter

had larger quantities of this \m yelin water" than grey matter. Also, MS lesionswere

found to have greatly reducedamounts of myelin water comparedto the surrounding

tissue. These experiments were very exciting since they showed that one component

from T2 relaxation seemedto be related to water associated with myelin which may be

related to myelin content.

Elsewhere,the group of Doussetet al. beganapplying the techniqueof magnetization

transfer (MT) to lesions[18]. Their initial ¯ndings showed that mainly edematouslesions

produceda di®erent MT e®ectthan demyelinated lesions. Theseresults indicated that

MT might alsobe able to di®erentiate betweendi®erent typesof lesions.

Neither technique has fully validated its abilit y to measuremyelin. A study was

carried out where an MS-like disease(experimental allergic encephalomyelitis or EAE)

was induced in primates and MT was subsequently performed [19]. From histological

data, lesionswith more demyelination were indeed found to have a larger change in
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MT than non-demyelinated lesions. T2 relaxation has been performed on guinea pigs

with EAE [20] and histologicalsamplesshowed that the lesionsweredemyelinated which

correlated well with their reducedmyelin water peak. Therefore, there is evidencethat

both thesetechniquesare in°uenced by myelin content.

Sinceboth techniquesarethought to berelatedto myelination, wedecidedto compare

them. If they are indeedproportional to the amount of myelin, then a linear correlation

between them would be expected. This study was done on normal volunteers and MS

patients. It washopedthat wecoulddeterminewhich techniquewasbetter at quantifying

myelin.

From the resultsof T2 relaxation, it wasevident that there weredi®erent water pools

in the brain. Thesewater pools have di®erent interactions with the macromoleculesand

thereforeeach pool should have a di®erent MT e®ect.The T 2 relaxation pulsesequence

was combined with the MT sequencein order to monitor the e®ectsof MT on each

water pool separately. Sincemost groupsassumethat there is only onewater pool in the

brain, this work would improve modelling in this areaand alsohelp in understandingthe

mechanismsinvolved with MT in the brain.

In vitro 1H-NMR experiments were performed to measureinteractions between the

di®erent water pools as well as the surrounding macromoleculesin order to provide

a better understanding of the mechanisms of relaxation present in brain tissue. This

in turn could lead to improvements in MR pulse sequenceswhich could provide novel

information in the diagnosisof di®erent diseases.

Finally, a model for relaxation wasproposedthat involved di®usionbetweenthe two

water pools. Numerical simulations were carried out to try and determine the e®ect

of di®erent parameters (such as di®usion coe±cients and cell size) on the relaxation

amplitude and time of each pool.
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1.4 Review of NMR and MRI work on Brain

1.4.1 T 2 Relaxation

The T2 relaxation decay curve from brain arisesfrom all the water in the brain [20, 21].

Previous studies [16, 17, 22, 23] have shown that three water compartments may be

distinguished on the basis of T2 time: a long T2 component assignedto cerebrospinal

°uid, an intermediate T2 component assignedto extracellular water and cytoplasm,and

a short T2 component assignedto myelin water (Figure 1.4). The myelin water is thought

to be trapped betweenmyelin bilayerswherethe short T 2 time derivesfrom interactions

betweenthe water and the moleculesin the myelin bilayers. The amount of water between

myelin bilayers is expected to be proportional to the amount of myelin. In general,we

ignoreCSF which doesnot contribute much to the signal from white and grey matter so

that there are two water pools in normal CNS tissueand they are resolvable on the basis

of their T2 relaxation.

Measurements of T2 relaxation times in brain are not always done rigorously which

leads to con°icting results in the literature [24]. T 2 relaxation pulse sequencesmust

include more than 4 echoesand have echo spacingsof 10 ms or lessin order to measure

both the intra/extracellular and myelin water. In white matter, the intra/extracellular

water T2 varies for the di®erent structures (e.g. 86 ms for the internal capsulesand 71

ms for the minor forceps) which is likely due to di®erencesin myelin content [17]. In

certain cases,the T2 distribution for white matter shows two peaks in the 80{100 ms

region which may be separationof the intracellular and extracellular water pools. The

T2 of intra/extracellular water in grey matter is also found to be of the order of 70{90

ms.

Somegroups induced cerebraledemain animals in order to determine the e®ecton

T1 and T2 relaxation [25, 26, 27]. When edemawas induced, the longer T 2 component
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Figure 1.4: A T2 distribution of white matter showing the di®erent water components
in the brain. The areaunder each peak is proportional to the number of protons in that
environment.
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split into two peaksrepresenting intracellular and extracellular water. The extracellular

water peak was larger and at longer T2 which was attributed to the extra water present

from edema.The intracellular peak remainedlargely una®ectedby the edema.Another

experiment on cats studied the e®ectof gliosis [28]. T 2 times were found to be largely

unchanged even in the presenceof edemaas well as white matter packed with glial

¯brils and other structures. This lack of change in T 2 was attributed to the e±cient

cross relaxation between the water and the extra cytoplasmic structures resulting in

no net T2 change. Finally, in animals induced with EAE, edemain lesionscausedthe

intra/extracellular water T2 to increase[29, 30, 31].

In multiple sclerosis,the T2 of normal appearingwhite matter wasfound to beslightly

elevated comparedto normal controls [32]. In lesions,large variations in T 2 were found

which were thought to be due to di®erent underlying tissuecomposition [33, 34, 35, 36].

In somecases,the large T2 component had split into two peaks and was thought to

represent axonal loss leading to a larger extracellular space[37, 38]. However, other

studieshave not beenable to con¯rm this result [39, 40].

1.4.2 T 1 Relaxation

Unlike T2 relaxation which is able to di®erentiate di®erent water pools, T 1 relaxation of

human brain appearsto yield only one relaxation time. In a myelinated cray¯sh nerve,

the T1 wasfound to be about 1.2 s [22] which is slightly lessthan that expectedfor pure

water. In the squid giant axon, a similar T 1 of 1.5 s was found [41]. In human brain

however, the T1 of white matter wasabout 600ms whereasthe T 1 of grey matter was1 s

[42]. Again, only mono-exponential relaxation was found. The di®erencein T 1 between

white and grey matter is thought to be due to myelin and in particular interactions

between myelin water and myelin molecules[21, 43, 44]. Supporting this theory are

experiments measuringT1 from newborns and adolescents which showed T1 times of 1.6
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s and 500ms respectively for white matter and 1.6sand 800ms for grey matter [45].

T1 relaxation times werelinearly correlatedwith water content in brain tumour sam-

ples [46]. With edema,the T1 of white matter was found to increasemore rapidly than

grey matter. The suggestedreasonis that excesswater in grey matter is taken up by

cellswherethe T1 is reducedby the proteins present in the cytoplasm. In white matter,

the excesswater remains in the extracellular spaceswhich is free of such molecules. In

animal modelsof edema,T1 wasalsoincreased[25, 26, 27, 29, 30, 31]. In gliosis,T 1 was

increasedasopposedto T2 which did not changeresulting in a decreaseof T 2 relative to

T1 [28].

In MS patients, T1 increasedin lesionsbut was still mono-exponential and therefore

probably not as useful as multi-exponential T 2 measurements [34, 35, 36]. There were

however, large variations in T1 betweenlesionsattributed to di®erent underlying tissue

structure. NAWM was also found to have an increasedT 1 [32].

1.4.3 Magnetization Transfer

Magnetization transfer (MT) is a relatively new MR technique which provides a novel

form of contrast. It was developed by Wol® and Balaban [47] and basedon a technique

discovered by Forsen and Ho®man[48]. MT has becomewidely used to study many

diseases,in particular multiple sclerosis[16, 18, 47, 49, 50, 51, 52, 53, 54, 55, 56]. MT

[47] utilises the fact that there is continuousmagnetizationexchangebetweentwo proton

pools in the brain: the motionally restricted pool which arisesfrom non-aqueoustissue

and the mobile pool from water [21]. MRI can only directly detect signal from the

mobile pool. If the magnetization from the motionally restricted pool is disturbed by

an MT pulse, then the e®ectof exchangecan be seenon the mobile pool as a decrease

in signal [48]. This e®ectis called magnetization transfer and is quanti¯ed through a

magnetization transfer ratio (MTR) (further de¯ned in Chapter 2). It is expected that
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brain volumeswhich have a larger number of motionally restricted protons will show a

greater signal decreaseupon application of an MT pulse and thereforea greater MTR.

Protons associated with myelin would be part of the motionally restricted pool. In this

way, the state of myelination of a lesioncan be probed using MT.

1.5 Overview of Thesis

First, the groundwork will besetby reviewingsomegeneraltheory in Chapter 2. This will

be followed by the generalmaterials and methods usedin all experiments (Chapter 3).

Further details on the materials and methods is given in the individual results chapters.

Three di®erent studies are presented in the next three chapters. Chapter 4 compares

MTRs and myelin water percentagesin normal volunteers and MS patients. Chapter 5

extends the work by incorporating both MT and T 2 relaxation into one sequenceand

studying the e®ecton normal volunteers. In Chapter 6, in vitro 1H-NMR studies are

presented from bovine brain. Many di®erent experiments were carried out in order to

determine how di®erent proton pools interacted and over what timescale. Simulations

of T2 and T1 relaxation are presented in Chapter 7 for human brain by assumingthat

di®usion occurs between the di®erent water pools. Finally in Chapter 8, conclusions

are made about how all the studies relate to each other. Also, future experiments are

suggestedas well as somethat are already underway.



Chapter 2

General Theory

2.1 Relaxation

1H nuclei are spin 1/2 particles and possessmagneticmoment ¹ and angular momentum

J. Thesetwo quantities are related by

¹ = ° J (2.1)

where° is known as the gyromagneticratio. The sum of all the magneticmoments in a

samplegivesthe total magnetizationdenotedby M . If a magnetic ¯eld, B , is applied to

the system,a torque results such that

dM
dt

= ° (M £ B): (2.2)

This equation producesprecessionof the magnetization around the external magnetic

¯eld at a rate known as the Larmor frequencygiven by

! o = ° Bo: (2.3)

If a radio frequency(rf ) pulse,B1, is appliedat this frequency, the energywill beabsorbed

and the net magnetization will tip by an angleµ = ° B1tp wheretp is the length of time

that the rf ¯eld is applied.

When the magnetizationis perturbed from its equilibrium state, it tries to return via

a processcalledrelaxation. Oneform of relaxation, denotedT 1, brings the magnetization

back to equilibrium along the direction of the external magnetic¯eld (normally assigned

14
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to the z-axis). The other, denotedT2, destroys any net magnetizationin a planeperpen-

dicular to the external ¯eld (x-y plane). Theseterms are addedto equation 2.2 in order

to obtain the Bloch equation

dM
dt

= ° (M £ B) +
M o ¡ M zẑ

T1
¡

M x x̂
T2

¡
M y ŷ
T2

(2.4)

whereM o is the net magnetizationat equilibrium.

For spin 1/2 particles, the most important relaxation mechanism is the dipole-dipole

interaction. The dipolar Hamiltonian is given by

H12 =
°1°2¹h2

r 3
[I 1 ¢I 2 ¡ 3(I 1 ¢n̂)(I 2 ¢n̂)] (2.5)

where I is the angular momentum, r is the separationbetween the two spins and n̂ is

the unit vector in the direction joining them. If we transform n̂ into polar coordinates

with angleµ and Á with respect to the external magnetic ¯eld, the Hamiltonian can be

written as

H12 =
°1°2¹h2

r 3
(A + B + C + D + E + F ) (2.6)

where

A = I 1zI 2z(1 ¡ 3cos2 µ)

B = ¡
1
4

(I +
1 I ¡

2 + I ¡
1 I +

2 )(1 ¡ 3cos2 µ)

C = ¡
3
2

(I +
1 I 2z + I 1zI +

2 ) sinµcosµe¡ iÁ

D = ¡
3
2

(I ¡
1 I 2z + I 1zI ¡

2 ) sinµcosµeiÁ

E = ¡
3
4

(I +
1 I +

2 ) sin2 µe¡ 2iÁ

F = ¡
3
4

(I ¡
1 I ¡

2 ) sin2 µe2iÁ : (2.7)

The terms A and B only allow for transitions betweenequal Zeemanenergystates, the

C and D terms allow one of the spins to °ip (with energytransition of ¹h! o) and the E
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and F terms allow both the spinsto °ip (with energytransition of 2¹h! o). Consequently,

T1 relaxation (which involvesa net changein energyof the system)only results from the

last 4 terms. T2 relaxation arisesfrom all terms.

If motion (in the limit of M2¿2
c ¿ 1, where M2 is the secondmoment of the dipo-

lar broadenedlineshape and ¿c is the correlation time for the motion) is present, then

the dipolar interaction becomesaveraged. In this case,relaxation can be described by

Red¯eld's Theory [57]. For spins at a constant separationr and varying in orientation

isotropically, relaxation can be de¯ned as

1
T1

=
° 4¹h2

4r 6
[J (! o) + 4J (2! o)] (2.8)

1
T2

=
° 4¹h2

16r 6
[6J (0) + 10J (! o) + 4J (2! o)] (2.9)

whereJ (! ) is the spectral density and equal to the Fourier transform of the correlation

function. Usually, the correlation function is assumedto be exponential with a time

constant ¿c so equation 2.8 and 2.9 become

1
T1

=
3
10

° 4¹h2

r 6
¿c[

1
1 + ! 2

o¿2
c

+
4

1 + 4! 2
o¿2

c
] (2.10)

1
T2

=
3
20

° 4¹h2

r 6
¿c[3 +

5
1 + ! 2

o¿2
c

+
2

1 + 4! 2
o¿2

c
]: (2.11)

For short correlation times (! o¿c ¿ 1), onehas

1
T1

=
1
T2

= M 2¿c: (2.12)

In bulk water, ¿c » 10¡ 12s and T1 and T2 are between1 and 3 s. In generalfor tissue,

T2 < T1 dueto interaction betweenwater andmacromolecules.For brain tissue,weexpect

more than onestochastic processto in°uence the relaxation and thereforeequations2.8

and 2.9 would involve more than one ¿c. This would lead to much more complicated

expressions.
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2.2 Second Momen t

The moments of a lineshape function f (! ) can be de¯ned as

M n =
R1

0 ! n f (! )d!
R1

0 f (! )d!
(2.13)

The so-calledsecondmoment comesfrom n =2.

For a rigid lattice, the secondmoment can be calculatedfrom

M 2 =
3
4

° 4¹h2I (I + 1)
X

k

(1 ¡ 3cos2 µj k)2

r 6
j k

(2.14)

wherer j k is a vector describingthe relative position of two protons and µj k is the angle

between the applied magnetic ¯eld and this vector. If one averagesover all angles,

equation 2.14reducesto

M 2 =
3
5

° 4¹h2I (I + 1)
X

k

1
r 6

j k
: (2.15)

In the presenceof motion, the lineshape becomesnarrowed and the measuredsecond

moment will be smaller. (The true secondmoment never changes.) This is known as

motional narrowing.

Unfortunately, equation2.15is very hard to apply experimentally. Instead, the Lowe-

Norberg theoremrelatesf (! ) to a free induction decay function F (t)

F (t) =
Z 1

0
f (! ) cos(! t)d! (2.16)

where
R1

0 f (! )d! =1 is assumed.If cos(! t) is replacedby its Taylor's series,then we get

F (t) =
1X

0

(¡ 1)n t2n

(2n)!
M 2n : (2.17)

Therefore,a free induction decay can be usedin order to determinethe secondmoment.
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2.3 Cross Relaxation and Exchange

Crossrelaxation can be represented by a modi¯cation of the Bloch equationsto incor-

porate exchange of magnetization between two pools of protons (A and B) [58]. The

longitudinal magnetization in pool A is designatedMA and in pool B MB . The fully

relaxed magnetizationsare designatedMAo and MB o. The rate constant for exchange

from pool A to pool B is KA and from pool B to pool A is KB . The reciprocal of the rate

constants give the lifetimes that protons spend in each pool, i.e. K A = 1
¿A

and KB = 1
¿B

.

