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Chapter One

PET Background

An understanding of positron emissidomography and the variougnage
processing techniques involvedtire preparation dmages oblood flow is essential to
their analysis.

In this chapter we outlinthe fundamentals of positr@missiontomography to
provide the background to the data we consider in subsequent chapters. We review the
statistical aspects in detail. The ovegath is toprovide a general backgroundrer, at
a level of exposition suitable for the newcomer.

Thosefamiliar with the concepts angrminology of functional mappingray wish
to skip most of this chapter, perhaps readinty the description of the “V5” data
set (81.7.) before proceeding to chapteBiknilarly, the reader withittle time may
prefer to accept that images whose intensity is indicative of regional neuronal activity can
be obtained withPET, note thedescription of the “V5” study, and also proceed to
chapter 2.
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1.1. Additional Reading

Overviews oPET

There exist various reviews @ET and Neuroimaging thamnay be ointerest.
Ter-Pogossiaet al. (1980) reviewpET in its early days. They descritiee mechanics of
PET. the preparation of isotopgshysics ofelectronannihilationand event detection, and
reconstruction. The description of filtered back-projectionespecially clear. Of
particular interest is their discussion todicerkinetics, and thegroblems of obtaining
guantitative images fronracer density. Theylook forward to the “future” ofPET,
concentrating on the study of the heart, and tisgussion provides an introduction to
heartPeT.

The paper byRaichle(1983b) briefly covers the mainngredients ofPET. This
paper also contains an excellent review of tracer kinetics, and the assumptions inherent in
obtaining quantitative measurements of metabolic processes, and ends with a section
detailing possible clinical applicationsreT.

Brownell et al. (1982)gives an even briefer review PET. Despite the age ahis
paper, it does provide wseful overview of nuclear Magnetic Resonance Imagimg)(
and contains extensive references for the theapgcdndmRI.

State of the art
“Positron Emission Tomography andlutoradiography”, edited by Phelgs al.
(1986) is a collection of chapters written by experts in the vadisogplinesassociated
with positron emission tomography. This book represented the state of the art in the mid-
eighties, and still constitutes the single most thorough expositreT afethodology.

For more recent formation, thepublished proceedings ofécent conferences are
useful. The'Brain PET’ bi-annual conferencevas firstheld during June 1993 in Akita,
Japan, with proceedings “Quantification of Brain FunctibracerKinetics and Image
Analysis in BrairPET’ edited by Uemurat al. (1993).

Journals

The main journals forthe publication of PET methodology are thdournal of
Cerebral Blood Flow and Metabolisnand the Journal of Computer Assisted
Tomography.RecentlyHuman Brain Mappinghas emerged, a journal dedicated to
functional neuroimaging to whicimany researchers are nowsending theirpapers,
particularly those working in functionsRi (fMRI).
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1.2. Data Acquisition

1.2.1. The Tomograph

The positron tomographssentiallyconsists of acylinder of bismuth germanate
(Bi4Ge304) detectors arranged in rings. A recent dedichtath scannefECAT 953B,
Siemens/CTI, KnoxvilleTennesee, described by Spimtsal, 1991) has 16 ringgach
of 384 detectors ofize 5.656.45x30mm3. The detectors are grouped irdtocks of
8x8, mounted on a set of fophotomultiplier tubes. Thdetectorhit in an &8 block is
obtained bycombiningthe readings from the four photomultiplieusing Anger logic.

The ring diameter is 76cm, with an axial length of 10.8cm. The patient port size is 35cm.

Figure 1
Schematic of the arrangement of detectorsrat@omograph

1.2.2. Data acquisition

Subject preparation, isotope decay, electron annihilation

The subject is positioned in the tomograpsing external landmarks (eyes, ears)
for roughalignment. A chemical labelled with a positron emittisgtope is introduced
into the subject, either intravenously or by inhalation of a gas.

The radioisotope decays, each decay event resulting emtission of a posin.
The positron loses kinetic energy as it travels through the surrounding tissue. After about
1-6mmthe positron isighly susceptible to interaction with an electrdhis results in
the annihilation of both particles, their mass being conserved as energy by the emission of
two photons ofgamma radigon, each of energy 511keV. Conservatiommmentum
dictates that théwo photons will be emitted in almost opposite directions (fig.2), the
colliding positron having littte momentunT.he axis of the pair of emittegamma
photons is completely randomly oriented.
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Figure 2
Positron emission, electron annihilation and gamma ray emission

Detection of annihilation events/ORs

These two photons of gamma radiation then travel through the tissue and air. If the
two photons are detected by the tomograph, tiwo crystals vl behit at
approximately the same time. Thé&s® crystals themefine a volume ofesponseOR)
in which the electrorannihilation must have taken place (fig.3). The tomograph
computer counts theumber of timeshe two detectorslefining eachvor are hit
(almost) simultaneously during the scanning period.

subject
electron annihilation
511keV gamma ray photon

volume of response defined by
detector pair a-b
ring of detectors

Figure 3
Schematic of detection inreT tomograph

1.2.3. Sinograms

ThesevoR counts are stored anograms. A sinogram is an imagetioé VOR
counts for a particulating of detectors (direcplane sinograms), dor a pair ofrings
(crossplane sinogramskor a 16ring tomograph, 256inogramsare acquired, 16 direct
plane sinograms and 285 cross plane sinograms.

A direct plane sinogram @onstructed as folles: Let thenumber of paralleVors
possible bep; and thenumber ofdetectors in theing 2n. Then from a giverstarting
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point in the ring, consider the parallel voRs defined bythat detectorand thep-1
detectors round from ityith the p opposing detectors (fig.4). The counts for thpse
VOR constitute theixel valuedor the firstrow of thesinogram. Subsequertws of the
sinogramare obtained bgonsideringhe p parallelvors defined bythe p detectors one
along from the previouset. There are sets ofp parallelvoRrs for a single ringgiving
an nxp sinogram. Crossng sinogramsre similarly formed: Eachrow consists of the
counts for thep parallel vOorR defined byp detectors in oneing andthe opposing
detectors in the otheing. There arer2sets ofp parallelvor, giving a 2ixp sinogram,
which is split up into two of dimensiaomxp.

wesBours Jo aul| auo

Figure 4
Construction of one line of a sinogram

A direct plane sinograrfor a non-central point soureéll be asine wave (fig.5).
Hence the name sinogram. For the ECAT 9638192 ang is 160.

Figure 5
Sinogram for a non-central point source
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Figure 6
Direct plane sinogram from a scan of the authwesn. Data framenergy
window sinogram 64 ofun 12 onsubjectn278. Acquired on aaCAT-953
dedicated brain scanneFebruary 1992during a visit to theMedical
Research Council Cyclotron Unit at the Hammersmith Hospital, London.

1.2.4. Additional data

In addition to thevORr counts for the scan of the subjectanber of additional
measurements have to be taken. These aaflaw corrections fodetectorefficiency,
attenuation, background radiation, scatter and randomsriéfly describe each iturn,
to give some insighihto some of the more problemagibysicalaspects oPET scanning.
A comprehensive discussion of quantification for posigomssiontomography can be
found in Hoffman and Phelps (1986).

