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Abstract 

The cerebral cortex is composed of a thin layer of Grey Matter (GM), func­

tionally subdivided into discrete regions which are connected in a large scale 

network via White Matter (WM) tracts. With fMRI (Functional Magnetic 

Resonance Imaging) it is possible to identify cortical regions involved in 

specific tasks, and with DTI (Diffusion Tensor Imaging) the structural con­

nections between these areas can be mapped. The aim of this thesis is to to 

identify and track only those WM tracts entering and leaving a GM Region 

Of Interest (ROI) defined by fMRI. Since fMRI is confined to GM and DTI 

outside the WM can be problematic, the major challenge lies in selecting 

and following the correct DTI signals at the GM/WM interface. A flood-fill 

algorithm based on a metric which exploits the radial structure ofaxons at 

the GM/WM boundary is used to grow fMRI ROIs into the WM to allow 

for effective DTI tractography. Quantitative validation using Cohen's kappa 

shows a high degree of agreement between the new automated technique 

and existing techniques which depend upon a manually (and therefore sub­

jectively) defined ROI at the GM/WM interface. The flood-fill approach 

was then used to investigate Default Mode Network (DMN) connectivity in 

Urbach-Wiethe Disease (UWD) , an extremely rare genetic condition charac­

terised by selective bilateral amygdala calcification. Intact social, emotional 

and intellectual function suggests that WM connections not directly associ­

ated with the amygdala have remained intact. This hypothesis was inves­

tigated by comparing the Cingulum Bundle of UWD subjects to matched 

controls. 
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Chapter 1 

Introduction 

"Neurons that fire together, wire together."- Hebb's Law (paraphrased) 

1.1 Problem Description 

Diffusion tensor imaging (DTI) and functional magnetic resonance imaging (fMRI) are two 

MRI techniques capable of measuring very different physiological properties. DTI can be 

used to indirectly infer the anatomical links between brain regions by tracking the white 

matter which connects them. fMRI measures fluctuations in regional blood flow to infer 

regional brain activity. The use of DTI in clinical and research settings is gaining popularity 

as the data acquisition and processing techniques improve. However, current methods of 

DTI require expert knowledge and are also subject to some degree of subjectivity. The re­

constructed tract pathways depend heavily on the location of the fibre tracking seeds, which 

define the initiation points for fibre tracking (tractography). User seed placement requires 

expert knowledge of white matter anatomy. This work attempts to overcome these problems 

by coregistering fMRI with DTI data, and using regions identified by fMRI to initialise the 

extraction of the associated white matter connections. Several attempts have been made 

to do this but these still require manual intervention which again would introduce variable 

results. Since the fMRI activation is confined to the grey matter and DTI largely to the 

1 
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white matter, these studies manually manipulated the fMRI edges to ensure that they ex­

tended into the white matter to allow for tractography. The utility of combining fMRI with 

DTI would be greatly enhanced by a reliable, automated method of crossing the grey/white 

matter boundary. 

1.2 Research Aims 

The primary aim of this work is to develop an automated method to combine the information 

from DTI and fMRI in a way that allows reliable extraction of white matter tracts. The use 

of DTI in research and clinical neuroscience is a relatively qualitative and subjective task 

requiring anatomical knowledge of the white matter pathways of the brain. By applying 

knowledge of how the fibre tracts interact with the cortical anatomy, based on cytoarchitec­

tural evidence, fMRI seeds can be made to "grow" into regions that produce more reliable 

white matter fibre tracking results. 

The second aim of this thesis is to investigate white matter differences in the brains of Urbach­

Wiethe disease subjects compared to healthy controls. This non-neurodegenerative disease is 

of special interest since it is the only human model of a highly stable, selective, focal bilateral 

lesion anywhere in the brain. The amygdala is an extensively interconnected brain region 

and the effects of this lesion on the global brain connections are not fully understood. 

1.3 Thesis Outline 

The primary and secondary aims of the thesis are separated into two distinct parts. Chapter 

2 provides some background to the basics of DTI and fMRI data acquisition, processing and 

analysis. The methods and limitations in the current practice of analysing brain connectivity 

from DTI data are presented in the context of combining fMRI with DTI. The structural 

and micro-structural architecture of the grey and white matter of the brain which lead to 

the proposed method used in the analysis are also described. Finally the methods employed 

2 
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for the validation framework in resting state fMRI are described. 

Chapter 3 applies the methods introduced in Chapter 2 in a case study using data from an 

ongoing investigation into white matter connectivity in Urbach-Wiethe disease. Chapter 4 

then presents a discussion of the methods described and results generated and a conclusion 

with recommendations for future work. 

1.4 Scope and Limitations 

This thesis assumes that the reader understands the basic principles of MRI physics and 

image processing. For the clinical case study, it assumes that the reader does not have 

knowledge of neuropsychology, and presents a basic background in the anatomy and function 

of the Default Mode Network, and on Urbach-Wiethe disease. 

This is an investigation into how fMRI data can be used in a DTI work-flow to extract tracts 

underlying the fMRI activity. The success of extracting reliable fMRI derived tracts from 

DTI, judged by measuring the agreement of the resulting tracts with those achieved using 

standard protocols, depends on several factors: 

1. the reliability of fMRI. 

ii. the quality of the coregistration. 

iii. the trajectory of the tract of interest relative to other anatomy. 

iv. the effectiveness of the seeding strategy. 

The effectiveness of the proposed seeding strategy is assessed by assuming that items i. to iii. 

are held constant. The scope of the work is thus defined by the following three constraints: 

i. using individual rather than group fMRI analysis, ii. limiting coregistration to an intra­

subject rigid body transformation, and iii. only looking at specific tracts. 
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The fundamental limitation in this thesis is the inability to track fibre pathways reliably into 

the grey matter of the brain. There is a breakdown in the information contained in the DTI 

data as the tract approaches the tissue interface due to partial volume effects and low spatial 

resolution. Deterministic fibre tracking was employed in this thesis rather than probabilistic 

methods. Deterministic tracking might be less suitable than some of the available fibre track­

ing methods to track fibres in these boundary regions, however, it is the most commonly used 

in clinical and academic settings. It is the goal of this thesis to overcome these limitations, 

and to track reliably using the deterministic tractography framework at the tissue interface 

from regions defined by fl'v1RI. 

There is no true gold-standard upon which one can validate DTI tractography so validation 

employed here is based on current practice, which may still introduce some subjectivity in 

the evaluation of the tracts. 

The relatively low resolution and the limitations of the DTI model have raised questions as 

to its ability to reveal thin and short fibres, or the fibres in complex regions (e.g crossing or 

touching tracts). Because of this, the investigation was limited to certain major tracts (the 

Cingulum Bundle and Corticospinal tract). 
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Chapter 2 

Developing an Approach for 

Combining fMRI and DTI 

2.1 Introduction 

In this chapter, the motivation for combining fMRI with the DTI processing pipeline is pre­

sented. A method based on extending the initial fMRI Regions Of Interest (ROI's) into 

the white matter using a flood-fill based on local diffusion properties at the GM/WM tissue 

boundary, is described. fMRI was first conducted using a motor task to define the motor 

cortex and hence the Corticospinal Tract (CST). Resting state fMRI data were also acquired, 

and, a major interconnecting tract, the Cingulum Bundle was extracted from Default Mode 

Network activation in each individual subject. The fMRI-based approach is validated by 

comparing the resulting tracts to the tracts derived from a standard method, and using Co­

hen's kappa to quantify the accuracy. The data processing pipeline is summarised in Figure 

2.1. 

5 
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Acquire 
fMRI Data 

Acquire 
DTI data 

Extract fMRI activation 
maps 

Coregister 
fMRI to DTI 

Derive diffusion 
tensor metrics 

Apply statistical 
tests and 
threshold 

Confine RDls to 
grey matter using 

white matter 
probability 

into white matter 

Track from 
fMRI 

a I ate y comparing to Extract tracts 
landmark based two-RDI using a 

DTI tractography 1.------1 modified fMRI 
based two-RDI 

approach 

Figure 2.1: Data processing pipeline summarising the steps involved in Chapter 2. 

2.2 Background 

2.2.1 Functional MRI 

The basic fMRI experiment has the subject in the scanner perform a series of cognitive tasks. 

The task paradigm is designed to compare epochs or events of interest with control or rest 

epochs or events. A brain volume image is typically acquired every 2-3 s throughout the 

duration of the task. Hundreds of brain volumes may be accumulated during the execution 

of a complete fMRI scan, lasting between 2 and 10 minutes. Typical resolutions of 3x3x3 

mm3 are achieved in standard fMRI sequences. 

When neurons are activated, there is an increased need for oxygen and this results in an 

increase in blood perfusion. Functional MRI (fMRI) is sensitive to this perfusion change 

via the Blood Oxygen Level Dependant (BOLD) principle which arises from the magnetic 

properties of haemoglobin and deoxyhaemoglobin. Oxygenated haemoglobin has very little 

6 
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Predicted neural activity 

®-!L-
t($) 

5101520 

Haemodynamk: Response 
Function (HRF) 

Predicted haemodynamic response 

Figure 2.2: The haemodynamic response to a neural event can be used to model the predicted 
response to a block design fMRI paradigm. 

effect on the magnetic field in an MRI scanner. As oxygen is lost to the tissue as blood 

passes through the tissue via the capillaries, oxyhaemoglobin becomes deoxyhaemoglobin, 

which disrupts the MRI signal in proportion to the amount of oxygen lost. There is a link 

between neural activity and the measured T2* signal and this is called the BOLD contrast 

mechanism. As brain activity increases, blood flow and glucose consumption increase much 

more that oxygen consumption and as a result, the amount of deoxyhaemoglobin decreases 

in areas of increased metabolic activity, and the BOLD signal is increased proportionally. 

The opposite occurs when activity decreases. The BOLD response occurs mostly in the grey 

matter, since there is far greater energy metabolism and vascularisation than in white matter 

(Logothetis and Wandell, 2004). The BOLD signal is related to neuronal stimulus by the 

haemodynamic response function (HRF) which is shown in Figure 2.2 relative to a hypothet­

ical impulse stimulus. 

The analysis of the fMRI data consists of two stages: (1.) preprocessing and (2.) statistical 

analysis. Preprocessing involves preparation of the data by smoothing, applying slice-timing 

correction and motion correction. Statistical measures can then be applied to estimate the 

degree of relative increase or decrease in neuronal activity. In "block" fMRI designs the tasks 

performed in the scanner ensure cognitive engagement by sequentially presenting stimuli in 

predefined blocks. A canonical HRF is convolved with the task design to create the General 

Linear Model (GLM) to predict the neural response. This predicted BOLD response within 

each voxel is used as a regressor and fitted to the measured BOLD signal response (Figure 

2.2). Any signal changes are statistically tested for significance. The length of the blocks 

of stimulation should allow for the HRF to reach maximal values, while the rest intervals 

should be long enough for the HRF to return completely to baseline during non-stimulation. 

7 
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Resting State Functional Connectivity 

Resting state fMRI is a relatively new area of research which does not require a predicted 

response. When performing fMRI in the absence of a task, specific brain regions show syn­

chronised activity, which suggests that they are functionally connected (Uddin et at., 2010). 

Even at rest, spontaneous BOLD activity is evident, showing increasing power at lower fre­

quencies. The power spectral density curve exhibits a l/frequency behaviour, meaning most 

of the power is concentrated in the low frequency range of the total power spectrum. Large 

clusters of neurons form functional networks which are held together by the neurons' syn­

chronised firing. These slow fluctuations «0.1 Hz) show patterns of coherence across known 

networks in the brain (Fox and Raichle, 2007). These regions are continuously sharing infor­

mation with each other over a complex neural network (Friston et at., 1993a). The activation 

patterns in the brain tend to be spatially smooth and clustered (Li et at., 2007). Investigative 

techniques such as Independent Component Analysis (ICA) are able to resolve the multiple 

components of signal and noise from a single source. When ICA is be applied to fMRI data, 

it identifies functionally connected regions based on their temporal (through the BOLD time­

course) and spatial (regions that are near to each other tend to have more similar values) 

correlations. This analysis is known as fcMRI (functional connectivity MRI) (Cohen et at., 

2008). ICA has been demonstrated to be effective in studying brain function since it is data­

driven and makes no assumptions of the underlying anatomy when capable of separating the 

neuronal signal components from the underlying noise of the fMRI signal. It is therefore 

suitable for application when regions involved in a specific task are not known or when data 

are acquired in the resting state. fcMRI allows several distinct resting state networks to be 

detected at once, where the components extracted represent independent networks (Greicius, 

2008). The resting state literature has identified around eight reliably extracted resting state 

networks. These include the motor network, visual network, Default Mode Network (DMN) 

and other attentional networks. 

Consistent activation patterns have been demonstrated on a variety of different scanners and 

using seed based, clustering analysis methods and ICA. In addition, a Corpus Callosum sec­

tion study by Johnston et at. (2008) used seed based functional connectivity analysis to show 

a striking loss of inter-hemispherical connectivity, while maintaining intra-hemispheric cor­

relations postoperatively. This study also showed that the non-neuronal effects account for 
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rlJ ncl 'on (Il ro."<1 II "I . ~~ X )!J J 

2.2.2 DiffllSioll Tensor Inwging 

llTT i, " ll{)U-j]jva~]w t,,('h lJi'lue ",hi"h is nN~ 10 'I lIun(.jry (.llt' (li lfu,iolJ 01 water b): apph-­

ilJg bi polar IU~Ij('l i (' fip ld grndipnl, In (.iL,' w~(t'r nJOh'{'ul,,,. RUlldom mow))lP nl, of "'fl.t,']' 

m" I""" I,,,; '->e<:nrs by HrowIl ion ,,,o l ioll ~mL'-'.,1 by in!('rllil l l,j)('rmnl P" PfK\'_ In ' '' r\ "in liNiUl'" 

(.1 ", T(JOH" rr"m of wakr , ,, ,,1c~1J I ,'S is limit",] lw 1h ~ li"MIP ~l rudun·. ",luciIlg til(' abililv tn 

diffu.'-'.' Indy. Wh(,ll thp "'fl.tN n",I<'C11 1~" T(JOV" hy ra ndolf , motion d ll(, to l lr prm~ 1 pn"rgy. 

R 'i ~ n ~j ,."Iowl'o" is "('('11 wiLi"ll provid('., a 1lJ('USmC or ditfu"ion in H,p n". g n t'li~ grl«],l'nt 

din",t io n , By " "'asu ri Ilg the prdermi ,l irf'<.'l.i,,,, 01 ' litfll , io n i( i~ p'-'-'iJi hi., to ],(,N)]L,truct til(' 

ll nd N T."i"ll sln",I" '" "I ll L~ Ii",,,,, . 13<, ror" t h." adwnt of DTL ('~rli pr 1.--.) ,,, iqll<" of fi nd ing 

uxolla l COIl lJ('<-tioll putll'rH; illvo l, -"I p,-"'I,m",lPll' hi sl ol"g ir,d slud )', or rl'<-!ninxl til" inj" ~li "n 

01 P()T"llti"II ~ .. h" rmlll I 1r"'ws h pJi))'p lnwg ing, Ahhough thi.' ('annot LK, apJ!h" l In jm,ufllls in 

Ip.", 1 I" , n II <;;: o j" II", l<,t~1 DOLD .,iKJIal r"I"'n 'nr','. I "I er Ii ('T ' ,,~p l,,'n" fu ne1i'm~ 1 w n ",'q ;, .1 ' 

;~ HI" ",I "i ",,1 ),,- t I", llli ,'r"''''',,~ 'I "'" ""u ,0'''' I I ,~t hw~v" of t I", ('o 'fP '" C" 1 ''''u '" 

The Odault, Uocl" I'dw"rk 

Thp 1l"'''J II. ~ 1<" h· Nd ",,,rk I D!.lN I is 11 n;qup ,tT (V )"l';,1 II", !l "j i n(', .,t" j" \I('lw, 'rb ill that i, 

,),·",,1 ",It l '" III ""1'''''",' In "''K'' iI i, p '",b ( I hH"k'j('f d "I .. ~'1~)K J _ 1-'i~'H P :! .:\ , how, , I " . 1-;1" l'i<' ,,1 

",1 i"'1 i"n I",II.P'" " I' 1.1" , 1)\1 NTh" m1 ",,1.,,1 r"l"i,,,, " ",~IIJ' k I.lw ,,,,,1 ,,,1 Prdr" nl" 1 Cortr ·x 

(1ll1'Fe) ""d Po;;i<'n"r C'mgllhl.e (''',IO'x (I'e(' ). wlnd l ~rt' tl,,· br~{' nnol-lin<' ""'("11lr'" 
,\Jnw'Dg tl,.. Inr:h,·.,I, neti. ,,\ .-\n"i) o'~ or rc,>; lin;'. ,t~t<' 11m ] d~t" h"s I"" n "",II" ,11"" 

,11if"r~nCf";" D\Tr>. ,,,,.,,11,- '" dilll~,,1 POI'"bli"n" 'wjj,-"I ;n:.:, d ilr"n'lI c'" HI mlrJJl.'''' Im"n 

f"n"I,,,,, ( Broyri d "I . :!IXI!)I 

2.2.2 DiffllSioll 'Hmsor Inwging 

I)TT i, " Il{)n- JIlVll-'lV" t"dlIli'lUe whidl is nN,' 10 qlJ an l.;fy I.he- cli![",io!! of wuter uv apJ!""­

i!!g uipobr I U,*Ilf'li~ fipld K'~dip"lo 1-" 1-11" w~ le-r 'TJoh' " I,.,;. nando!!) mown",nl, of WH.tpr 

Il",If'{'ni,,,, (X:<:llf" by J-\w\\'u i"u '"o l io!] ~mL<..i.,1 by in!<'fllili 1,I)('rmn l .-·n'-'fj(I'_ In .w),, ;n )i",u.", 

1.1", TUO'U,,"'m of wukr ",,,Ic~,,I(," is limit"'] 111' ihp Ii."" " , ~t"udur'· . ,,~luc!Ill\ thl' nuili lv to 

difflL<..i.' f"dv. When th,' ,,"aWr n",lpc'I I~" I(lO",' 1,,- r""dOT" IlIotion dlle to Il 'PrlM i p'''',:>y. 