When exchangeoccurs,pool A losesM A
¿A

magnetizationto pool B per unit time and pool

B loses M B
¿B

magnetization to pool A per unit time. The modi¯ed Bloch equationsare

given by
dMA

dt
=

MAo ¡ MA

T1A
¡

MA

¿A
+

MB

¿B
(2.18)

dMB

dt
=

MB o ¡ MB

T1B
¡

MB

¿B
+

MA

¿A
(2.19)

whereT1A and T1B are the longitudinal relaxation times as de¯ned above. The general

solution to thesecoupledequationsis [48]

MA (t) = M Ao + C1e¡ ¸ 1 t + C2e¡ ¸ 2 t (2.20)

MB (t) = M B o + C1
R1A + K A ¡ ¸ 1

K B
e¡ ¸ 1 t + C2

R1A + K A ¡ ¸ 2

K B
e¡ ¸ 2 t (2.21)

where

C1 =
R1A + K A ¡ ¸ 2

¸ 1 ¡ ¸ 2
(MA (0) ¡ M Ao) ¡

K B

¸ 1 ¡ ¸ 2
(MB (0) ¡ M B o) (2.22)

C2 =
R1A + K A ¡ ¸ 1

¸ 1 ¡ ¸ 2
(MA (0) ¡ M Ao) ¡

K B

¸ 1 ¡ ¸ 2
(MB (0) ¡ M B o) (2.23)

and
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¸ 1;2 = f (R1A + K A + R1B + K B )§

[(R1A + K A + R1B + K B )2 ¡ 4(R1A R1B + R1A K A + R1B K B )]1=2g=2: (2.24)

R1A and R1B are the reciprocals of the longitudinal relaxation time for pool A and B

respectively.

A crossrelaxation time, T cr , can be de¯ned betweenthe pools as follows [59]

PA K A = PB K B =
1

Tcr
(2.25)

wherePA and PB are the probabilities of ¯nding a proton in pool A and B respectively.

If the signal from pool B is brought to zeroand the T 1 times for both pools are ignored,

then the systemwill return to equilibrium through a signal increasein pool B from pool

A of the form

S(t) = (1 ¡ e¡ t=¿B ): (2.26)

Experimentally, ¿B is measuredand related to T cr .

As an example,white matter is thought to consistof two water pools, myelin water

and intra/extracellular water. The amplitudesand T 1 times have beenestimatedas16%

and 200 ms for myelin water and 84% and 800 ms for intra/extracellular water. A plot

of the changein relative amplitude and T1 measuredin the presenceof crossrelaxation

as a function of the crossrelaxation time is shown in Figure 2.1.

2.4 Magnetization Transfer

Magnetization transfer (MT) is equivalent to crossrelaxation and usedin MRI [47]. In

brain tissue, two pools of protons are assumed,one mobile pool associated with water

and one motionally restricted pool associated with macromolecules.There is very little

motion involved in the motionally restricted pool so the frequencydistribution is broad

and the signaldecay time is short. In the mobile pool, motion averagesthe dipole-dipole
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Figure 2.1: A white matter model of the changein T 1 relaxation time and amplitude of
myelin water (labeledwith m) and intra/extracellular water (labeledwith i) asa function
of the crossrelaxation time. The true amplitudes and T 1 times for the di®erent pools
are 16%and 200ms, and 84%and 800ms.
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interaction and the lineshape narrows with an associated increasein T 2 relaxation time.

The lineshapesof the two pools are shown in Figure 2.2. Thesetwo pools continuously

undergoexchangeof magnetization.

Figure 2.2: Representation of two proton pools in brain: motionally restricted macro-
molecules(broad line) and mobile water (narrow line). Both curvesare centred on the
water resonance,º o. Note that the intensity of the mobile pool has beenreducedto ¯t
on the plot.

Unlike in 1H-NMR, with MRI it is not possibleto measurethe motionally restricted

component of the signal. It is possiblehowever, to perturb the motionally restricted pool

and then monitor the e®ectof magnetizationtransfer (or crossrelaxation) on the mobile

signal. If the motionally restricted signal is kept at saturation (signal equalszero), then

the MB term in equation2.18disappearsand the magnetizationin pool A will relax with
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a time constant, T1sat , given by

1
T1sat

=
1

T1A
+

1
¿A

: (2.27)

This leadsto the solution

MA = (MAo ¡ MAsat )e¡ tsat =T1sat + MAsat (2.28)

wheretsat is the time for which pool B is kept saturated and

MAsat =
T1sat

T1A
MAo : (2.29)

MAsat is the ¯nal magnetizationattained by pool A if pool B is kept saturated.

There are two methods of saturating pool B. One is the application of a long o®-

resonancepulse which will only a®ectthe broad macromolecularpool. By continuous

application of this pulse,the broad pool continuouslyundergoesdephasingand therefore,

no net magnetization remains. The power spectrum of the sinc pulse is shown in Figure

2.3. The secondmethod is to apply a short on-resonancebinomial pulse. The net angular

displacement of this pulseis zerosoprotonswith a longT 2 will not undergorelaxation and

their magnetizationwill be brought back to its initial position. Protons with short decay

times will dephaseduring the courseof the pulseand will not experiencea net zerodegree

pulsebut a randomisationof their magnetization. Therefore,the macromolecules,which

have short T2s, becomedephasedwhile the water is brought back to its initial position.

The power spectrum of a binomial pulsesuperimposedon the spectrum of the two brain

proton pools in shown in Figure 2.3.

In practice, it is very hard to attain full saturation of pool B while keepingpool A

una®ected.Therefore,compromisesaremadewhich causethe aboveequationsto become

invalid. Instead a more qualitativ e approach is taken where the di®erencein the image

intensity beforeand after the MT pulse is observed and related to the underlying tissue
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structure. This changeis quanti¯ed by meansof a magnetization transfer ratio (MTR)

de¯ned as

M TR =
µ

1 ¡
M s

M o

¶

£ 100% (2.30)

whereM s refersto the signal intensity from an imageacquiredwith an MT pulseand M o

refersto the signal intensity from an imageacquiredwithout an MT pulse. Decreasesto

the MTR would occur due to a reduction in the macromolecularpool or an increasein

the water pool.



Chapter 3

General Materials and Metho ds

3.1 Samples

Two setsof experiments were carried out, oneon bovine brain and the other on human

brain. The bovine brain was usedfor in vitro 1H-NMR experiments. MRI experiments

wereperformedin vivo on human brain from normal volunteersand MS patients.

3.1.1 Bovine brain

Bovine brain was obtained within three hours of slaughter (GrandMaison beef farm,

5175-184St, Surrey) and immediately placedin phosphatebu®eredsaline(Oxoid, lot#

R025361-002)cooled with ice. As soon aspossible,the brain and bu®erwereplacedin a

refrigerator (4±C). White and grey matter tissuesampleswerecut from the brain, dried

on a paper towel and placedin a 10 mm o.d. NMR tube. The sampleswere then placed

in an NMR spectrometerand a variety of experiments werecarried out. When a sample

was not in use, it was stored in the refrigerator. Sampleswere allowed to warm up to

room temperature for half an hour before the experiments were started. Sampleswere

cut from the brain just prior to their placement in the spectrometer. Therefore,samples

wereremoved from the brain over the courseof 3-4 days. Three bovine brains wereused

with 6 samplestaken from the ¯rst brain (labelled Samples1-1, 1-2, 1-3, 1-4, 1-5, 1-6), 4

samplesfrom the secondbrain (labelled 2-1, 2-2, 2-3, 2-4) and 6 samplesfrom the third

brain (labelled 3-1, 3-2, 3-3, 3-4, 3-5, 3-6). The composition of the di®erent samplesis

25
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Brain 1
Sample 1-1 1-2 1-3 1-4 1-5 1-6
Composition MG W W G G W

Brain 2
Sample 2-1 2-2 2-3 2-4
Composition W G W G

Brain 3
Sample 3-1 3-2 3-3 3-4 3-5 3-6
Composition W W G G G W
Moisture Contents 71.0 73.2 83.8 84.0 85.4 72.0

0.3 68.2 0.4 77.0 7.5 36.0
59.9 52.8 6.9
37.7 2.5
13.3

Table 3.1: Composition of samplesobtained from three separatebovine brains. MG =
mostly grey, W = white, G = grey.

shown in Table3.1. Dehydration experiments werecarried out on samplesfrom the third

brain by placing the samplesin an oven with a drying agent (anhydrousCaSO4) at 30±C.

For complete dehydration, the sampleswere left under vacuum for 48 hours. Samples

wereweighedbeforeand after each dehydration step. Moisture contents werecalculated

as the weight of liquid in the sampleover the total weight of the sample. The moisture

contents usedare shown in Table 3.1.

3.1.2 Human brain

For oneexperiment (chapter 4), ten normal volunteers(age20-47)and nine clinically def-

inite MS patients (age30-56)wereexamined.Five MS patients wererelapsing-remitting

(R/R) and four were secondaryprogressive (SP) in their clinical course. For the sec-

ond experiment (chapter 5), only normal volunteers were used. More details appear in
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chapter 5.

3.2 NMR and MRI Equipmen t

The NMR experiments were performed on a modi¯ed Bruker SXP 4-100 NMR spec-

trometer operating at 90 MHz with a 11¹ s receiver deadtime. The data acquisition and

analysis system included a locally built pulse programmer [60], a Rapid Systemsdigi-

tizer and an IBM compatible computer. The 90± pulse length was 1.8 ¹ s and the 180±

pulselength was3.9 ¹ s. Temperature wasset usinga Bruker B-ST 100/700temperature

controller accurateto § 0.5±C.

MRI experiments were done using a 1.5 T General Electric Signa clinical scanner

operating at the 5.4 software level.

3.3 NMR Pulse Sequences and Analyses

In this section, all pulse sequencesusedon the NMR spectrometer are described. The

method of analysisassociated with each sequenceis alsomentioned. More details of the

individual experiments are described in later chapters.

3.3.1 Free Induction Decay

The free induction decay (FID) was used to separatethe signal from solid and mobile

protons. The solid signal arosefrom dipolar coupled protons in macromolecules.The

mobile signal came from protons in water or other isotropically moving protons. The

pulsesequencewas:

90x ¡ ¿=2 ¡ (180y ¡ ¿)8 ¡ TR
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with ¿=200¹ s. The FID signal for dipolar coupled protons can be ¯t to a moment

expansionequation given as:

S(t) ¼ S(0)(1 ¡ M 2t2=2! + M 4t4=4! ¡ M 6t6=6!) (3.1)

whereM2, M4, M6 are the second,fourth and sixth moments of the lineshape and S(0)

is the total signal at t=0. The brain FID decay curve from 17 to 42¹ s from the centre of

the 90± pulsewas¯t to this expressionusing a non-linear function optimisation program

minimising Â2 [61]. The eight 180± pulseswere included in order to minimise the e®ect

of magnetic¯eld inhomogeneity. The intensities from the tops of the 8 echoeswere¯t to

a sum of two exponentials and extrapolated to t=0 in order to obtain the initial mobile

signal,M(0). In order to determinethe secondmoment of only the solid protons, M0
2, the

mobile signal (assumedto have an M2 of zero) was removed using M 0
2 = M 2

S(0)
S(0) ¡ M (0) .

The di®erencein total signal intensity of the FID between two di®erent hydration

levels and the corresponding massdi®erencewas usedto estimate the proton density of

the solid (non-aqueous)brain tissue.

3.3.2 Spin-Spin Relaxation

The mobile signalwasfurther characterisedusinga Carr-Purcell-Meiboom-Gill (CPMG)

[62, 63] sequencewith 4320180± pulsesand echo spacingsof 100 ¹ s, 200 ¹ s or 400 ¹ s.

736 echoeswere collected;the ¯rst 224 echoeswere collectedat every echo and the last

512 echoeswere collectedevery 8th echo. The ¯rst 4 decay points were discardedsince

there was a large amount of scatter in the intensity of the initial points [64].

3.3.3 Spin-Lattice Relaxation

The spin-lattice relaxation time (T 1) wasdeterminedusinga modi¯ed inversionrecovery

pulsesequence(IR) and a partial saturation recovery pulsesequence(SAT). The IR pulse
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sequencewas:

90x ¡ TR

180x ¡ ¿ ¡ 90x ¡ TR

Eighteen ¿ valueswere usedfor IR in brain 1 and 2: 1, 3, 5, 10, 15, 25, 40, 60, 90, 140,

200, 300, 500, 750, 1000,1500,2000,3000ms. In brain 3, 30 ¿ valueswere used: 1, 2,

3, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 75, 100,125,150,200,250,300,400,500,750,1000,

1500,2000,2500,3000,4000,5000ms. The secondFID signal was subtracted from the

¯rst in order to obtain a resultant positivesignal,S(t), that decayedto zeroat long ¿. For

a systemwith only mono-exponential relaxation, this signal decays as S(t) = 2M oe¡ ¿=T1

whereMo is the total magnetizationalong the z-axis. The solid and mobile (assumedto

be liquid) parts of the signal wereseparatedfor each ¿. The mobile signal was taken as

the averagesignal from 80 to 90 ¹ s after the 90± pulse. The solid signal was found by

subtracting the liquid signal from the total signal (averagedbetween15 and 25 ¹ s from

the 90± pulse).

For the SAT pulse sequence,an FID was usedwith ¿=200¹ s and TRs of: 200, 300,

500,600,750,1000,1500,2000,3000,4000,5000,7000ms. SAT was only measuredfor

brains1 and 2. The signalintensity wasthen ¯t to the expressionS(t) = M o(1¡ e¡ T R=T1 ).

This equation assumesa mono-exponential T1.

3.3.4 Cross Relaxation

The crossrelaxation time, Tcr , betweenthe solid and mobile protons wasmeasuredusing

the pulsesequence[65]:

90x ¡ t1 ¡ 90¡ x ¡ ¿ ¡ 90x ¡ TR

90x ¡ t1 ¡ 90x ¡ ¿ ¡ 90x ¡ TR
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The t1 value was 400¹ s which allowed for completedephasingof the solid signal. The ¿

time allowed exchangebetweenthe solid and mobile protons causingthe reappearance

of the solid signal after the third 90± pulse. The ¿ times usedwere 1, 2, 5, 10, 15, 25,

50, 75, 100, 150, 200 ms for brains 1 and 2 and 1, 2, 3, 5, 7.5, 10, 15, 20, 30, 50, 75,

100, 150, 200 ms for brain 3. The ¯rst trace was subtracted from the secondin order

to eliminate T1 e®ectsfrom the solid signal but not the water. The averagesignal from

points 80 to 90 ¹ s was subtracted from the averagesignal from points 16 to 26 ¹ s in

order to characterisethe solid signal intensity.

3.3.5 T 1-T 2 Relaxation Dep endence

The two-dimensionalT1-T2 dependencewas determined with the modi¯ed CPMG se-

quence:

90x ¡
TE
2

¡ (180y ¡ TE)n ¡ TR

180x ¡ ¿ ¡ 90x ¡
TE
2

¡ (180y ¡ TE)n ¡ TR

with TE=200¹ s and the ¯rst 15 ¿ values(Brain 1 and 2) or all 18 ¿ values(Brain 3) of

the Brain 1,2 IR sequenceabove. The secondcurve was subtracted from the ¯rst curve

in order to obtain a positive T1 relaxation signal which decays to zero. The CPMG part

of the sequencewas collectedexactly the sameas before (Section 3.3.2). The array of

T1-T2 decay data was simultaneously ¯t using a modi¯ed NNLS algorithm [66] with a

logarithmically spacedset of 20 T1 times from 0.01to 5s and 20 T2 times from 0.001to

2s. This sequencewas only performedon white matter samples.
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3.3.6 Cross-T 2 Relaxation Dep endence

The two-dimensionalcross-T2 dependencewas determined with the modi¯ed CPMG

sequence:

90x ¡ t1 ¡ 90¡ x ¡ ¿ ¡ 90x ¡
TE
2

¡ (180y ¡ TE)n ¡ TR

90x ¡ t1 ¡ 90x ¡ ¿ ¡ 90x ¡
TE
2

¡ (180y ¡ TE)n ¡ TR

with t1=400¹ s, TE=200¹ s and the same¿ valuesas the crossrelaxation experiment for

Brain 3. The secondcurve was subtracted from the ¯rst curve in order to eliminate T 1

e®ectsfrom the solid. The CPMG part of the pulse sequencewas collectedexactly the

sameas before(Section 3.3.2). Each CPMG curve was analysedin the samemanner as

the spin-spin relaxation data using NNLS (decribed in 3.5). The T 2 distributions were

found to have 2 or three components assignedto myelin water (T 2 between 1 ms and

30 ms), intra/extracellular water (T 2 between30 ms and 200ms) and bu®er(T 2 greater

than 200 ms). For each ¿ value, the area under the myelin water peak and the area

under the intra/extracellular water peak were calculated. This resulted in decay curves

of ¿ times and peakareas.Thesecurveswere¯t to mono-exponential relaxation models.