Normalisation—Blank scan

It is impossible to manufacture the detector crystals and associated electronics such
that all the detectors have tlsame sensitivity. Discrepancies detectorsensitivities
show up on sinograms é&ight sinusoidal‘streaks” (fig.6). To correct for theelative
differences in sensitivity lllank scaris acquired at the beginning of each day.

During theblank scan radioactivity iprovided by three positron enmity rods
aligned parallel tadhe axis ofthe tomographwhich are rotated about treis of the
tomograph tagive the appearance ofumiform source taall the detectorsAcquisition is
continued over a long period, so that thenber ofrecorded events for eacior is
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great. Theelative sensitivities ahe detectopairs for eaclvor, can then be accurately
estimated by the differences in detection rates.

These relative sensitivities can be built itite statisticainodel forPeT, or can be
used to correct observeR counts by a simplscaling. The latter isisually used in
practice.

Transmission Scan

Although the photons ofamma radiatioremitted followingthe annihilation of
positron and electron haveelatively high energy dd11keV, some are absorbed by the
tissue throughwhich the photons have to pass in order to reachd#tector. The
probability ofattenuationis related to thelensity to gamma rays tie tissue along the
line of flight. To estimate this density, a transmission scdakisn during thescanning
session, usually at the beginning or the end.

The subject is positioned in the scanner as usual, buwacer is introduced. The
rotating rod sources provideuaiform source ofgamma rays. Data &cquired for about
three minutes, such thathe detection rates for eacbrR can again beegarded as
accurately estimated by the observed detection rates. The rétis i@te to theblank
scanrate foreachvor is then an estimate of tipeobability ofnon-absorption along the
VOR. These attenuatiorprobabilities can then be buiinto the model for PET
reconstruction, or can be useddmrrect the observedor counts by a siple scaling.
Again the latter is usually used in practice.

Background radiation

For a simple scariyo sets okinogramsare acquired. The scansglit into two
time framesthe background framend thedata frame The radiotracer is introduced at
the beginning ofthe datdrame. The sinograms fahe backgrounérame indicate the
structure of background radiation and any residual activity from a previous scan.

The backgroundrame may beused to estimate and remove background and
residual activity. However, due tbe lowactivity, the number ofdetected events is low,
and estimates ardighly variable. This is evidenced ithe noisy appearance of
reconstructed backgrourichme imagesAny linearcorrection of a datkametherefore
adds this noise to the image.

2t is possible to reconstrudhe three-dimensional linear attenuation function. This is known as
transmission tomographgnd is consideredagain in thefiltered back-projection subsection of the
reconstruction section (81.4.3.1., p.22).
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Scatter

Scatter occursvhen one(or both) of the emittedjammaphotons are deflected
during their passage to the detectors, possibly leading to detectivomtlzat does not
contain the point of annihilation (fig.7).

subject
electron annihilation
511keV gamma ray photon

volume of response incorectly
identified for annihilation
ring of detectors

gamma photon deflected here

Figure 7
Scatter

To counter theeffects ofscatter, theenergies of thedetected photons can be used,
as a photonvill lose some of its 511keV of energy when iscéattered. Ibnly photons
with energiedying in a predefined energy window containing 511kaké considered,
and avor countonly recorded for almossimultaneous detection ofvo photonswith
energies lying in this window, then some scatter should be eliminated.

However, there wilktill be some scattered photons withhigh enough energy to
be in the engy window, as illustrated iiig.8. To enable @orrection for thisfjwo sets
of VOR counts are collected. One set ¢oincident detection of photons with energies in
the energy window, and one set for coincident detection of photons one or tbiblof
have energies in the lower window.

photopeak

>

frequency

— all detected photons
- scattered photons
- - direct photons

photon energy
>

380 keV 511 keV 850 keV

| | |
] I ]
lower energy window energy window

Figure 8
Energy distribution of detected gamma photons
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The simplestcorrection proceeds by subtracting a fraction of the losvergy
window sinograms fronthe upper energy window sinograr(iBhatis, a fraction of the
VOR counts for the lower window are subtracted from the from the correspornoing
counts for the upper energy window, for eacdr.) The fraction used igleally the
fraction of the scattered photon enerdigtribution appearing in the uppenergy
window, thescatter fraction This can be estimated using phantom studieshioh
sources of known radioactivity are scanned amten surrounded byater,and once in
a vacuum, when there will be soatter. Theassumptionmplicit in such a correction is
that the structure of the events in the lower engvipdow (predominantlyscattered
events) is shared by the scattered events of the uppagyewindow.Scatter is an
artefact of the radiotracelensity andhe tissualensity(to gamma rays) ofhe subject,
so the assumption is not unfounded.

The low count rates for the lower energy window resultssiimates of scatter
that arevery variable, s@catter correction adds noise. More sophisticated methods for
scatter correction are the subject of current research.

Multiple incidences
A multiple incidenceoccurs when three or morealetectors arehit (almost)
simultaneously. In this situationyar can not be identified, and the events are ignored.

Randoms

Randomsare muliple incidenceswheretwo (nearly) simultaneous annihilations
have exactlyone photon detected. Ther defined bythe two detector$ias its count
falsely incremented.
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1.3. 2D & 3D PET, SPECT

1.3.1. » & 3D PET

Until recently, algorithmdor reconstructing thredimensional images from all
possiblevor counts were not inommon use. Reconstruction wady possible in two
dimensionsyeconstructing alice ofthe subject from each dirgaane sinogram. The
sliceswere then stacked to obtain a thoBeensional image. Onlyors corresponding
to detectorpairs in thesame ring could be considered. Sdineted crossring VORS
were allowed taenable planes betwedme rings to be considered, withduced plane
sinograms formed by averaging counts between adjacent rings. This kgvesdfnown
as D PeT. For a 16ring tomograph there would benly 31 sinograms, 1@irect plane
sinograms, and 15 induced plane sinograms.

As 2> PET only needsvor counts for direciplane andimited crossring VOR
counts, older scanners hafiged tungstencollimating septa around the detectors,
reducing theview of eachdetector to detectors in tlsame and adjacent rings. This has
the effect of reducing the detection of randoresatter, multiple incidences and
background radiation. Scanners produced ineifwdy nineties have removaldepta,
enablingdataacquisition for ® or 3 PET (fig.9), and new scanneoperate solely ini3
mode.

A VAVAVANANAVANA VAN

A
\\\N\N%%M

A P septa extended
Cross sections through

eight rings of detectors

< tungsten septa

Figure 9
Septa

Sensitivity of ® PET

In 20 mode, less than 1% of thannihilation photon pairs are detected
(Cherryet al, 1991, p655)Removal ofthe septa greatlgnhanceshe sensitivity of the
tomograph: Theprobability of both gammaphotons from arannihilationevent hitting
detectorblocks is on averagaboutsix timesgreater(Spinkset al, 1991), with larger
increases for annihilations occurring near the centre of the scanner.