R 'iK,, ~1 ... ·,Iowl;"" is Of'\'IJ ",iJid) IJrO\·id,'.,,, llJ('US\1f(' " f ditfu.,i"n ill H,p mllg ne-l ic l';r&_hc·!Jt 

Jin-.:' ion, 13," '"c'1lsuriIJ!', the prdermi directi"" of dilt"oion ;1 i~ [1'-""" hi., to l""',]L,tfU'1. till' 

nnriprll'inl': S(n' ~I"'" "f Ilj~ Ii,;,;"". 13<,fw.' t h .. , ariwnt of DTL e~rlipr t<'d,ni'111"" r>f fi nd in~ 

uxoual ~,()llm'-tion patterns invo l,-" I p,-"'I,m", 1 "''' h i,1 "Iog ir,d ,) ud\', or n'<-Inil",l til<' inj. 'Ct i"n 

of 1J(!T<,nti"II~ .. h" rmf,,1 I,,,,,,,,., hpji))'p l'TH. g in ,;. i\hhou(',h thi.' call not LK· alJpli,,1 U) Im"",n., '" 
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vivo, postmortem and tracer studies remain the gold standard for validation (Kim and Kim, 

2005). The direction of the gradient fields are changed during the scan to encode diffusion 

in multiple directions in each voxel (volumetric pixel). The Diffusion Weighted (DW) signal 

is obtained using the Stejskal-Tanner equation: 

S = So x e-bD (2.1) 

where So is the signal intensity without diffusion weighting (no gradient applied) and S is 

the signal with the gradient application. Here b = ,2G262(b.. - 6/3), where, is the gyro­

magnetic constant, G is the bipolar gradient amplitude, 6 is the duration of the gradients 

and b.. is the amount of time between the bipolar gradient lobes. The diffusion, D, varies 

from voxel to voxel, and defines the apparent diffusion. This is described by a diffusion tensor. 

By rearranging Equation 2.1 by solving for D and applying at least 6 non-collinear gradients, 

we obtain a 3 x 3 matrix which characterises the three dimensional movement of water (de­

fined in the Cartesian coordinates x, y and z). This represents the diffusion tensor: 

(2.2) 

In each voxel the tensor can be represented as an ellipsoid with the largest of the tensor 

eigenvectors representing the Principal Diffusion Direction (PDD), as shown in Figure 2.4. 

Structures such as cell membranes and myelin sheaths constrain the movement of water in 

highly ordered tissues such as the white matter of the brain. The geometry of the ellipsoid 

shows the direction of the ordered fibres. The main axis of the ellipsoid is the largest eigen­

vector of the tensor, which corresponds to the axonal direction. Scalar measures derived 

from the tensor can provide quantitative information about the underlying tissue structure. 

lG 
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Fignr~ 2.4: Diffu,joti ten"'r represenratioIlS fO] (a.) aniso,ropic and (h . .1 ;sotnJ]>i,. ,c,'narc", . In 
are& wilh anioo llDpic J.iffic,joll, tlM' prinei!,"[ eigenvector Al is taken"" 'he Prindpal 
Diffu.,j()ti Direct"" il'DD), 12 if 'he diffusion ""'~"" .. 

Fract,iollal Anisotropv (I·:A 1 is dpli neJ M (he norllluiis"d "tmldnrd d~"mti{1Il "f t.lw ' - ir;~n",h,,'" 

a nd rp pll'8p nt, ti",u~ 'Ullwtrupy R .'c~nt findm!';s indicat'" t.h,\ 1·:11. j~" t eij"ble ',,;erootrue ­

tuml marker 0f Iran int."gri!\' whkh II"d priip>; neuuxm] JLdwurk cOllllldin\~ .. (T,'ipd d aI. , 

lOin). i 'igllrp 2.5 3],0"" un exmILpk of an F .. \ IIlHp ~kan Difilhiviw (~HYI is" mp"",,,,"t' 01 

t,hp a\'l,,.ngl' di£l'u,j\'lW of th~ \\'at.nr in "vOXEl an d is invorin nt to ()tlP"outiOll :"lD ami FA 

arl' ddin,,) ,~, 

(2 .3) 

Fit = (2.1') 

where A" \,undA3 m~ the eig'enwcturs of th~ riiffueion t en~t 12. Hi gh FA is fo und III highly 

orderoo r~gion_.; _.;ueh "., whitp m"tr.et, whid, is u' lLaily ddin~'<I CIS FA 2: 11.2 (:'"jmi and van 

Zijl 2((11). 1.<)", FA mIlLe:> (X'mr in th,' grey m"tt~r dn~ In th~ h!"n~hing oft.he while mo·tlN 

n 

, 
..... "'1r~ 
0,_ ' )" ",J 1., 

>_ .. ;.~A, _ ..,...-""", ,- ~ 

.,,", ." - ot:)O .... "CG. , C' l: 

Fignr~ 2.4: !)ifl"",iot! ten"'r repJesentatiom fO] (a.) ~niS<J'rul'k and (h . .1 j",l.nJl'ic S,."narLO/l, In 
areN; wilh ani""!,,,p;" J.iffusjon, 1l~, prin<'ip',J eigenvecoOl Al is taken"" cl.., I'dndval 
Difl"",jo!i Din'cti<>tI IJ'DD). 12 k ,11" diffu,ioll ""'~"" 

Fnu:t,iollal Anisotropv (FA 1 is rid; ned .~ the "OrrlW iis<",J "wmhrd 'kviu tin!! "r t.b" "igrm,lh,,'" 

and ll"IHffiPnis t~u~ amwtrupy R~cTnt filldill~S indirnt.A t.h'1\ 1·:11. i..,,, rel;"hle rnicn::»twc 

l,U"J marker nf tnl.('~ int"gritv whkh ""aPt-lip;; neunJ",llll~\wurk t'ollllt~:ti'-i\~ .. (T'-ipd rr ai, 

lOin). i'iglllP 2,~ sho,,·, ~Tl ~xmjjl'k 01 un Fj\ Illap "kan Difilhiviw I~HYI is" m~""LLl'" 01 

r,h~ a\'l'rrtgl' di[l'u~i\"lw uf l,h~ waiN in "voxd o.llJ is ill\'ilrianl to (),. ... nr,~ t jOJL. :tID uml FA 

an.' ddim,) ;c, 

'\,+\,-'\, 
.HD=- - J (2 . .]1 

(2,1') 

whe"", A" \,und'\'l me th~ eigenwdur" of th~ riifflleion te""",r 12. High FA i~ found 11l hi~hly 

urd~roo r~~ion, _,,,eh A.' whitp m",",or, whirh is u:;unlly dl'fin~'<l ,IS FA Z 11.2 (}IOTi and "an 

Zijl 2((12). r .il,,· FA m Iue:> O(:mr in the' grey mattRr dn~ til t h~ h!"n~hill~ ofr.he whi \~ m,,(,j N 
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F i~llr" 2.5: All axi,J vi€w of "11 F.\ 1 ""1'. ",hid, rq>rosonts t lw kwl of ani'<>trupl" of 'he Jiffl1.,;ull 
dgnal, 

3S it elltersil~3H"s the neunms of th~ gHy mHlWr lay~r. As a ]'e:Jult, the lltrrusiolJ of waler 

becomes Ie"" lilllitl'd by ,,,nular '"OI"t]·(J.int.,; alKI th~ mino&."Opic tissue obstructi",)" becom~ 

]= wllinpa.r . I'A in the Ilre\' matte!';s usu:J.Ily in the rallge 0,1 - 0.1, In th~ ,.mtr~ of tillhl.lv 

park"'d white Hl"tter hUHdllOS. the FA appr",wh", I and apppars hri!';ht c., "11 FA map. 

A lowered FA. i!) the white mattpr rmw be riup to tissue hre"kdown where th~ cellular in­

t~grity i" rroll,.,.l for examplp, by JIlydiH d~gerLeration. stroke 01" otl"'l" pathol,-",;.\· The FA 

nwr,rk can be usee! to <jllilllt it.atiwh- d=rihe th~ int",!,;rir . .\' of "p{ .. .;in~ white JIlatler r'1,1;ioHs 

(Rykhlcvskuia d oL 200M), FA inrlWL.''''' wilh the degree of mydiT11Ltioll. mwnw thi(1-::11ess. 

>un(}lll!t of parall",1 or!,;,misatiOrL of m:OHS, Or (j. combination (}I the",*, radom. Th~ ahility of 

thp axon 1(> tm.nS]XlH adi(}!) potemiab is rieppnrielll. on thp5" fa(·tors and:JO 11\ eJso pro\'ides 

'Ill indiwct mea"1lrp o[ whir", mattp!, em ciency ("bili ty to tr(J.(LSmit infornmtion), Each ",hiw 

mattp!, voxel wl1sis,s of thousands (}fax(}ns (n<mronal proiK'tionsj (LllJ of v:>!'ious ki,,us 0/ 

glial cells (suppurtin~ <"ell") ami myelin shP3ths_ The myeli!) C'Hwl(}ps the "--"OIlS and <H1"ures 

last ami effiri",nt traHsmissiOH of ekdri,'ul sigllab throllgh thmll, rhe\' ar~ aloo th", m:>jor 

cellu lar wmpone!)t liJIliting the diHusion of water (A"-."Lf a rLd PilSlerMk, W08). 

F i~llr" 2.5: All ~xi,J view 01 "11 F,\ lilaI'. ",hidL rq>ro,ont, tll<' k",j of anisotropY of 'he Jiffu.,iull 
,ignaj, 

as i, enters/lt's.nos the neumns of th~ gHy mattpr lav~r. As a re:Juj,. the liLrrusiolL of wa\('] 

bC"COllles k.,., lilllill'd by ,.,.1Iular ,"()["t,·(J.inl." alKI ,h~ JJlinc>s<:opic ti"ue obstructiOll" h<.x,onlP 

]"" collinpaJ". l'A in the gre" matter is usu:J.lly in the mllge (1,1 - (I,L, In th~ ,.mtn ri tighl,h ' 

park"'l white m"tter hUTJdllOS. the F.\ appr"",h"" I 'Uld ap]>pms bri!';ht c., ~Il FA msp. 

A jow~recl FA. i" the white malt~r ,mw b~ rlup to tis.<;u~ hre~kaown whew th~ c<"lluhr in­

t.~grit" i" rf'd1l,1'(L for exampip, hy IIlydiTJ d'1',~rLeralion. stroke 0,. oIl",,. patholo-;:;." 'l'h~ FA 

nWI,rk can Jw used w Cl1lillltit,atiwh- d=,.il", th~ intp!,;ril,." of "p<"(;inl whit e Tuatl~r r'1l:ioTJs 

(Rykhkv,kuia d 01.. ~(j(j!-l), FA inrl'~i\.',," wiLh the aegrt'{' of lllydiTJ"tioll . mWllul thi"Gw:'<';, 

mll"lllll of paralipi OT!,;'UlisatiOrL or 'LXOTJ~. Or (J. oombinatio11 "f the",*, fadorR. Th~ ahility of 

thp lLXOnl(. ImIlS]Xln aui"" ]Jotemiab is rleppnrlenr, on thp_", fa,'TOl'S Hll<.! 00 l'A eJ.so pro\'icies 

'ill indiwct lllen"llfP of w hil./' martel' em ciellcy ("bili ty to tr:J.ILHmit mfornmtion) , Ellch whit.l' 

maTtpl' \'oxeJ wnbisls of tiJousn"cis "fax"n" in"1ll'onal proiK'tionsj (LllJ of \'(J.J'ious ki,Ki~ (lj 

gli'ci cdb ("up]lmtin~ ,.",ll"l amI myelin shP3,iJs_ The mYl'li" (,TJn-I,,]>!! the "'-'W11S and ml"urffi 

fasT amI dfiripnt traHsmi88iOH of ekdrir,al Slgaal, through thp~ll, j'hev ar~ a100 lhp m(J..Ior 

ceLlular wmpone"t limiting the dlftusion of water (AflSIlf 'l.!La l'ilSternnk, ?DDS). 
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Fig"",' :l.R: ,\ C<~""T ",d,',1 h\ rm'p , Iww.-;ng ,,1.' PUll "".\ors in II.' "id"il), of the ";""u of \lJe 
C"rpus CHlk"LlIIL IlNI _ ri~hlc-i<'fC. h1",' _ ilIf~r;,,,._",,,,,'ri< 'r "lId I\Totn - "nt!'rior­
"''''''ri<lf. '1'1..' I' ll)) ,"""tor 1"", alsc, b",,, s",Je><! 1.<\' FA 

Figure L.ti 8h",,-,; a sub"""ti"" of a ""I""r-"",I<><J I'A "'~p will. th" prill"ip~1 eil'(l·",",.:tol"l; 

meri[<i<i !'he dir<-Mion"l inrorm"tion is <"""".10 .. <1 Ul rOO (right-leit), b lue (iufetior-sul'crior) 

8:l\d gr<."en (amclior-postcJior) olircl'tiom. Thc prillcip~1 il.Xis of t.h~ I~'~"\or fin",J to ~H~h H)x~1 

describe,; th~ "rirnlati"n "f \1.,. white maner. 

I'ractography 

Three di",en,ion,,1 [()(:onstrndiom of whit.r lll~tt'-'r tracts ran lw gen~r[<\",1 ),V fo l1 owi,,)( lhe 

principal diwnion "f WMff d itfug;on at ~""h i"'~)(" rnxel in thl' bnun (&'"""r eI "I .. :20flO). 

m,· proc.-",s of mconslrHcl lnl'( Il bm p~ths from the tensor fidd is known as tr"':tograph" 

TraCKing i~ initiated from I'rcdefiua \ 00<''' puints and Ih .. palhwa,'s ar,. inl,.rpo1al'~\lo r«ftl! 

FigllC(' :l.R: ,\ (".1"", ,,~hl h\ map , I""'-;n ~ ',k PUll "",\nr. in II.' ,-jri"ll}, of tlw ,,;~"" "f Ilw 
C"rp'"' C><.Ih .. 'mL Il,,1 _ l'i~hlc-I..rt. hi",· _ inf~r;''''-"''p''nor ,n,,1 IIn,..n - "n\"riot­
pn."",rio. T ... · I-'Illl \,.,,1 ',., 1"", aj,;.-, ""''' ,.-><.1",\ hy FA 

figure L.h .,h""-,, a o,,!J:lE'C.jo" of ~ ""I",,'-nxwd I·A ''' '' I' wilh tilt· )Jril".ip,,1 ~1V.~"w.:t"n; 

merl"id !'he di"~1i' lI ',, 1 inf",''''',lim' is "!l("d",l Ul rOO (rig,l1t-ldt), !Jlue linf{'';vr->upcriorJ 

!\:I" I !';[rt"ll I nUlelior-l""'lelior) dircl'tioIlS. T he prin r ipal ""is of I h., h"~'\or finf·d to "H{'h H)x~1 

dcscriheo lh~ "ri''I.,(ati"n "f \1". whi1.t~ malkr. 

I'ractography 

T1![{)c <1i ,,,,,,,,i011,,1 rCl'o!lst rud ion~ of whit" mattN !ri\('t~ {'all i)f' ge"~ra\t'<1 h\ foll o"' i ,,~ Ih,· 

prill('ip~1 dirff'tw" ,,( WHIff d itf"s~", itt ~"d, l!ll"~" roxd in rill' bra,n (~r d ,,/ .. 20fl()). 

rh,· pr.>c<,;s or rc'C<,,\SIClK'IJl1V. lllm-, paths from II", tensor tidl is known ,u; 1r~l'to!';raph\ 

Tra<,klIl)', i~ ,wti"ted from 1',o:I"fi"o:1 """ I p(~m .. "T~l d,,, pa'hwa,s "'" ;nl""IJO!~!l~llo f""'" 
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Figure 2. T, A two dimensional \iew of the FACT fihre t,nu'king hy lin" propagation is shown he",. 
n", principle <"igem"'Ctor is represent"'l ,..~ a ,,,<1 arm", in e&cl, pixeL A fib", p,.th 
(blue) is gen.,.-awd by interpolating h.,I"' .... n 'he princ'ij)l\l ~jgenW''''tors pixd by pixel. 
rho:- "(,,,1 point is indiCM{'d hy the gT""1l pixel frmn whi<-h the bl""k "nows show the 
con\inllO"" interc"pts which ,..",igTI the nhr~ palh (H.dapt.x\ from ().]od cl a/" 199~)). 

a t.rl\('t 11.1, 8uh-pixd resolution. It is important to remember that. the fibre tmc~~ re8l1lting 

fmm trl\('tography aIe only rcpnwutatiom; of the anatomy ~ on waLer diJIusioll. A va­

ridy of kdmiqu,," exist for traciug the path" of ""onal el'ads using DTI t!ata. 1mt· lh~ most 

widdy 1It>E"<i b a t!~(enninistk line propagat.ion appro""h to lr""k the fibre by ronueetin;; 

each voxel to the atlj"l'~ut one. 1I0wewr, Ihi< limies the p,,(h of the era~t to only eighl of 

its u~"re;t ll<.'ighl>ollrs "nt! r..,ulls in llOIHllH>oth. JX>S.,ibi:-· erron",)us trajeetorie:s. rhe Fibre 

Assignmf>nt. by Contillllo11S Tra~kin!'\ (FACT) "Igorithm illlprOV<l:; on this limitation, using 

rlistan<:I'-,,~,ightM linear interpolation to propag<t1.f> a strf>amlin" from all inithl ~ point. 

in the dir",::tion of the prin("ipl .. eigenwctor for small Spll.tial in("rf>mmts (:"Iori d aI., 1999). 

The F.ACT pwee" is depict.ed in Figllre 2.7. 