This experiment was applied only to the Brain 3 samples.T 1-T2 relaxation curveswere

also decomposedinto 2 or 3 T2 components in the samemanner for comparisonto the

cross-T2 decay curves.

3.4 MRI Pulse Sequences and Analyses

MRI experiments included magnetization transfer (MT), 32 echo T 2 relaxation and 32

echo T2 relaxation with an MT pulse. Each sequenceaswell as the analysisis described

below. In all cases,a transverseslice through the baseof the genu and splenium of the

corpus callosumwas examined. Volumesof interest were outlined in eleven structures,
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including ¯v e white matter or normal appearing white matter (NAWM) structures: the

genu and spleniumof the corpuscallosum,the posterior internal capsulesand the major

and minor forceps,and six grey matter structures: the putamen, the headof the caudate

nucleus,the thalamus, the cingulate gyrus, the insular cortex and cortical grey matter.

Outlines of theseregionsare shown on an imagein Figure 3.1.

Figure 3.1: Image with each brain structure outlined to show ROIs chosen for MRI
analysis. On this image,white matter regionsare darker on the imagethan grey matter.
A water tube is shown on the right-hand sideof the image.
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3.4.1 Magnetization Transfer

For the magnetization transfer measurements, a spin echo sequencewas used with se-

quenceparameters:repetition time TR 1 s, echo time TE 16 ms, 2 averages,slice thick-

ness5 mm, FOV 220 mm and matrix size256x128. Ten sliceswere acquired but only

the slicematching that of the T2 relaxation measurement wasusedin this analysis. This

sequencewasrun twice, oncewith no MT pulsesand oncewith two 19 ms sinc pulsesat

2 kHz o®-resonancewith total °ip angle amplitude equivalent to a 1060± pulse applied

precedingeach spin echo. This sequencewas optimised to obtain the greatestdi®erence

in MTR betweennormal white and grey matter. MTR imageswereproducedby plotting

the MTR at each voxel. A binomial pulse was usedin Chapter 5. This pulse consisted

of six 1 ms long 1¹21 on-resonancepulseswith spacingsof 400¹ s.

3.4.2 T 2 Relaxation

For the T2 relaxation measurements, a single slice 32 echo sequencewas used. This

sequenceconsistedof a 90± sliceselective pulsefollowedby 32rectangularcomposite180±

pulses°anked by slice-selectcrushergradient pulsesof alternating sign with descending

amplitude for elimination of stimulated echoesand signal from outside the selectedslice

[67]. Sequenceparameterswere: repetition time TR 3s,echo spacing10ms,slicethickness

5mm, FOV 220mm,bandwidth § 32kHz, matrix size256x128and 4 averages.

3.4.3 T 2 Relaxation with MT

The pulse sequenceconsistedof the preparatory MT pulse followed by the 32 echo se-

quencementioned above (Section 3.4.2). The only di®erencewas that only 2 averages

were done. Two types of preparatory MT pulseswere employed: 1) two 19 ms sinc

pulsesat 2 kHz o®-resonance(unlessotherwise speci¯ed) or 2) 6 1¹21 binomial pulses,
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each binomial pulsewith a duration of 1 ms. Five di®erent studieswerecarried out and

described in chapter 5.

3.5 Non-negativ e Least Squares (NNLS) Analysis of Relaxation

The CPMG (NMR) and 32 echo (MRI) decay curves were decomposed into an arbi-

trary number of exponentials using a modi¯ed non-negative least-squares̄tting routine

(NNLS) [66]. The rangeof T2 times included 100points from 1 ms to 5 s (15 ms to 2 s

for 32 echo). Non-negative least-squaresanalysisgives a discreteT 2 distribution made

up of delta functions as the lowest Â2 ¯t to a decay curve. The true T2 distribution

in brain is more likely composedof a continuous distribution of relaxation times. To

accomodate this, the Â2 value was allowed to increasefrom 1-2%(0.1-0.3%for 32 echo)

by minimising solution roughnessas well as Â2 [17, 66, 68]. This produced smooth T2

distributions which weremore robust in the presenceof noise. A typical T 2 distribution

is shown in Figure 3.2. The corresponding decay curve is shown in the inset. Both the

discreteand smooth T2 distributions are shown. Myelin water percentageswere calcu-

lated by dividing the intensity of the T 2 distribution from 1-50ms (15-40ms for 32 echo)

by the intensity between1-700ms (excluding CSF). Myelin water maps were obtained

by calculating the myelin water percentage at each pixel in the image and plotting the

intensity. GeometricmeanT2 times [17] (mean on a logarithmic scale)for the entire T 2

distribution and for the rangefrom 50 to 900ms (excluding the short T 2 component and

cerebrospinal°uid) werecalculatedfor MS lesions.

Analysis of the T2 relaxation with MT data wasslightly di®erent. Within each white

and grey matter structure, regions of interest were drawn and the decay curves from

all pixels averaged. The averagecurve was then decomposedinto a maximum of four

exponentials at 20, 80, 120 and 2000ms. The four exponentials were chosento match
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Figure 3.2: Typical T2 distribution for bovine white matter. The corresponding decay
curve is shown in the inset. Both discrete(spikes)and smooth (curves)distributions are
shown.
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the T2 relaxation valuesfound in our previous brain studies [17, 23]. In theseprevious

studies,decay curvesweredecomposedinto an arbitrary number of exponentials using a

modi¯ed non-negative least-squares(NNLS) technique. Unfortunately, the lower signal

to noiseratio obtained with only two averagesfor our 32 echo imagescaused°uctuations

in the intensity and position of the short T 2 component. Therefore, the number of

degreesof freedomwas decreasedin order to make the short T 2 component signal more

stable. Results from our modi¯ed NNLS solution with Â2 mis¯ts of 5% greater than the

minimum and a myelin window of 15{40 ms gave similar results as the four exponential

solutions. Also, replacing the 120 ms T2 with a 200 ms T2 did not changethe results.

The four proton water pools were separatedinto the short T 2 component (signal at 20

ms) and the long T2 component (combined signal from 80 and 120ms). The total signal

was the sum of the short and long T2 components and signal from CSF (signal with T 2

at 2 s) wasignored. Magnetization transfer ratios werecalculatedfor the short, long and

the total T2 component signals

M TR =
µ

1 ¡
Ar eas

Ar eao

¶

£ 100%

where Ar eas and Ar eao are the intensities of the given T2 component or components

acquiredwith and without an MT pulse, respectively.

NNLS was alsousedto determineT1 distributions from T1 decay curves. The range

of T1 times included 100points from 1 ms to 10 s. The Â2 value wasallowed to increase

from 1-2%to obtain smooth distributions.
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Comparison of MTRs and My elin Water Percentages

4.1 Summary

Magnetization transfer and T2 relaxation experiments wereperformedon ¯v e white and

six grey matter brain structures from ten normal volunteers and nine multiple sclero-

sis patients. Thirt y MS lesionswere also analysed. Magnetization transfer ratios and

myelin water percentageswerecompared.Both techniquesshoweda signi¯cant di®erence

between the averageof white and grey matter of the normal volunteers as well as the

averageof normal appearing white matter and grey matter of the multiple sclerosispa-

tients. The averagemagnetization transfer ratio and myelin water percentage for lesions

were signi¯cantly lower than those of normal appearing white matter in MS patients.

Myelin water percentagesand magnetization transfer ratios were uncorrelated in white

and grey matter but showed a small (R=0.5,P=0.005) but signi¯cant correlation in mul-

tiple sclerosislesions. In summary, the myelin water percentage and the magnetization

transfer ratio provide quanti¯able but largely independent measuresof multiple sclerosis

lesionpathology.

4.2 In tro duction

In multiple sclerosis(MS), lesionsshow up as clearly de¯ned bright areas on proton

density or T2-weighted MR images [51, 54, 56]. Unfortunately, it is not possible to

determine lesionpathology (e.g. edema,demyelination or gliosis) from conventional MR

37
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images[53]. Two recently developed in vivo MR techniqueshave the potential to provide

more speci¯c information about MS pathology: magnetization transfer (MT) [18] and

measurement of the T2 decay curve [16]. Both techniques provide results which vary

over a wide range for di®erent lesionsand each has beenhypothesisedto be related to

myelination [16, 18, 49, 50, 52, 55].

An early study by Doussetet al. [18] found, in guineapigs with experimental allergic

encephalomyelitis (EAE), that EAE lesionshad slightly reducedMT e®ectsand showed

no signsof demyelination. They also found, in MS patients, that MS lesionshad a very

pronouncedreduction in magnetization transfer comparedto normal white matter. A

study showing a more convincing link betweenMT and demyelination was again done

by Doussetet al. [19] who showed histological correlations betweenMTRs and heavily

demyelinated and necrotic lesions in primates injected with lysolecithin. The myelin

water percentage hasalsobeenfound to vary for di®erent multiple sclerosislesions[16].

Stewart et al. [20] showed that, in guinea pigs with EAE lesions,spinal cord samples

with histologicalevidenceof demyelination alsoshowed reduction in the amplitude of the

short T2 component.

Both MT and T2 decay curve analysespromiseto provide speci¯c information about

multiple sclerosispathology. If the magnetizationtransfer and the myelin water percent-

ageare both related to myelination, then they should alsobe related to each other. The

goal of this study wasto apply both techniquesto MS patients and normal volunteersto

determinewhether the information from thesetwo techniqueswas correlated.

4.3 Materials and Metho ds

All experiments were done on a 1.5 T GeneralElectric Signaclinical MR scanner. MT

and T2 relaxation (described in Section 3.4) were performed on ten normal volunteers
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and nine MS patients. ROIs (as outlined in Section3.4) were drawn on all images. For

each ROI, the MTR and myelin water percentage was determined. In the MS patients,

30 lesionswerealsoexamined(16 from R/R patients and 14 from SP patients).

All statistical comparisonswere done using the Student's t-test. A two-tailed test

was used to determine signi¯cant di®erencesand a one-tailed test was carried out to

determine signi¯cance when comparing normal to MS results since the hypothesiswas

that results from MS should be lower than results from normal brain. For comparisons

betweenthe meansfrom the ¯v e di®erent white matter structures, a single factor anova

test was used. Signi¯cance in all caseswas indicated by P values less than 0.05. If

a di®erencein the mean was found from the anova test, Duncan's multiple range test

was applied to the white matter structures to determine which pairs were signi¯cantly

di®erent.

4.4 Results

4.4.1 Normal Volun teers

A typical MTR image and myelin map from a normal volunteer are shown in Figure

4.1 (left and centre respectively). The corresponding proton density weighted image is

shown in Figure 4.1 (right). In the MTR image and myelin map, white matter regions

appear brighter than grey matter regionsconsistent with the hypothesesthat myelin has

a larger pool of motionally restricted protons and contains compartmentalised water.

Figure 4.2 shows MTRs and myelin water percentages for each structure averaged

over the ten normal volunteers (closedcircles). The averageMTR of white matter was

signi¯cantly di®erent than grey matter (P< 0.00001). The anova test between the ¯v e

white matter structures showed that the mean MTRs were not signi¯cantly di®erent.

The averagemyelin water percentage of white matter was signi¯cantly di®erent than
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Figure 4.1: An MTR image (left), a myelin water map (centre) and a proton-density
weighted image(right) from a normal volunteer.
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grey matter (P< 0.00001). The ¯v e white matter structures had signi¯cantly di®erent

meanmyelin water percentages(P< 0.00001).Resultsfrom Duncan'smultiple rangetest

on myelin water percentagesareshown in Figure 4.3with structureswritten in ascending

order and ovals joining structures without signi¯cant di®erences.

The ranking of white and grey matter structures according to their MTR or their

myelin water percentage was di®erent. There was no correlation between MTRs and

myelin water percentagesin white matter (R=0.126,P=0.39) or greymatter (R=-0.014,P=0.9).

4.4.2 MS Patien ts

An MTR image and a myelin map from an MS patient (R/R) are shown in Figure 4.4

(left and centre respectively). The corresponding proton density weighted image,Figure

4.4 (right), is alsogiven wherethe lesionsare clearly seenas bright areas.

Figure 4.2 shows the averageMTR and myelin water percentage for each structure

excluding lesions(open circles). The ranking of the white matter structures between

MS and normal was almost the samefor T2 relaxation (two structures swapped) but

not the samefor MT (three structures were ranked di®erently). None of thesechanges

in rank were signi¯cant according to the anova and Duncan's multiple range tests. In

MS patients, the averageMTR of NAWM and the averageMTR of grey matter were

signi¯cantly di®erent (P< 0.00001). The mean MTRs betweenNAWM structures were

not signi¯cantly di®erent with the anova test. The averagemyelin water percentage of

NAWM wassigni¯cantly di®erent than grey matter (P< 0.00001).The meansof the ¯v e

NAWM myelin water percentagesweresigni¯cantly di®erent (P< 0.00001).Resultsfrom

Duncan's multiple rangetest on myelin water percentagesare shown in Figure 4.3 with

structures written in ascendingorder and ovals joining structures without signi¯cant

di®erences.

As with the normal volunteers, the rankings of white and grey matter structures
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Figure 4.2: A plot of the averagemyelin water percentage (top) and the averageMTR
(bottom) for ¯v e white matter and six grey matter structures. Results from both nor-
mal volunteers (closed circles) and MS patients (open circles) are shown. Error bars
correspond to the standard error.
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Figure 4.3: Duncan'smultiple rangetest for myelin water percentagesfrom normalsand
MS patients. Ovals join structures with no signi¯cant di®erence.

Figure 4.4: An MTR image (left), a myelin water map (centre) and a proton-density
weighted image(right) from an MS patient.
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betweenMT and T2 relaxation werenot consistent. There wasno signi¯cant correlation

between MTRs and myelin water percentages for NAWM (R=0.154,P=0.3) and grey

matter (R=0.253,P=0.065).

4.4.3 Normal Volun teers vs MS Patien ts

The resultsfrom normal volunteersand MS patients werecompared.For all white matter

structures, NAWM had a lower MTR and lower myelin water percentage than normal

white matter. The probability of either of theseoccurring by chanceis only 3%. A one-

tailed t-test wasusedto determinewhether MTRs or myelin water percentagesfrom MS

structures were signi¯cantly lower than normal structures. Structures with signi¯cant

di®erencesare indicated by a star on Figure 4.2 and include the minor forcepsfor both

MTR and myelin water percentage and the splenium and genu of the corpus callosum

for MTR.

4.4.4 Lesions

For this study, the most important comparisonis that betweenMTR and myelin water

percentages in lesions. Values are listed in Table 4.1 and plotted in Figure 4.5. The

averagevalues of normal white matter, NAWM and grey matter are shown for com-

parison with lesion values. There was a signi¯cant correlation between myelin water

percentage and MTR but it was surprisingly moderate (R=0.5,P=0.005). The MTR in

lesionswas slightly more correlated with the geometric mean T 2 of the entire T2 dis-

tribution (R=-0.59,P=0.0005) and with the geometric mean of T 2 between 50-900ms

(R=-0.54,P=0.001) than with the myelin water percentages.
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Structure Myelin Water (%) MTR (%)
normal MS normal MS

R/R MS - 3.8(0.9) - 7.7(1.2)
SP MS - 5.6(0.6) - 13.3(0.8)

Averagelesions - 4.6(0.5) - 10.3(0.9)
AverageWhite 11.8(0.7) 10.6(0.7) 18.9(0.2) 17.6(0.3)
AverageGrey 3.0(0.3) 3.1(0.3) 13.1(0.2) 13.0(0.3)

Table4.1: Comparisonof resultsfor myelin water percentagesand magnetizationtransfer
ratios from MS lesions. (Averagewhite and grey are included for reference.) Numbers
in parenthesesare standard errors.
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Figure 4.5: A plot of the myelin water percentageversusthe MTR for MS lesions.Lesions
from patients with relapsing-remittingMS (closedcircles)and from patients with chronic-
progressive MS (open circles) are di®erentiated.
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4.5 Discussion

The main goalof this study wasto compareMTR valuesand myelin water percentagesin

brain of normal volunteersand MS patients. Both methods claim to be related to myelin

content and thereforeonemight expect the results to be correlatedwith oneanother.