For asubject with radioactivity suitable for @ 2tudy, the rate of photortting
the detectors intB mode is sdiigh that manyare not detecteldecause of thdetector
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deadtime3 This saturation of the tomograph is avoided W§ing lowerdoses of
radioactivity, typically a quarter of the dose administerediCherryet al, 1991)4

Removal ofthe septa andcquisition ofall lines ofresponse makee scanner
more likely to detect scattered photons, nplé incidences, randoms abackground
radiation.So, raw count ratesannot beused to compare theensitivity of 2 and ®
modes ofPET acquisition. Noise Equivalent Count&€), due to Strotheet al (1990),
measuresount raterelative to image signal-to-noisatios by accounting for scatter and
randoms. Using this measuBailey etal. (1991) found that foactivity concentrations
suitable for a B8 acquisition (< MCi/cc, corresponding to an injectedbse of
approximately28mCi), the NEC was aroundive times thatfor 2> mode. Furthermore,
this NEC wassslightly betterthan that of a @ acquisition with fourtimes the activity.
Cherryetal. (1993) presensimilar findings, usinggrey matter) standard deviation in
single difference images rather tinat as the measure of scanner sensitivity.

Summary: D better than ®

Thus D acquisition provides images of comparable quality bon2ode, but
requires theadministration of less radiation the subject per scamhis allows more
scans to be taken on amividual for thesametotal injected dosegiving more data, and
hence improvinghe power oftatistical procedures #nalysedata sets oimages from
such experiments. This has been evaluated in blood flow studies lmiman brain by
Bailey et al. (1993) in terms oRNEcC, and by Chernet al. (1993) in terms of estimated
standard deviation imean difference imagefrom phantorf data. Both these papers
report a two-foldncrease in sensitivity adhe  method usindour times asmany scans
as the P method, for thesame administered activitfrurther fractionalisation of the
dose gives further improvements, but leads to an unacceptable number of scans.

1.3.2.SPECT

There areradio-chemicals availabihat emit gamma rays directly on decay. A
single photon is emitted, sospecialtomograph is requiredcommonlyreferred to as a
gamma cameraThe radio-chemicals in questi@re less radioactive than positron
emitters, donot require ahigh power cyclotron to produce them, andn be handled
easily.The isotopeswvolved have londpalf lives, satracers can benade remotelyThis
makes SinglePhoton Emission Computed Tomographysiect) a financially viable
clinical tool, and most large hospitals possesseagTtomograph.

3When gamma photon hits thietector crystal, a scintillation event takes place causindpltok to

flash. The flash igletected bythe photomultipliers which generate an electric signal. A scintillation
event takes a small time to take place, during which incident gamma photons go undétesisetiod

is called thedead time

4About 50—-80 mCi K 0 is injected into subjects to obtain a satisfacterg@quisition.

SMean difference images are introduced in §2.3.1.1. where the simple fp@ist@pproach for multiple
subject activation studies is discussed.

6A phantom,in radiography, is a shaped container containing a known concentration of activity. The
most famous is the Hoffman brain phantom (Hoffreaal, 1990).
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The sPECTtomograph

Since onlyonegammaphoton is emitted by théecayingisotope, the detectors of
a sPEcTtomograph need to kshielded by lead collimators so that each hasraow
field of view, enabling the identification ofv@R for a detected emission (fig.10).

. @ subject
o - '\%é electron annihilation
Y A = decay event not seen (misses camera)

Y : decay event not seen (collimation)

L Ny AT e ¢ gamma camera head

lead collimators

-‘ZZZZZZZZZZZZZZ . observed decay event

............................ deCay event nOt seen (attenuated)

................................

| observed background radiation

VORs
= gamma ray photon

Figure 10
Schematic of a simplePECTgamma camera. The camera heagositioned
at various places around thabject to enabldata to becollected for many
VOR.

Resolution ofsPECTscans

The resolution oBPECTiImaging is mucHower than that oPET for a number of
reasons. The low energlamma ray140 KeV for technetium-99n?°™Tc) arevery
prone to attenuatiomesulting in decay event®t beingobserved. The restrictdigld of
view of the detectoralso reduces thprobability of observinghe gamma radiation
emitted by a decaying isotope. As a result of this, and thadowty of SPECTtracers, a
SPECTSscan is usuallpcquired over quite a long peridgpically inthe region of twenty
minutes. Even then, theumber of observed decay eventstit quite poor combined
with PET, being a couple afrders ofmagnitude smaller. These lmsuntslead tohighly
variable estimates dfacer concentration, apparent in reconstrudtegiges as noise.
Background radiation is of comparable energy todghema rays oSPECT and its
detection adds to the noiseSRECTimages. To obtaikOR counts ofsufficient size for
reasonable reconstructiogamma camerasise larger detectors than a positron
tomograph, resulting in fewerors and hence lower reconstructed resolutieor. a
comprehensive overview 6PECT, see English and Brown (1986).

Advantages oPET overspPECT

The poor quality, long scan times, and lohglf lives ofthe tracergprecluding
multiple scans omhe same individual) irsPECT makethe expense @fET justifiable, at
least for research. In addition the arraygaimma emittingracers is somewhditmited,
and many biochemicalan only be labelled with positroemitters. PET has wider
biological scope, and is a more powerful research tool.
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1.4. Reconstruction

The raw data acquired by the tomograph arewbr counts. These are the
numbers of annihilations onparticularvor resulting indetectedgamma radiation along
that vOR. From thisdata it is desired to estimate tfegional decayates, orregional
activity (ra), as this indicates the distribution of the tracer.

1.4.1. A statistical model forPET

Letn"=(ny,....nr,....nR) be the vector of counts for tivors. These arelearly
realisations of random variablée form ofwhich wenow derive. Thenodel follows
that of Vardietal. (1985).

Average emission intensity

The radioactive decay of the positremitting isotopes irthe subjectorms an
inhomogeneous Poisson process in both space and_Bineintensity of thisprocess
be A(x,t); for positionx[J= and timet, measured from thstart of thescan,which we
take to be ofengthT. Here= is the subset dEuclidean 3-spacg?3 corresponding to
the image space of the tomograph, for suitable Cartesian axes.

If we assume a constaimacerdensityover the duration of the scan, thiims can
be expressed agx,t) = A(x,0) exp(Bt) by thelaw of radioactive decay, whekéx,0) is
the emissionrate at the start of thecan.f3 is related to théalf-life of the tracert,,, by
B=In(2)k,,, and is hence known.

Over the scan periotl,J[0,T], the emission intensity &f1= is:

T T
J’)\(x,t)dt :J')\(x 0) ex{-pt) d
0 0
A(x,0)(1-e7BT
N >(B ) o
=A(x) say

so it suffices to estimabgx), theaverage emission intensity

Model for average emission intensity

Let cfx,r) be the probability that anemission fromx results in an electron
annihilationdetected irvor r. Then, theemissions fronpointx detected irvoR r, form
a thinned Poissoprocess with thinningrobability c(x,r), independentlyor all xJ= and
r=1,...R Thus thenumber ofdetectedemissionsfor thevors, nr, areindependent
Poisson random variables with means

Er]=X = () elx.r) dlx )

and we want to estimaiéx) givenn?.
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Discretisation of the problem
To simplify the mathematics, and to avoid the estimation of a continuous function,

it is usual to considet divided up intoK voxels (volume elements), usualbuboid in
shape. Within each vox&(x) is assumed to be constant.
Let {Vi}K_, be a partition of= into K voxels. That is WJ =, k=1,...K;

K
Vk n Vi =@ for kzk'; and UVk ==. We shallrefer to voxels directly by theindex,
k=1

referring to the voxel with indek(the volume elementy, simply as “voxek’.