DTI pw\"id"" a llll!<'ros('opic vi",," of the mkm'trndure of the whit" matl.{'r ""-""US, th"re­

fore with FACT it. iH oflt'n difficult to disc,nl fiure" (T<}"ing. mf'l"gillJ'l, di>~'rgin!,\ or kissin!,\ 

(tract" merging ilIlt! then divetging). within a pmiiclII"r voxd (;"lori illHi "im Ziji. 20(2). The 

inuc"'t\tiv" 11>1e of lligh AJIRlllar H""""llltioll DiJIlI~ion Imaging (ilARDI) tl'cimiqll'''' whidl in· 

mrporat"'" Diffll,ion Sp<'<'t.l1lm lmt\!,\ing (OS!) illld "Q-bt\1l" imaging. se<"b to n .. -;oi\'e th""" 

Figure 2. T, A two dimen;;ional \icw of the FAC'T fihr~ t.n,,'king hy liu.' propagatiou ill shown bere, 
n ... , priucipl~ fflg~n\""'tor is r~pr~seIlt.N1 a.~ a ,..,<1 "''''w ill ea.cll pixcl. A fibre p..th 
(bluc) is gCIlCl'"atcd by in''''"PGialing b"I" .... n ,h~ prin"i",,] eigellwctors pixcl by pixel, 
rh<- """"I PGim is indic,,",'!! hy til<.' gTf"'1l pi,,~] fWI!! whi<-h the b]H<'k arJ'(J\\"s show the 
CGlltinl\Ol1' int~m'pts which ",,'ign Ih~ nbr" pHlh (jj,(iapt...:l from ()'lo]'; ci iJ/" 199'J)). 

a (,ract 10.1. ~uh-pixd r""",lution. It 1., importa.nt. to ",,,,,,,,"bft' lhat, the fibre tmc\.8 n'8u)ting 

from tradography aIe only r<'Preseutatio"" uf th" anatomy o""..J on Wllter uijJu~ioa. A va­

ridy of kdmiqti"" exi,t for tmcing the l'atjlll of "-'wna)ll'llds U~il4l DTJ dllta, Lut lh~ [!lost 

wiudy u.....:i b a det~rl!linbtk line prr>paglltion "pprut\Ch to lrt\Ck the fion' by conueeting 

e",:h vuxe) to thtl wj" ':~llt one, lIowewr, thi< Iimics the l'"th of lh~ cl'll~t to only eight of 

iT.~ netWfflt !l<?ighLollrs IIntl r""l111s in IlO1H!lHloth, JX>'i."ioly erroneous tl'lljeNories. fire Fibre 

Assignnlf'nt by Colllimions Trll~killg (FACT) "Igorithm hnp'o\"<lS Oil this limitation, using 

dist."nCl'-wcightM Iill~"r illwrpo1"tion to ProP"M'" II strf'ilmliuf' from IIU iuit';") ~ poiat, 

in the din)(;t.ion of th" priwipl" "igenw(t'lr ["r smilll sp"tiill in1'rf'lll'~lts (:"Io,.i eI iJL, 1999). 

T!", FACT 1"0'''''' is del'i("t."d ill Figure 2.7. 

DTl pro\"irk .. " 1ll1l"roSC'opic vi"w of the lllicro,trn("tu,." of th" whit" m"ttRr ,,"-"""S, th"l"I'­

fore with FACT it i~ ofkn difficn!t to disc<TIl tiLr"" (T<}"ing. m<'l"ging, di"wging or kissing 

(true\.>< mel'gill)pmu tlwn divt"lging), within a 1"u1icular ,,,xd (;"Iori uml van Zijl, 20(2). TIl~ 

inun""li\'" '1>'Ie of 11igh Allglllllr jkt.ojuti"u Diffu~ioll Imaging (ilARDI) I.,<;\",iqu<", whidl in· 

mrpomt<'s Diffll,ion SPf'Ct,l1l111 Im"gillg (OSI) and "Q-b,,1I" imllging, :;.(""b to n .. ..,...l\~ t)",g" 
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inherent resolution problems in DTI (Hagmann et al., 2006). These techniques work by ap­

plying many diffusion gradients (sometimes> 200) and then quantifying the diffusion in each 

voxel by a probability density function. The gradients are applied uniformly over a sphere 

of radius q, the angular resolution is therefore only limited to the resolution in q-space. The 

axis of strongest diffusion is still depicted as in the ellipsoid tensor model, but now allows 

for the possibility of multiple directions within each voxel. 

Probabilistic tractography algorithms based on the tensor model can also be applied to esti­

mate tensor parameters based on global connectivity. In other words, they allow a measure 

of maximum probability of connection through the tensor field between two points, thus pro­

viding a measure of confidence in this pathway (Behrens et al., 2003). 

One such approach, known as Fast Marching (FM) is based on level set methods (Parker 

et al., 2002). The FM method can be thought of as the motion of a front evolving from 

a source, which is dependent on a function based on the diffusion tensor. This allows for 

a probabilistic measurement of the likelihood of connection and also provides the ability to 

show a multitude of potential pathways, especially in regions where uncertainty is high (such 

as in the grey matter). 

These advanced techniques require complex algorithms and extensive data processing. While 

DTI determines the tensor model by simple matrix operations, Q-ball and DSI require com­

plex filtering and projection with multiple parameter settings. Because of the increased 

number of gradients needed, much longer scan times are required (Hagmann et al., 2006). 

FACT is still by far the most commonly used tractography algorithm. It has been shown in 

some comparative fibre tracking studies, that the simple tracking methods produce similar 

results to the more complicated algorithms, especially in well defined networks with strong 

white matter connections (Fransson and Marrelec, 2008). 

A brute force approach is commonly taken, where every voxel in the brain is used as a seed 

point. However, this is computationally expensive and results in a confusing amalgamation 

of large numbers of fibres. The user then has the task of trimming the fibres with logical 
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Boolean operations. 

Fibre tracts initiated from discrete regions are highly dependent on seed or ROI placement. 

Studies comparing inter- and intra-rater variability of user-defined ROI placement show fairly 

good reproducibility in the resulting tracts (Wakana et al., 2007), however this still depends 

heavily on user knowledge and assumes that the tract trajectory is known. In addition, trac­

tography based on small ROIs including only a few voxels might be very sensitive to partial 

volume effects. 

Isolating Specific Tracts Using Boolean Operators 

A multiple ROI method, described by Mori and van Zijl (2002), uses Boolean operations 

to select specific tracts based on anatomical landmarks (landmark based two-ROI method. 

The AND (the tract must pass through all ROIs) and NOT (remove fibres passing through 

a ROI) functions are the most commonly applied operations. The basic idea is described in 

Figure 2.8. Tract identification using this method was formalised in Wakana et al. (2007) by 

providing anatomical landmarks on the vector colour maps for 11 of the major fibre systems 

of the brain. Consistent inter and intra-rater reproducibility was found for the two-ROI 

protocol. The landmark based two-ROI protocol for extracting the Cingulum Bundle (CB) 

is shown in Figure 2.9. 

With prior knowledge of the tract of interest, the specificity of the tract is greatly increased 

by applying the second ROI, through which the tract trajectory is known to pass, and using 

a logical AND operator. Seeding also effects the resulting tractography, but any specificity 

gained by seeding from fMRI is masked by the extremely specific condition imposed by the 

AND operator. In addition, when conducting exploratory work, the second ROI isn't known 

a priori. 

In this thesis, the isolation of a tract of interest using two manually defined ROIs (ROIl 

to provide seed points and a manually defined ROI 2, for the Boolean AND operation) is 

referred to as the "landmark based two-ROI method." This is in contrast with a simple 
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one-ROI approach, which generally results in an abundance of different fibre tracts which 

makes tract identification difficult. 

2.2.3 Combining fMRI and DTI 

Using fMRI to define seed ROI's is an intuitive step for initiating tractography. A fundamen­

tal problem that needs to be addressed when using this approach is that fMRI activations 

are limited to grey matter, whereas DTI is only reliably performed in white matter. Given 

that functional connectivity between localised brain regions can be observed using fMRI 

techniques, the circuitry which connects these areas should reflect the same network charac­

teristics. In tractography, defining the seed points for a two-ROI approach is critical to the 

resulting tracts produced and usually relies on expert a priori anatomical knowledge. The 

use of DTI tractography has therefore been limited in discovering new connection patterns 

since it requires the prior knowledge and placement of ROI 1 to initiate the fibre tracking 

process. The definition of ROI 1 is the more critical and subjective aspect of the two-ROI 

method. In addition, if anatomical irregularities are present, such as in disease states or 

tumours, normal anatomical assumptions are no longer valid (Kim and Kim, 2005). If ROI 

1 can be defined by fMRI activity then this initial requirement is automatically satisfied. 

Figure 2.10 describes the extraction of the Corticospinal Tract (CST) using this "modified 

two-ROI" approach. 

Werring et al. (1999) were the first to combine fMRI and DTI. It was found that those regions 

with highest BOLD response corresponded with regions of tissue with lowest FA. Here, the 

fact that fMRI and DTI both use Echo Planar Imaging (EPI) is exploited by matching scan­

ning parameters as closely as possible, thus ensuring that the geometric distortion artefacts 

are similar. Coregistration of the images was therefore not performed and fMRI regions were 

mapped directly onto FA maps. 

Surgical planning and tumour location is an important application for combining fMRI and 

DTI (Clark et al., 2003). Tractography is able to show how important nerve fibre tracts are 

diverted in the white matter and aid the neurosurgeon in devising an appropriate surgical 
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Ul'tH0iLllatomical k<'hlll'lue; haM'\ on VO"-'t-nwr!l'1lL trrn'en; (Dau!,-ul't II- a/., 200G) 
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studies incorporating fMRI and DTI, these methods require manual intervention of the fMRI 

ROI's to effectively seed tractography (Mulkern et al., 2006). 

In an investigation into the structure and function of the DMN, van den Heuvel et al. (2008a) 

found a positive correlation between the level and functional connectivity and the FA mea­

sure of structural connectivity. The finding can be interpreted as evidence for the association 

between structural and functional connectivity. Although both fMRI and DTI are widely 

used, both provide indirect measurements and the interpretation may be elusive and difficult 

to quantify (Horwitz, 2003). 

2.2.4 Relevant Neuroanatomy 

White Matter Bundle Classes 

Macroscopically, the white matter can be seen to form fibre collections known as tracts. 

Structural connectivity in the brain refers to the white matter tracts, which describe the 

millions of long distance axons that directly interconnect large groups of spatially separated 

neurons. Four main types of fibre tracts can be classified in the brain (Jellison et al., 2004): 

• Projection Fibres 

Connect the cerebral cortex to subcortical centres. These are either ascending or de­

scending, e.g.. Corticospinal, corticopontine tracts, corona radiata, internal capsule, 

optic radiation. 

• Short Association Fibres 

Connect adjacent gyri within one hemisphere; also known as "U" -fibres. 

• Long Association Fibres 

Connect different cortical areas within one hemisphere with a range that extends be­

yond adjacent gyri, e.g. Cingulum Bundle, Superior Occipitofrontal Fasciculus, Inferior 

Occipitofrontal Fasciculus. 
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• Commisural Fibres 

Connect cortical areas between hemispheres of the brain, e.g. Corpus callosum, anterior 

commissure. 

In white matter connectivity analyses, we are largely uninterested in the short association 

fibres ("D" fibres) as these represent local connectivity (DeFelipe et al., 2010) and are typi­

cally much smaller than the other large fibre bundles. The focus in this thesis is on the long 

range connections between distant parts of the brain. The anatomically separate functional 

networks of the brain as described in relation to functional connectivity MRI (Section 2.2.1) 

are supported by specific white matter tracts (Greicius et al., 2009). Although high func­

tional connectivity is also observed between regions connected by short-range fibres, the long 

range connections between remote regions support functional integration by massively par­

allel brain networks, so that function emerges from the flow of information between distant 

brain areas supported by the long range-fibre tracts (Ramnani et al., 2004). 

Cortical Layers and Columns 

In the grey matter of the cortex there is vertical and horizontal microstructural organisation. 

The neocortex is divided into six layers over its thickness of 2-4 mm. Each layer contains 

characteristic neurons with variations in cell type, density and size. The layers range from 

layer I (adjacent to the cortical surface) to layer VI (where the axons project into the white 

matter). The density of cells in the six layers of the cortex, and in three different brain 

regions, is illustrated in Figure 2.11. The layers of the cortex have distinct functional signif­

icance and the same cell type in different layers may have varying functional roles. 

According to the minicolumn hypothesis (Buxhoeveden and Casanova, 2002), there is a strong 

tendency for the cortical cell types to extend their processes perpendicular to the cortical 

surface (vertically in Figure 2.11), forming distinct functional units, or minicolumns. The 

most striking structural component of this radially oriented minicolumn is the apical den­

drite of the pyramidal cells. The size of the pyramidal cell is proportional to the distance the 

axon must travel. Therefore the pyramidal cells of the primary motor cortex are the most 

prominent, as is evident in Figure 2.11. The vertical, columnar organisation of the these 
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Figure 2.12: 

Fil';ure 2.13: 
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(aJ Il"di,d glia awl rL( 'urol';li o of Ih. (·"r.lmc! 
Mrl~x in l"-'<Jndt"l!'dhb!t ,Iallled with Ill(' 
Cnlgj 11 ,.lh"" im"f,c from I( okk (21)().3), 
",J,pleJ (" mrJ Ib rrlOll }' Caio 1 II '~~n 

(h) ;\ :J-D ,epres.:mdtloo of the ,,,,(ioJ unit, 
h)]lolh(',i, ,h()win~ 'e~"IM 01 my' nf ro_ 
Jia] glial film" ".rd,chin~ rrom lh.· \'('11 

t,iclll"r {..one (VLI odjoc,'nt t<J Ih" Lateral 
V('lllrirk (TV) lo l)., r<m,'dut"l Cortic"l 
Plot~ (CPI The hl"'k S(llL&rC;; )lJ~hli,o:ht 

("''''''p()wh'u(''' )",tw~"n the LV OM ('P' 

lmAl'e from Il«kic (2om) 

ll~LlI0I'Inl)t' .. oloVil',,1 I(.'nll I;" "'hal i., HOW the whiw matter [If th~ brain This !""li,LI stl'll<'­

nUf is pr~"'-'nt inco adultitood ,mJ i" IIssoci>lt,ecl with cow;t.!l.nt rewIring anJ ~wn nellrog~n~oi" 

which PC"""!", th"u~h to ,d",;s,'r o"gree T hau in childhood (Ghw;hgilwci et ai., 20(7) ... 'L, t h,' 

hrain mat nm,; rhe rarli"l s<".rr(}lding b<Jr;omc,,; Ie", promincut. anrl th" a)Wn" ,no c!endril<'S 

mallch out ta uf.(entiR.lly to form l,,('ally int.H!conn''Cted circuiT" A" a l'e.';llll. lh~ JiJ[u,ion 

in thc cortcr become;, incre~;;ill!';ly rfffitrined in all dirfl<:ti",1S. In mature' human brains tIl<' 

mdial ol')(" uisation of the' ~xkru,J.! cortical lawr", with only th" prilldp"l eigfHlw'.:t(}rs takc'n 

into ",-,munt i" "till OM'lY1Lhle (J\kn,b et aI., 21)()91. 

'\[yeiinatl(}n and llcum] prunin!'; o(xm at a dmnl"tic ~u(-f' iu thc wrly post.natal p'-'ri"d with 

tlw formation of n,'w conllf,ctions. :\eunJ maturation illV(}I",,, "labmati(}n of delld rilffl and 

"xons, formation of int<cnwUIOn", formaTion Hnrl r~r:ession of "yrLa~,ie connedion>. and "'-~ 

h:Ii,-c elimination (}f (ell]."'pll!R.tions (prunm1{1 (:'IcKinbiry ,,/ a/." 2tXJ2), R,di,,] stmctmee 

in rhe !';m." matter C01UOlln" re'~trict. 'mt~r rli.'pl"-Cenwnt. pmalH to the cor:ticul su rJace nlOI~ 

l.han oItiL<Y<',onal W it dw' to th" r,an!,;entia l dfndri l"~. On llll' "tlll'r hand. inll'rn('1lIon., cun­

founrl this moi"l ,'vid~ u(-f' iu tiLf DTI "ipre.!. Thc IllJ'l.'linatiml (}f Th,' cmtex be!,;i usju"t aJt~r 

birth "nd continues to ,"round age' l~ . bOlt son" p"rts of th~ bmin me fully mye'li natcd long 
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_ n""" CoI",-

(aJ Il"d"d gila "wi rL('ur<>I';I;o oIlh. ",r.hml 
""rl~x in n"mo.!"l ,,,hbl\ ,ta.ille,1 with UI" 
Cnlgi ",.11""" im"f,c rwm I(okk (:?IlO.,), 
"" .. bl'teJ (''''TrJ Ib"l('11 Y C"i"l 11'~~11 

(h) ,\ :l-LJ ,~pr=ntdtioo uf the ,.<><lial ullit, 
h)poth(',;, ,h()win~ reh"uiar OHOY' nf m .. 
Ji,d glial film', "ro'l.chl!l~ rmlll lh.' V('n 
t,icllI"r { .. ,ne (V1:) odjocenl I,', Ih._' La,Hal 
V('lllr)Ck (LV)ln l1., c'lnvdut"l ('''rtic"l 
J>lot~ le!'l Tile hldck S(I" ~"'; ljj~hli.o:Lt 

'"''''''p''[J,j('m''' 1",I.w~.n t h. LV 01..-1 ('p. 

lm"fe trom n«kic (JOOJ) 

ll~LlrO<'Inhl,'oIO)l,i l',,1 I (.'rH, rur what i., HOW the wh,w matter of Ih~ b"'ln '[his !",ldi,d stl'll<" 

nu~ is l'r~"",n, inw adultitood and '" Ilssoci"t,ecl with <'011.,<",n1 reWU'ini; anJ ~v<'n nellrog~n~oi" 