4.5.1 MTR Values

Brain MT measurements in the literature [18, 49, 50, 52, 55, 69, 70, 71, 72, 73] have been

acquiredin a variety of ways so that absoluteMTR valuesvary considerablyfrom study

to study. Becausegradient echo sequencesusemuch lessrf power to producean image,

the incremental e®ectof an MT pulse is more potent for gradient echo MT sequences

than spin echo MT sequences.Consequently, gradient echo MT sequencesproducemuch

larger MTR valuesfor normal white matter. However, a recent abstract by Berry et al.

[74] showed that MTRs for normal white matter werelinearly related to the e®ective °ip

angle(FAsat) divided by the repetition time betweensaturation pulses(Tsat). Our MTR

valuesfor normal white matter, which were obtained with a ratio of FAsat/Tsat equal

to 10.6, fell onto Berry's linear relation within experimental error. Therefore,although

our spin echo MT sequenceyielded smaller white matter MTR valuesthan many other

studies, especially those obtained with gradient echo MT sequences,our results should

be representativ e of all MT studies.

4.5.2 Comparison of Our MTRs and My elin Water Percentages with Other

Studies

Several groups have reported MTR values from di®erent normal white matter regions

[50, 52, 55, 69, 71, 72]. The ranking of their white matter structures was the sameas

ours except in onecase.Although, Mehta et al. [72], like us, found that the genu of the
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corpuscallosumhad the largestMTR, the other structures wereranked di®erently. This

group was the only one to usean on-resonancebinomial MT pulse which may account

for the di®erencein ranking.

Three groupscomparednormal white matter to grey matter and found a signi¯cant

di®erencein the averageMTR [18, 50, 72] consistent with our results. In MS patients,

three groupsfound that the averageMTR of NAWM waslower than normal white matter

[18, 49, 52], asdid our group, but onegroup did not ¯nd it signi¯cant [50]. Several groups

examinedMS lesionsandall found that the averageMTR of lesionswassigni¯cantly lower

than NAWM [18, 49, 50, 70], as was found in our experiments. There was a wide range

of MTR values for the lesions. These lesionswere further separatedinto lesionsfrom

patients with relapsing-remitting and secondaryprogressive MS. Three of the groupsdid

not ¯nd a signi¯cant di®erencein the MTR betweenthe two MS classes[49, 50, 70] but

onegroup found that lesionsfrom R/R patients had a higher MTR than lesionsfrom SP

patients [18]. This result is the opposite of ours; we found that lesionsfrom SP patients

had a higher MTR than lesionsfrom patients with R/R MS. This ¯nding could be due

to the large variation in typesand agesof lesionsfound within a single MS patient. In

SP MS, lesionsare expected to be older than lesionsfrom R/R patients. Tomiak et al.

[73] found that lesionsolder than oneyear had a larger MTR than youngerlesions.They

attributed this result to older lesionsbeingmainly gliotic and thereforehaving lesswater

to exchangewith the motionally restricted protons. The ¯ndings in that study would

support a larger MTR in lesionsfrom SP patients as opposedto R/R patients.

Only one other systematic study of myelin water percentageshas been carried out

with normal volunteers. In our earlier study [17], the averagemyelin water percentage

was11.3%in white matter and 3.1%in grey matter for normal volunteers. Thesevalues

were not signi¯cantly di®erent than our present results even though the previousstudy

was carried out on a di®erent scannerand employed a di®erent slice thickness(10 mm).
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The ranking of the white matter structures was the sameas this study except for the

major forceps. In the previous study, the optic radiation was included in the major

forcepsbut, in this study, since the slice chosenfor most MS patients did not include

the optic radiation, it was not included. Grey matter structures were ranked slightly

di®erently probably due to the small myelin water percentage in grey matter being more

a®ectedby the noise.

4.5.3 Other Comparisons of MT and T 2 Results

In a recent study of maturing brains [75], a qualitativ e inversecorrelation was found

betweenT2 and MTR for brains at di®erent myelination stages.The mono-exponential

T2 measuredin that experiment was estimated from a dual echo pulse sequenceand

thereforecannot be directly related to the T 2 times or myelin water percentagesreported

in this study.

A comparisonbetweenT2 times measuredfrom a 16 echo sequenceand MTRs in le-

sionsfrom patients with optic neuritis showeda signi¯cant correlation (r=-0.413, P< 0.05)

[40] which is similar to our results.

4.6 Concluding Remarks

In a clinical setting, the MT sequencehas advantages over T 2 measurements since it

is easyto implement in a multi-slice fashion and has shorter acquisition times. The T 2

relaxation wasmeasuredon a singleslicebecausea multi-slice study would havecorrupted

the T2 decay curveswith MT e®ectsdue to o®-resonanceirradiation from other excited

slices.
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T2 relaxation resultsshow two distinct water compartments within the mobilecompo-

nent of normal white matter. This ¯nding suggeststhat the two-pool model normally em-

ployed for characterisingMT is inadequate;a three pool model (macromolecules,myelin

water andextracellular/in tracellular water) would bemorerepresentativ e. Magnetization

transfer is expected to be stronger for myelin water than the intracellular/extracellular

water. Furthermore, direct saturation e®ects,which becomemore prominent as the MT

o®setfrequencyis movedcloserto resonance,shouldbe di®erent for the two mobile pools

sincethey have di®erent linewidths.

Further studiesare required to determinehow MT and T 2 relaxation results relate to

brain pathology. If both techniquesare indeedprimarily measuringmyelin content, then

we would expect the MTRs and myelin water percentagesto be strongly correlated. This

study demonstratesthat the relationship is much morecomplexsince,in MS lesions,only

about one ¯fth of the variancein the myelin water percentage was accounted for by the

MTR. We found a slightly higher correlation betweenMTR and geometricmeanT 2 than

with the myelin water percentage. If the myelin water percentage is indeeda measureof

myelin content, then the MTR must alsobe dependent on other aspectsof the tissue.

In summary, the MTR and myelin water percentage provide quanti¯able but largely

independent measuresof MS lesionpathology. More investigation is required beforewe

can reliably relate thesetwo parametersto the actual pathological changes.
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MT E®ects on the Short and Long T 2 Relaxation Comp onents of Brain

5.1 Summary

A T2 relaxation sequencewasmodi¯ed by including a preparatory magnetizationtransfer

pulse in order to determinethe MT e®ecton each of the two T 2 components separately.

Two types of MT pulseswere examined: an on-resonancebinomial pulse and an o®-

resonancesinc pulse. The e®ectof varying the o®setfrequencyof the MT sinc pulsewas

also determined. The time between the sinc MT prepulseand the initiation of the T 2

relaxation sequencewas increasedand the e®ecton each T 2 component was seen. The

MT e®ectwassigni¯cantly largeron the short T 2 component than the long T2 component

(P< 0.00001to P< 0.04). This di®erential MT e®ectwasremovedat time delays of greater

than 500ms. The binomial MT pulseandsmall frequencyo®setscausedsubstantial direct

saturation which preferentially a®ectedthe short T 2 component. In summary, MT a®ects

the short T2 component in brain more than the long T2 component exceptat long delays

betweenthe MT pulseand the initiation of the T 2 relaxation sequence.

5.2 In tro duction

Most models of MT in the brain have included only two pools of protons [47, 72, 76,

77, 78, 79], motionally restricted and mobile. The \bulk" water (mobile) interacts with

the macromolecularmatrix (motionally restricted) through somewater surfacelayer but

all the water has equal accessto the matrix. From T 2 relaxation, it is clear that the

50
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mobile pool can be further separatedinto two distinct water pools. Therefore,a model

including at least3 proton pools shouldbe usedto better understandthe MT signal [80].

Exchangewould take placebetweenthe two water pools and betweenthe myelin water

and the motionally restricted pool (consistingmainly of myelin).

In normal MT sequences,the signal from the two tissuewater pools is not separable

and thereforesomesort of averageMT is measured.However, a 32echo sequencepreceded

by an MT pulse is able to distinguish the MT e®ecton each of the T 2 components.

The goal of this study was to look for di®erencesin magnetization transfer e®ects

between the two brain tissue water pools. Sincethe microscopiclocal environment for

water betweenmyelin bilayersis very di®erent from that of intra and extracellular water,

onemight expect the two poolsto exhibit di®erent MT e®ects.The experimental protocol

consistedof a preparatory MT pulseapplied beforea 32 echo T 2 relaxation measurement

sequence.Two typesof MT pulseswere investigated: namely an on-resonancebinomial

pulseand a 19mso®-resonancesincpulse. With the sincpulse,the e®ectof changingthe

o®setfrequencyof the MT pulse was investigated. Also, the e®ectof varying the delay

betweenthe end of the sinc MT pulse and initiation of the multiecho T 2 measurement

sequencewas examined. MnCl2 doped water tubeswith T2s of 20 and 80 ms were also

placed within the image. The choice of water T 2 was in order to mimic the previously

measuredT2 of the di®erent water pools in the brain [16, 17] namely myelin water and

intra/extracellular water.

5.3 Material and Metho ds

MRI measurements were done on a 1.5 T General Electric Signa clinical MR scanner

operating at the 5.4 software level. Four MnCl2 doped water tubes(two with T2 80 ms

and two with T2 20 ms) wereplacednext to the headof each volunteer.
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Relaxation decay curvesfor all experiments were ¯t to a 4 T 2 model using an NNLS

algorithm as detailed in Section3.4. The relaxation times were then separatedinto the

short T2 component (T 2 =20 ms) and the long T2 component (T 2 = 80+ 120 ms). In

the caseof the reproducibilit y data, decay curveswerealso¯t using the modi¯ed NNLS

algorithm with a 0.1-0.3%increasein Â2.

All statistical comparisonsweredoneusing the two-tailed Student's t-test. Probabil-

ities lessthan 0.05wereconsideredsigni¯cant. If a structure had no short T 2 component

whenno MT pulsewaspresent, then the personwasnot included in any averagefor that

structure or the t-test calculation. Also, if an MTR resulted in a negative value (likely

due to noise), the MTR was set to zero and included in the average. This occurred in

one white matter structure for two di®erent volunteersusing the sinc MT pulse. In the

experiment with a varied frequency o®set,this occurred in the minor forceps for one

volunteer (at 500, 750 and 1000 Hz) and in the genu (at 750 Hz). In the experiment

wherea delay wasput betweenthe MT pulseand the 32 echo sequence,negative MTRs

werefound in the spleniumand minor forcepsfor delays ¸ 500ms. Thesenegative MTR

valuesrangedfrom -1.2 to -55 with an averageof -12.6.

Five di®erent experiments using the T2 relaxation with MT sequenceweredoneand

described below.

5.3.1 Repro ducibilit y

Seven experiments with a sinc MT pulsewererepeatedat the samesitting on onevolun-

teer aswell asonecasewith no MT. Each white matter structure wasanalysedusing the

normal 0.1-0.3%smoothing NNLS algorithm and the 4 T 2 method described in chapter 3.

This was usedto test whether the 4 T2 method was appropriate for relaxation analysis.
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5.3.2 Binomial MT pulse

Fifteen normal volunteers (age25{48) werestudied using a binomial MT pulse followed

by a 32 echo train. Experiments weredone in pairs, without and with MT. MTRs were

then determined for both the short and long T 2 components. Only one volunteer was

scannedwith the four water tubes.

5.3.3 Sinc MT pulse

Eleven normal volunteers (age23{48) were studied using a sinc MT pulse followed by a

32 echo train. The delay betweenthe end of the sinc MT pulseand the initiation of the

32 echo train was18.5ms and the frequencyo®setwas2000Hz. Experiments weredone

in pairs, without and with MT. MTRs werethen determinedfor both the short and long

T2 components.

5.3.4 MT Frequency O®set

A total of three scanswere doneon two normal volunteers (i.e. one volunteer was done

twice) using a range of o®-resonanceo®setsfor the sinc MT pulse. O®setsused were

2000,1000,750,500and 300Hz. Only oneof the scansincluded the 300Hz experiment

while only the other two scansincluded the 750 Hz experiment. Again, an experiment

with no MT was donein order to allow the calculation of MTRs at each o®set.

5.3.5 Dela y Bet ween MT Pulse and 32 Echo Sequence

One normal volunteer was studied twice using a protocol that varied the time between

the end of the sinc MT pulseand the initiation of the 32 echo sequence,called the MT

delay. Experiments consistedof a sequencewith no MT and ¯v e other sequenceswith

delays of 18.5,218.5,518.5,1018.5and 2018.5ms. MTRs weredeterminedfor each delay.
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Short T2 Long T2

Structure Smooth 4 T2 model Smooth 4 T2 model
Genu 195(19) 237.1(3.6) 959(20) 939.7(1.8)

Splenium 84(31) 100(25) 1028(20) 995.7(4.0)
Minor Forceps 196(25) 206.2(6.8) 969(25) 989.3(2.6)
Major Forceps 94.2(7.5) 106.5(9.5) 1015.4(4.3) 999.0(2.8)

Internal Capsules 181(15) 167(10) 980(21) 985.6(3.9)

Table 5.1: Amplitudes of the short and long T 2 components for the smooth and 4 T2

model distributions in normal white matter. Standard errors are given in parentheses.

5.4 Results

5.4.1 Repro ducibilit y

Sevenexperiments wererepeatedon onevolunteer in order to determinethe reproducibil-

it y. The amplitudes of the short and long T 2 components are shown in Figure 5.1 and

Table5.1comparingthe normal 0.1-0.3%smoothing NNLS solution and the 4 T 2 method.

In all casesexcept for the splenium, the 4 T2 analysis resulted in a smaller amplitude

range. In the caseof the splenium,movement betweenscansis thought to have a®ected

the resultsthereby leadingto unreliablecomparisons.The amplitude resulting from the 4

T2 model wasalways near the middle of the rangeof amplitudes for the smooth analysis.

All other experiments wereanalysedusing the 4 T 2 model.

A typical exampleof both T2 distributions determinedwith and without MT is shown

in Figure 5.2. Two casesare shown: oneusing a smooth NNLS solution (smooth curves)

and the other using the 4 T2 ¯t to the samedata (spikes). The solid lines (labelled no

MT) refer to the 32 echo experiment without an MT pulsepresent and the dotted lines

(labelled MT) refer to the 32 echo with MT experiment. The MT axis has beenshifted

in order to make them visible beneath the no MT lines. A decreasein intensity can be

seenbetweenthe no MT and MT distributions.
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Figure 5.1: The di®erencebetweenthe smooth and 4 T 2 model is shown for oneno MT
(solid symbol) and seven MT (open symbol) casesfrom white matter of one volunteer.
Data in the lower plot comesfrom the short T 2 component and data from the upper
plot comesfrom the long T2 component. Note the changein scalealong the vertical axis
betweenthe two plots.
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Figure 5.2: Example of T2 distributions without and with an MT pulse. The curved
solutions were obtained by ¯tting the decay curves using the modi¯ed smooth NNLS
algorithm. The spiked solutionswereobtained by restricting the allowed T 2 valuesto 4.
The no MT curvesrefer to 32 echo experiments without an MT pulseand the MT curves
are experiments with an MT pulse. Note the axis of the MT 4 T 2 solution was shifted
slightly to the right to make it visible under the no MT solution.
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AverageMTR (%)
Structure Short T2 Long T2 Total P value

Genu 25.0(1.9) 14.2(1.4) 16.1(1.3) 0.0001
Splenium 35.5(2.7) 16.7(1.1) 19.8(1.1) 0.00001

Minor Forceps 16.8(2.2) 12.2(1.3) 12.5(1.4) 0.04
Binomial Major Forceps 34.7(1.6) 13.0(1.2) 15.6(1.2) 0.00001

Internal Capsules 45.4(3.4) 14.1(1.2) 20.0(1.3) 0.00001
Av erage White 31.5(3.5) 14.0(1.3) 16.9(1.4) 0.00001

80 ms tube - - 37.4 -
20 ms tube - - 40.3 -

Genu 22.2(2.9) 8.7(1.0) 12.0(0.6) 0.005
Splenium 24.4(5.4) 7.7(1.0) 10.2(0.9) 0.024

Minor Forceps 22.4(3.6) 7.4(0.8) 10.4(0.6) 0.007
Sinc Major Forceps 23.6(5.4) 7.9(0.7) 9.9(0.6) 0.032

Internal Capsules 23.6(4.0) 6.6(0.9) 10.0(0.6) 0.005
Av erage White 23.1(2.9) 7.8(0.8) 10.6(0.6) 0.001

80 ms tube - - 2.4(0.8) -
20 ms tube - - 4.8(0.7) -

Table 5.2: AverageMTRs of white matter structures for 15 volunteers using binomial
(top) and sinc (bottom) MT pulses(o®set=2000Hz and delay=18.5 ms). Decay curves
were analysedusing the 4 T2 model. P valuesrefer to a comparisonbetweenshort and
long T2 components. Numbers in parenthesesare standard errors.