Discrete model for average emission intensity
The number oemissions within voxek over the period of the scan is a Poisson
random variable, with mean

A :J'JT')\(x,t)dt dx = J’)\(x) dx

= M A(x)
for somex[V,, if A(x) is fairly constantwithin V|, where Y| is thevolume of voxelk.
Thus )\k/|Vk| is a stepfunction approximating\(x), and we proceed te@stimate
A = (A1,...,Ak). Substituting this approximation into egn.2 gives:

E[n |=X = S A p(k, =1,...R 3
[nr] r kzzl kp( r) r ( )

1
where pk r ):mj' K )&
Vk

Eqgn.3defines aPoisson regression equation expressireg observe@oRr counts
nr in terms ofA, which it is desired testimate, subject to thgositivity constraints
A= 0,k=1,...K. The average emission intensity for vaxel,, is referred to simply as
the regional activity (rA) at voxelk. SinceAy is expressed in counts per undlume,
reconstructed images are knowrcaants images

Computation of detection probabilities

The pk,r) are theprobabilities that an emissi@tcurring in voxek is detected in
VOR r, thedetection probabilitiesignoring positrorflight, attenuation, scatter, detector
inefficiencies and assuminghat thetwo gammaphotons are emitted in opposite
directions, this probability ifup to anormalisingconstant) theangle of view ofvoRr r
into voxelk, and can be computed from a knowledge of the scanner geometry.

Positron flight, attenuation, detectioefficienciesand theangle of gammahotons
canall be built in tothese probabilities, see Vastial. (1985) and Shepgt al (1982)
for further details. Thesefinements makeomputation of the B(r) more lengthy, too
lengthy for computation on the fly to be efficient, andptababilities must beomputed
and stored, requiring considerable storage space.

Voxe| is the ® analogue of @ixel, which is short for “picture element”.
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This computation is made notab$ympler (especially in2 PET imaging) by the
consideration of an annular array of voxels, \iliganumber of voxelperannulus some
multiple of the number of detector elements per ring. With this arrangement, proposed by
Kearfott (1985), Each detectetement would view exactlthe same arrangement of
voxels and opposing detector elements as any other detector element (in that ring, for the
3D case).This greatlyreduces theaumber of distinct g(r). Kaufman(1987) discusses
an implementation of suchnaethod. If an attenuation correction more complicated than
that for arotationally symmetriattenuatingnedium(with axis that othe tomograph) is
being considered, then there is reymmetry, andthe advantages of amnular
voxellation are lost, a point noted by Green (1985).

1.4.2. Maximum Likelihood Reconstruction

Vardi etal. (1985)discuss thenaximumlikelihood estimation oA. Thelikelihood
of the observed data is:

0)=rfr)= e X LE

giving log-likelihood

I(\) =In(L(7\))=z( X+ in (X, )-In(i 1))

ié—i p(k',r)+n |n§>\k (k') rD—Ir(n )é

with first partial derivative with respect 4@ as

aI(A/)\ —hplke) S P _noptkr) 4)
= 27\k p(k',r)

where pk,-):erzlp(k,r) is the probability that an emission in voke$ detected.

Vardietal. (1985) show that thenatrix of second partial derivatives I4A) is
negative semi-definite, and hertbatl(A) is concave. Thus the sindteal maximum (if
it exists) is a globamaximumover AJO3, and can be found by setting the fipsirtial
derivative to zero.

Bearing inmind the positivity constraint onA (A O {O*x...xO*}), sufficient

conditions forﬁ to be themaximumlikelihood estimator ofA are theKuhn Tucker
conditions:
ol(A ol(A
AR) - _ 0 and ol(A)

s a)\kﬁsmfﬁk:o
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There aremany possible scheme®r solving to obtainh. A particularly simple
iterative scheme suggested by the form of the partial derivatives (egn.4) is:

(5)

giving a sequende(l),...,)\('),... converging to thenaximumlikelihood estimaté
. This can behought of as a preconditioned steepest ascent mdthwithg properties
similar to steepest ascent manysituations and considerably improving on ioihmers
(Kaufman,1987). This iterative scheme is an instancethad EmM algorithm, as weshall
now illustrate.

EM reconstruction

Here we have alassic exampldor theapplication ofthe Em algorithm of
Dempsteletal. (1977). The ideal data would be tinember,ny, of detecteegemissions in
each voxelK=1,...K). Theavailabledata are th&oR counts. Both arenarginal sums
of the quantltlesnkr, the number of emissions in voxet detected invoOr r
(k=1,...K; r=1,...R). TheVvOR counts nr, can be viewed as incompletata,with the
N, as complete data

With this in mind, Vardetal. (1985) re-formulate theproblem as follows:
Emissions in voxek subsequentlgetected invOR r form a Poisson process withean
M E A pkr), since it is a thinning ofhe emission process,independentlyfor all
voxelsk andVvor r. Thus thenumber ofdetectedemissions in voxek, ny, is a Poisson
random variable with mean

E = YR A = M Plke?) ©)

The estimation, cg-step, is to estima asn, given)\(i) and the datay.
k r

nk = EE’;(‘)\(') n
= Eipmkr A0y
- ZLES"« 2O
= zilngkr A0 E ‘by independence of 's
R n:)\(i) since ifX; ~ Pqg),

Al lee)-enli 34)

0 [

(7)
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The maximisationstep, orm-step, is to obtair?\(i+1), the maximum likelihood
estimate of\, giventhe current estimated detectmissions from voxed. Sinceny is a

Poisson random variable with megrp(k.*), (eqn.6)A =i / pk.»).

Combiningthe E andM stepsgivesthe iterative scheme of eqn.5. It tHeliows
from Theorem 1 of Dempstetal. (1977) that A()) <IAT*Y). Sincel(A) is convex,
convergence to thenaximum likelihood estimate(on this voxellation, see below) is
guaranteed. See Varelial. (1985) for a proof and discussion.

There are two interesting properties of #nssolution. Firstly, the total counts are
preserved:

Mk p(ke) =) Ry

Secondly, i > 0 then\;8¥> 0 also, forall voxelsk=1,... K. Thatis, the positivity

condition is satisfied for positive starting values.

Comments on the maximum likelihood approach

Shepp & Vardi (1982) tested th&m approach for 2 PET against a filtered back-
projection method, andin Vardietal., 1985) against a least squares methmihg
simulated data. Sheppetal. (1984) test theem approach with real phantorata,
comparing the reconstruct@dages withthose fromfiltered back-projection. l@ll the
papers th&m reconstruction was preferred on visual grounds for lack of reconstruction
artefacts and for aesthetic app@dintun etal. (1985) alsaeported anmprovement in
resolution inEM reconstructions over the standdiltered back-projection for a low
resolution » camera.