W hil'h }X"""!", th(}n~h to "Ie.,s('r d"i'J"" T hau in chilJhO<X! (Gb",hthwci ct ~i., 2(107) ... 'L, t h" 

hrmn nllltnm,; the rarli"l s<-,1Tokiing iJocomc,,; Ie", pwml!lcnt. anrl t.h" aXOn" "nd (l~ndril('S 

hrllllch out tall)!:~nLi...n)-' to fom, l()nuly l!lt.e!conn('Cted circuiTS A. a [e.o;111l. lh~ Jljfn,ion 

in the cortex becom,'" incre,,-,;i ll»;l), ,f<Stri(Loo in all di.-f'<:limlli_ In matnr,' hUUllln brains tIl(' 

"'Jial orR"lllsalion of the' cx" 'm,JJ l'ortiml bwr", wit h only tIll' prill('ip"l ~it"rL\"f'(;to.-s tHkl'n 

into '''-'mnnt i" .,till om.'l'\1Lhle (J\1cnob et 01., ZCl(9)_ 

M),fiinntl(}n and ueum] prnnin»; O'T'" aT a dmlll "iic ~a("f' ill the wrly ].>O!;t.nat>ll perioo wit.h 

t!J~ forIllation of ll('W w nll,,<: iion$_ :\euml nlaturation llLvoln's daborll\ion of dellJul."" and 

""ons, fonnntion of inwrn~urons , formillion Hnd r'i(r~ssion or s)'1La~,i~ conn,dion" Hnd "'-~ 

b:lin) dlIInnalion of (ell ].>opllhtions (prunlIl1!) (~IcIi:in"1ry [<I at, 21:('12), R,di,,] struct.",,,,, 

in t.he »;1'(;," tTlat!~' l'olunln" ,.,,~t.riCf, water rI;',phcenwn t pmalH to d,e co ,.\ical sLL,-jal'~ nlOI~ 

l.hall oniLO'"orHu W it dw' 10 th(, "an»;~ntial denJril.~"- On Lh,' (}thc-r hmld, inil-rnpmon.' (""(}n­

fonnd t.his mdi"l "vid~I""f' i II tiL~ DT I "ipt"l, TJx, myt..'lination of t h(' cortex hf'»;ills jU"\ alt~, 

birth "nd l'ontinues to Mound ag" I~ _ bOlt so",,, p"rts of th~ bmin mf fully my,'linated long 
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Figur" 2. 1 .~: Ikvdopmem of col'tic~l allboptlOpy in pre.INTTl lmTTlaIl iIlla.n!.>; ill the immature (R.) 
:md HLalur<' (h.) co",,,,, Tan~"ntial de,..,loplllento Olleh ,,-, d('ndrilj~ lmllldrins' ~:m'" 
loss of rat!i~l ~nb<'tlOpy wi",,, I.akill,!!' t.h" I"-ill~ipnl diftu.sinn direction inw I«:"OWl!. 
Ad~pI,~d fcom "\kKins!ry "I at. (2002) , 

b<cfor~ t.hat" The cortie"j intel'lleUrOlls tuk~" tnJl~~!ltial path to reach the rnrtex ,wl (,,,wI 

1'~ I " li "pl'y IOllg Ui;;t.UllCC'S, Wh~lhlS pyramidal ""lis t.,k" "prerlomi",,,,tiy r"dinl path t hl-reLy 

r~achinp; th" C()rtex more direrdy. Sin"" the tnJl~~Iltial illt('fI~mrons are n()t my,,]illatf'<i \h,,), 

won ld 1,.,w less dIed On dw diffusion of ",,,Ier th"n t.he myelin"leci U."OllS, th~rl'fore h,-iIlg Ie'S>; 

inJlllenti,,) OIl the DT! ,i:,;nal. Aniootl'OPY dj,~jg(>S with iIlnl·,.,;in~ Lrain dovdopnwllt ,," Il eds 

the.c uLieroscopic ci(we l()prnpncS (,'" jjJu%rmcd ill Fi~ure ~ .l')), ami if. h", "Iso hf'en nOled th"t 

r.ho ch, n.o;e is ~]1'"tpr in WM t.Imn in cemr,,] eM (~hlkherj(le ft ,,/. 2001). The dWl1~e in G)"! 

prol"'rtLe:; ii; rdatod to the ch,n~e in all iootropy ,illNe ,,,,oIlal melllbr;lIl"' and myelLnoti()ll 

du",U'teristic of (hp whi lP "",lteL lar~dy mudulate dill"i'ion ch ora<:teristics (IJe'''-Llil'll, 2(XJ2). 

The Grey - 'Vhite :\latt"r Inted",," 

llTI in gr~.y tnattl'r is '11l on;,;oinf area of rese"l'ch (Allwalldpr el al., 2()(l'J). Since p,U"tiaJ 

volume effc~'I' conf()llnd rho "hi lic.y of DTJ to ddiIleat.e micrmt.ruetme it is difficnlt to 0" 

cert, in of the palh 01 Ji bn'O al t.hl' t.ypical DTI rc'SOim.i()n T lw sputiall'f'tiOlmioIl requiw<.i to 

8how both tL&;ue type", of rho tiSSll~ l.>Oulldur.y i:; sigIlilica"tly sumlkr than thl' typic"l llTI 
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a . 

b 

Figllr!' 2. 1 .~: Ikvdopment of col'tic~l ,,,,boptlOpy in pre.(enTl lmTTl"Il iIlhnls ill the immature (a. ) 
:md mal un' (h.) C"'lM'S, Tall~"ntinl devllloplllont" ou"h ,,-, ,l('ndn(i~ )mllldring ~:"'"" 
los, of rat!i~l ~nh,t!Opr 1")"''' laking Ill<' I,,-ill<'ipnl diffUl<inn diIe(tioll im" """OWl!. 
Ad~l't~d fcom "\fd(inslry ,,! aL (2002), 

b<cfure thai" The corti~,,1 ;nlPl'lleUrOlls wk~ " t""~~ll\ial path to reach the rnrtex "wi t,<ViP] 

I'Ai"li,·p!y 10llg Ui;;t.UllCC'S. Wh~lhlS pyramidal cells t"ke ,. predomilla"tly rndial path t ht'reLy 

I~achillp; tilt, C()rtex more rlirerd)'. Sill"" the t""~~Iltial ill\l'Tmurons Hre n()t my,'!;m.tM th,,} 

W011 \<1 h..,w j~ dIed On the diffusion of ",,,Ie, th"" the myelin"IM U."OllS, th~Il'l()rc L,-;u!,; 1,'S> 

inIlllenti,,) OIl tIll' DT! >iI';Iw.i. Aniootl'Op), dl<~jgf>S with iIlnl·,.,;in~ Lrain dovdopnwnt "elle"r., 

t,hc.c mi(TOSeopic ci'WE I()ptrlpnc~ (a" jjJu%rat",-i ill Fi~urc' ~.l')), and ir h", "Iso hf.en noled th"l 

rho ch,nge is ~r""tpr III WM tlmn in cemr"l CM (~'lukhprj,,,, fl ,,/. 2001). Thl' dw,n~l' ill G)"! 

pWl"'riie;; i;; rdHt('d to th" ch,n~e in alliootwl'Y SlllC<e ''''OIwl IIwIllbr'UH'" ,md myelLnMi()ll 

du,,"-<:ter;slic of I hp whi lP "Ml\l'r, lar~dy IIwdulaw dill""ion oh "a<:tErist ics (lJe'''L\Jt'lI, ~(XJ2). 

The Grey - \Vh ite :\latt"r In(errae" 

llTI in gr~} muttl'r i~ all on;,;oin,.; alPa of 11'SP"l'ch (AllWUlldpf el ai" 2()09), Since p1lrtiaJ 

volume eff<.x,t" conf()und ,h" "hilic} of DTJ to ddi!ll'ale micrmtruc1.11l"e it is difficnll 10 oe 

cert,in of th~ path of Jiom, at tht· typical DTl rl'soim,i()n ThA sputiull'i1JOiutio!l re'lLLi[~'<.i to 

~how both ti&mc typt" of rlw tiSSll~ l'>olLlldurv i. sig!lilicandy smaller thall tht· l\'pi~"l I}TI 
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----- -----------------

voxel size of an isotropic 2-3 mm. However, since DTI is a T2 based MRI technique, a sharp 

contrast is observed between GM and WM, and this contrast originates from the interaction 

of water with the myelin sheath. 

Fractional anisotropy maps provide excellent grey / white matter contrast for characteri­

sation of evolving white matter (Kim et al., 2007). Variable cortical anisotropy has been 

attributed to the relative abundance of large pyramidal neurons, as observed by Anwander 

et al. (2009) in the motor cortex, but has not been investigated in other regions. 

The diffusion tensor signal has been related to this cortical grey matter structure in ani­

mals (Ronen et al., 2003), in the human fetal cerebrum (McKinstry et al., 2002) and also 

in the adult human brain (Tuch et al., 2003b). In the adult brain this was done using a 

more complex model of diffusion than the simple tensor model (see subsection 2.2.2). Using 

Q-ball imaging, the diffusion component oriented perpendicular to the cortical surface could 

be resolved (Tuch et al., 2003b). 

Ultrahigh-resolution DTI has been performed by Jaermann et al. (2008) who, at a resolution 

of 0.58xO.58 mm2
, were able to show the termination of fibre trajectories in the cortical 

grey matter. Yassa et al. (2010) were also able to achieve sub-millimetre resolution (0.6 mm 

isometric) in order to investigate the specific microstructural detail of the perforant path, 

a white matter pathway in the medial temporal lobe which links to the hippocampus. By 

varying the b-values of Equation 2.1, Ronen et al. (2003) and by looking at the component 

which was sensitive to the slow diffusion characteristics, they could follow the radial fibres 

into the grey matter. 

The diffusion signal component normal to the surface could be due to radially projecting 

axons or radially oriented grey matter minicolumns. As the white matter fibres insert into 

the cortex, the diffusion signal is predominantly oriented radially to the surface. A schematic 

of this is shown in Figure 2.16. The fibres bend rapidly as they are taken up by the white 

matter core and this curvature cannot be resolved by conventional tractography However, 

once on the central white matter, tractography can be implemented. 
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Figllr~ 2.1 G: S~h~mntic Clf whik m~tt"r imertiCln imCl the l7ey matter. 'fhe arch represents a 
I(\"m' "itll fihn,,; ex t~jj(lill!( illto the cor t~x. The resolution or 3 Iypiml DTT \"(JXel 

i, ,hf)v;n ill rdatiCl" tf) t ho app'Clximate thiekne,;, f)f the grey matter. The diiru,ion 
ellipsoid ali~ll"l"orrll"lt() tho ,urf"c~ ari.«" fmm md ially Clri('n/.('<i fibre, ~nd rwlial 
~re\" matter aJ"Chitectme abo c<}nl.rihut",. 'TIlis j)ixd i, illusl.ml.e., a IYI~~al OTT 
voxo!. Adapt~cl fWIll 1"n~h ct 01. (2003bi. 
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Figllc~ 2.16: S;-h~mntic I>f "hik m~\t", in..,,,rti0n into the I:l""V m~llm. "file aIm re~,esents a 
I(wm with film" exlejj(lillg illlo lh .. corl~x. The fesolulio" or a I}'pic,~ DTI "mel 
i, ,lin"m 11' ,<'13Ii .. " tn tho apl', .. ximate thickne,;, nt Ih. grey mailer. The <1iirubion 
ellipsoid ~Iii>ll"l "orIll,,1 to I.ho '\lda("~ aTi.",", fmm mdially ori<'nf<od !ihn'S ~llrl 'Mial 
~,e\" maIler atilitectme abo C'Oill.cihul<·:;. nus l)ixd i> illll'lml"" " IYI~("~1 DTI 
voxol. Ad~pl~d fwm 1'll("h ,I 01. (2003bi. 
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Neuronal activity in a grey matter region area may be dependent on how well the action 

potential is transported along the axons, and thus on local fibre microstructure in the white 

matter immediately subjacent to it. Thus regions with high BOLD response may have higher 

radiality associated with them (DeFelipe et al., 2010). 

The Corticospinal Tract 

The motor system is one of the most widely studied and best understood systems related to 

brain function. For this reason it is a useful candidate for validation of DTI tractography. The 

major motor pathway, the corticospinal tract (CST) is a projection fibre system which starts 

in the primary motor cortex (M1) and ends in the spine, passing through the brain-stem. The 

basic somatotopic arrangement of the motor cortex is depicted in the popular homunculus 

of Penfield (Penfield, 1950) (reproduced in Figure 2.17). As stated above, the majority of 

fibres making up the CST originate in M1, located in the pre-central gyrus. However, other 

cortical and subcortical areas contribute as well. For example, the supplementary motor area 

and motor areas of the frontal lobe cortex also send projections to the CST (Kollias et al., 

2001). The CST is also known as the pyramidal tract because M1 contains large pyramidal 

neurons, from which the axons of the CST originate, and also because it passes through the 

pyramids of the brain stem. 

M1 is not the only area of the brain to contain pyramidal cells, but it has especially large 

pyramidal neurons called Betz cells (up to 120J.lm). In general the longer the distance that 

the axon must travel, the larger the pyramidal neuron. Betz cells contribute only 3% of the 

fibres of the pyramidal tract. The remainder of the CST is made up of fibres from other layer 

V pyramidal cells. The increased diversity in pyramidal cell sizes suggests the multitude of 

destinations for its efferent fibres. 

The axons leave the pyramidal neurons and enter the white matter just below layer VI. Each 

gyrus has a central core of white matter, which contains all of the axons entering or leaving 

the gyrus, and these axons are then taken up by the major fibre tracts as they enter the deep 

WM. In the case of the CST, it forms part of the corona radiata which then becomes the 

internal capsule as it enters the deep nuclei of the brain. The descending axons then travel 
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Fig ll cr 2 . 1 7: 1'1>" p"th".,.y "f tllP d","",Jl(lin~ c(jrticru~iMI lr"eW r,' I~l iw. 1 •• ~h" J,,"uwleul,c,< of llv, 
If.)"".. ",n"x ill 1 hr pH'- ('('ILl ",I gym.-< . Imal'P from ",-"",ph awl Ilo><:k~" II 'l'){; J-
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Figure 2.18, Trac!.O::7nphv results shuv.;up; tho ooruco.spiual troct. Th~ bill," arrow indicat.,,; Ih~ 
1<1",;011 "he'H) I·he Irati ,JiWlj!;l":l tt> tl", ",II)r)l<w lllOW>1 lilnes ~b;,t wmh"<."t d~, 1.>1;m"n· 
1[<)l.Or mreie,"" (Ml) ()f tho t"" h,·ttli'pl,,·m,_ 

\hrou)(h Ibe p{lOjlerior limb vf tbe illlrnmi mp';ull' \brvug;!J the cNebml,wdundc"". Olle.' til<' 

'Lxons reu.ch ihc lewl of t-l..-' pOliS, somr of thr fibrp, veer off via Ihr .... rph~llar ){)(iultdps 

In Ih~ r-<'f~h .. llllm Tlw r"",ainillg flh,·"" pfl.,"~ Ihrou)(h til .. pyr".Jttids of Ihl' .tt ... lttlh ",11<'11' 

dl',:u",,-'Iioll ",-'Cur" amI Ihey go O!ltv the spimll wrd (JO!Hlll",'u-lkrg. 20(1) . The cotm;.:.' of 

the CST is "hown in Fi6~lIr 2.1 --;, 

C,juK tmdogmphy. the CST palb is H'produc['(i in Figure ~_II-\ In addition Tn th,· main 

IHU bv.-a,-,; ,kocril,,-~i al){)\·p _ TTfl.CIOf(r"l'by r~prndu~"" t h~ call"",,1 molor fllirps ,,-Il i~1l ~"llIll'Cl 

lb~ ~ ll r~gi"n" of Ifw Iwo hl'HLieplll'rc" 

:lll 

Figure 2.18: Trac!.O::;rnphv results shuwin;;; I.bo "o".lcOI'piual tr",,' , Th~ bil l'" ~rroW illilicat"$ Ih~ 
T!r,inll " hl']!' I.IIP \",,·t Ui"'l)\l"8 t t> tl,," lilllr",-,J llJOt,o >1 li lH"" ~h ; 'I, C' t>lllH"d t,lw, 1->1;"'"" 
HnWr ",r li<:,"" I MIl "f I,iL,' t"" h""'''pl'''m,_ 

lhr""f(h I hl' poo lerior li mb uf I he iIlI N ,,,,1 l'''l'''uk t h rullglJ th" cNcbml 1~<llllld'"8 OIlC" Ill<' 

'LXOllS rc""h th~ kwl of I.h" pOliS, somr of t hr fihr~" V"'-'I off ViA thr rrr~l,.-.Ilar pmund", 

tn th~ r,,"~h .. lllJ m Tlw r""'Hilli ng flh J'ffi T)""'~ Ih 'o" f( h U,., I'H"", ids "f Ill(' ", ... lu lh ",I",,, · 

,k\:u","'lioJl 0<-'Cur" am\ llIe,- go OJll" the spiu<Jl wnl (Jolwll,,-'u-lkrg. ~l\. The l~"'r"'-' (,f 

t h,' CST is showll in Fib~lr~ ~.l ;- , 

C'''* tr""tography. th,' C i T pat h i, [i'prod\l('cd ill Figurc ~ IH In addition to th,· mai" 

IHli h",'a,-s d"""ril~~l al)()\'p_ trarlo),;r"l'hy r~prod ll~"" I· h~ call"",,1 ",,,10' IH ,,~, "'h i ~h <'(,mLt,-'t 

lh~ ~ ll ,pgio"" il f Ill<' lw" \1('HL i'I')'c'''''' , 

:J.() 
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The Cingulum Bundle 

The Cingulum Bundle (CB) is a large white matter tract which has been shown to connect 

the frontal and parietal sites of the Default Mode Network (DMN). The existence of direct 

structural white matter pathways between the regions of the DMN has been demonstrated 

by Greicius et al. (2009), who suggest an important role for the CB in connecting the DMN 

mid-line structures, the mPFC (medial Prefrontal Cortex) and the Posterior Cingulate Cor­

tex (PCC). The efficiency of the DMN may depend largely on the integrity of this important 

tract. Another DTI study showed a direct association between the level of functional ac­

tivity of the DMN and the level of microstructural organisation of the CB (van den Heuvel 

et al., 2008a). In addition, Greicius et al. (2009) recommended extending their investigation 

to combine structural and functional approaches in the same subjects, because it would al­

low for superior characterisation of DMN changes caused by disease. Connections between 

other nodes of the DMN are not as robust and are subject to crossing fibres in those regions 

(Mori and Zhang, 2006). In fcMRI a reduced functional connectivity between the PCC and 

mPFC has been demonstrated in Assaf et al. (2010), which indicates that investigation of the 

anatomical basis for the DMN could be represented in the CB. These findings suggests that 

the DMN operates as a single unit so that the connectivity of its nodes, and in particular the 

CB, can serve as a proxy for the connectivity within the entire network (Teipel et al., 2010). 