5.4.2 Binomial MT pulse

Fifteen normal volunteers were examinedusing the binomial MT pulse sequence.The

averageMTR for the short and long T2 components and the averagetotal MTR is shown

in the top half of Table 5.2 for each structure. P values comparing the MTRs from

short and long T2 components are also given. The MTR of the short T 2 component

was signi¯cantly higher than the MTR of the long T 2 component for all white matter

structures. The signal from the 20 ms and 80 ms water tubes was lower due to the

binomial pulsewith the 20 ms water tube showing a larger MTR.
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5.4.3 Sinc MT pulse

In this experiment, eleven normal volunteers were scannedwith the sinc MT pulse se-

quence.The averageMTR for the short and long T 2 components and the averagetotal

MTR is shown in the bottom half of Table 5.2 for each structure. P valuescomparing

the MTRs from short and long T2 components are also given. The MTR of the short

T2 component was signi¯cantly higher than the MTR of the long T 2 component for all

white matter structures. The averageMTR of the 20 ms water tube was signi¯cantly

higher than that of the 80 ms water tube although the e®ectwas small in both.

5.4.4 MT Frequency O®set

The e®ecton each of the T2 components of varying the o®setfrequency of the MT

pulse was determined. Results for both short and long T 2 components are shown in

Table 5.3 for each white matter structure and in Figure 5.3 for the averageover the ¯v e

structures. At all o®setfrequencies,the MTR for the short T 2 component (excluding

the minor forcepsat 750 Hz) was larger than that for the long T 2 component. As the

o®setfrequencywasdecreasedto 300Hz, the absoluteincreasein MTR for the short T 2

component becamemuch larger than that for the longer component but the fractional

increasewasabout the same.The reasonfor the dip in MTR at 750Hz is not understood.

The increasein calculatedMTR with decreasingo®setfrequencywasmuch larger for the

20 ms T2 water tube than for the 80 ms water tube.

5.4.5 Dela y Bet ween MT Pulse and 32 Echo Sequence

The length of the delay between the sinc MT pulse and the initiation of the 32 echo

sequencewas varied from 18 ms to 2 s in ¯v e steps. Results for both the short and long

T2 components for each white matter structure are shown in Table 5.4. For both T 2
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o®set(Hz)
Component Structure 300 500 750 1000 2000

Short Genu 33.2 31.4 7.6 18.7 19.7
Splenium 53.0 58.6 43.4 44.9 41.1

Minor Forceps 36.5 23.4 10.8 19.3 23.8
Major Forceps 55.4 43.4 35.6 35.6 27.2

Internal Capsules 43.3 40.6 27.9 32.2 17.4
Avg White 44.3 39.5 25.9 30.1 25.8
water tubes 20.4 23.7 13.7 11.1 3.2

Long Genu 13.9 16.5 16.1 11.9 8.2
Splenium 11.0 14.5 12.4 10.4 6.4

Minor Forceps 11.3 18.3 19.0 13.4 7.8
Major Forceps 8.9 14.2 11.2 11.1 7.7

Internal Capsules 5.7 11.9 12.1 9.8 7.2
Avg White 10.2 15.1 14.1 11.3 7.5
water tubes 8.3 8.5 5.5 5.4 2.6

Total Genu 18.5 19.8 14.0 13.8 10.9
Splenium 17.5 21.5 17.4 15.9 11.9

Minor Forceps 16.9 17.9 11.7 13.9 10.8
Major Forceps 15.1 18.2 14.5 14.4 10.3

Internal Capsules 15.2 18.6 15.4 14.9 9.7
Avg White 16.6 19.2 14.6 14.6 10.7

Table 5.3: Average MTRs of white and grey matter structures using di®erent o®-
resonanceo®sets.Short and long component water tube MTRs are for the 20 ms and 80
ms tubesrespectively.
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Figure 5.3: A plot of the averageMTR of the short and long T 2 components in white
matter as a function of o®-resonanceo®set.The data werecollectedfrom three scansof
two volunteers.
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delay (ms)
Component Structure 18.5 218.5 518.5 1018.5 2018.5

Short Genu 18.1 21.3 16.2 12.0 7.7
Splenium 21.5 26.4 6.3 0.0 10.8

Minor Forceps 14.4 14.4 6.5 3.5 1.3
Major Forceps 17.7 16.6 2.8 1.4 4.6

Internal Capsules 18.3 25.2 6.6 6.8 14.2
Avg White 18.0 20.8 7.7 4.7 7.7
water tubes 4.2 2.9 1.9 1.3 2.9

Long Genu 9.4 12.5 9.2 5.0 2.2
Splenium 8.2 11.6 10.8 6.9 4.4

Minor Forceps 9.0 12.5 9.6 6.0 3.3
Major Forceps 9.1 12.1 10.1 7.1 5.2

Internal Capsules 8.4 10.5 9.4 4.9 1.9
Avg White 8.8 11.8 9.8 6.0 3.4
water tubes 1.8 2.2 4.4 4.9 5.1

Total Genu 11.1 14.3 10.6 6.4 3.1
Splenium 10.4 14.1 9.6 5.4 5.4

Minor Forceps 10.1 12.9 9.0 4.8 2.6
Major Forceps 10.2 12.7 8.8 5.8 3.8

Internal Capsules 10.4 13.5 8.8 4.7 4.4
Avg White 10.5 13.5 9.4 5.4 3.9

Table 5.4: AverageMTRs for the short and long T 2 component in brain using di®erent
MT delays. Short and long components water tube MTRs are for the 20 ms and 80 ms
tubesrespectively.

components, the MTR at short delays was larger than that at longer delays. For delays

of 200 ms or less,the MTR of the short T2 component was much larger than the MTR

of the long T2 component. For delays of 500ms or greater, the MTR valuesof both T 2

components weresimilar. Figure 5.4 shows the averageMTR for both T 2 components in

white matter as a function of the delay. Neither water tube showed appreciablechange

in MTR although the 80 ms water tube, for unknown reasons,had an increasedMTR at

longer delay times.
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Figure 5.4: A plot of the averageMTR of the short and long T 2 component in white
matter as a function of MT delay. The data were collectedfrom two scansof the same
normal volunteer.
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5.5 Discussion

The conventional method of analysingT2 relaxation data wasnot employed becausethe

amplitudes for the two T2 components were not stable probably due to a low signal to

noise ratio. Instead, a model which incorporated only 4 T 2 times at 20, 80, 120 and

2000ms was¯t to the decay curves. Thesevalueswerechosento correspond to T 2 values

measuredin normal brain. The amplitudesassociatedwith each T 2 component had much

lessvariance than the smooth model and the valueswere centred within the amplitude

rangeof the smooth solutions. It is important to note that although this model is helpful

in normal human brain, diseasecan causechangesin relaxation time and this model

would no longer be valid.

Sinceit is impossibleto separatethe contributions to the MTR from each of the two

tissue water pools in a conventional MT sequence,the measuredMTR is a weighted

averageover the short and long T2 proton signal components. By combining the prepa-

ration MT pulsewith a 32 echo sequence,this study separatelymeasuredthe MTR for

each water pool. The MTR of the short T2 component was found to be signi¯cantly

larger (P< 0.00001to 0.04) than that of the long T 2 component for all white matter

structures and for both typesof MT preparation pulses.A larger MTR is an indication

of closerassociation betweenwater and motionally restricted non-aqueousprotons such

as lipids and proteins. Therefore,the di®erential MTR e®ectsobserved heresupport the

assignments of the short T2 component to water trapped between myelin bilayers and

the longer T2 component to water from intra and extracellular water.

Another possible di®erencebetween the two water pools is the amount of direct

saturation due to an MT pulse. Direct saturation is a decreasein magnetization of the

water pool due to direct absorption from the MT pulseand not asa result of transfer of

magnetization betweenproton pools. In an ideal experiment, there should be no direct
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saturation but this is never the case. The two doped water tubeswere included in the

image slice in order to look for direct saturation e®ectsin the MT experiments. One

would expect direct saturation e®ectsin tissueto be similar to thosein water phantoms

possessingsimilar T1 and T2 times. The 20 ms T2 tube (T 1 =800 ms) represented the

short T2 component observed in brain and the 80 ms T2 (T 1 =200 ms) tube represented

the long T2 component. We note that when the o®setfrequencyof the MT pulse was

decreased,the 20 ms component was a®ectedmuch more than the 80 ms component.

Similar direct saturation e®ectsare expected for the short and long T 2 components in

vivo.

Comparisonbetween the MTR results from binomial and sinc MT pulsesshow an

interesting di®erence.With the binomial MT pulse, the MTRs for the short T 2 compo-

nent varied amongthe di®erent white matter structures. On the other hand, the MTR

valuesobtained with the sinc MT pulse did not show this variance. The MTR for the

long T2 component showed no signi¯cant variation for either type of MT pulse. The

ranking of binomial pulseMTRs for the short T 2 component coincidewith the ranking of

the myelin water percentagesin Chapter 4 for di®erent white matter structures. These

di®erent behaviours with the two MT pulsesis tentativ ely attributed to direct saturation.

The binomial MT pulse producesa very large amount of direct saturation as measured

from the water standards(Table 5.2) and this direct saturation preferentially a®ectsthe

myelin water. This direct saturation e®ectis accentuated at higher myelin water con-

tents. Sincethe measuredMTR is a combination of the MT e®ectand direct saturation,

di®erent white matter structures will have di®erent MTRs. The sinc MT pulse did not

produce much direct saturation and therefore the measuredMTR values were simply

due to MT which appearedto be uniform amongdi®erent white matter structures. This

similarit y betweenwhite matter MTRs was also found in Chapter 4 wherea sinc pulse

was used.
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Recently, many studieshave employedo®resonanceMT pulseswith the o®-resonance

MT pulsemovedto smallerfrequencyo®setssincethis leadsto largerMTRs [81, 82]. This

couldalsocausemoredirect saturation of the mobilepool. This wasfound experimentally

and in particular, water with a short T 2 waspreferentially saturatedat small o®setvalues

(water tubes in Table 5.3). Therefore, in brain white matter, the myelin water will be

more a®ectedby small o®setsthan intra/extracellular water. For clinical applications

this e®ectmay be desirable,however it should be appreciatedthat the measuredMTR

at small o®setswill be a combination of MT and the di®erent direct saturations of the

water. In the previouschapter, the o®setusedfor measurement of MTRs was2 kHz and

thereforea negligibleamount of direct saturation was expected.

Only onestudy haspreviously combined a CPMG sequencewith an MT pulseand it

was carried out on bovine white matter [80]. Although they found two T 2 components

in white matter, they found no di®erencein their MT e®ect. This result seemsto con-

°ict with those of the present study, however the experimental approaches of the two

studieswere di®erent. The MT prepulseusedin the bovine brain study was a 7 s long

rectangular pulse designedto produce completesaturation of the motionally restricted

proton pool. During this 7 s, the two water T 2 components would have had ample time

to exchangemagnetizationand thereby averagethe overall MT e®ect.Hence,a common

averageMTR was measuredfor the two components. In our experiment, the two 19 ms

sinc pulses(or the six 1 ms binomial MT pulses)did not accomplishcompletesatura-

tion of the motionally restricted protons and the 32 echo T 2 measurement sequencewas

applied before the two tissue water pools in white matter had su±cient time to come

to equilibrium. This hypothesis is further supported by the MT delay experiment. At

shorter delays, MTRs were di®erent for the short and long T 2 components. At longer

delays, the MTR of each T2 component was essentially the sameindicating that mixing

of the two pools had averagedout the magnetization.
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The MT experiment in white matter involvesseveral exchangeprocesses:a separate

exchangeof magnetization betweenmotionally restricted protons and water in each of

the two tissuewater pools, and exchangeof magnetizationbetweenthe two tissuewater

pools. This work enablesus to establishcrude limits for theseexchangetimes. Exchange

between motionally restricted protons and water is believed to occur rapidly since a

magnetizationtransfer e®ectcan be measuredafter a delay of about 20 ms from the end

of the sinc MT pulse. Exchangebetween the tissue water pools is much slower. The

timescalefor exchangebetweenthe two water pools must be long on a T 2 timescale(i.e.

greater than 100 ms) sincewe observe the separateT 2 relaxation components for each

pool. However, exchangemust be fast on a T1 timescale(less than 700 ms) sinceonly

one relaxation component is found. Also, the di®erential MT e®ectbetween the short

and long T2 components disappearsafter about 500ms.

5.6 Concluding Remarks

In all cases(except for long MT delays of 1{2 s), the MTR for the short T 2 component

was signi¯cantly larger than the MTR for the long T 2 component. This was expected

due to the closerinteraction betweenmyelin water and myelin than betweennon-myelin

and intra/ extracellular water. The introduction of a delay between the MT and 32

echo pulse sequencesallowed the magnetization of the two water pools to equilibrate

and only one MTR was found. This occurred by 500 ms of delay showing that the two

water pools exchangein a time faster than 500 ms but slower than 100 ms (the T 2 of

intra/extracellular water). Theseresultsshow the importanceof usinga model with more

than 2 proton pools when trying to explain MT in brain. Theseresultsalsodemonstrate

the di®erencebetween using a binomial and a sinc MT pulse to produce saturation.

With binomial pulses,white matter structures are found to have di®erent MTRs which
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correspond to the sameranking asmyelin water percentages. Therefore,binomial pulses,

which produce both MT and direct saturation, may be more sensitive to di®erencesin

myelin water content. Small frequency o®setsfor the sinc MT pulse also produce a

di®erential MT e®ecton the two water pools which is likely due to a combination of MT

and direct saturation. Exploitation of this e®ectmay improve contrast betweenmyelin

water and intra/extracellular water which in turn may help in visualisingpathology such

as multiple sclerosislesions.



Chapter 6

Relaxation Measuremen ts of Bovine Brain using Magnetic Resonance

6.1 Summary

In vitro relaxation times were measuredfrom white and grey matter samplesexcised

from three di®erent bovine brains. T2 relaxation distributions showed 4 peaks which

were attributed to bu®ersolution (T 2 > 500 ms), intra/extracellular water (T 2 between

50 ms and 500 ms) and 2 to myelin water (T 2 < 50 ms). The myelin water percentage

waslarger for white matter (average=14.3§ 0.9) than greymatter (average=4.7§ 0.6). T 1

relaxation of the solid signalwasmono-exponential for greymatter but bi-exponential for

white matter. A T1-T2 dependent measurement showedthat therewasno crossrelaxation

betweenthe di®erent water pools asdistinguishedby T 1 and T2. Crossrelaxation times

in fully hydrated white matter were measuredto be 193 ms betweenintra/extracellular

water and non-myelin moleculesand 66 ms between myelin water and myelin. These

experiments showed that a 4-pool model with crossrelaxation between the water and

macromoleculesbut no exchangebetweenthe two water pools (within 1 s) is appropriate

when describing bovine white matter. In grey matter, the cross relaxation time was

measuredto be about 200 ms betweenthe intra/extracellular water pool and the non-

myelin molecules.

68
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6.2 In tro duction

Many biologicalsystemshavebeenexaminedusing1H nuclearmagneticresonance(NMR)

and in particular spin-spin (T 2) and spin-lattice (T 1) relaxation. Thesetechniquesal-

low the di®erentiation of di®erent proton pools. Previous in vivo T 2 relaxation studies

[16, 17] have shown that water in human brain hasthree di®erent relaxation times which

are associated with three di®erent water compartments: cerebrospinal°uid (T 2 > 1s),

intracellular and extracellular water (T 2 between80 and 120ms) and water tightly asso-

ciated with myelin bilayers(T 2 < 50 ms). In vivo measurements on human white matter

have shown mono-exponential T1 relaxation [17].