Lange & Carsorf1984) also developedem algorithms for emission and
transmission tomographwiming their exposition at a mathematicaliterate audience
familiar with tomography.

Kaufman(1987) discusses thepracticalities of implementingthe approach.
Consideration of positroflight, detectorinefficienciesand thenon-linearity ofthe two
gammaphotons (but not attenuation or scatter) in toenputation of the detection
probabilities pk,r) improved ® reconstructionyery little. Indeed, vassimplifications
were made inthe computation of theggobabilities,without substantial degradation of
the reconstruction.

The maximumlikelihood solution isnot necessarily unique, indeeddannot be
unique ifthe number ofvors () is less than thaumber of voxelsK). The algorithm
converges to one of the reconstructionaximisingthe likelihood, depending on the
choice ofinitial values. Thus focubic voxels, a unique solutidor theem algorithm
imposes a lower bound dhe voxels size, this size dependenttbe geometry of the
scanner. Fovoxel sizes smallethan this critical sizéhe estimatedalue isnot unique,
but it is argued (Shepp & Vanderl{f23] in Green, 1990)) that fdypical data sets the
positivity constraint renders the maximum essentially unique.

Convergence to thmaximumlikelihood function estimat (for this voxellation
of =) is guaranteed, bumaytake along time. Knowing when tstop theiterations is a
source of indeterminacystop toosoon and a vaguinage isrecovered. Aftermany
iterations the estima?d') becomes very noisy, a common feature of maximum likelihood
estimates for imagesilvermanetal. (1990) illustrate thisvividly. Vardietal. (1985)
suggestusing asmall degree of smoothing on theaximum/likelihood estimate, or a
constant starting estimad” andfixed (small) number oiterations (forexample64).
This latter schemestarting with alevel playing fieldand iterating until an “appealing”
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estimate is found, isommonly called “MaximuniLikelihood” reconstruction byET
practitioners, though the estimates obtained are far from the ractual

Silvermanetal. (1990) considered the above points and applied their smaaihed
algorithm, theems algorithm, whichintroduces ans step after eaclem iteration,
spatially smoothingthe current estimate!). This gives aesthetically pleasing
reconstructedmages whichare quite smooth and free from the obvious reconstruction
artefacts thaplague filtered back-projection. The smoothsigp reduces the spectral
radius of theem iteration, and thus accelerates convergence. Experience suggests
convergence is to a unique solution, althoagly approximate theory exists to back up
this assertion. However, therelitsle justification for the smoothing ithis form, and
theseimageswerecriticised byFord (1990) fobeingtoo smooth, as interest is in more
than the “picture” of the annihilation events.

Although theem algorithm has been successfully appliedeconstruction itsn’t
used in practiceThis is partly because dhe noisiness and indeterminate stopping
criteria for the iterations, bumainly because computationally it is mugtore intensive
than filtered back-projectionespecially for ® reconstruction. Current interest in
statistical reconstruction is concentrated on the use of ipfmmation in an empirical
Bayesian context, a review of which is beyond the scope of this chapter.

1.4.3. Filtered Back-projection

Filtered Back-projectior{FBP) is the reconstruction methodutinely used in most
circumstances. Essentialthe counts are “projected” back across ithage space,
interfering to give an image of estimatulints per voxel. The technique was developed
to reconstrucimages fromprojections infields asdiverse as gravitation theory, radio
astronomy and electron microscopyiore recently the technique has been used in
transmission tomography, particulaxiyray computed tomography-fay cT).8 Shepp &
Kruskal(1978) review thehistory of cT, and look at the various methods of
reconstruction from a mathematical perspectiumissiontomography developefiom
transmission tomography, aftfie existingreconstruction methods were adapted for the
new modality. Thus to reviewsp we first look attransmission tomography ahow it
relates to theeT problem.

1.4.3.1. Transmission tomography

In transmission tomographyarallel beams of monochrométic-rays of constant
intensityt® I, (in counts per second) are directed through adinte ofthe subject, and
the number of x-ray photons transmitted through the subject from daedm is
measured. This idone for anumber of orientations, resulting irdata structureimilar
to that ofPET (Fig.11). The quantity of interest here is the tisdapsity tox-rays, the
linear attenuation functiop(x).

8x-ray cT is commonly referred to @aT, an acronym for Computerised Axial Tomograpthe word

“axial” emphasising that thg-raysare administered perpendicular to the axis of conventionay

imaging.

9The source is assumed to be monochromdttiat isonly x-ray photons of a given energye emitted.
Alternatively, one can assuntieat thephysical attenuation is independent of the energies of-tlag

photons.

10That is thesourcehas ahalf-life so longthat the rate oflecaycan be considered constémt the time
periods in question.
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Figure 11
Schematic of transmission tomography

For a line segme® [ 03 through a mediurwith linear attenuation functiom(x),
the total attenuation along the lingqus given by the Radon transform:

Mg = [ O (8)
0

Estimation of g in transmission tomography

For any x-ray photontravelling alongd the probability of non-absorption, is
proportional to expfts), so the process of-ray photonsarriving atthe detector is a
out

6 H
wherenié1 andngUt are thenumbers ophotons emitted by the source, and inenber of

thinning of the emissionprocess. The thinningrobability is estimated bynie;1 +n

those transmittediespectively. Clearly it is impossible tmunt both. Howeversince
intensex-rays are used]'é1 + T =lj,, whereT is the length of thacquisition for lined.

This givedj, x T + ng“t as a good estimate of the thinning probability, and hengg of

1.4.3.2. Approximation of emission tomography problem to fit
transmission tomography framework

Emissiontomography can be thought of inis framework, byassuminghat the
probability of a positron emission from poxiiX beingdetected by the pair afetectors
definingvoRr r, c(x, r), is constant foall pointsx within VOR r, andzero forall other
points. Then, eqn.@mplifies to

=X =d-n) [Ax) dx 9)

Here VU X is the set of points ivOR r, and c(er) is the probability an emission
occurring inside/oR r is detected by the detectors defining tra.
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Eqgn.9 is now in theame form agor transmission tomography. The obserdath
n" are taken as estimates of ther intensitiesA”, and an estimate f(x) is sought
whose integrals along thé vor is nf.

Inadequacies of the approximation

There arégwo fundamental problems with thepproach temissiontomography.
Firstly, even with thesimplistic modelling of o(,r) as theangle of view fromx to the
detectorgdefining VoR r, it is clear that o(r) must vary considerably withithe VOR,
disappearing for points on the edge of Wa®. The simplifying assumption precludes
consideration of positrorflight, attenuation, scatter andetector inefficiencies.
Corrections for these phenomena must be made to sinograms, or by post-processing
reconstructedmages. Within thisramework it isimpossible toaccount for the fact that
the two gamma photons are emitted in only near opposite directions.

Secondly, and more importantly, the count-ratesEm are many orders of
magnitude less thatihose in tansmission tomography. Thtise observed count-rates
give poor estimates of the actuabr intensities\". The large variation af” about its
mean is seen as noisetire sinograms, noisehich is magnified bythe filtered back-
projection procedure.