The CB is composed of long association fibres. 

2.3 Methods 

2.3.1 Data Acquisition 

The subjects were all females drawn from the same population group with no physical illness 

or psychopathology. Eleven age, sex, education and IQ matched subjects were included in 

the study. All subjects gave informed consent and the study was approved by the University 

of Cape Town Institutional Review Board. 

All MRI scans were performed on a 3T Siemens (Erlangen, Germany) MAGNETOM Allegra 
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syngo MR 2004A brain scanner at CUBIC (Cape Universities Brain Imaging Centre) using 

a four channel head-coil. 

Unless otherwise stated, all processing was performed in Matlab™ (Math Works, Natick, 

MA). 

fMRI acquisition 

A finger tapping motor task was performed using an on-off block paradigm with five 30 sec­

ond epochs of task interspersed with five 30 second rest periods. During the task periods, 

the subjects were visually prompted to tap each of the fingers successively against the thumb 

on both hands simultaneously. An Echo Planar Imaging (EPI) sequence was used with pa­

rameters: TR = 2000 ms; TE = 27 ms; flip angle 70°; voxel size 3.5 x 3.5 x 3.5 mm3 , 36 

slices covering whole brain. 

In the same scanning session, each subject underwent a resting state scan. Subjects were 

scanned using an EPI sequence for a period of five minutes, with the instruction to close their 

eyes and relax, in accordance with similar studies in the literature (Greicius et al., 2003; Zhou 

et al., 2008; van den Reuvel et al., 2008b). BOLD data were acquired using scan parameters 

identical to those used for the motor task. 

DTI Acquisition 

Six non-diffusion weighted (b = 0) and 30 diffusion weighted datasets were captured in 30 

gradient directions with a b value of 1000 s/mm2. Scan parameters were TR = 9000 ms, TE 

= 88ms, FOV = 260 mm with a matrix size of 120 x 120 and a slice thickness of 2.2 mm. 

The DTI data were acquired in accordance with the methods prescribed in Andersson et al. 

(2003) which is specifically designed to minimise susceptibility artefacts. Two EPI images 

were acquired with reversed phase encoding directions to allow for later artefact reduction 
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in post-processing, as described in Section 2.3.3. 

Structural MRI Acquisition 

Each subject also underwent a Tl weighted high resolution Magnetization Prepared Rapid 

Gradient Echo (MP-RAGE) structural scan. The MP-RAGE parameters were: TR=2300 

ms; TE=3.93 ms; Flip angle=9°; inversion time (TI)=1100 ms; delay time (TD)=200 ms; 

matrix=256x256; FoV=256 mm; voxel size = lxlxl mm3 . 

2.3.2 fMRI Processing 

The fMRI data were processed using SPM (Statistical Parametric Mapping, version 5) 

(http://www.fil.ion.uel.ae . ukl spm/) which is a widely used tool in the neuroscience 

community. Motion correction was performed in SPM, the images were initially realigned 

using a six parameter (rigid body) model to determine the transformation parameters needed 

to align all of the BOLD images to the first image in the series, using a least squares com­

parison. A report which reflects the subject motion in the scanner was generated, and based 

on this, two fMRI datasets had to be discarded due to motion greater than 1 mm. The data 

were then smoothed using a 6 x 6 x 6 mm3 Gaussian kernel. 

Motor Cortex 

An experimental design matrix was set up in accordance with the protocol described in Sec­

tion 2.3.1. The Canonical HRF setting was used to interpret the data. 

Default Mode Network 

The functional connectivity analysis was performed using GIFT (Group ICA Functional 

Toolbox) (http://ieatb.soureeforge . net/, version 2.0b), which is a Matlab toolbox that 
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works with SPM (Calhoun et al., 2001). The first five volumes were discarded to allow for 

signal equilibration effects. The number of independent components was set to 20 and the 

Infomax (Bell and Sejnowski, 1995) ICA algorithm was applied using the default settings. 

The GIFT ICA analysis was performed for each subject individually. While GIFT is capable 

of performing rcA on multiple subjects, it is also possible to perform single subject analyses, 

in which case there is a single data reduction step and group statistics cannot be calculated. 

The DMN activation pattern was identified in all subjects based on visual inspection. 

fMRl Thresholding 

The first step in analysing the output of an fMRI analysis is to define a statistical threshold 

(using t-statistic or Z-score maps). The output image is scaled to a p-value, upon which a 

threshold is imposed. For example, if the value of Z is greater than 2.58, then there is a 

99.5% chance that the null hypothesis (that the activation is not due to the associated task) 

is false. This corresponds to a p-value of p = 0.005, which depends on a normal distribution. 

This thresholded image can be overlaid on a high resolution structural brain image in order 

to identify the anatomical regions in which pixels are "activated" to this level of confidence. 

However, for the purposes of this project, the statistical significance of the activation is not 

paramount. For the same task, the level of activity will vary between subjects, depending on 

task compliance, subject motion, image noise, and other factors. However, for this applica­

tion it is essential that the spatial extent of grey matter activation is similar across subjects, 

regardless of noise. Also, when considering the individual variation of this task, a group anal­

ysis is not possible since inappropriate seed placement may lead to spurious tracking results. 

A large individual variation was evident in all initial fMRI exploratory analyses using the 

standard Family Wise Error (FWE), False Discovery Rate (FDR) or uncorrected, voxellevel 

p-value thresholding. SPM multivariate analyses impose strict limitations on the statistical 

significance of activations. This resulted in low spatial extent of activity in some subjects, 

as shown in Figure 2.19 using a fixed threshold of Z >1.6. 

An alternative to the null hypothesis testing is a technique called mixture modelling which 
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~ig'm' 2.19: i'~",'ur" t hrf'.,h"lt\irog prodn""I I"", "p"lial ""I'~'t In t. ll(' IJ ~ ' ~ for a t. llT(", h ~'1 of i'. 
> j,(i in ,l~",,' ~wo ",ll'J'~ ' ~' 

W,,", "lll !, lo:'i~~l ill o"k .. \0 "ldm]a rcli"" lk lhl"t'slwltli nl,; ~\'-'I-' (W(}()il"id, d "I .. ~OO-I)_ A mixi ul"e 

of dlSt n LlIt,nns '"I' fitt,~l to thO' mWnsltv histO(,rr"ru ri til<' statl"lic of ;utl'r",t H-Slllt;ug In 

n'I .";'-~l y I~rg~ .. dh-m ioll (' io l'l~ r <_ 'I' ll<' mn"t ,i";ll ifiQ!t \1 ",Ivw,l".:,;>,.--.f til<' mix t"Ir~ ",.--. I!'Ili "g 

i" thaI inf~n'Il(" "au Le ""rm-d out on t h., 't"tisli<-n l m.,ps [lutpm fr"m til<' fhlRi aualni, 

nll d !~,,;i'--'ll' of hm in .wl;"i r,· ~"n tw d ~I,~!m i ro~d oompl~t~ ly n hj .. d i v"I~· (Smit h d al.. 2{~1C') 

'1 1w ,..,,;n lt "f mixtll!~ mOlj,'lI in!< is " map of l h~ proh"hi lin' of Th~ I"rt icn l.,.r r~,,;ioo 1\';",,; 

iu l'~dj "r chI.' "'gHl~rLi".tJ"" d".,,,--,, (!Lu ll . ,,"C,,'UtI,," "wl de,";liv,..tlOU), The 'I'''iwl l'egu­

Iuri,mioll is .kt~rlllin~d "dapt ivdy from tIl<' ,bta mung a ~p"'i,,1 !>.b!k"v r1Lnd"m fi('ld It! 

'~g"I"!;,,,' H", I.'l.t-.?I h rog of ,"O.,~I , rh~ r.lIr\'~ ~ 1.1 i ,,1': ~ n d !~,,;n l.'l.I· i S.'lI.i.--.n d.,.", noT h~w 10 h~ 

tU lll,l 1"''' '' ' tic"I I),. hue is ," h'p\'H~Y =iroctl'd [rum t.h" dul-a, TIl(' ,·un't' fit-cillg u,i(lg Ill­

«-Il"it!' lri't<>grmn, automat ically """les to th.' d llr." (as W.t!WIl in Fih~m · ~.21)), t l",ref",,- ~ 

"o",ist ~ nt, t nrf",hold c~ 11 (,~ "[>1'1; .. 1 10 'h~ pro""hi li T y 0\11 p" l, im"g:"" ~; '" ~ " II I'~,."nwt~,.s '" 

lite modd are "d''-I '\'H-Iy d l'il'rIIll IIl'J. Figun':1 21 ~h()w~ "" l'XlUllpie l'wb"bili\v lIIujlllftl'r 

mixl"" · """ldlin!< hl~' I)(~'II llppliC'd. 

~ilO"r<' 2.1!l: i'~","Uf,. thTl",h,.I<li"~ prod"""ll""" "",,,;,,1 ,,,,,,~,t I" t il(' IJ~I~ lor a th",,,hol'l of i'. 
> l.ti in lh.~,· t,W() ""I'J""~' 

IV"" ('IIl!,lo,R~l ill or,k .. \() "till,llardi"" lk lhn_'SlwllliIl:; ~\cl-' (\\"""j,.id, d ,,/.. ~I ) A Illixl urt' 

of .J"tnhHUons 'u" fitt,~i to I,h" mWJlSltv hi"tO(,rrcml 0f til" ~t"tl"t.i. · of IIl1"r",t H""ltl1l~ m 

r~l_'t"-~ly I~rl':p .. ",h-.o.1iOll "itl'lP"_ rh~ ",.-.,,1 ,i",lllfk.(!nt ",I",,,,\a:;,·.--.f tlw mixt,lI"· m,.ldl'''g 

i" that inre""",,' "all be earri<·d out OIl the 't.'ti~ti,'""lIll"I" [lutl'nt fr'JIll til" film] ill",)'-,i, 

nnd !~",i.--.nR of hm in ,w.tivih- ~i'" h.> d~I ... !m i ,,~d f'OI" pk'td,- nhj""-'Ii,,~h' (SmiTh Et at.. ~{),;, ) 

'II,,· ,,,,,,,,It "f mixt"!~ ",m,'lIiJlI( is " map d Th~ 1',...hahilil\· nf thp I',rricnl.",· r'1';iCJI' I\'i"", 

'" l'~di "r I,hl' "'·gHl~rLI'I.(,uu d".,,,--'S (uu ll. ",·t,"a\l"u ,<I,d <ie,,,,l,"'''"'ou), TI](' '1'"1,,,1 n>gu­

lari,,,,ioll i:< .~' lcnni",,<1 ,,,lnl'tivdy froIll tl~' data m;ing a sl'mi,J Markov r1llldllIll fi,'ld tll 

"~I':"I,ui,;" th~ 1.*lh,,1': of wl.,~ls rh~ ~."r\'P fini,,1': ~lld !~"' Illrl.l'i""t.i.--.n d,,.,,; nnt h~w 1,) h~ 

tUlll,l il('Un"llc"lIy, hue 1" ,,, j"V\'H4y =Ira<;tl'u [rum the dal-a, Till' "nI\'l' hl-eiu!', us",!!: 1Il-

1<'H"itv In,!"!;r,,,", llut"I!l.Il1.i~"ll~- "('a1<-" UJ the daw (as shllwn in Fir;oJn' ~ ~III . tll('n{,,!c n 

"OI"ist-~ " t, t Ilfffihnid ~~ II I,~ "ppli",j to) I.h~ pro]".hllit y 0\11 put. i m"),(",, ~i ,,, .~ "II I'M"nwt~'" "' 
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l'atU>nL' for 811hj""t.< a a.!H1 b h,,,,' l~,<,,, ,,,,hieV{'<ll].,i(lg mixture ".xlell;,,)!,. The 
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2.3.3 DTI Processing 

Distortion Artefact Reduction 

The diffusion tensor data are acquired as a series of diffusion weighted EPI images with differ­

ent diffusion gradients applied. One of the problems with EPI is the geometrical distortions 

in the resulting images caused by magnetic field inhomogeneities, especially near junctions 

of tissues with differing magnetic susceptibility (susceptibility artefacts) for example, in the 

frontal lobes which are near the nasal sinuses. Artefacts are introduced by the rapid switching 

of gradient directions (eddy current artefacts). These effects manifest as image distortions 

and a displacement of anatomical structures. Subject motion can also affect the resulting im­

age quality, which causes misregistration among the diffusion weighted images and resulting 

errors in the derivation of the diffusion tensor. This results in faults in the fibre tracking and 

derivation of diffusion measures such as the FA and MD maps. Susceptibility artefacts and 

eddy current artefacts were minimised in preprocessing steps prior to deriving the diffusion 

tensor. 

Based on the methods set out in Andersson et at. (2003), the DTI EPI images were acquired in 

pairs with alternately reversed phase encoding directions, one top down (anterior-posterior) 

and the other bottom up (posterior-anterior). The resulting susceptibility distortions in the 

images are then equal and opposite in magnitude. The distortion field was estimated using 

non-diffusion weighted images (b=O, bO) and this distortion field was then used to correct 

the diffusion weighted images. Six bO images were acquired for each scan and these were av­

eraged in order to improve the Signal to Noise Ratio (SNR) of the bO image. This distortion 

field was then applied in opposite directions to the entire series of diffusion weighted images 

(Andersson et at., 2003). Eddy current and simple head motion were then corrected for using 

an affine registration of the diffusion weighted volumes to the bO volume. 

Outlier Rejection and Averaging 

Outlier diffusion signals are evident as large, unpredictable signal variations after calculating 

the diffusion tensors. Outliers were rejected by first calculating Z-scores based on 25 and 75 
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percentile limits, and then discarding data points more than 3 standard deviations beyond 

the mean. The discarded data points were recovered from the other dataset in the process. 

The two datasets were then averaged to produce a single, corrected DTI dataset per subject. 

Software from the Oxford Centre for Functional MRI of the Brain (FMRIB) was used for 

DTI processing. The FSL (FMRIB's Software Library, version 4.1) software suite was then 

used for the processing and analysis of diffusion weighted images in order to calculate the 

diffusion tensor, eigenvectors, eigenvalues and scalar diffusion maps (including FA and MD). 

2.3.4 Combining fMRI and DTI using Region Growing 

The platform used for the algorithm development was mrDiffusion, which is a neuroimaging 

package developed and used by Stanford University Department of Psychology. This package 

is Matlab based and the code for the algorithms developed in this section were incorporated 

into the mr Diffusion platform. This package is freely available for download (http://whi te . 

stanf ord . edu/ software/), licensed under the Gnu Public License. 

Intermodality Coregistration 

The preprocessing of fMRI and DTI was conducted in each modality's native space since 

the analysis is done on a subject by subject basis. In order for fMRI regions to be used as 

DTI seeds, accurate registration is essential. Errors due to poor registration would result in 

the seed regions being incorrectly placed. Due to the fact that only intrasubject registration 

is required, the standard affine coregistration as implemented in SPM5 was expected to be 

sufficient. 

The mean functional image is coregistered to each subject's b = 0 diffusion weighted image 

using a 12 degree-of-freedom affine transform, following this, the resulting spatial transfor­

mation parameters are determined and then applied to the binarised fMRI activations, this 

is depicted in Figure 2.22. 
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,·("ta.in (i>;8\11'8 "Old, a:; , inHsl's whidl ,'re'at(' ve,,> luw Ii) \'alH~'" hLl I hi~h F.\ fWd "<Jmlilll i,slII' 

liI "~'''' for ~l j) 11, .. """,,,II whil,., ,naTtc!' prnba l,,] i,,v ",'orc '" 1; i"" 11 "": 

(2,5) 
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nFiguf" 2.2:1: A \\"hit<, ",,,1,1. .. , pnA,,,hility "'''I' (~"II,~~) ,~",hid ()n " 11 "fIi"" ,'O<"&i,t. .. ,,,.1 (;.\1 .'''g. 

n~'lIt"G"n from" .,(t,. tUfa] "lin "cl<ll ill " pil()t , \ llily ,I,()I';" llll,,"'egi,l l><ti()ll erl1!lK 

A lI'~y "'W t"r Sl'1:"'<'f'I.~ ti"', r",,,, a:lI) "1"1 w"if(hf'J SI·rL,(i.lI ",I imajl,p W".' ,:ol1~i( INf'J "., HW""~ 

to mIlfiIle th,'IMm "di\"nti'~l to dll' gJl'Y mattcr, 1[01""'''."[, oorlbriot~riIlg th" .<truLium.! im­

~W 1n thp f1l1U im"l';p ,,,,,u ll,,,j ill olw io"" gYl"n lj&"leal m i.",li)2;IHIlP"I. A sli", Ii-mIl OIlP ourh 

eorp),;i,tratio" i, il IU~('dtr<ll n Fii:urI' 2.23, WhNP th~,,, "r",,, ",.p ciPltriy apP",""IlI. IMRI 'Uld 

DTI produces simil"," image'S mor" 8uitable fOI corLwstrntinIl i\.< thpy are b,,"h EPI _lu<'n~c~ 

with ro(('1)fU"~blp im~gp rli m~n~'o "~ (WNl"i "g rt aL 19'J9) . .11& a m.:; ulL I h ~ TI ~trljctl"al 

imag'" W('n' "01 JI,c'-"porak~J 111 thl~ ;tltd)·. 