In vitro experiments areadvantageoussincesignalfrom both the motionally restricted

and mobile protons can be separated. Previous studies on guinea pig brain [20] and

cray¯sh abdominal nervecord [22] showedmulticomponent T 2 relaxation againassociated

with di®erent water pools.

This study examinedbovine white and greymatter usinga wide variety of NMR pulse

sequences.Mobile and solid fractions were determinedas well as the secondmoment of

the solid signal. T1 and T2 relaxation times weremeasuredand, for white matter, their

interdependence. Cross relaxation times between di®erent water and macromolecular

poolswerefound. Finally, NMR propertieswerestudiedasa function of tissuehydration.

The purposeof this study was to characterisethe behaviour of water within the brain,

to separatethe 1H-NMR signal into di®erent solid and mobile (water) components and

to determine interactions betweenthe solid and mobile protons as well as the mixing of

di®erent water pools.
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6.3 Material and Metho ds

6.3.1 Samples

Samplesfrom three bovine brains wereusedas indicated in Section3.1.1. Their compo-

sition is shown in Table 3.1

6.3.2 NMR Exp erimen ts

A variety of NMR experiments were conductedon the brain samples. These included

FID, IR, SAT, crossrelaxation, T1-T2 relaxation and cross-T2 relaxation experiments.

The repetition time, TR, for all experiments was7 s unlessotherwisestated. Sample1-2

and 1-5weremeasuredat 37±C usingfreeinduction decay, CPMG and inversionrecovery

experiments (described in Section3.3). All other experiments werecarried out at 24±C.

The integrity of the sampleswas monitored by repeating the free induction decay and

CPMG sequencesat least onceper day. No changeswere seenduring the courseof the

experiments (lessthan 1 week). Standard errors are presented in parentheses.

6.4 Results

6.4.1 Free Induction Decay

The FID was collected for all samples. Typical FIDs for white and grey matter are

shown in Figure 6.1. The top two curves represent fully hydrated samplesand the

lower two curvesrepresent dehydrated samples.The total mobile and solid signalsand

the secondmoment were determined from the moment expansion. The averagesecond

moment for white matter was 1.86(0.15)x 109 s¡ 2 and for grey matter 1.99(0.13)x 109

s¡ 2 at an ambient temperatureof 24±C. This wasslightly larger than the secondmoments

measuredfrom the white and grey samplesat 37±C, 1.31 x 109 s¡ 2 and 1.38 x 109 s¡ 2
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respectively. The secondmoment at di®erent moisture contents for both white and grey

matter samplesis shown in Figure 6.2. From the initial rapid decay of the FID, the solid

signal fraction wasfound to be signi¯cantly larger in white matter than greymatter. The

averagewater content of fully hydrated white matter was 72.1(1.1)%and grey matter

84.4(0.9)%as measuredfrom the weight at full hydration and at completedehydration.

From the changesin massand signal intensity during the hydration study, the average

proton density for the solid was found to be 0.0811(0.007)gH/gSolid for white matter

and 0.0578(0.018)gH/gSolid for grey matter.
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Figure 6.1: Free induction decays for white (solid) and grey (dashed) matter samples.
The upper two curves are for fully hydrated samples(71.0% for white and 83.8% for
grey) and the lower two curvesare for dehydrated samples(0.3% for white and 0.4%for
grey). Note that only the ¯rst four echoes are included in order to better resolve the
initial rapid decay.
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Figure 6.2: A plot of secondmoment (M 0
2) versusmoisture content for white matter

(open circles) and grey matter (closedcircles).
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6.4.2 CPMG

Typical T2 distributions calculated from the ¿=200ms decay curves for white and grey

matter samplesare shown in Figure 6.3. The results of fully hydrated samplesconsis-

tently showed four or ¯v e peakswith T 2 rangesof 2-8, 10-70,80-120and > 120 ms. T2

distributions at ¿ =200 and 400¹ s showed similar behaviour whereasat ¿ =100 ¹ s, the

distribution was much broader (Figure 6.4). The myelin water percentages calculated

for each sampleare shown in Table 6.1. The myelin water percentagesfor fully hydrated

samplesweresigni¯cantly higher in white matter than grey matter (P< 0.00002).As the

tissuewasdehydrated, the T2 of the peaksshifted to lower valuesand the intensity of all

the peaksdecreased.Dehydration of white and grey matter samplesis shown in Figure

6.5.
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Figure 6.3: Typical T2 distributions for white (solid) and grey (dashed)samplesat full
hydration.
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Figure 6.4: T2 distributions for a hydrated white matter sampleat 3 di®erent ¿ values.
The ¿ =100 ¹ s curve was only smoothed by 0.1-0.3%whereasthe ¿ =200 and 400 ¹ s
weresmoothed by 1-2%.
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White Grey
Sample(MC%) myelin water (%) Sample(MC%) myelin water (%)

1-2 17.4 1-1 6.4
1-3 11.1 1-4 5.8
1-6 15.7 1-5 4.9
2-1 12.1 2-2 4.6
2-3 17.5 2-4 6.6

3-1 (71.0) 15.0 3-3 (83.8) 2.2
3-2 (73.2) 11.4 3-4 (77.0) 3.7
3-2 (68.2) 11.5 3-4 (52.8) 4.6
3-2 (59.9) 10.6 3-5 (85.4) 5.4
3-2 (37.7) 10.1
3-6 (72.0) 14.0
3-6 (36.0) 14.9
average 14.3(0.9) average 4.7(0.6)

Table 6.1: Myelin water percentagesfor white and grey matter samples.Moisture con-
tents are included for brain 3 samples.The averagevaluesare for fully hydrated samples
only and the standard error is included in parentheses.
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Figure 6.5: T2 distributions at di®erent moisture contents. Plots on the left-hand side
are from a white matter sampleand plots on the right-hand sideare from a grey matter
sample. (Note that the amplitude of the fully hydrated samplehas beenreducedby a
factor of 2.)
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6.4.3 T 1 Relaxation

An exampleof the T1 distribution for white and grey matter is shown in Figure 6.6A

and B. Both the liquid and solid intensities are included. In grey matter, the solid peak

overlapped the liquid peak whereasin white matter, the solid peak was shifted to the

left of the liquid peak. The T1 distributions asa function of moisture content are shown

in Figure 6.7.

Saturation recovery curvesfor white and grey matter are shown in Figure 6.8. Mono-

exponential ¯ts to the data are alsoshown.

6.4.4 Cross Relaxation

The reappearanceof the solid signal as a function of ¿1 for a 90 ¡ ¿ ¡ 90 ¡ ¿1 ¡ 90

experiment [65] is shown in Figure 6.9 for a white and grey matter sample. This signal

was then ¯t to the form S(t) = a + b(1 ¡ e¡ ¿=Ts ) where a is the correction for the T2

decay of the mobile signal at short times and b is proportional to the amplitude of the

solid signal. The measuredTs is related to the crossrelaxation time, Tcr , by:

1
Tcr

=
Ps

Ts
=

Pw

Tw

where Ps and Pw are the probability of a proton being in the solid and water fraction

respectively and Tw is the water relaxation time due to crossrelaxation. A schematic of

the di®erent proton pools in bovine brain is shown in Figure 6.10. The signal intensity

from each pool was de¯ned as Smw for myelin water (the areaunder the T2 distribution

from 1-50ms), Sm for solidmyelin (half of the solidFID signal),Siw for intra/extracellular

water (the area under the T2 distribution from 50-200 ms) and Snm for non-myelin

macromolecules(half of the solid FID signal). Sincethe signal intensity, in the absence

of relaxation, is directly proportional to the number of protons in a pool, theseintensities

canbe usedto determinePs. In bovine brain, two di®erent typesof crossrelaxation were
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Figure 6.6: Typical T1 distributions showing the separationof liquid and solid protons.
Plot A is from a white matter sampleand plot B is from a grey matter sampleboth at
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Figure 6.8: Plot of the saturation recovery curve for a white and grey matter sample.
The curvesshown comefrom the equation S(t) = M o(1 ¡ e(¡ t=T R)).
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White Grey
Sample(MC%) T s (ms) Tm

cr (ms) T i
cr (ms) Sample(MC%) T s (ms) T i

cr (ms)
1-2 18.9 37.2 144 1-1 18.5 206
1-6 21.3 41.9 165 3-4 (77.0) 22.9 219

3-1 (71.0) 20.2 52.6 174 3-4 (52.8) 13.7 83.1
3-2 (73.2) 24.6 48.7 212 3-5 (85.4) 33.1 194
3-2 (68.2) 19.8 35.6 141
3-2 (59.9) 16.8 27.2 105
3-2 (37.7) 9.8 12.8 36.7
3-6 (72.0) 25.5 58.9 230
3-6 (36.0) 10.1 18.4 58.0

Table6.2: T s measuredin Goldman-Shencrossrelaxation experiment for white and grey
matter samples. Moisture contents are included for brain 3 samples. Calculated cross
relaxation times are also included.

assumed:onebetweenthe myelin water andsolidmyelin pool (T m
cr ) and the other between

the intra/extracellular water and non-myelin moleculepool (T i
cr ). For the ¯rst case,Pm

s

was calculatedby:

Pm
s =

Sm

Sm + Smw
: (6.1)

A small normalisation correction was applied to Smw since the CPMG and FID ex-

periments did not yield exactly the sametotal mobile intensities. This normalisation

consistedof multiplying Smw by the ratio of the total FID mobile signal and the total

CPMG signal at t= 0. In the secondcase,Ps was calculatedby:

Pnm
s =

Snm

Snm + Siw
: (6.2)

The samenormalisation correction was applied to Siw . Tcr was then calculated as the

ratio of T s to Ps for each case. T s and both crossrelaxation times for all samplesare

listed in Table 6.2. As the brain was dehydrated, both crossrelaxation times decreased.
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Figure 6.9: A plot of the solid signal recovery in a crossrelaxation experiment. A white
and grey sampleare presented. The crossrelaxation ¯ts to thesedata are alsoshown.
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6.4.5 T 1-T 2 Dep endence

A plot of the T1-T2 dependenceof a white matter sampleis shown in Figure 6.11. From

this experiment, water with a short T 1 was also found to have a short T2. There was

only one o®-diagonalelement found in one sampleand its intensity was very low. The

3-D plots weredivided into two regions,oneconsistingof peaksat short T 1 (< 750ms)

and T2 (< 40 ms) and the other of peaksat long T1 (> 800ms) and T2 (> 40 ms), and

the ratio of their intensities averagedto 20%.

6.4.6 Cross-T 2 Dep endence

Plots of cross-T2 relaxation are shown in Figure 6.12A and B. Plots of T 1-T2 relaxation

arealsoshown asa comparison.The cross-T2 decay curvesarising from the myelin water

in hydrated white matter were¯t to an exponential with an averagerelaxation value,T m
w ,

of 36 ms. In contrast, the relaxation value for the T 1-T2 decay curves from the myelin

water gave a valueof 371ms. The cross-T2 decay curvesfor the intra/extracellular water

from hydrated white matter werefound to have an averageT i
w = 178ms. For the T1-T2

decay curves, the intra/extracellular water was found to have an averageT r elax = 797

ms. In grey matter, the cross-T2 decay curve for the myelin water could not be ¯t to

an exponential sincethere wasonly a small short T 2 component present. The relaxation

time for the intra/extracellular water was found to be 175 ms which was the sameas

white matter. Measuredrelaxation rates in the cross-T2 experiment and the calculated

crossrelaxation times for each water pool are shown in Table 6.3 for somesamples.The

Ts valuespresented in the table werecalculatedfrom the Pm , Pnm and Tws measuredin

this experiment.
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Figure 6.11: A plot of the T1-T2 dependenceof a white matter sample. Plot A shows a
3D view of the data while plot B shows a bird's eye view of T 1 versusT2.
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Figure 6.12: Plots showing the cross relaxation dependence of myelin and in-
tra/extracellular water in white matter (closed circles). Plot A represents the myelin
water component and plot B the intra/extracellular water. Exponential ¯ts to each data
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Sample(MC%) Tm
w (ms) T i

w (ms) Tm
s (ms) Tnm

s (ms) Tm
cr (ms) T i

cr (ms)
white hydrated (72.1) 37.0(6.6) 175(9.4) 29.0(3.2) 22.5(1.5) 66.0(8.7) 193(10.9)

3-2 (68.2) 29.1 83.8 36.6 13.8 65.7 97.9
3-2 (59.9) 61.0 162 98.3 30.9 159 193

grey 3-4 (52.8) - 231 - 27.1 - 258
3-5 (85.4) - 175 - 18.2 - 194

Table 6.3: MeasuredTw times for both water pools using the cross-T2 experiment. The
calculated cross relaxation are also included for some white and grey samples. The
hydrated sampleis an averageover the three fully hydrated white matter samplesfrom
Brain 3. Standard errors are shown in parentheses.
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6.5 Discussion

The main di®erencebetweenwhite and grey matter is myelin which makesup about 50%

of the dry massof white matter tissue[7]. Therefore,the relative amount of solid signal

is expected to be twice as big in white matter as in grey matter. This was found to

be the casefor both the FID experiment and the T1 experiment wheresolid and liquid

signalswere separated(Figures 6.1 and 6.6). Water content for human white and grey

matter have beenfound to be 70%and 80%respectively [7]. The averagewater content

of fully hydrated grey matter sampleswas larger than that of white matter although the

absolutevaluesare not necessarilyaccuratesincethis was an in vitro experiment. The

water content of myelin is 40%which givesus an estimateof the myelin water percentage

in white matter being 16%. This is fairly closeto the averageof 14.3% measuredin

bovine white matter. The estimated proton densities found for both white and grey

matter fall within the proton densitiesof its constituents: lipids (0.13 gH/gLipid) and

proteins (0.04-0.06gH/gProtein).

The mobilit y or orientational order of the solid protons is measuredusing the second

moment. Both white and grey matter had similar secondmoments indicating that the

amount of order in both tissuesis similar. The secondmoment of phospholipid bilayers

has beenpreviously measuredas 5x108 s¡ 2 for the liquid crystal phaseand 3.5x109 s¡ 2

for the gel phase[83] and typical proteins as 5x109 s¡ 2 [84]. The secondmoment of

fully hydrated bovine brain tissue falls betweenthe secondmoment of liquid crystalline

phospholipidsand proteins.

The T2 distribution generallyshowed four peaksfor fully hydrated samples.In white

matter, two of the peakswere centred about 100 ms and may represent separation of

the intracellular and extracellular °uid. All peaksbelow 50 ms wereattributed to myelin

water due to the short T2 relaxation time. Although the shape of the T 2 distribution was
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broader for the ¿ = 100¹ s experiment than the ¿ =200 or 400¹ s, the T 2 times between

experiments were indistinguishableand the myelin water percentagesweresimilar (24.1,

22.6and 18.1 for the 100,200and 400¹ s experiments respectively). When the samples

were dehydrated, the myelin water percentage stayed fairly constant indicating that all

the water in the samplewas decreasingat the samerate. This was surprising since it

was expected that water in the intra/extracellular spaceswould evaporate beforemore

tightly bound water trapped betweenmyelin bilayers.

The T1 of both the solid and liquid components of grey matter coincidedat approxi-

mately 1.2 s. In white matter, the T1 of solid was measuredat about 500 ms while the

liquid peak was at 800 ms. The similarit y in grey T 1s is thought to arise from averag-

ing betweenthe intra/extracellular water pool and the non-myelin macromolecularpool

(Figure 6.10). In white matter, only myelin water is in closecontact with the solid and

thereforemuch lessaveragingmust take place. This allows di®erencesin the T 1 values

for the solid and mobile pools. A di®erencein T 1 for the two water pools was seenby

another group [80] but no explanation as to the mechanism was given. The single T 1

value found for the two liquid pools in this work is attributed to the inabilit y of NNLS to

separatepeakswhich are within a factor of two in relaxation time. No crosspeakswere

found betweenthe T1 and T2 components which indicated that there was no exchange

on the timescaleof 1 s between the two water pools. This was di®erent than results

found from in vivo human brain wherea singleT 1 component indicated mixing between

the two pools. It should be noted however that theseexperiments were carried out at

room temperature and that the rate of di®usion would be increasedat physiological

temperatures.

