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Abstract

Using PositronEmission TomographyPgT) it is possible to obtain quantitative
images of regional cerebralood flow, indicative of regional neuronal activity. This is
used toexaminethe function of théorain through designed experiments. Téimplest
suchfunctional mapping experimerstthesimple activation studywvhich aims tdocate
the brain loci responsibldor a certain function, bgcanningunder two conditions
differing only inthat function. These studies generateallnumbers of observations of
extremely high dimension, eadfiata pointbeing a three-dimensional image. The
statisticalanalysis ofsuchdata sets requires nestatistical techniques faignificance
testing, and it is this problem which this thesis addresses.

Chapter 1 establishése background tthis work, giving a fairly comprehensive
layman’s description ofeT and functional brain mapping.

In the absence of apriori information regarding the location of a particular function,
analysis ofactivation experiments proceedstla¢ voxel (pixel) level.For each voxel a
model must be assumed ttie dataand anull hypothesis of “no activation” expressed
in terms of themodel parameters. An added complicatiorthis presence ajiobal
differences in cerebral blood flow between subj&dtsnputation of a statistiadicating
evidence againsthe null hypothesis at each voxel, gives a statistic image. Model
selection and the formation of statistinages isthe subject of chapter 2. Particular
attention is given to the two most popular modedsnelyFriston’s ANCovA and that of
the t-statistic formed from subject difference images, with global changes removed by
proportional scaling. Problems of simultaneous model fitting &hd dangers of
assuming homoscedascity are considered.

The assessment of the statisiicage presents a large multiple comparisons
problem. Regions where the statistiage indicates evidence agaitist null hypothesis
must be located, whilghaintainingstrong control ovefamilywise Type | error. The
current methods for testing statisticagesare discussed itetail in chapter Focusing
on “random field” methods, their assumptions and properties.

In the remainingchapters, three methods developed by the authoasiessing
simple activation studies are presented. The first of thesews-atage approach, in
whichthe group of sulects is split into a pilagroupand a studgroup. Asmall number
of regions of interest anidentified fromthe pilotgroup dataand the studgroup data
assessed over these regions of interesimilation studyshows this approach twold
some promise. In chapter 5, the testipgpblem is reformulated as amnage
segmentation problem, to whigmpirical Bayesian techniques from statisticaage
processing are applied. A Markov randbeid is used to convey pridoelief regarding
the contiguous nature of activated areas. H®neulation results indicate that the
incorporation of priomelief into a singlehresholdtestresults in a more conservative
(and less powerful) test.

The subject of the last chapter (ch.6), is a non-parametric approaunhbltiple
comparisons randomisatiaest is developed for simple activation studieghich is
shown tomaintainstrong control ovefamilywise Type | error. A step-down procedure
with strong control is introduced, and computationally feasible algorithms presented. The
methods are illustrated on a reT data setwith a pseudd-statistic formedfrom
subject difference images withsenoothed variance estimatéor thegivendata set the
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approach is found to outperformany ofthe parametric methodsarticularly with the
pseudot-statistic. Thistogetherwith the flexibility and guaranteeehlidity of a non-
parametric method, makebe approackery attractive, despite the computational
burden imposed. The practicalitiestbé method are discusséa;luding extensions to
other experimental paradigms, other test statistics, and permutation tests.

This is an applied thesis, aimed the statistically literatePET researcher. In
addition to presenting the author’s ideas, it is hdpatthis document providesuseful
summary and comprehensive critique of existiagk, giving enough detail to serve as a
useful reference.
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Introduction

Mind and Brain

One of the many exciting areas of current medical research is the studiMrighe
human brainThe brain isthe mostomplexstructure in the knowmniverse, and its
workings, perhaps ratherainly, have alwaydascinated man. Currerfindings and
methods ardrequently reported in the popular press (Vogue, 1992; The Observer,
Sunday 29 December 1990). Think between themind and thebrain hastroubled
philosophers for centuries. René Descartes describedindehree centurieago as an
“extra corporeal entitghat was expressed through {hieeal gland”.Modern scientific
medicine hasaken the study of thenind out ofthe hands ofthe philosophers#Armed
with powerful researchools, medicalresearchers have gained considerable knowledge
of the brain, recently summarised in a special iss&eiehtific Americar{1993). One of
these research tools is Positron Emission Tomography.

Positron Emission Tomography

PositronEmission TomographyPET) is a medical imaging modalithat enales
guantitative images ofhe density of a radioactivéracer in theliving body to be
obtained. Using radioactive bio-chemicals, measurement of vapbysiological,
metabolic and biochemical processes within a living subject is possible.



2 Introduction

Functional mapping

Of particular interest areeT experiments where regional blood flow is measured
repeatedly in théhuman brain. Regional cerebralood flow is linked to regional
neuronal activity, so thesmagesareindicative of brain activity. This discovery has led
to the use of designesekperiments to examinie function of théauman brain. The
simplest suchfunctional mappingexperiment isthe activation study which aims to
locate thebrain region responsibl®r a certain function. These proceedaguiring
scans undetwo conditions,which differ inthe mental processingequired,only in the
function of interestTypically the conditions are simply a “rest” and an “activation”
condition.

These studies generate small numbers of observations of extreghetiimension,
each data point being a three-dimensional image. The statstatgsis osuchdata sets
require new statistical techniques for significance testing, and it is this problem which this
thesis addresses.