Calculation of a Radi"lity Metric. 

Jwdi"li ly is d,'hIled h"r,' as Ill<" d"17L~' th"l whitc matl,'r ulfIm,i'~1 tem.ors ]jIll' up with" "0(;­

lOr llorm,,1 tll ll", y,'yj"'hit e IlwttPI boullda,,' hr.<t the whit,p ",nttpr .<11ft"""" Wi\., dplinrd 

u.<ing lh~ whitp IIl fl.Her prolmhilil,y i",af(p which W,,"~ lir~l. "u()()ti,,'< 1 with a 3 x 3 x 3 mm" 

Gau",ill" filter. A surfac,' ""rmn!. t"rm~-d llw b'Tmlic"t w"<:to<", W'lli th"" d<'1i.!l(xl by tnkinp; 

th" 1>rnuicnt. "Cfrn1l Ihp white lll.fl.Uer hmllldar~·. TllP radinl oriPIltation "f lh" J'Jl l )'~ at th p 

,,'hit~ ",attpr !.>ollltdMY i~ c-lAfl.l"ly \i,ible ill Fil\l,," 2.24. Thp jl""d il'nt "''('lor is "I", ddim-d 

lor vox .. b d06\.' W till' G"!jW~[ 11Iterfacc' slJj(,C th" \\ ~1 probahility im"ge is firm slll.00thrd 

";th,, Ganssiall fi lt,'r 

.. \ metlic dcscribill),; the nligIllll.ent of t l", grnoient. ven", with \,hp entirp lpn;;or is ["('q ui, .... 1 

Figu,,, 2.~:1: A \\"hit<, ",.,~"'r !,n~)"bility "'''!' (~, 'II{~~) ,~",I"id on ".11 "tfi,", ''0«')1.1""<,,,,,1 (;.\1 s<'g· 
n.·,lirttiom from a ., ,,,.tlm\l " 1111 ",'I<.tl. ill x 1~I()t "\ llily ,I~!\'i" jjli"~~,\mti,,u "'''''K 

A II; r~y m tU t", Sf'K"' .... ,tn( ioo fro", ,~:lI) '1'1 ""'iKhf'J S1 rtKI.i, ",1 imag~ .... w< ,,>lL,i, k,,,1 "., "'~""IS 

to nJllfine thl' f!>. lm ,,,;ti\'ntil~' to !.l,e ),),l'Y matter, 1l00""·","r. DJrq;iol~ring Ih,' slruL1u,,1l im­

~W' I" ItIP til.UU lm,,!,;p r~Hulloo ill o twlOUfi !';vrnijsnleat misatiJ2;IIIIlPtit. A sh("e fmIll on<' ,urh 

"""w,tr,,( iotl is il l usl " .Trd ,n F;KU'~ 2.23, w hN~ th~,,' l'rron; 'lIP dp<trly appW'l"ut. tMRt ".1\(1 

DTJ produce" ,imibr imagl'S mon' "uilalol~ for corL),'1.<trmioll 1\.< thp}' are loolh EPI """llli'IlO", 

with mrr'l)flJ'~bip im~gp rliIll~"sl(lll~ ( W~rri ll!\ "t at. 1!J'J9). A~ a ,%ull. I h ~ ['I ~I' llet ll'ai 

imah";; ""'n' 11,,1 JlKNpnrak..J III tll]~ , 1,I.dl' 

Calculation of a Radiatity Metri<: 

rt:.>di"~l)';" ,j,ohued IH'n' dS tll ,' d<'!7'" til'll whit" mattc'r J.tfm,il~t t cm.ors IiIl~ "I' "'ith" '''"<0-
tor lIormal tu "I", y,'yj"'hi\(' llI~tt~r 11011,,d ,,1'I' hr.,1 lil~ whit'" ",ntlpr .'1"1'"",, WI\., ddinrd 

".<ill),; lh~ whilp mflH~' ..,....,lmbilir,y i",a~,' whit-It w"'~ [i",l. '''J<><JtiJf'<t with a 3 x 3 " 3 mm" 

Ga u""i'l1l ti lt"r . A sl1rfa~" "ormal. t"rml~1 t~ c' b'Tmli"lIt ",'<'to<', wa, rl)("1l d ,ofilled by wkill!'; 

TI", grmli"1l1 'ICfOOJl Ihp wh ite !ll.,;,tl.f']· h"'llldar~' Thp radi ~ t (JrjPlllalio" of lh,> 1'1l1l\ al thp 

"cltit~ "" . tt,· r b"lllldM)' l~ r-lAflJ'I!! ,i,i blA ;1I I'i"-l,," 2.24. Thp ..-,,,dic·nt \'f'('lur i, abo ddillloJ 

lor ,'ox,·6 dos" W lito' G"!/W~[ lIlt,erfac" "';]j"l' Ill" \\~.[ pf\Jbahilit~· i!ll."g" IS firm <!ll.()()lhed 

\\;t h " C:a"s.,i.~n fi lkr 

.\ metric d("SCribill;'; thl' nli!,;llm",t of t.l", !,;l'noient wnor with T,hp enlirp l~n;;or is ""'lui,r<) 
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F'i~"re '~,2_t: 1'.,\ "'''I' Wi lh ,J"lail ,h"wi,,~ lh,> PDD ",,,'1.,,,,-, I['~l l i" r<,!"tioll l<' t.h,' ,,·hik "' ''lI.e[ 
pnJ'''hilit.v (()m"!\~l_ 

to 1"P"'''''l1t tIl<' d ,,!-,'T',(, " f n"[",li t,, wnh ""hid, thP ,,,,,on,,1 tnl<Ch prnj,,-.t intc) t.l", whitt, "'~t­

l<'r_ Th,. <1,,1 prn.l lJc-\ 1.'1",""" I,,,, "~'I"," i"" ",,·11 knnwu Inn l ill ,,,-In , " l ~,'h", 11 is " I"" 

knowll 'l..' Ik ""nh, pmd uLi, lI o"-~\'~" ",h~ll t!.di tlK wnh t~n"'-"~, th<-r~ mc'" llluililur\c of 

p,,,,,i I ,I" mult ipliC'H1 ion opt.i on~ (,J Hlll<" d aI., I !~191_ -'(,,1<- t h~t 11", prodm1 or ~ 1,'tlS< ,r and" 

vf the ~mdl PIL1 W('tor IlLultlph,,[ hv ""d, of th" tlm~' "iw'n\"~'l'''" "f til<, ,hffnSlc)U " 'usc" , 

wci gh1f~1 by 11w r""[>f<'tiw cigpuwt! ",,,,. Thi~ r"," lt~ ill """,,,I,,r "'~'~<"rp of t h~ ,'.".tor l~n­

"'-'r (JJOt [IIct Hxdinlit,v ('".1\ lh~!l1x' dnn"e<[ a.' t ht· followi ng n0]11",1;s,"l l"""'-'[ ,-,,·tor pnxloll't.: 

Radiuli\y -
(IAL II!! -t ,l - IA,I i!f !..ol -'- I~d !!. -, ,I) 

(1).,1-'-1).,1 + I~ji) x 11 
(2,6) 

\\-h ~n' _'I i8 the ";..,,, li .'111 "OX'to,; !: , ; G " "d C, ~r~ I h~ J pigetlw<-'I'Jr' "r l hp tell"-If 12 ~lld ).1_ 

)., a lld A, nrc lhe rco;l,,-,-1i,'C ei~,;<.'tt\O\lu"" . Rat hcr tban just the (ir"t "i~"ttvC(;tor or prittcipal 

di lr",ion d ir('('tiotL r"d;m;t~,. is rppr"",tI!.('([ by ~ll fhr"" pi!,;enw'('1.on; "t" l 'lll" nrifi", 1.1w dCW('(' 

1.0 whi"h Ih~ gmdi"tt\ "'1(:lor li ll '''' up with t.h~ d iffll ,io fL ~I lip,;o ; d_ \ ·',['11'0; n"''';~ Ire." 0 to I, 

where 0 is lILe ,,,,,,e w),cre the tenwr is ta ngcntia l to the gradicnt and I cOffc'SpourL, 10 thc 

!Pllwr lining np ]><'rfo>M Iy ,,·iT h 1 I", gmdiPnT y('('tor. 

F'i!:u", .~ . 21: ['.,\ "'''I' WJl h <l,. ' ",I , h •• win~ ,!~. PDO ,,,·1.n,,, I ... ~I I in rd" t i< <I, to (.It,· ",hil<- ", xl '." , 
pro JMhillt," (om")(~I_ 

t o n 'pn'>'<'lLt t h,' c!',!,:f('(' "r <,,, h,,l; t ,· w it h wh .... h tlw ax",,,,l t <'wt , p roi ''-' lilt" 1.1", " hit,· lIl~l­

' ''] Th,· d , ,1 1",,,1 ,,( 1 1.'IW", 'II [,," "dOl " i." 0" .,11 knnw" Innl ill ''''Ill< .,1:::"1" ,, 11 i~ "1,,,-, 

kn ow!, ,.., Ill<' ,..,,, b r produd, 1I()",~wr. wh~!, <l .. " I III~ "'nh t~Jl""'r~, 'her~ ""'" lIlul l llmle vf 

I"",,i I ,I,· mult ipli "iLl ion (' pt i on~ (,I am<', d ,,/. I !N'IJ _'1,,1<- t h"t tiL<' ~f("hwt "r;, knsor "nd " 

v i Ihe ~wh~t L1 w<'\or 1ll\ llt ]ph" l hv ,',wh of Ih, ' th" .. ' I'ig . 'nv'~·l' >r" " I 1[,.-' c! lffa""u " 'U"," , 

w~i ghT ~" h" lh~ r,,,[,...,-.tiw t'il';pu\"~I Ilf"'. Thi.~ r""alt~ iu """al"r 1II~f\.~arp of t h~ ,·.,..tnr h'n­

'Of 1'1'00 11I,:t Had i" );t .\' ('" a t h"" 1><' <I"nll",1 a., 0" , foll"w;ng nonw,]; "",I T,·tI<u[ ,-,,'tm pn~l wl 

(lA , II!! -(:,1- IA, I i;t ' 0.1 1 -'- lA d!! -· ,1 ) 
(1)., 1-'-1 ).,1 + IA,i) X 11 

(2.6) 

\\-h r n ' _'I i, I h~ :::u" li " tl1 "(,<'[01'; !: ,_ ~1 a nd f." H1'~ Ih~:3 " i:::<,UW'('IOl'o " fT he Ie!WO! 12 ",, <I ),1_ 

)" mal ~, mc the fl'OI,,-,-1;"c l' i ~'pll\Oll u"". Rmhcr tban just the lirst ('i~"II'·l-.:;tor or prilldpal 

di lfn,io lL d ir ...... tiotl _ rild iAli l ~c i. rpp r"""m ,-...! [,v Rll t hr"" ,>i[2;em >'('lo,-", "lid <1a" nti fi"" l h~ d,,),;,,,,' 

t.O wh;, 'l, I h~ gmd;"I1\ "''<: IN 1;""" 'I I' with 1/,,, d il£'l , io ll ~l lip,;n i d \ ·,.1 '1'" n"'f'.~ £t' "" 0 t.O I. 

w""-' re 0 i, tiL~ La"" wiLcr< ' t hc Il'n""r i, Im 'i;<'nlia l tel t iLl' gmdicllt and I celrrt'Ap"",L, lel t hl' 

t PII so]' lilli Ill'; a P 1,,>rf'->f'1 h' "iT h 1 I '" 1';"'" lir J!1 \'<'('1" r. 
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Radiality Based Fibre Tracking: The Modified two-ROI with RAFF Method 

In conventional anatomy based DTI tractography, seeds are placed directly in the white mat­

ter. However, since the ROIs from !MRI lie mostly in the grey matter, the seed must be 

grown into the boundary region which is characterised by high radiality. Based on the evi­

dence presented in Section 2.2.4, this method presumes that the grey / white matter interface 

is predominantly normal to the WM tracts arriving at the GM layers. This is largely due to 

the large axons descending from the radial cortical minicolumns. A boundary segmentation 

technique was implemented in order to efficiently seed the tractography. 

Flood-fill algorithms are fundamental to image processing. They operate by starting from an 

original ROI and, searching all voxels exterior to and immediately adjacent to the ROI, the 

algorithm recursively finds the highest radiality voxels within a predefined radius and adds 

them to the original ROI. 

A 3-D flood-fill algorithm was implemented for the task of segmenting regions characterised 

by high radiality at the GM/WM boundary. In this implementation, the flood-fill is initiated 

with a set of discrete points originally confined to the GM. Each point, with coordinates x, 

y and z is defined by its neighbouring voxels. For a six neighbour configuration, the edge 

connected neighbour voxels are defined as (x + 1, y, z), (x - 1, y, z), (x, y+ 1, z), (x, y - 1, 

z), (x, y, z+ 1) and (x, y, z - 1). A radiality threshold and a radius limitation was imposed 

to decide whether or not the voxel is to be included. The radius limit was set to three voxels 

(±7 mm). The three voxel limit was chosen in order to ensure that the tractograpy was 

robust, after initial attempts with one and two voxellimits yielded inconsistent results. 

The flood-fill algorithm is similar in principle to the Fast Marching (FM) tractographyalgo­

rithm as introduced in Section 2.2.2 in that a regional property determines the segmentation 

of the area, but it is not as sensitive to boundary detection as FM. The flood-fill approach, 

while less numerically precise than more advanced region based methods, enables the initial 

!MRI seed region to grow into the white matter where tracts are more likely to originate. 
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The algorithm for Radiality Flood-Fill (RAFF) proceeds as follows: 

i. A metric describing the radiality of each voxel is calculated using Equation 2.6. 

ii. The initial seed voxels are defined by the fMRI ROI constrained to the grey matter. 

iii. The voxel with the highest radiality in the ROI is selected as the starting point and 

added to the solution matrix. 

iv. The six voxels adjacent to the starting point are placed in a corresponding index matrix 

which keeps track of voxels which have been evaluated. 

v. The voxel in the index matrix with the highest radiality is tested against a predefined 

radiality threshold and radius limit of less than three voxels from the border of the 

original ROI. If it meets these criteria this voxel is removed from the index matrix and 

added to the solution matrix. If it does not meet the criteria, then it is removed from 

the index matrix but not added to the solution matrix. 

vi. A new neighbourhood of six voxels is defined around the new highest radiality voxel 

by adding them to the index matrix. 

Vll. Repeat steps v. and vi. until the index matrix is empty. 

The preprocessed DTI data were loaded into the mrDiffusion program for fibre tracking to 

be performed. Within this toolbox, functions were developed or modified in order to directly 

import and manipulate fMRI ROIs as seed points. The fMRI ROIs were ordered by size, 

from largest to smallest. The largest two ROIs from the DMN activation were consistently 

the mid-line structures characterising the DMN, the mPFC and the PCC, as shown in Figure 

2.25. 

For comparative purposes, the landmark based two-ROI method was used to extract the CST 

and the CB. Polygonal ROIs were drawn directly on colour-coded FA maps in accordance 

with the two-ROI protocol defined for those specific tracts by Wakana et al. (2007). For the 

CB, ROIl was drawn in the coronal plane, in line with the splenium of the Corpus Callosum 

and ROI 2, in line with the genu. Similarly, the CST was extracted by placing ROI 1 as a 

polygon in the axial slice over the cerebral peduncle in line with the decussation of the supe­

rior cerebellar peduncle. Tracking was performed from ROIl and from the resulting fibres, 
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Figure 2.25: T"~ 1~' 1 "d lval. ,~1 n Ob ><n' imjw,rt,,1 ill!." t l ... fih,,· tTao -king pn'l(ram lkn' tIL" 
,,,rt ical mi,j-liJ K' ,tructUrui of th!' DMN. the mc<iiall'rriwJlt.al Corlex (mPFC) in 
", I a)]( i t h~ P" """rior (' jHgUlat!' COT"'X (peC) in wlh.'. 

th,' tr"j<'Ct(1ry of th~ C:1T i. idcfll.ifi~d (1n " hi~he_r i\XiaJ ,Ii"" in r ip;hl after the_ hifnr~at i on 

to the mol.o..- f\l' 1(1 Sf'nSOrv c"r(~ '. T he li ure, W,i T' \( tuo.-Md, til<' ~"Iltr~ l olllcll~ (CS) '<1'(\ Ih" 

p r(}j ''<-'tioll IU the m(}tor c'ort l'X "'t're idl'llIifi,-d tin d the CST Wah 8('1('(;\"d, The two.-ROI with 

RAFF m('f hod for 1,h~ C B i" depicted in Fi~Hre 2 .2(;. 

f he tra('f,Oh'nlphy step" m,,\ par"lllcter.< for" modifiPd lWl;-ROI "'it,h RAFF HlPtbod ~ml he 

~"' n m ru-i"."j ~." follows: 

11 , [JI order to ensure' t h at the 8('("(\ w,~< illiti~ t ",J in th" grey lllll.l t "r, it Wllli confined In tlw 

P;r<'v m"1.1 ~r Hsin),; th~ wh it e ,,,a\t~r pw illlbi ii l ,v Th" wbi t~ , ,,a"~r 1 _ ' r"b~bi ji l_1' wa." ,,1'\ 

~ t OJi 

lll . Th~ HOI was <'Xl end ..... 1 into t h" wh il ~ ,,,anN Hsi n),; II A F F I'aram~t"r ",,11 inl'li' mdi~lily 

- 0.,); r",Ii us li mit - 3 vox~l" (-t- 7 jltm). 