1.4.3.3. Reconstruction from projections

Considering eqn.8, Radd¢h917) showed that if the linear attenuatfonction p
(x) is continuous and has compact support fi{@his uniquely determined by the values
of p for all line segments intersecting theupport ofp(x). Moreover, he obtained a

fairly simple inversion formulafor the computation gi(x) from its projections.
However, with thdinite number of‘projections” examined T, thenecessary discrete
approximations to Radon’s inversion formula gpeor reconstructions. (Shepp &
Kruskal, 1978, dwell on this in more detail.)

Other methods of reconstruction from projectioaseh been developed, and are
discussed in detail by Herman (1980). @i available methods, Filtered Back-
projection, also known asonvolution Back-ProjectiofcsP), has emerged as the most
frequently used. Irall methods the fundamentallaw oftomography applies: The
greater thewumber of projections obtainetie better the resolution of the reconstructed
image.

A complete description of filtered back-projection technique forP8r is well
beyondthe scope othis background chapter. Wehall take a simplistic pictorial
approach, describing the  fundamentals ofb 2reconstruction byrsp, and then
commenting orthe » method. For theemainder of this section we ude terminology
for reconstruction of functions from projections. A “profilethe value of a line integral
through themagespace, and a “projection” is the setatlfprofiles through theimage
space in the same direction.

Back-projection

Basically,back-projection reconstruction issammation methodessentially, the
density at a point is estimated by addailgthe obtainegrofiles through that point,
effectively back-projecting each profile (i.e. sinogrgirel) across themagespace and
summing. For a simpleb2object observed itwo orthogonal directiondig.12 illustrates
the approach.



Reconstruction 25

A backprojected intensity
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Figure 12
Back-projection of a point source

As is clear fronfig.12, the reconstructedensity is only arude approximation to
the original density. In particular, pointaitside the object receive positive contributions
from some of the projectionggading tostar artefacts, ofteseen in reconstructed
images, (fig.13).

this point, outside the
object, receives positive
contributions from
profilesa & ¢

Figure 13
Star artefact in back-projection of a point source

Filtered Back-projection

To eliminatethe star artefacts surrounding dense points, back-projection can be
modified by convolvinghe projected dataith areconstruction filter The filter kernel
is constructed with a positive centtabe and negative side lobes, sticat pointsjust
outside an object receive both positive and negative contributions froffiitethed
projections when back-projectdelg.14 illustrates the general idea, digdl5 illustrates
how artefacts are avoided, at least in ¥iw@nity of a dense point. After appropriate
normalisation,the image constructed is then an estimate of thenber of emission
events per voxel.
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intensity

\ backprojected intensity

fiYSt projection axis — filtered projected intensity

Figure 14
Filtered back-projection of a point source

profiles a & b, and an
offsetting negative
contribution from profile ¢

a this point, outside the
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contributions from

Figure 15
Artefacts in filtered back-projection of a point source

For a more mathematical description, the reader is referred to the p&fleepyy
& Kruskal in American Mathematical Monthlid978). Most papenseviewingPET give
similar descriptions of filtered back-projection(Ter-Pogossiaetal., 1980;
Raichle,1983b).

3D filtered backprojection

In theory, ® FBP is a simple extension of thed> Zase. In practice there are a
number of problems in implementirgp for PET data acquired intBBmode.

A projection iscompleteif profiles are availablefor all lines thapass through the
region of interest (brain) in the direction of projectigiven the discreteness of the
sampling). If all projections arefiltered with the same kernel, then to realise the
advantages ofBP it is necessary to havefall set of complete projectionhat is
complete projections fall possible angles (givehe discreteness of tisampling). For
2D reconstruction, th@ecessary information teeconstruct glane is contained in the
corresponding direct-plar{er induced-plane) sinogram. I $ET many ofthe possible
projection anglesre unobservable because of the tomograph geometry. Furthermore,
many of the projections that amossibleare incompletesince oblique projections
become increasinglyruncated as the direction of projection nears dkis of the
tomograph.

Careful choice of filterdor each projection (compared Defriseetal., 1989)
enablesartefact-freeFBp reconstruction for (incomplete) sets of complete projections.
Defriseetal. (1990) discuss filtered back-projection for such data.
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To obtain complete projections it is necessary to estithateissing profiles in
partially observedgrojections. This is done hyconstructing thelensity in » mode,
using onlythe direct (and induceg@)ane sinograms, and obtainitige missing profiles
from thisrough estimate of the actuggnsity. The effect is tartificially extend theaxial
extent of the scanner @dding extraings of detectors. Thestimated sinograms for
theseartificial ringsare termedyntheticsinogramsTypically the number of synthetic
sinograms is comparable with the number actually observed.

Townsencketal. (1991)discuss themplementation of filtered back-projection for
3D PET data acquired on theTi-9538, a tomograph with retractable septa. The
procedure requires the following steps: (Taken from Townseald 1991, towhich the
reader is referred for additional details.)

1) Acquire D, septa-extended blank and transmission scans, and a 3
septa-retracted emission scan.

2) Normalise the 256 emission sinograms using coefficients obtained from
the high statistics, septa-extended blank scan.

3) Reconstruct themRattenuation map and forward project to obtain
oblique correction factors.

4)  Subtract the estimated scatter from the emission sinograms.
5) Correct the scatter corrected emission sinograms for attenuation

6) Reconstruct (in@) the emission sinograms for ring differences of
0 & %2 (direct plane) andll & +3 (cross plane).

7)  Forward project the sinogram corresponding to the measured sinogram
with the maximum activity, and compare (fit) with the measurement to
obtain the scaling factors between the forward projected and measured
sinograms.

8) Forward project the unmeasured sinograms for all ring index
differences required for the reconstruction.

9) Scale the forward projected sinograms using the coefficients obtained
in step (7).

10) Form completer2projections and apply the appropriate filter.
11) Back-project alVORs, both measured and synthetic.

12) Re-scale the reconstructed values to counts/second/voxel.

1.4.3.4. Comments on filtered back-projection

There aretwo appealingproperties of thdiltered back-projection approach for
estimatingthe averagemission intensitjor PET data. Firstly, the method Igear, so
additive corrections to sinograms can equivalenthaglied toreconstructedmages,
after the corrections havihemselves beereconstructed. Secondly, the method is
analytic, anddoesn’trely oniterative implementations. Eveso, a B reconstruction of
one scan from thecT-9538 takes 3.3 hours on a US SPARCStation2
(Townsencetal., 1991).

We have alreadyotedtwo inadequacies ahe filtered back-projection approach,
namely the simplification of the emissiontomography problem tdhe transmission
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framework, and the use wbR counts as good estimates of their means without recourse
to any probability modelling.

1.4.4. Reconstructed images

Co-ordinate systems: Tomograph axes

The Cartesian co-ordinasgystem ofreconstructedrET images is fixed relative to
the tomograph. Looking into the patigmirt ofthe tomograph; thg-axis is horizontal,
running from right to leftthe y-axis is vertical, running from below to above; dnelz-
axis ishorizontal, running directly away from you aloting axis ofthe tomograph. Thus
for a subject placed in the tomograph head first and on their back-akis runs
(roughly) from their left to their right, the-axis from their back to their front, and the
axis from theirtoe totheir head. The origin is placed arbitrarily thie tomograplaxis,
and the axes are scaled in millimetres.Hgllustrates the positioning and orientation of
the axes.