Outline

The thesis covers three areas, background, a reviexigifng methods, and a
presentation of the author’s efforts.

Chapter 1 establishése background tthis work, giving a fairly comprehensive
overviewPET and functional mapping. Coverege: thePET tomograph, thehysics of
PET and SPECT, annihilation detection,image reconstruction, radio-tracer issues, and
functional mapping experiments. The aim of this chaptersgtohescene for the reader
unfamiliar withPET.

With the background to the data covered, we turn to the main topihisof
research, hypothesis testing for simple activation studies.

For each voxel a model must be assumedHerdataand anull hypothesis of “no
activation” expressed in terms of thedel parameters. An added complication is the
presence of global differences in cerebral blood flow between sulijectputation of a
statistic indicating evidence agairike null hypothesis at each voxel, gives a statistic
image. Model selection aride formation of statistitnages ighe subject of chapter 2.
Using a realPET activation dataset, asimultaneous regressianalysis is applied to
elucidate suitable WCovA models forthe single and uitiple subject activation
experiment. Particular attention ggven to the two most popular modelspamely
Friston’s AVCovA and that of theé-statistic formed from subject difference imagesh
global changes removed bgoportionalscaling. Problems of simultaneous model fitting
and the dangers ossuming homoscedascaye considered. The chapter concluditis
example statistic images.

The remainder ofhe thesis addresses the lamgdtiple comparisons problem of
assessing these statistic images.

Regions where the statistimage indicates evidence agaitis¢ null hypothesis
must be located, whilsthaintainingstrong control overfamilywise Type | error. In
chapter 3, the required theory ateiminology is reviewed, anthe existing methods
expounded insufficient detail to enable their implementatidrhe validity of these
methods is assessed unitlalised conditions with set ofsimulated Gaussian statistic
images. The popular “randorireld” methods are considered at length, and their
assumptions and properties discussed. The chapter closemalitbes of ET data set
using a variety of methods.

In thefinal chapters, three approaches developed by the author are presented. The
first of these is awo-stage approach, iwhich the group ofubjects isartificially split,
post hoc, into ilot groupand a studgroup. Asmallnumber of regions of interest are
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identified fromthe pilotgroup data. The study group data is tlaalysedover these
regions, rather than oveall the voxels individually. The idea ighat the substantial
reduction in theaumber of simultaneousstsaffords an increase power over avoxel-
by-voxel approach on the wholdata set, despite the reducedmber of subjects
availablefor thdinal testing.This is examined in a simulati@tudy, where a number of

the existing voxel-by-voxel approaches are compared with the two-stage method, applied
to sets of twodimensionalt-statisticimages formed from simulated Gaussian subject
difference images to which focal signals of various amplitudes have been added.

In chapter 5, the testingroblem is reformulated as an image segmentation
problem, to which empirical Bayesian techniques from statistical im@gessing are
applied. In particular, a Markov Randdfield isused to convey pridoelief regarding
the contiguous nature of activated voxels. Haimulation results indicatéhat the
incorporation of priomelief into a singlehresholdtestresults in a more conservative
(and less powerful) test.

The subject of the last chapter (ch.6), is a non-parametric approaunhbltiple
comparisons randomisatiaest is developed for simple activation studieghich is
shown tomaintainstrong control ovefamilywise Type | error. A step-down procedure
with strong control is introduced, and computationally feasible algorithms presented. The
methods are illustrated on a rear data setwith a pseudd-statisticimage formed
using a smoothed variance estima&ter thegiven data set the approach is found to
outperformmany of the parametric methodsarticularly withthe pseuda-statistic.
This, togetherwith the flexibility and guaranteeehlidity of a non-parametric method,
makesthe approaclvery attractive, despite the computational burden imposed. The
practicalities ofthe method are discussa;luding extensions t@ther experimental
paradigms, other test statistics, and permutation tests.

Each chapter contains its own conclusions section where funthgt is
suggested. Thus, there is no conclusions chpptese

The references are preceded by appendimeining technical details, results and
proofs.

Style

This is an applied thesisyritten primarily with the statistically literatePET
researcher iimind. For such a reader, it is hoped that in addition to presenting the
author’s ideas, this document provides a useful summary and a comprehensive critique of
existing work, giving sufficient detail to serve as a useful reference.

It is hoped that the resultingvel of exposition isnot anuisance tdhe statistical
reader.

Omissions

Inevitably some statisticahreas of functional neuroimaging have had to be
neglected in thisvork. The mostnotable omissionsre thescaled subprofile model
(Moelleretal., 1987, andMoeller & Straher, 1991),and the principal components
analyses whichare rapidly becomingpopular to investigatéunctional connectivity
(Fristonetal., 1993a&Db).



4 Introduction
Caveat

Our knowledge of thérain is increasing in leaps abdunds. Whether theind
can eveffinally know itself, or whether it will stay atep ahead of its pursuer, like the
tortoise pursued by théchilles in Zeno’s paradoxl remains aquestion for the
philosophers.

1Zeno ofElea, born around 48%., wasthe originator of théRace Course’paradox. This is the
paradox of aunnernever reachindiis goal,since he must traverse infinitely masyccessive halves of
the distance. Zenowork is discussed ithe Encyclopaedia of Philosophy (1967)369-379 (Collier-
Macmillan publishers, London).