1\' llm-t"h'T~phy w"" performed ",sing tllP F.\ CT RJ,o;ori lhm In Pat'.h vox~L !J """'\H wpr" 

" 

Figur~ 2.25: 1'''~ 1"").",,1 :U 'l lval,,1 nOb lin' 1ml",n. .. 1 lIlt" the Ii],,,, tri,,-klllg pn«rarn Tkw th,' 
,'onical mid li)~' ,tIllCturu; of th" DMN. the mcdiall'rclro,,\al Curlcx (mPl'C) in 
".1 '<11 ' [ d", p"""",,"r ('ln~uht,· C",-r,,,,, (PCC) in w]h.'. 

t.h,· u"j('('tnry of th .. CS [' i< id~mifi,~1 nn " hi!':h .. ilXiIl.l sli"" in r i;(h! MPr the hifllr~at i on 

I" Ih .. "",10..- . :,,01 ""nSOn- eml .. ,. Th~ libr..,. )\"' 11 )( Iuv.-,."h II ... ~ .. "tr.l ",leus (e'S) am\I\", 

pr(}j'X'tlUlllU thl' ",,,t,,r ('''"tIT "wc ;,klllililxi Jno! thc CST wm; "dect('(\ Th~ nnl-ROI with 

!-lAPP Ill<'rhod for rhp CB if; dppin",\ in Fil'(1irP 2.2(; 

r he tract"J-I'(filphy stPJ'" and pHl'IlmNPr.< for" lllodifi",ilW,~ROI "'it,h RAFP Ulptb,"i ~'Ul hp 

~""\ mflTi_1 ~." fnllnws: 

H, I" urdcr tu ensure' thllt th~ 8('('(t ",~, imtiilt(',J 1Il Th~ grey m"t1 ~r. Jl wm; ronfinro In the 

;(r<'V m"tlpr "sinJ1; tiw "hitp ,,,,,n,'r proMiJilil' Til,' whit,' "",I1"r I'n,babi ti l' w""" "'I 

ill OJi 

_ 0).: nulius limil 

1\' TbdOf-,'Tilphy W:L-; p~IformM "sing thp P.\C'I Rl,o:ori l ~'" III PfU'.iJ vox..!. !J ".,,,!~ WPr<' 



Univ
ers

ity
 of

Cap
e T

ow
n

Fi:;:ure 2.26: Tl'" Cin~Lllu," Bundl,> ""e, l'xl.c:",I",j ill ~"ch individlml suhj<<o\ '.,in.o: ~ mooifi<,1 
t"'o-1101 with IL\FF m .. thod nO] 1 W$ dila",d with lit<> n".I i,Jio.y rn'>'rl" bd()r~ 

l,..,iJJ~ ,,·1..'1.,,1 wil h nOI 2 l, .. "," (lTl the kH"vo'n patb ,,[ the eB 

,t"rled using ""I~p size of ] mill. Tr",:killg was slopPf<1 wh.'nll,,· fib,~ ~ll('()unt,"Kl 

a n",.,l with all F.\ mh,,' < 11.1 0' wl",,, it h~d ~ll "\W~~l' "n~Ic' <:1t~1li«' bd"H'n the 

ll('i~ltl>nOl ri 109 (·ij.(enVl":V>", of > 30", Olll." Hb",,; with" lJlinimum I~ngth of f>I) mm \wr~ 

k~pt 

Vl. A Bool""n .\\"O Op<'fatioll "d"rtR onl,' th""" fi h,ps pilssin!,: th ronl(h nO] 2 

2.:~.5 Validalion Usiug Cuheu's Kappa 

Coh,''''" Impp~ is all ,',I~blish"j st" ti,ti<:~1 Il,,'UMil'(' of ~)(I'e<.·trlent for l"Ulp", inl( i"l~]' "nd 

illtm-mt~r r('pre.:lu('i bilit.y of qualitatiw Jll~'1'ur"]U,·"t 1,~·J)]]i'-luro;. whieh l'l>l"id~n; "-)(J"'llwlll 

b(',,",,,,d ti'"1 ,''' [)('('I,'<.I by ch~ n ('f' (L""li, "-nd K()('h, 1(77) Ti,,' kJlPPH Il",thod h,,"~ h""n 

applirxl to OTl proto .. <.'i.s in variolLs ,llldic,.; 111 ol'd"" \0 ([ll"ut lfy Ii", illll'l' "nd j"tl'a ·I'~I"" 

,.,.lidit~ .. of th., tr",'t" pwduct'< l bv I h~ \,..,)-flOl method rWaku,a dill .. 2007: Ot.turk cI ill .. 

2001;; Zh~llK ~t w., 2(~Il;: V" i n"~kc,,, rl "I.. 20()!l j. 
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Cohen's kappa is used here to measure agreement between the tracts derived from the mod­

ified two-ROI method with RAFF and the corresponding tracts derived from the standard 

purely landmark based two-ROI method. As a further validation step, the performance of the 

RAFF was evaluated against a uniform morphological dilation of the equivalent three voxels 

from the fMRI ROI. The tracts derived from the uniformly dilated ROI were also compared 

to the landmark based two-ROI method. This validation strategy is described in Figure 2.27. 

Two-ROI <=> Landmark 

with RF-F 
based two-

Cohen's K ROI 

~ 
Two-ROI <=> Landmark 

with uniform based two-
dilation Cohen's K 

ROI 

Figure 2.27: Validation strategy for comparing the radiality flood-fill approach to previously es­
tablished fibre tracking methods. 

To derive a kappa statistic for each pair of tracts, the tracking results for both the landmark 

based two-ROI and the modified two-ROI from fMRI methods were first converted to binary 

information at the same resolution as the DTI data (120 x 120x 65). Each pixel occupied 

by a tract was assigned a value of 1 and non-occupied pixels, a value of O. By superimposing 

two tracking results, four pixel categories were obtained: 

i. pixels not containing the tract in both cases (nn) 

ll. pixels that contained the tract in only one of the tracts (pn or np) 

Ill. pixels that contained the tracts in both cases (pp) 

Expectation values for each class were calculated as: 

Expected nn Enn = (nn + np)(nn + pn)/N 

Expected np Enp = (nn + np)(np + pp)/N 

Expected pn Epn = (nn + pn)(pn + pp)/N 

Expected pp Epp = (pn + pp)(np + pp)/N 
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where N = nn+np+pn+pp is the total number of pixels per tract. K, (kappa) was calculated 

by: 

Where: 

(observed agreement - expected agreement) 
K,= ~----~~--------~~----~----~ 

(100 - expected agreement) 

observed agreement = (nn + pp) / N x 100 

expected agreement = (Enn + Epp)/N x 100 

(2.8) 

(2.9) 

The values of K, were interpreted as a measure of agreement to a reference tract. K, is defined 

by Landis and Koch (1977) as follows: 0.11-0.2 as "slight", 0.21-0.4 as "fair", 0.41-0.60 as 

"moderate", 0.61-0.80 as "substantial", and 0.81-1.0 as "almost perfect" agreement. 

2.4 Results and Discussion 

The signature pattern of high radiality regions, observed at the white matter branches as 

they approach the cortex, was seen in all subjects. Figure 2.28 shows an enlarged section 

of the cortex where high radiality regions are seen at the apices of the gyri. This radiality 

metric was then used to guide a flood fill algorithm which filled regions which have higher 

radiality and are thus serve as optimal seed points for tractography. Figure 2.29 shows how 

an fMRI region is first confined to the grey matter, then dilated using RAFF. 

The CST was utilised in testing for the initial evaluation of the Radiality Flood-Fill (RAFF). 

However, inconsistency in the motor cortex activity, as well as in the course of the CST 

through the brain made validation in the CST impracticable. This is due, in part, to the 

limitations of the deterministic fibre tracking method employed. There are regions along 

the CST, such as the passage through the Corona Radiata, where the fibres from the upper 

limb regions of the homunculus curve inferiorly and medially and intersect another tract; 

the Superior Longitudinal Fasciculus. In these regions, the principal eigenvector does not 

correspond to the true fibre directions (James et al., 1999) and therefore the deterministic 

tractography method employed failed to show the true path of the finger tapping related 
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Figure 2.28: Jl.adi~lily map o\"erlfUd on will..., m~ll"' prohahili l, ,lie ... ol,,,wwg prmdpal ,hIT'L,ion 
dim·tim, (mj lille<) with the I\n;,ii~nt v""\or arM'<.' th~ white ma\ter boundary (blu~ 
Im~",). HIgh ""I"Jil.y (]"<, I ",xcb j i, [o""d W IlPrp tIl<' PDD li,\(" " p wit h 1.lK, I\ra<! ipll! 
IlOrmal. A colour bar is sho""Il with \"~Iues "'"gi" g from .~ro to 01'" (dinO<'llSl<,nless), 

~hr,"" Th~ "in ~ i~ t~noor lIlo,I~1 ~"" "" Iy r~liably d~ten !ibn" gO ill!; T.o llw leg regioll amI 

llot th""'-' ~DiHj( lu thc' UI'P<"OC e~tlc'",i ty ur ludul rq;iol" (Qazi ct til" 2()1).)), For this rcasun. 

('ohpn's bppa """S not "ppii",l to t.he CST traNS. "ine~ i t. w ... ~ fOUlld t h>IJ ther", wa.' t()() much 

"at,,,,iOll to ohtaill rdiabh- t r"<.'l" ,":.:r",," im\i Yluuuk 

Sin... ... it w ... ~ 1101 "i"hl ~ to u'" (.Il~ Ira("t~ from th~ hllg"r I3.PP;llg "<.'l,,·atioll~. wHv til" 1l~1l\ 

Wl'" u."...t to vulid,,\c" Ill"dilicd t,,"O-ROI with RAfF llwthml. Th~ DM:i\ is the ]]=t rolJUstly 

I'Xtrru"trd of Ihp rllf'tillll; slat", nNworh. I II " ddi! ion. the CH h ... , heell d"""rihAd previous i, 

~8 tll<' major <'-'IHIP.:tioll lwtw~,," th,· two mai" huh; of til" DM!,: II", ml'FC ""U th" pee 
ICr(>ieius rt Q/.. 21nL 'fill d~n H"u\d d m .. ~~X)'J), from prim"l" studies. thi" tmn iSknOWIl 

to I", a d irf'<:t l'on"",·t;on w hkh i~ nol ~"hj .... ,t t e> ew"Rin)!; ()r hr>l.rtehing. I'm lht'Sf' rp,,-,ons 

it i" u likely " I!l()r~ swt.ubk tmet for evallliltill~ the ,",didity of the Illooi&,\ two-HOI with 

RAI'I' Ilwth'>l1. 

Fig ur e 2.28: Jl.Mi~lily mRp o,'"rlfUtl on "Iii..., mall ... , l'ro],a],ilily ,10(. ... Nj'iWWg prolll;lj",j ,jiIT,",i"n 
dim·tim, (",j lino<) with the I\n,,:ii~nt v"Uor uc"","' the ""hit C IIk,ttcr boundary rblu~ 

In,.,,). H!gh "" I1<Jil .. , r ",( ",x("L, J " f"u"d win!' Ih· PDD lit.", "1' ",ith ilK, I\ra<ii,"tt 
IlOrmaJ. A cojour bar is SOO"Tt with ""Iuoo ralljtillg from .pro.' to 01'" (di",.'''''. ,ill_ j, 

fihr.." I It~ "in~l~ I~t\f"'r IIl",I~1 ,'an ,,,,I,, rel iably d~t<:n iii",,, /!/, inJ; ICI liw I.:g r<:;:LClIt amI 

Bot tll ........ , ~ULllj( [u tltc' ItI'P<'1 e~tlC'IttL t,\' ur la~w l Il'giot" (Q",,,.I ct <Ii" 201:"Xl), For tIns rcason. 
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Uni/e>rm 
Dil~te 

Figur" 2.29: An ~xrunpk (>f rndiality Hood lill from Rn fldHl region. In thLs nxial s lice of" white 
m~l, lm' ]lrob~bilil.'" im"<l<', U", iIlili,J fMRl ROI (l(~J 1,rl) L, UlliHipullil.<·d [e> gr()~' 

into hi)l;h mdiality regions ... hich are evident ill orange. First \IK- HOI i.< C0Illill<'<i 
tn th" gT('Y IIlatt,-, (u" ing " W"1 !,wlmbilily t.lm"h"ld of <:O.fi) "",I th(~L 11m",,, 
into hi)(ll r",lialil}, !~gi""s tl.,ing IL,\FF, 1>"",,<1 on" rH<lialitv \hr~shojd of >0.5. For 
'-'''''J""i'''lTl, ,,"!>ifonn dilatim, of I.]",,, vox"'" i.< ,,1,,) "how,,_ 
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Validation in the Default Mode Network 

Table 2.1 shows results for a comparison between the landmark based two-ROI protocol of 

Wakana et al. (2007) and the modified two-ROI with RAFF approach. Table 2.2 presents 

a comparison between a two-ROI with uniform dilation and the landmark-based two-ROI 

protocol. This was done in order to compare the RAFF method to a comparable fMRI based 

approach. In both cases, all of the subjects showed "moderate" to "almost perfect" agreement 

according the Landis and Koch (1977) kappa scale. Figure 2.30 shows two examples where 

the tracts are seen to have substantial visual agreement. 

The uniform dilation method extends the seed ROI into all the surrounding areas uniformly 

and produces more fibre tracts than RAFF. In spite of this, the increased number of fibres 

did not improve agreement with the landmark based two-ROI method when compared to the 

RAFF tool according to the kappa measure. As seen in table 2.2, consistently more fibres (n) 

were identified by the fMRI techniques. The number of computed fibres does not represent 

the true number of nerve fibres, so this increase in n does not reflect the accuracy of the 

tractography but rather the increased number of seed points used in the flvIRI techniques. 

The kappa measure reflects high levels of agreement and, based on a one-sample t-test, shows 

no significant difference as compared to the uniform dilation method. 

The two-ROI with RAFF method has several advantages over the landmark based two-ROI 

protocol. The first ROI is defined by the fMRI activation so there was no subjective input 

from the user at this stage. With the resulting tracts displayed on the screen, it is then pos­

sible to "trim" the desired tracts using the logical AND with ROI 2 (as described in Section 

2.26). The AND operation provides a strong degree of specificity of the resulting tracts and 

this step is made less subjective since only the general anatomical course of the tract needs 

to be known. While the two-ROI with uniform dilation shares these advantages, it is a less 

specific means to define the seed ROI than with RAFF. 

While the kappa measures show high levels of agreement, the number of fibres produced 

using both RAFF and uniform dilation of fMRI seeds resulted in noticeably higher numbers 

of fibres (n) than the landmark based two-ROI method. Achieving high values of kappa 

accounts for this since many of these fibres overlap. 
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/'i, left /'i, right Left unif. Right unif. Left Right 
CB CB dilate (n) dilate (n) Landmark (n) Landmark (n) 

subject 1 0.5818 0.4678 74 124 38 46 
subject 2 0.5066 0.7668 179 170 50 79 
subject 3 0.7671 0.8313 403 360 76 63 
subject 4 0.6963 0.6315 400 330 85 45 
subject 5 0.6449 0.8655 358 75 42 44 
subject 6 0.7936 0.5761 155 27 78 34 
subject 7 0.6707 0.358 368 27 27 3 
subject 8 0.7594 0.7599 214 19 63 14 
subject 9 0.7747 0.4608 55 6 71 48 
subject 10 0.675 0.684 214 130 98 56 
subject 11 0.6582 0.7167 590 596 70 92 

Mean /'i, 0,6844 0,6471 

Table 2.2: Kappa measure of agreement between tracts derived from two-ROJ with a uniform 
dilation and tracts derived from the landmark based two-ROJ method (n is the total 
number of fibres in the resulting tracts). 
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Chapter 3 

Case Study: Application to Default 

Mode Network Connectivity in 

Urbach-Wiethe Disease 

3.1 Introduction 

The goal of this case study was to show that the modified two-ROI method with RAFF would 

be successful in analysing the structural connectivity underlying fMRI activity in a clinical 

cohort. Although Chapter 2 showed that the RAFF method produced tracts of significant 

similarity to purely anatomically derived tracts, when looking for group differences, the risk 

of subjectivity with manually placed seeds is a confounding factor. Using the validated RAFF 

protocol for extracting the CB from DMN activity, tract integrity measured by mean FA may 

be obtained in a more objective way. 

Urbach Wiethe Disease (UWD), also called Lipoid Proteinosis, is an autosomal recessive dis­

order that causes gradual bilateral calcification of the amygdala. In UWD, there is a bilateral 

lesion of a highly interconnected part of the brain, the amygdala. In the UWD sample used 

in this study (described in more detail below) there are no gross behavioural, emotional, in­

tellectual or social impairments. For this reason, WM connections not directly linked to the 
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amygdala may be unaffected by the lesion. To test this hypothesis, the CB connecting the 

two most prominent nodes of the Default Mode Network (mPFC and PCC) was chosen as a 

candidate WM tract for comparison with normal controls. The CB was readily extracted from 

fMRI data and DTI tractography using the techniques developed in Chapter 2. Mean FA 

of the CB, as a marker of WM integrity, was measured in UWD compared to normal controls. 

3.2 Background 

Based on the comparison of DTI metrics, such as FA, inferences can be made about the 

integrity of WM tracts. In direct WM pathologies, variations in FA could be due to demyeli­

nation, axonal damage, microstructural reorganisation, dislocation, swelling, inflammation 

or disruption of the axonal fibres. In addition to the application of DTI to direct pathology, 

disruptions in connectivity have been observed in the WM in primary psychiatric disorders 

(Filley, 2005). It was Carl Wernicke who was first to recognise that psychiatric disorders were 

a consequence of disruption in the long-range WM connections, he called these disruptions of 

connectivity "sejunctions" (Frith, 2004). More recently, using modern imaging tools such as 

DTI, schizophrenia, dyslexia and autism have all been described as disconnection syndromes 

(Courchesne and Pierce, 2005), in that certain WM tracts integral to normal brain function 

have shown marked microstructural differences. FA data have even been correlated with 

measures of overall intelligence (Yu et al., 2008). 