Figure 16
Positioning and orientation of tomograph axes

Planes ofPET images

3D images are usually viewed aset of 2 images which fornthe 3 image when
stacked one otop ofthe other. The 2 imagesmost frequently presentedetransaxial
slices, planes parallel to the plane.Saggitalandcoronal sections are plangsarallel to
theyz plane ancz plane respectively.

Transverse sections are presentesved from above anbehindthe subject: The
posterior of the brain is at the bottom of image,the subjectteft attheleft side of the
image, andhe x andy axes are in their usual positions. Saggital sections are presented
viewed fromthe subjects right with therain upright: The posterior of therain at the
left of the image andhetop ofthe brain atthe top ofthe image.(Posterior) Coronal
sections areviewed from behindhe subject, with the subjedést on the left of the
image.

FBP reconstructed image

At the MRC Cyclotron Unit at thelammersmith Hospital ihondon, scans are
routinely reconstructedising three-dimensional filtered back-projection witHamning
filter cut off at 0.5 cyclesper voxel. The discretisation &ffor reconstruction is of
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128x128x31 cuboid voxels of dimensio#s09%2.09<3.5mn?® (xxyxz), with voxel edges
parallel tothe tomograph axes. The resultintpgesare then re-samplexkially to give
128x128x43 approximately cubic voxels of dimenstf9x2.09x2.09mn?.

Orthogonal sections through suchiarageare shown irig.17. The subject (the
author) was irgcted with $°OJwater andemissionsecorded according to the protocol
described below 86.1.2.). Thefull 43 transverse planeare shown irFig.18.

Reconstruction artefacts can be seen in the lower planes.
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Figure 17
Orthogonal sections of the author’s brain.
Colour scale in (estimated) annihilations per second.
Tomograph axes, graduated in mm.
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Resolution

The flight of the positrons from the radioisotopes before elearomhilation
imposes alimit on the resolution of thedmages. Resolution fopPET scanners is
measured in terms of Full Width at Half Maximurwv@m), the width of the point spread
function athalf its maximum. This measur#se resolvingpower of the tomograph and
reconstruction methosincethe FwHM is thesmallest displacement at whitlo point
sources can baistinguished. The point spread function is measurestégning a point
source of radioactivity locatezkntrally inthe scanneClearlythe point spreatunction
depends on the reconstruction used, and on position in the scanner. Baterars
typically have &wHwm of 8—15mm in the andy directions.
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Figure 18
The 43 transverse planes of the authors brain. The planes are 2.09mm apart,
and arepresented from bottom to tdjincreasingz direction), row-major
order.
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1.5. Tracer and Modelling Issues

1.5.1. Radioactive isotopes and labelling

The radiotracers used in PositrBmission Tomographgre chosen tenable the
study of particular metabolic anghysiological processes in théving body. Three
positron enitting radioactive isotopes of particular @eoxygen 15 $20), nitrogen 13
(13N) and carbon 11{C) (Ter-Pogossiaatal., 1990),with half lives 0f123, 598 and
1220 seconds respectively (Tennd®ff/1). These isotopes aparticularly valuable
because biological systems consist mainly of compounds of oxygen, nitrogen and carbon.
Labelling a biochemical, by replacioge of its atoms with a radioactive isotope bésm
imaging of the density of the labelled compound, and hence non-invasive measurement of
metabolic processes in the living body.

Observable metabolic functions

Using these four radioactive isotopes in differdmological compounds, the
guantitative study ofmanyfacets of metabolism is possible. Amahg quantities it is
possible to measum@e: blood flow, blood/olume,organ perfusionbrain permeability
to various amino acidsumour druglevels, tissuepH, tissudipid content, heart
metabolism, tissue hematodpiatio of cells to plasma), mapping of monoamine oxidase
receptors (lung), neurorecepfamarmacology (brain) and tissdeug levels in epilepsy.
See Raichl¢1983b) for a more detailesimmary ofPositronEmission Tomography and
its research and clinical applications.

1.5.2. Short half lives and low activities of the isotopes

Implications for application

The shorthalf lives ofthe radio isotopes usdithit the use oPET to imagingfairly
fast metabolic processes. Fortunati#tg overwhelming majority of brain metabolic
processes haveroved to be fast relative tbe radionuclidehalf-lives. The lowactivity
of commonlyused tracers forces each scan to be acquired over a period of a few
minutes. This precludethe use OPET to study very fast metaboliprocesses, or
processes that are quickly reversed (in that the labelled metabolite is cleared away).

Multiple scans on healthy subjects

The low dose ofadioactivity required for a singleet scan iswell below the
maximumallowablefor volunteers inmedicalresearcht. Thus healthy subjects can be
examined usingPET, allowing investigation of normal function. This is innt@st to
manyareas oimedicalresearch, where knowledge is acquired from patients who are ill
or are undergoing@ther forms of treatmentMore importantly, the low dosepermit
repeat scanning of an individu&hort half-lives allow repeat scanning withinshort
time, making it feasible tobtain multiple scans on a single subject in a single session, so

1Yn the European community, the maximativity that can be administered volunteers in medical
science is 5 milli-Sieverts per year, roughly equivalertivio yeardackground activity. For a typical
(3p) PET scan using the tracerZH_’O only about a twelfth ofhis amount need bimjected per scan.
(Source: RSJ Frackowiak, MRC Cyclotramit.) In the usa, the maximumallowable activity for

administration to volunteers in medical science is much higher than ik tf@urteerrun experiments

are commonplace there, but moceuld be performedlhe limitingfactor on the number gjossible

scans is the length of time a subject can spend in the scanner.
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avoiding long terntime differences. Thenultiple scans of a subjeainder similar or
different conditions permihe investigation ofclinical questionswithin an individual. In
a statistical sense, subjects can act as their own controls.

1.5.3. Cost ofPET

The development ofET was hampered by thehort half lives of the positron
emitting isotopes mostiseful for labelling. Fast methods for creating the isotopes and
thenbinding theminto the relevanbiochemicalsare needed. Production must be on-site,
requiring a cyclotron, and a resident team of radio-chemists. Cyclotrons for this purpose
typically accelerate protons up to an egye of 15million electron volts (MeV) and
deuterongheavy hydrogen nuclei) up twlf thatenergy. Such apparatus weigitsne
twenty tons, is shielded by several feet of concrete. With the cost of a tomiggragh
the region of amillion pounds,PET is a very expensive imaging modality. Currently
(1992) there are only about 40 centres world-wide.

1.5.4. Modelling

So far we have onlgonsidered usingeT to estimate the regionattivity (ra) of
the radioactive isotopadministered tdhe subject. A study that seakdy to identify
the site of afocal abnormality in an individualfor example a tumour or infarct
characterised by abnormally low activity, might be complete astage with naneed
for further processing.