Since there was no mixing of the two water pools, each crossrelaxation time, T m
cr

and T i
cr , was calculated for the separateproton pools (Figure 6.10). In the caseof the

solid signal,half the intensity wasattributed to myelin and half to other macromolecules
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sincemyelin comprisesabout 50% of the dry weight of white matter [7]. Two di®erent

relaxation times, Tm
w and T i

w , weremeasuredfrom the cross-T2 dependence.Thesevalues

aswell asPm and Pnm wereusedto calculatethe expectedTm
s and Tnm

s (equal to 29 ms

and 22.5 ms respectively). Sinceboth valueswere quite close,only one T s time should

have beenmeasurablein the Goldman-Shencrossrelaxation experiment. The individual

crossrelaxation times, Tm
cr and T i

cr , werecalculatedfrom the singleT s and the probability

of protons being in either pool, Pm and Pnm . In grey matter, it was assumedthat all

the solid signal belongedto the non-myelin moleculepool and all the mobile signal to

intra/extracellular water. The expectedT nm
s wascalculatedand found to be 18 ms. This

wasslightly di®erent than the measuredvalue of 33 ms. The reasonfor this discrepancy

is unknown. Crossrelaxation times have beenmeasuredin wood and found to be 1 ms

in red cedarand 4 ms in hemlock [85]. Theseare an order of magnitudesmaller than the

crossrelaxation time in myelin probably due to the water in the cell wall having much

greater interactions with the solid protons than water in myelin.

The decay of the solid is governed by dipolar interactions between protons which

causesthe spinsto dephasequickly. Crossrelaxation betweenthe solid and myelin water

protons contributes to the T2 relaxation time of the mobile signal. Therefore,Tw is an

upper limit for the T2 time of mobile protons, i.e.

1
T2

¸
1

Tw
=

1
PwTcr

If we assumethat crossrelaxation is the only mechanism responsible for T 2 relaxation

in grey matter and that all the water is in contact with all the solid, then the expected

T2 time is about 175ms. Sincethe measuredvaluewasabout 100ms, crossrelaxation is

not the only mechanismfor T2 relaxation. In white matter, the assumptionwasthat the

main sourceof crossrelaxation wasbetweenthe myelin water and the myelin. If we then

calculate the expected T2 for myelin water, the result is around 37 ms. This is slightly
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larger than the measuredvalue of about 20 ms. Therefore,mechanismsother than cross

relaxation alsoa®ectthe T2 relaxation times in white and grey matter.

6.6 Conclusion

A model for T1 and T2 relaxation of water in bovine brain has been proposedwhich

incorporates4 proton pools: intra/extracellular water, myelin water, non-myelin macro-

moleculesand myelin macromolecules.During the courseof an NMR experiment (< 1

s), the two water pools do not exchange. There is, however, rapid exchangebetweenthe

myelin water and myelin pools (T m
cr = 66 ms) and slightly slower exchangebetweenthe

intra/extracellular and non-myelin pools (T i
cr = 193ms). The myelin water protons are

found to havea short T2 valuepartly dueto crossrelaxation with the myelin. Although a

simpleT1 experiment is not able to distinguish the two water pools, a T 1-T2 experiment

is able to separatethe myelin water basedon its short T 1 and T2.



Chapter 7

Di®usion mo del of T 2 and T 1 relaxation in two brain water pools

7.1 Summary

A di®usionmodel of myelin water and intra/extracellular water was used to simulate

T1 and T2 relaxation data from white matter in human brain. Relaxation times and

amplitudes were calculated from models where di®erent parametersincluding di®usion

coe±cients, and cell sizeswerevaried. Generally, changesin the intra/extracellular pool

parametershad little e®ecton the relaxation while changesto the myelin pool parameters

causedall relaxation times to vary. The di®usioncoe±cient of the myelin water pool

wasestimatedto be about 0.0002¹ m2/ms. Increasesin the myelin thicknessand axonal

diameter(in the sameproportion) causedincreasesin the myelin water percentageand T 2

relaxation time of the myelin water component which could account for the experimental

di®erencesin myelin water percentage betweendi®erent white matter structures.

7.2 In tro duction

Relaxation in biologicaltissueis multi-exponential with time constants shorter than those

found in bulk water. Mechanismsdescribingthe relaxation have beenproposedincorpo-

rating di®usionbetweendi®erent proton pools. A preliminary model by Brownstein and

Tarr [86] involved a singlewater pool which relaxeddue to interaction with strongly re-

laxing surfaces.This model worked well for certain biological cellssuch aswood [87] but

did not take into account the role of cytoplasmiccomponents of the cell or the presence

92
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of di®erent water pools. Belton and Hills [88] expandedthe di®usionmodel to include

two water poolsseparatedby a permeableor semi-permeablemembrane. Their approach

usedthe Laplacetransform method to obtain an analytical solution for di®usion.

In human brain, two water pools (myelin water and intra/extracellular water) have

beensuggestedon the basisof T2 relaxation experiments [16, 17]. The intra/extracellular

water pools are combined into one since they can not be distinguished on the ba-

sis of in vivo relaxation measurements. Exchange between the myelin water and in-

tra/extracellular water is thought to occur within 500 ms sinceT 1 relaxation is mono-

exponential [17] and MT delay measurements show averagingat long times (seeChapter

5). The likely mechanism for this exchangeis di®usion.

In this chapter, a di®usionmodel is applied to the two water pools,onein a cylindrical

shell and the other inside the cylinder, in order to simulate in vivo T 2 and T1 relaxation

data (Figure 7.1). The di®usion-Bloch equation is solved numerically for cylindrical

coordinatessinceaxonsare cylindrical in nature. Di®usioncoe±cients, cell radii and T 2

and T1 relaxation times are input into the model and the measuredoutput consistsof

T2 and T1 relaxation times and amplitudes.

7.3 Numerical Metho ds

The e®ectof di®usion on the magnetization, M (r; t), of the two water pools can be

described by the di®usion-Bloch equation

@M (r; t)
@t

= D[
@2

@r 2
+

1
r

@
@r

]M (r; t) ¡
M (r; t)

T2;1
(7.1)

whereD is the di®usioncoe±cient of the water. This equation was discretised(in time

steps¢ t and radius steps¢ r ) using the Crank-Nicholson[89] method to obtain

M r ;t+1 ¡ M r ;t

¢ t
= D

"
M r +1 ;t ¡ 2M r ;t + M r ¡ 1;t

(¢ r )2
+

1
r¢ r

M r +1 ;t ¡ M r ¡ 1;t

2¢ r

#

¡
M r ;t

T2
(7.2)
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 Intracellular 
Water
Di, T2i, T1i

Myelin
Water

 Dm, T2m, T1m 

a

b

Figure 7.1: A schematic showing the two di®erent cylindrical pools of water in the brain
and their associated parameters.
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wherer and t are the radius and time interval indices. This equation can be reducedto

the form

M r ;t+1 = [F ¡ Gr ]M r ¡ 1;t + [1 ¡ 2F ¡
¢ t
T2

]M r ;t + [F + Gr ]M r +1 ;t (7.3)

where

F =
D¢ t
(¢ r )2

(7.4)

and

Gr =
D¢ t

2r (¢ r )2
for r 6= 0: (7.5)

Other de¯nitions in equation 7.3 are

D = f
D i ; 0 · r · a
Dm ; a < r · b

(7.6)

T2 = f
T2i ; 0 · r · a
T2m ; a < r · b

(7.7)

wherea is the position of intra/extracellular water and myelin water boundary and b is

the outer boundary of the region (Figure 7.1.

The initial magnetization (at t=0) is de¯ned as

M r ;0 = f
M o; 0 · r · a

K M o; a < r · b
(7.8)

whereK is the partition coe±cient betweenthe concentrations of the two water pools.

The solution is symmetric and continuous about r = 0 which implies that @M
@r j0 = 0.

Using the forward Euler method of discretisation, we can obtain expressionsfor M r +1 .

At the other boundary, r = b, we again impose symmetry and @M
@r jb = 0. Using a

backward Euler method of discretisation, we can obtain expressionsfor M r ¡ 1. At the

boundary, r = a, we must invoke Fick's Law or continuity of °ux which gives

¡ K 2=3D i
@M
@r

ja¡ = ¡ Dm
@M
@r

ja+ (7.9)
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Sincethe density of water is di®erent on either sideof the boundary and density is related

to K , a K 2=3 term wasaddedto the equationin order to correct for °ux through di®erent

unit areas.This can be discretisedusing a forward Euler method to get

¡ K 2=3D i
M a;t ¡ M a¡ 1;t

¢ r
= ¡ Dm

Wa+1 ;t ¡ Wa;t

¢ r
(7.10)

¡ K 2=3D i
M a;t+1 ¡ M a¡ 1;t+1

¢ r
= ¡ Dm

Wa+1 ;t+1 ¡ Wa;t+1

¢ r
(7.11)

wherethe magnetizationsare de¯ned as

M r ;t = f
M (r; t); 0 · r · a
W(r; t); a < r · b

: (7.12)

Again at the boundary r = a, the partition balanceequation gives

Wa;t+1 = K M a;t+1 : (7.13)

wherethe K is included to account for the di®erent densitiesof water on either sideof the

boundary. When equations7.10,7.11and 7.13are combined, the resulting expressionis

a forward \marching" in time equation for the magnetizationat r = a.

The stabilit y condition for this equation is ¢ t < (¢ r )2

2D i
.

7.4 Numerical Applications

Most of the parameterswhich are involved in the numerical simulation are unknown

for brain. Therefore, the best initial guesseswere usedand then each input parameter

was varied. Myelin water makes up 16% of the total water in white matter whereas

intra/extracellular water is 84%. The partition coe±cient can be calculated from these

water contents, the model cell radii, a and b, and the expectedmagnetizationsuch that

K =
0:16
0:84

a2M o

(b2 ¡ a2)M o
(7.14)
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where M o is the initial magnetization as de¯ned in equation 7.8. Data on nerve axon

diameterswerevery hard to obtain but onepaper gavevaluesfor the corpuscallosum[90].

This wasusedto estimatethe initial radii, a and b, to be 1.0 ¹ m and 1.2 ¹ m respectively

which corresponds to a K of 0.4. This K is equivalent to the moisture content of the

myelin water pool which hasbeenmeasuredat 40%[7].

The di®usioncoe±cient of bulk water at room temperature is about 2.0¹ m2/ms. The

di®usioncoe±cient of the intra/extracellular water was guessedto be about 100 times

lessthan free water, giving D i = 0:02 ¹ m2/ms. Using the di®usionequation, D = r 2=2t

and the above cell radii, the di®usioncoe±cient of myelin water was estimated to be

Dm = 0:00002¹ m2/ms. This value of Dm results in minimal mixing of the two water

pools in 100ms and partial mixing in 500ms which modelsMRI T 2 and T1 experiments.

Also estimatedwereT2m = 20 ms and T2i = 200ms from MRI T2 relaxation experi-

ments. The T1 relaxation times wereset to T1m = 200ms and T1i = 800ms sincemyelin

water was believed to have a lower value than intra/extracellular water.

The step sizesfor the T2 simulations were ¢ r =0.005 ¹ m and ¢ t =0.00005 ms.

Enough time stepswere taken to simulate a 32 echo decay curve. For T 1 simulations,

¢ r =0.005 ¹ m and ¢ t =0.0005 ms. Eight data points werecollectedat times of 10, 20,

50, 100,200,500,1000and 2000ms to producea decay curve. Both the T 2 and T1 decay

curves were ¯t to bi-exponential models to obtain relaxation times and amplitudes for

each pool. The ¯tting algorithm choseall pairs of T 1 and T2 relaxation times from an

input of 100possiblerelaxation times and, using an NNLS algorithm, output the pair of

relaxation times and amplitudes which gave the lowest Â2.
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7.5 T 2 simulations

Variations in radii were done with a constant K = 0:4 but changing a and b such that

a=bremainedconstant. The e®ecton each pool is seenin Figure 7.2. T 2i was greatly

reducedby decreasesin the myelin thicknessbut T2m was only reducedat a very small

myelin thickness. The amplitude of each T2 component was fairly constant except at

small myelin thicknesswhich causedthe amplitude of the myelin water pool to decrease

and the intra/extracellular water pool to increase.
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Figure 7.2: A plot showing the e®ectof changing the cell radii and the myelin thickness
on the T2 and T1 relaxation times and amplitudes. The cell radius and myelin thickness
were increasedproportionally in order to keepK constant at 0.4. The amplitude of the
relaxation components are shown in % for T2 and fractions for T1.

The e®ectof changing the initial T2i or T2m is shown in the lower half of Figure 7.3.

Decreasingthe initial T2i only decreasedthe T2i relaxation time. Decreasingthe initial
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Simulations
Structure axon radius (a) myelin thickness(b) myelin water myelin water (%)

¹ m ¹ m (%) experimental
Minor Forceps 1.1 1.32 6.9 7.3

Genu 2.0 2.4 10.7 10.7
Major Forceps 2.0 2.4 10.7 10.5

Splenium 3.0 3.6 12.1 12.6
Int Capsules 5.0 6.0 13.4 18.1

Table 7.1: Myelin water percentages from simulations with di®erent axon diameters
and myelin thicknessare shown and comparedto experimentally measuredmyelin water
percentagesfor di®erent white matter structures. The parametersusedwere D i = 0:02
and Dm = 0:0002¹ m2/ms, and T2i = 200 and T2m = 30 ms. The input myelin water
percentage was 15%for all cases.

T2m causeda decreasein both T2i and T2m . The amplitudes were fairly constant for

both cases.

The di®usioncoe±cients of each pool werevaried separatelyand the e®ectis shown in

the lower half of Figure 7.4. ChangingDi causedslight °uctuations in the relaxation time

of each pool. When Dm was increased,T2i decreaseddramatically while T2m decreased

slightly. However, at high valuesof Dm , the amplitude of the myelin water component

became0.

Sincethe amplitude of the myelin water component wasvery dependent on the axon

diameter and the myelin thickness,thesetwo parameterswere varied in order to obtain

myelin water percentages equal to the di®erent white matter structures in chapter 4.

Results are shown in Table 7.1. For these simulations, D i = 0:02 and Dm = 0:0002

¹ m2/ms and T2i = 200 and T2m = 30 ms which resulted in better matches to the

experimental data.
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Figure 7.3: A plot showing the e®ectof changing the initial T 1 (upper) and T2 (lower)
on the simulated T2 and T1 relaxation times and amplitudes. On the left, T i wasvaried
and on the right, Tm changed. The amplitude of the relaxation components are shown
in % for T2 and fractions for T1.
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Figure 7.4: A plot showing the e®ectof changing the di®usion coe±cient on the T 1

(upper) and T2 (lower) relaxation times and amplitudes. On the left, D i wasvaried and
on the right, Dm was changed. The amplitude of the relaxation components are shown
in % for T2 and fractions for T1.
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7.6 T 1 simulations

As with the T2 simulations, a andbradii werevariedwith a=bconstant. The e®ecton each

pool is seenin Figure 7.2. Both T1i and T1m were reducedas the myelin thicknesswas

reducedexceptat very small thicknesswhenT1m increaseddramatically. The amplitude

of the myelin water pool paralleled the behaviour of T 1m .

The e®ectof changing the initial T1i or T1m is shown in the top half of Figure 7.3.

Decreasingthe initial T1i only decreasedthe T1i relaxation time. Decreasingthe initial

T1m causeda decreasein both T1i and T1m . The amplitudes werefairly constant for the

¯rst casebut the amplitude of the myelin water pool decreasedand then increasedfor

the secondcase.

The di®usioncoe±cients of each pool were varied separatelyand the e®ectis shown

in the top half of Figures7.4. IncreasingDi causedslight decreasesin the relaxation time

of each pool. The amplitude of the myelin water pool wasalsoslightly decreased.When

Dm wasincreased,T2i decreasedwhile T2m increasedresulting in a singlerelaxation time.

The amplitudes of each component alsovaried.