Urbach-Wiethe Disease and the Amygdala 

UWD is of special interest to neuroscience as it is the only human model of a discrete, selec­

tive, bilateral, stable, non-neurodegenerative stereotyped lesion anywhere in the brain. This 

disease presents in early infancy with a hoarse voice owing to thickening of the vocal cords 

and subsequently, in early childhood, with characteristic pox like markings and thickening of 

the skin. 
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Severe emotional behaviour deficits in a single UWD case known in the literature as "SM" 

(Adolphs et ai., 1995, 2005; Kennedy et ai., 2009; Todd and Anderson, 2009; Feinstein et ai., 

2010), have made the amygdala the focus of intense interest in the field of affective neuro­

science. The findings in SM regarding fear response conditioning (Feinstein et ai., 2010) have 

been supported by bilateral amygdalectomy studies in rhesus monkeys (Emery et al., 2001). 

Based largely on this single human case and the primate studies, the amygdala is considered 

to be a critical centre of the emotional and social brain (Phelps, 2004; Todd and Anderson, 

2009). This research has shown that the amygdala is widely and intricately connected as a 

hub of connectivity (Ashwin et ai., 2007). 

The vast majority of UWD cases amenable to scientific investigation (approximately 50) 

reside in the Northern Cape Province of South Africa. Recent investigations in a group of 

five South African UWD patients with no secondary psychopathology is adding important 

new details to the understanding of the human amygdala. As shown in Figure 3.1, structural 

MRI results in these subjects shows calcification limited to the Basolateral Amygdala (BLA). 

Functional MRI shows activity in the Superficial Amygdala (SFA) and Centromedial Amyg­

dala (CMA) sub-regions, but not in the BLA, in response to emotional face stimuli (Terburg 

et ai., 2011). In contrast to the single case mentioned above, behavioural studies of emotional 

stimuli processing reveal no gross deficits in emotional or social function in these patients. 

Nevertheless, volume loss in PFC regions that normally share reciprocal connections with 

the amygdala has been observed (B. Morgan, pers. comm, January 2011). These amygdala 

and PFC changes with little evidence of loss of function make these UWD subjects ideal 

candidates for validating neuroimaging tools. 

Hypothesis: Global or Local Connectivity Changes 

Importantly, in UWD, the surrounding brain structures remain preserved. It must be as­

sumed, however, that the primary connections of the amygdala are affected (its afferent and 

efferent projections). The amygdala is one of the most extensively interconnected regions of 

the brain and if amygdala tissue is lost due to a lesion then a question is whether or not 
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the other core networks of the brain are affected. The DMN serves as an ideal network to 

measure global connectivity differences, since it has been proposed that it is the structural 

core network which underlies the human cerebral cortex (Hagmann et al., 2008). 

The investigation aims to discover possible alterations of the DMN in response to the loss 

of an important component of the brain. The following question was addressed: is there 

secondary loss of WM connectivity in a pathway (CB) connecting two structures (PCC and 

mPFC), where one of them (mPFC) is normally strongly and reciprocally connected to the 

amygdala? 

3.3 Methods 

The study cohort was comprised of five UWD subjects and nine controls. Subjects had no 

physical illness or psychopathology and were matched for age, sex, education and IQ. Subject 

age and level of education is shown in Table 3.1. Ethics approval was originally obtained 

from the University of Stellenbosch ethics committee (reference number 2002jC103), as part 

of a larger parent study of UWD. Written informed consent was obtained from all subjects. 

Since more females than males were available, only females were used in order to limit the 

complexity of the data. The fMRI and DTI data were acquired in the manner described in 

Chapter 2. 

The CB's of all subjects were extracted using the two-ROI with RAFF method as described 

in Section 2.3.4. Mean FA along the length of the tract was compared between the groups. 

FA was the only DTI metric chosen to measure structural connectivity, since it has been sug­

gested that FA is the most specific DTI metric related to tract integrity underlying network 

connectivity (Teipel et al., 2010). 

Global, data driven methods were applied to the data in order to validate the CB connec­

tivity findings. First, as described in Appendix A, the resting state fMRI data were used in 

a group ICA analysis using the GIFT package (Calhoun et al., 2001). Tract Based Spatial 

Statistics (TBSS) methods were applied to the FA data, which allows global comparison of 

white matter microstructure between groups while accounting for confounding intersubject 
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Schooling 
Patients Age years 
patient 1 32 9 
patient 2 35 12 
patient 3 29 10 
patient 4 60 8 
patient 5 40 7 
Controls 
Control 1 34 12 
Control 2 29 9 
Control 3 43 11 
Control 4 23 12 
Control 5 29 9 
Control 6 43 9 
Control 7 35 12 
Control 8 38 7 
Control 9 21 12 

Table 3.1: The patients and controls were matched for age, sex and education (except for patient 
4 who is 60 years old). In this table, ages and number of years in school are shown for 
the control and UWD subject cohort. 

coregistration steps (Smith et al., 2006). The TBSS procedure and results are detailed in 

Appendix B. Since these methods could be readily applied using the available data and were 

performed using standard parameter settings, they provided a non-biased way to validate 

connectivity findings in the CB. 

3.4 Results and Discussion 

The resulting DMN activity maps from group lCA (as described in Appendix A) are shown 

in Figure 3.2 and Figure 3.3. Figure 3.2 shows that the group DMN activity pattern in UWD 

subjects is largely consistent with that of the control group, shown in Figure 3.3. The prelim­

inary investigation of the DMN fMRl data between the control and UWD groups (Appendix 

A) shows increased activity in the right PCC in UWD, which warrants further investigation. 

However these differences were not apparent after correcting for multiple comparisons. 
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Using the CBs extracted from all subjects, as shown in Figure 3.4, the mean FA was measured 

for UWD subjects and controls. Table 3.2 presents these results. No statistically significant 

differences between groups on overall (left and right combined) or unilateral CBs were found. 

The results in Table 3.2 is represented as a bar plot in Figures 3.5, 3.6 and 3.7. It may be 

noted, however, that the mean FA along the right side of the CB in Figure 3.6 only just fails 

to reach a significance of p <0.05. 

Global white matter integrity, as measured by TBSS (Appendix B), also showed no signifi­

cant white matter group differences after correcting for multiple comparisons (using Thresh­

old Free Cluster Enhancement (TFCE), p <0.05). The uncorrected results (p <0.05) show 

reduced FA in the right anterior region of the CB. 

Three independent methods thus found indications that the structure and/or function of 

the DMN may be different in UWD versus controls: mean FA in the CB tract fibres, FA 

differences in the CB using TBSS, and group resting state fMRI. All three methods show 

these differences to be more evident in the right hemisphere than in the left hemisphere. 

Compared with the behavioural deficits seen in UWD subject SM, the evidence of normal 

WM connectivity in this group supports the normal behavioural observations. Viewing the 

CB as a proxy for global brain connectivity, the results suggest normal DMN connectivity and 

therefore intact global connectivity. Since SM has a complete lesion of all amygdala nuclei 

and her brain damage is not limited to the amygdala, her abnormal behavioural measures 

could be due to a combination of the amygdala lesion, and damage to adjacent structures such 

as the entorhinal cortex and connecting white matter (Feinstein et ai., 2010). The results 

of normal white matter connectivity from this study, in contrast, were applied to a group of 

UWD subjects and support recent findings that there is residual functional activity in the 

amygdala (Terburg et ai., 2011). However, since no fMRI or DTI data have been acquired 

for SM, it is not possible to comment further. 
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Figure 3.6: Mean FA within the right Cingulum Bundle. Includes five UWD subjects and nine 
control subjects. p = 0.0569 
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Figure 3.7: Mean FA within the left Cingulum Bundle. Includes five UWD subjects and eight 
control subjects. p = 0.2347. 

Left and right combined 
Left 
Right 

Control UWD 
0.433 ± 0.006 0.418 ± 0.009 
0.436 ± 0.007 0.421 ± 0.010 
0.425 ± 0.008 0.396 ± 0.012 

Table 3.2: Mean FA over both left and right CB's. 
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Chapter 4 

Conclusion and Outlook 

Though validation is complicated by the absence of a ground truth model for DTI tractog­

raphy, the modified two-ROI with RAFF approach can still be evaluated in terms of its 

functionality, usability and reproducibility in relation to current practice. Using Cohen's 

kappa, the tracts resulting from the approach presented in this thesis were found to have 

high spatial agreement with the landmark based two-ROI protocol of Wakana et al. (2007), 

which represents current practice. The two-ROI with RAFF approach is semi-automated, 

requiring no subjective manipulation of starting ROls since they are defined first by fMRI 

and then automatically grown into the WM. The mrDiffusion platform with the RAFF en­

hancements for incorporating fMRI activity maps is easy to use within the fMRI/DTI data 

processing pipeline. 

Once validated as being sufficiently similar to current practice, the two-ROI with RAFF ap­

proach was applied to a study of Urbach-Wiethe Disease. In order to evaluate the effects of 

the disease on brain connectivity, the CB was evaluated from DMN fMRI activations since it 

represents the degree to which the global DMN activity has been affected by bilateral baso­

lateral amygdala calcification. No significant differences were found between UWD subjects 

and matched controls, however WM differences in the right CB just fell short of reaching 

significance. There were also no significant differences noted using data driven analyses in 

TBSS and group ICA of resting state fMRI, confirming the CB fibre tracking result. Intact 

connectivity in this intrinsic brain network supports the lack of gross behavioural deficits 
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observed in this cohort of UWD subjects. 

It is worth noting that three independent methods (mean FA in the CB tract fibres, FA 

differences in the CB using TBSS, and group resting state fMRI) indicated that there may 

be some differences between UWD and matched controls in the statistics in the right hemi­

sphere. Although these results do not reach levels of statistical significance, there are trends 

which agree across the three methods. This warrants further investigation in a larger cohort. 

If a difference is confirmed in future studies of UWD, this would indicate the there may be 

functional compensation in response to structural alteration in secondary circuits (Le. circuits 

not directly involving the amygdala). The fact that this cohort is grossly behaviourally nor­

mal does not necessarily imply that there have been no structural and/or functional changes 

in secondary circuits. The preservation of normal behaviour could be due to structural and/or 

functional neuroplastic compensatory changes that are too subtle to be unambiguously de­

tected by the two-ROI with RAFF method. Nevertheless, if future investigations confirm the 

above-mentioned right hemisphere trends the validity of two-ROI with RAFF will be further 

established. 

Future studies investigating DTI at the GM/WM interface may make use of higher resolu­

tions of DTI, enabling the viewing of finer details of the fibre systems, particularly at the 

fibre origins and terminations where the radial structure of the minicolumns and axons in­

tersperse with tangential dendrites and interneurons. Alternative methods of tracing fibres 

such as HARDI and a multiple tensor model (Tuch et at., 2003a) would also further our un­

derstanding since multiple coherent fibre populations are discernible in each voxel. Further 

insight may be gained by using DTI with varying ranges of acquisition parameters which 

have been shown to discern different cellular details, such as in low anisotropy regions (Rane 

et at., 2010). 

Refinement of the flood-fill segmentation method with more sophisticated algorithms such 

as level sets or statistical surface evolution (Lenglet et at., 2006) will be required to realise 

the full potential for combining fMRI and DTI at the current spatial resolutions. However, 
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the use of radiality with flood-fill to seed DTI tractography from £MRI, as presented in this 

thesis serves as an encouraging proof of concept which will hopefully kindle further research 

in this field. 
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Appendix A 

Default Mode Group fMRI Analysis 

Results are presented here for a comparison of patients with UWD with healthy controls 

during a resting state task. The data were acquired in the same as way as for individual 

DMN extraction. ICA analyses were conducted on the two groups of subjects using GIFT 

(Calhoun et al., 2001). Only five of the control subjects were used in order to have matched 

groups. Data were normalised using intensity normalisation and no scaling was employed. 

This preserves the relative scaling between subjects facilitating group comparison which was 

performed as a two-tailed t-test in SPM5. The SPM result for group 1 (Controls) directly 

compared to group 2 (UWD) is shown in Figure A.I. The results in Table A.1 show a differ­

ence with p 0.01 (uncorrected) in the right PCC region, which is a core region of the Default 

Mode Network. 

Figures A.2 - A.5 below show the DMN components for all subjects. The subjects were 

grouped as follows: subjects 1- 5: Controls, subjects 6 - 10: UWD). The mean BOLD fMRI 

time-course is shown in the DMN for each subject. 

cluster size voxel-level p (uncorrected) coordinates (MNI) mm Approximate anatomical 10-
cation 

19 0.001 22 -59 22 49% Right PCC cortex 
(Harvard-Oxford Cortical 
Structural Atlas) 

Table A.l: Summary of significant differences in group analysis of Default Mode Network. 
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Appendix B 

Comparing UWD and Control Groups 

using Tract Based Spatial Statistics 

(TBSS) 

Tract-Based Spatial Statistics, or TBSS (Smith et al., 2006), is an automated method which 

projects individual DTI data onto a common space which allows for statistical testing over 

the entire brain volume rather than specific tract based methods. It forms part of the FSL 

toolbox developed by the FMRIB group of Oxford University. FA images are routinely used 

in voxel-wise statistical analyses to show localised brain changes related to development, de­

generation and disease. TBSS is a relatively new technique which has already been applied to 

a wide range of neurological and psychiatric disorders to assess the micro-structural integrity 

of white matter. TBSS compliments DTI tractography methods as it offers an alternative 

data-driven approach to the analysis of DTI data. Only the very centre of the white matter 

tracts (the skeleton) is considered, thus overcoming the major limitation of standard voxel 

based statistical analyses, which relates to imperfect coregistration. It can be performed 

between groups to readily expose white matter differences as measured by differences in FA 

or other DTI metrics (Arnone et al., 2008). 

In order for a statistical model to be compared across different subjects, these images are 

aligned with one another. The registration algorithms employed create a mapping from the 
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old voxel positions to new positions in the same coordinate space as a reference image. The 

target image is manipulated to align with this reference by means of spatial transformations. 

Aligning FA data from multiple subjects using standard rigid coregistration is not sufficient 

to align the brains of different subjects, therefore a non-linear registration field is also calcu­

lated. This is applied using a b-spline representation of the registration warp field (Rueckert 

et al., 1999). 

First, the "most representative" FA map in the group was found with an exhaustive test to 

find which image requires the least amount of warping to align all other images to it. This 

transformation was then combined with the affine transformation required to align the target 

to standard space. 

These tracts were then "skeletonised" by projecting the FA data onto the central portion of 

the white matter structures, which forms an alignment invariant representation of the tract. 

This "skeleton" represents the centres of all fibre bundles that are generally common to all 

of the the subjects. Each subjects' FA data was projected onto the mean FA skeleton in 

such a way that each skeleton voxel took the FA value from the local centre of the nearest 

relevant tract. This procedure thus essentially corrects for imperfect alignment. An example 

FA skeleton is shown in Figure B.l. 

After coregistration and skeletonisation, a mean FA image was calculated. A threshold of 

FA>O.2 eliminated the grey matter and CSF so that the white matter regions were con­

strained to the regions of the brain that are best aligned. The aligned FA data were then fed 

into a voxel-wise cross-subject statistical analysis. 

TBSS of FA in Urbach-Wiethe Disease 

The FA image of each subject was normalised to a 1 x 1 x 1 mm3 FA template (FM­

RIB58~A_lmm) in the Montreal Neurological Institute (MNI) space using the non-linear 

registration algorithm in FSL (Andersson et al., 2007a,b). 
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Fi~ure 0.1: A jjjPlUl FA ,)u·lp,.nll (gn"'ll) ",wrbi ,1 """ FA ""'I' I" TBSS, l ,h~ >l.ld.,·,i" i., ""lriC'(eJ 

tn t I~' """t", of t tw \\,~11 ,ract" which ~'" '',;k"10t,,.,ni_f· ('J b<> r~i.rwcll\,"1 by" ' in!,:i" 
><",,·l lhie1 "'d"'''l1 

l'he group lll~"n ditf~ren"'" w~r~ t""t,"llL~ing ;,om tw<>-t"il""J Mo"t.~ ('",1o pNllll1t.al iOll' for 

thp two grnnl'" rf'f'uiti"g ill "voxpl-witR I'-,·"Iup i""' fW Sig"in"".11~~ ,,-~s ,·,.,,,idp,,,1 to I", p 

:::: 0 .05 Family Wi,p F,-;or (FWF.J, corn'f' t"!. D,{a"ll Thr""Il<Jld· F",,, CIII~\<'r E"hanc"""'1It 
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f~ri"){ FA "'" pr''''''''t,~1 i" T"bl" D.1. Th"lur~'," 1 illdividual dUst er.' iln' showll ill Figure, 
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Fig,m' R.2: 'j'll~~ IJTI ,,,,,,It, ,J~)"i" g 1',\ (littcr"" c~. in r<~j a' "" H,,('om'('uxi p-v~l,w ')on',IH)I<I 

of ~ S 0,01. The CST n·I"'r~nc~ f..orn ~h~ frorn U~· JI!U (Joh"., I!ojlkin., UJJ.iwJ'"i ~y ) 

.... hi'" mat.1", "'I,,,,~' CNcrlairl in bloc. 

F"i;:ure B.3: The r4:ht an!.eriol' CIl shows SOme I'A dilfe"'nc,",, (,,<I) , tllis i., '!lOWIl in ll,",~i()n l<J 

cI,,· ad .. , 1"",;1.iOl] of the ell in hl"e. 1'<0.01 (uncorrO<'ti'rlj. 

Fig,m' R.2: 'l'llSS IJ 1'1 rc","h ,J~","\llg f-,\ (liftcr"',,'~. in r<~j <c' :U' ""C(WT,~'t,xI [l-val,w 'Iin",h"ld 
ne ~ ~ U,O], TIl" CST n,f"r'·lJc~ fwm ~Iw [rom U~· JIlU 1.I"Illl.' J["Jlkin.' UJ.J.i""I'"ilyl 
wliit,' nl~t.t~r ",I .. , i., (N~rl"irl in bl1!," 

F"i;:ure B.3: The I'ij:ht a.tll.erio .. CIl olm,.,., ""me 1'.'. dilrer"nc,·~ 1,.oJ). Ihi' i._ ,110"'"11 in ,,'la~i()n l<J 

,1M' ,,,I .. , J~"';ti"I' "f the ell in blue. 1'<0.01 (unc<,rrO(;uil). 
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