7.7 Discussion

The goalof thesesimulations wasto examinethe trends in T 1 and T2 relaxation and am-

plitudes by varying parameterswhich are not available experimentally. Although myelin

is composedof multiple bilayers, the model treated the whole structure as uniform with

the parametersD, T1 and T2 taking into account the bilayers. Also, sinceintracellular

and extracellular water poolsarenot separablefrom in vivo T 2 relaxation measurements,

both pools were combined into the intracellular pool. Certain parametersbetween the

intracellular and extracellular water pools are expected to be slightly di®erent, such as
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di®usioncoe±cients, but sinceonly onecompartment canbe measuredin vivo, thesedif-

ferenceswereaveragedinto onepool. Also, the extracellular water pool is approximately

¯v e times smaller than the intracellular water pool and therefore would have a smaller

e®ecton the results. Consequently, this model is only a ¯rst approximation of di®usion

in white matter.

One of the main assumptionswhen measuringmyelin water percentagesin vivo was

that the amplitude of the short T2 component was equal to or at least related to the

amount of water in the myelin water pool. With the simulations, wewereableto test this

hypothesis. When either T1i or T2i was changed,there was no changein the amplitude

of either pool. Therefore,any pathological problem which may causea changein the T 1

or T2 of the intra/extracellular water should not a®ectthe myelin water pool. Similarly,

when T2m was increasedthere was no changein the amplitudes of the T 2 components.

It should be noted that the expectedamplitude for the myelin water T 2 component was

15%and not the 7% output by the simulation.

From the simulations, it wasobvious that changingthe propertiesof the myelin water

pool in°uenced the relaxation times and amplitudes to a much greater extent than did

varying the intra/extracellular water pool parameters.This wasexpectedsincethe myelin

water pool acted like a relaxation sink for water and thereforehasa greater in°uence on

the intra/extracellular water pool. This wasfurther supported by increasesin the myelin

water di®usioncoe±cient causingdecreasesin the intra/extracellular water relaxation

time indicating more mixing of the two pools.

Evidencefor partial mixing of the water pools was found at di®usioncoe±cients of

D i = 0:02 and Dm = 0:00002¹ m2/ms since changesin T2m and T1m causedT2i and

T1i to also change. This is likely due to exchangebetween the water pools averaging

the relaxation times. However, at this value of Dm , two T1 relaxation times were still

discerniblewhich was not consistent with experiment. A Dm of 0.0002¹ m2/ms caused
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the two water pools to becomecompletelyaveraged.This larger value of D m alsocaused

the amplitude of the short T2 component to decreaseslightly indicating that there was

someexchangewithin the T2 timescale. Therefore, short T2 amplitudes measuredex-

perimentally may be slightly lower than the actual values. The \b est guess"value of D i

usedin the simulations was lower than that found in the literature of 0.5 ¹ m2/ms [91]

although this wasnot for human nerve. Fortunately, changesin D i had little to no e®ect

on output relaxation times and amplitudesand thereforetheseresultsshouldstill bevalid

for larger valuesof Di . Future simulations will incorporate a more realistic di®usionco-

e±cient. Exchangewasalsoseenwith small valuesfor the myelin thicknesswhich caused

large decreasesin T2i suggestingthat a larger portion of the myelin water was able to

interact with the intra/extracellular water. In T 1 simulations, the small myelin thickness

causedthe T1s of the two water pools to becomesimilar, again indicating averaging.

Sincemyelin is fairly impermeableto water, a possiblemechanism for myelin water

exchange is that it di®usescircularly around the rings of the bilayer until it reaches

either the intra or extracellular space. This time to travel around the bilayers scales

as the squareof the number of layers. If we assumethat myelin water has a di®usion

coe±cient equalto freewater (2.0 ¹ m2/ms) in betweenthe bilayersand the radius of the

cell is 1 ¹ m, then the time to travel from the inside to the outside of the myelin (about

10 bilayers thick) is about 1 s. This may account for the averagingfound within the T 1

timescalebut not the T2 timescalein human brain.

A very exciting result seenfrom the simulations is that the T 2 of the intra/extracellular

water changesdependingon the thicknessof the myelin and the axonaldiameter. Smaller

axonswith thinner myelin sheathswere expected to have shorter T 2i . Also, from Table

7.1, it can be seenthat smaller axons with thinner myelin also have smaller apparent

myelin water percentageseven though the input myelin water percentageswas equal to

15%for all cases.From experiment, it was found that di®erent white matter structures
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have di®erent measuredmyelin water percentagesand can be ranked accordingly. This

ranking was preserved when looking at the geometricmeanT 2 [17]. Therefore,di®erent

myelin water percentagesand di®erent T2 valuesmeasuredin vivo may be a consequence

of di®erent sizesof axons and myelin thickness. It should be pointed out that these

simulations involved a model where the ratio of the axon diameter to myelin thickness

remained¯xed which is likely not the casein brain. From the simulations, we have found

that the myelin water percentage is related not only to the amount of myelin water but

alsoto the morphologyof the axonsaswell asparameterssuch asthe di®usioncoe±cient.

7.8 Concluding Remarks

Relaxation in human white matter canbe modelledasdi®usionbetweentwo water pools.

Changesto the di®usioncoe±cient and relaxation time of the myelin water pool cancause

dramatic di®erencesin the relaxation times and amplitudes of both water pools. The

di®usioncoe±cient of the myelin water pool was estimated to be 0.0002¹ m2/ms since

this value causedcompleteaveragingof the two water pools during the T 1 timescalebut

not the T2 timescale.The di®usioncoe±cient of the intra/extracellular water pool could

not be estimated since changesin its value had little e®ecton the output relaxation

times and amplitudes. A proportional increasein the diameter of the axon and the

myelin thicknessalso increasesthe myelin water percentage which may account for the

di®erencesin myelin water percentage found betweendi®erent white matter structures.

The T2 relaxation time of the myelin water component also increasedas the diameter of

the axon and the myelin thicknessincreased.
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Conclusions

8.1 This work

In this thesis,humanbrain wasexaminedusingMRI andbovine brain wasexaminedusing

1H-NMR. Measurements that were supposedly related to myelin content were explored

in both normal and multiple sclerosisbrain. Since there are two water pools in the

brain, the MT e®ecton each was investigated. Finally, experiments in bovine brain

weredoneto explorehow di®erent proton pools interacted and over what timescalethese

interactions occurred. Simulations were alsocarried out to examinehow di®erent water

pool parameterscould a®ectthe amplitude and value of relaxation rates.

Magnetizationtransfer ratios andmyelin water percentageswereuncorrelatedin white

and grey matter from both normal volunteers and MS patients. In lesions,there was a

small (R=0.5,P=0.005) but signi¯cant correlation. The lack of strong correlation was

surprising since it indicates that the methods can not both be proportional to myelin

contents.

The e®ectof MT is di®erent for each brain water pool with the short T 2 component

being a®ectedsigni¯cantly more than the long T 2 component (P< 0.00001to P< 0.04).

This ¯nding helps strengthen the argument that the short T 2 component is myelin wa-

ter which would be closely associated with myelin molecules. With di®erent types of

MT pulses,di®erent amounts of direct saturation were seenand the amount of direct

saturation appeared to be proportional to the amount of myelin water. This allowed

106
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the binomial MT pulse (which produced large amounts of direct saturation) to di®er-

entiate betweendi®erent white matter structures while the sinc MT pulse (small direct

saturation e®ect)did not.

In bovine brain white matter, a 4-pool model with crossrelaxation betweenthe myelin

and myelin water (namedmyelin pools) and the intra/extracellular water and non-myelin

molecules(named non-myelin pools) was found to represent the relaxation data. Sur-

prisingly, no exchangebetween the two water pools was found within the timescaleof

our measurements (within 1 s). In grey matter, a 2-pool model was invoked which only

included the intra/extracellular water and the non-myelin molecules. The crossrelax-

ation time between the myelin water and myelin was found to be 66 ms and between

intra/extracellular water and non-myelin to be 193 ms for fully hydrated white matter.

For grey matter, the crossrelaxation time was found to be about 200ms.

One of the main di®erencesbetween the bovine and human brains was the rate of

exchangebetweenthe two water pools. As stated earlier, in bovine brain, there was no

exchange between these two pools over the timescaleof our measurement. In human

brain, exchangewas found within about 500 ms. Since the bovine brain was removed

from the cow beforeimaging, it is possiblethat thesedi®erencesaredue to in vivo versus

in vitro studiesrather than di®erencesbetweenthe brains.

Simulations which modelled the exchangebetween the water pools in human brain

MRI experiments through di®usionshowed that relaxation times werehighly dependent

on the di®usioncoe±cient of the myelin water pool but not that of the intra/extracellular

water pool. Di®erencesin the sizeof the myelin cylinder comparedto the axon cylinder

causedchangesin the relaxation time of the intra/extracellular water pool but not much

change to the myelin water pool. The amplitude of the myelin water component was

dependent on the axon diameter and myelin thickness.Therefore,di®erent white matter

structures may have di®erent myelin water percentagesdue to di®erent axon cell sizes.
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8.2 On-going and future work

Currently, a serial study has beenstarted which will examinelesionsover the courseof

one year using MT, T2 relaxation and T1 relaxation. The patients have at least one

enhancinglesionwhich is viewed by all three techniques. T 1 times will be usedto correct

for relaxation during the scan and therefore accurate water contents can be obtained.

Comparisonsare plannedbetweenall techniquesaswell asmonitoring the progressionof

lesionsover time.

Further experiments using T2 relaxation with an MT prepulsewill be done in order

to get better statistical numbers. In particular, morenormal volunteerswill be examined

usingdi®erent frequencyo®setsand delay times betweenthe MT pulseand the initiation

of the T2 relaxation sequence.A time constant associated with the rate of exchange

betweenthe two water pools may be obtained from the delay experiment.

Sincethe assumptionthat myelin water is water trapped betweenmyelin bilayershas

not been completely substantiated, biochemical analysesof bovine brain white matter

sampleswill be donein conjunction with 1H-NMR measurements. It is hoped that a cor-

relation betweenbiochemicallymeasuredmyelin content and the myelin water percentage

will be found.

Finally, ¯xed brains have been obtained from a number of deceasedMS patients.

Thesebrains will be scannedusing the T2 relaxation and MT sequencesand then cut

through the appropriate slice in order to perform myelin staining. The pathology of

lesionsfound in the slicewill be comparedto the MRI results to seeif correlationscanbe

found. This may ultimately determine which MRI method best represents the state of

the lesionaswell asgiving correlationsbetweenthe pathologyand magnetizationtransfer

ratios and myelin water percentages.
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App endix A

Source Code for T 2 Simulations

c This program will calculate the U matrix from the set of
c diffusion equations in a cylinder
c
c calls TRIDIAG
c

PROGRAMEULER_EQN
c

real*8 a,b
real*8 Df,Dm,T2f,T2m,Mo,k
real*8 deltar,deltat
integer nr,nt,counter,tester
real*8 m(10000),n(10000),p(10000),q(10000)
real*8 Ff,Gf(10000),Fm,Gm(10000)
real*8 sum,sump,sumq,sumtotal
real*8 decayp(32),decayq(32),decayt(32)
character*50 filename

c
c Input the parameters
c

read(5,*)filename
write(6,*) 'Enter Filename ',filename
read(5,*) a,b
write(6,*) 'Input radius of axon and axon+myelin:',a,b
read(5,*) Df,Dm
write(6,*) 'Input diffusion constant of area 1 and area 2',Df,Dm
read(5,*) T2f,T2m
write(6,*) 'Input T2 of area 1 and area 2',T2f,T2m
read(5,*) Mo
write(6,*) 'Initial magnetisation',Mo
read(5,*) k
write(6,*) 'Partition coefficient',k
read(5,*) deltar

121
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write(6,*) 'radius step size',deltar
read(5,*) deltat
write(6,*) 'time step size',deltat
read(5,*) nt
write(6,*) 'Number of time points',nt
nr=IIDINT(b/deltar)

c
c Calculate F and G functions
c

Ff=Df*deltat/(deltar**2)
Fm=Dm*deltat/(deltar**2)

c write(6,*)'Ff and Fm',Ff,Fm
Gf(1)=0

c open(unit=Gstuff,File='Gstuff.dat',status='new')
Do 10 i=2,nr+1

if (i .le. IIDINT(a/deltar+1)) Gf(i)=Df*deltat/(2*(i-1)*
* deltar**2)

if (i .ge. IIDINT(a/deltar+1)) Gm(i)=Dm*deltat/(2*(i-1)*
* deltar**2)

c write(Gstuff,*)i,' Gf and Gm',Gf(i),Gm(i)
10 Continue
c Close(unit=Gstuff)
c
c
c Define initial t and m matrices
c

Do 15 i=1,nr+1
if (i .le. IIDINT(a/deltar+1)) m(i)=Mo
if (i .ge. IIDINT(a/deltar+1)) n(i)=K*Mo

15 Continue
c
c Use Trapezoidal Rule to add up magnetization
c

da=IIDINT(a/deltar+1)
sump=0
sump=deltar**2*(0*m(1)+nr*m(nr+1))/2
sumq=0
sumq=deltar**2*(0*n(1)+nr*n(nr+1))/2
Do 45 i=2,nr

sump=sump+(i-1)*deltar**2*m(i)
sumq=sumq+(i-1)*deltar**2*n(i)
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45 Continue
sumtotal=sump+sumq

c write(6,*)j,sump,sumq,sumtotal
c

counter=0
open(unit=IData,File=filename,status='new')
npoints=32
stdev=1.0
write(IData,*)npoints,stdev

c open(unit=Test,File='test.dat',status='new')
c

Do 50 j=1,nt
c write(6,*) j
c
c

Do 20 i=1,nr+1
if (i .eq. 1) then

p(i)=(1-2*Ff-deltat/T2f)*m(i)+2*Ff*m(i+1)
c write(6,*)i,p(i)

else if (i .lt. IIDINT(a/deltar+1)) then
p(i)=(Ff-Gf(i))*m(i-1)+(1-2*Ff-deltat/T2f)*m(i)

* +(Ff+Gf(i))*m(i+1)
c write(6,*)i,p(i)

else if (i .gt. IIDINT(a/deltar+1) .and. i .lt. nr+1) then
q(i)=(Fm-Gm(i))*n(i-1)+(1-2*Fm-deltat/T2m)*n(i)

* +(Fm+Gm(i))*n(i+1)
c write(6,*)i,q(i)

else if (i .eq. nr+1) then
q(i)=(1-2*Fm-deltat/T2m)*n(i)+2*Fm*n(i-1)

c write(6,*)i,q(i)
endif

20 Continue
p(IIDINT(a/deltar+1))=(Dm*q(IIDINT(a/deltar+2))+

* K**(2/3)*Df*p(IIDINT(a/deltar)))/(K**(2/3)*Df+K*Dm)
q(IIDINT(a/deltar+1))=K*p(IIDINT(a/deltar+1))

c write(6,*)IIDINT(a/deltar+1),p(IIDINT(a/deltar+1))
c write(6,*)IIDINT(a/deltar+1),q(IIDINT(a/deltar+1))
c
c Use Trapezoidal Rule to add up magnetization
c

da=IIDINT(a/deltar+1)
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sump=0
sump=deltar**2*(0*p(1)+nr*p(nr+1))
sumq=0
sumq=deltar**2*(0*q(1)+nr*q(nr+1))
Do 40 i=2,nr

sump=sump+(i-1)*deltar**2*p(i)
sumq=sumq+(i-1)*deltar**2*q(i)

40 Continue
sumtotal=sump+sumq

c write(6,101)j,sump,sumq,sumtotal
c write(Test,102)j,sump,sumq,sumtotal
c
c Save relevant decay points
c

tester=nt/JFIX(nt*deltat)*10
if (j/tester*tester .eq. j) then

counter=counter+1
decayp(counter)=sump
decayq(counter)=sumq
decayt(counter)=sumtotal
write(6,*)j,counter,decayp(counter)
write(6,*)j,counter,decayq(counter)
write(6,*)j,counter,decayt(counter)
write(IData,101)counter*0.01,decayt(counter)

endif
c

Do 30 i=1,nr+1
m(i)=p(i)
n(i)=q(i)

30 continue
c
50 continue
c

close(unit=IData)
c close(unit=Test)
c
101 Format(2E15.6)
102 Format(2X,I2,2X,F13.10,2X,F13.10,2X,F13.10)

stop
end