To quantitatively obtain measurements of metabolic function it is necessary to
model the relationship betweeithe tracemlctivity, andthe metabolic parameter of
interest. Even in comparative studies itissially necessary tconvert “counts’images
to appropriatéiological parameters, becausegibbal differences itracer uptakdérom
person to person, or even from scan to scan irsdahee individualThe principles of
tracer kinetic modellingare presented in depth by HuangP&elps {986). A brief
review from a statistical perspective is given by Mc@téll. (1994, 8§3).

Compartmental models

Thelink between regionatacer concentration (estimated from theasurements
of radioactivity) and biologicaparameters isusually provided by compartmental
modelling These tracer-kinetic models represent estage in the relevariiological
process as aompartmentDifferential equations describe tlilow of the metabolite of
interest (and it¢abelledanalogue) between the compartments. The parameters of these
differentialequations are those of theetabolicprocess of interest, and can be estimated
given the tracer concentration aadditional physiologicaparametersTypically the
concentration of the tracer in the blood pool is needed, reqaamgling ofthe subjects
blood during thescanning session via amterial catheter. Suchraodel is applied for
each voxel othe reconstructedeT image, givingparametricimages, each voxéhaving
value the estimated metabolic parameter of interest.

1.5.5. Imaging cerebral blood flow

Particularly important ithe measurement of regional Cerebral Blood FlaosHjr
The method is due tidety (1951), and was adapted feeT by Herscovitchetal. (1983)
andRaichleetal. (1983a). A Bnple one compartmenhodel describethe relationship
between regional cerebral blood flow, the artefdsma) concentration of faeely
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diffusible blood flow tracer (measured by arteredmpling), andhe totaltissue/plasma
activity (measured byeT).

Freely diffusible blood flow tracers

[1°0O]water iscommonlyused as dreely diffusibleblood flow tracer. Although
H215O has only limitedliffusibility, it is usuallyused by mosPET centres in preference
to truly freely diffusible blood flow tracers such &&J]butanol. The water methaives
slight underestimates of ceBF when compared to Butanol, asoted by
Herscovitchetal. (1987). However,PO]water iseasy to make to a specified activity,
using a relativelcheap, low energy cyclotron. Furthef°Q]waterhas ashort enough
half life (123 seconds) that subject can be repeatedly scanned witly a five minute
wash-out period, without cumbersome schemes to account for residual activity.

Use of “counts” images.

Conversion from locatadiotracerdensity to local cerebral blood flow requires
arterial sampling ofthe blood radioactivitievels at given intervals, sihat thetime
activity curvefor the tracer in theerebral plasma can lestimated. This requires the
insertion of a cannula into amtery. Thecannula can become quptainful bythe end of
a three hourscanning session, artthe pain may dminate the subjects thoughts,
compromising experiments wheresr is being measured as an indicator neéntal
activity.

However, if the amount of tracer administeredaigefully controlled, then over the
normal range of tracer uptake by thlasma, and for éixed globalcsF, therelationship
between regional activity (measuredrsr) and cBF is fairly linear. Thushe nodelling
and conversion of “counts”, @egional activity(rA) images to quantitativecBF images
is frequentlynot carriedout when ICBF imagesare to be compared foelative changes
(Mazziottaetal., 1985; Foxetal., 1989).

In fact, Mazziotteetal. (1985) report that theelationship between flow and
counts isslightly convex, so changes in regional activaye slightly conservative
indicators of changes icBF.
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1.6. Functional Mapping with PET

The investigation othe functional organisation ahe brain istermedfunctional
mapping The use oPET in functional mapping experiments hastured over the past
two decades to the point where it is now regarded as a mature research tool.

1.6.1. Imaging brain activity

Early research intthe workings of thérain showed that thérain is verywell
organisedspecific differentasksbeingdealt with byspecific physicahreas of thérain.
With PositronEmission Tomographyhe physicallocations of function in thdauman
brain can be identified by using a radiotracer whose density reflects local brain activity.

Electrical neuronal activity

The brain works by communication between neurones ussgall electrical
currents, generated and transmitted bynubal reactions (Fishbach1993). Local
neuronal electrical activity ithus the absolute measure lotal brain activity. Early
methods measured this directly, using electrodes placed tl scalp
(electroencephalogram) or even in the brain itself.

1.6.1.1. Tracers for functional mapping

Metabolic activity induced by neuronal activity

Increased neuronal (electrical) activity causes an increase in metabolic activity for
maintenance ofhe neuronainembrane ionic gradien{¥arowskyet al, 1981). Under
normal conditions thebrain uses glucose and oxygen as enesgjstrates
(Phelpset al, 1986, ch1l. By examiningthe metabolism othese substratassingPET,
the activity of the human brain can bebserved. The regional cerebral metabie of
oxygen (MRO,) is the most direct measure of regional enengyabolism but this is
hard to measure. The regional cerebral metalyalie of glucose (CMRG) can be
measured byabelling ananalogue of glucose, deoxyglucosdich follows the same
metabolic pathways untihe blood-brain barrier has been crossed, and isffestively
trapped in thebrain (for a short time).Experiments inrats and monkeysising
autoradiographly dramatically illustratehe relationship betweephysiological function
and energy metabolism in the brain (Sokoloff, 1979). The deoxyglucose methmmihas
usedsuccessfully in man witheT, usingl8F as a labeHowever,scanning requires a 30
minute equilibratiorperiod, duringwhich timepatterns of neuronalctivity may change
substantially. Also, repeat scanning of a subjedhersame day isn’t possible, because
of the longhalf-life of 18F (110 minutes)Usually fluoro-deoxyglucoserpg) is used in
dynamicscans, where a sequence of sequential scans are acquired after the introduction
of the tracer, and its progress through bin@in examinedaver thetime course of the
experiment. A more efficient method to study mental activity iSoBa. r

12The brain is one of the moattive organs metabolically ihe body. Although comprisingonly ¢2%

of the totalbody weight, it accounts for c20% dhe totalbody oxygen consumptiofat rest), and
maintains a power output of at least 20 watts (Phetipk, 1986, chl).

13n autoradiography (AR) a laboratoanimal isinjected with a radiotracer, decapitateshd their
frozen brain sliced and placed on photographic film to obtain precise images of radiotracer density.
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rcBF as indicator of regional neuronal activity

The brain has almostegligible stores of energy substratetien compared their
rates ofutilisation, and is hence dependent on blood circulatiosufiply its needs.
Complete interruption of cerebral circulation leads to loss of consciousitess 10
seconds, andlreversible brain damage within a few minutes.gé&eat is thedemand for
energy substratgbat anincrease in neuronal activity induces a dilatiorth&fveins in
the vicinity, in turn increasingthe bloodflow in the region (Kety, 1991 his induced
increase ineBF lags behind the neuronal activity by mere seconds.

Thus,PET measurements ofBF, or 1A as an indicator ofcBF, are indicative of the
average neuronal activityver the period of the acquisition. The “average” here being
weighted by thectivity of the tracer, antlence emphasisiripe neuronadctivity at the
beginning of the acquisition period.

1.6.1.2. H1%0 infusion protocol

There aremany different protocols foracquiring scanning usingJO]water. For
routine studies at therc Cyclotron Unit (Hammersmith Hospitélpndon) on the 953
dedicated brain psitron tomograph, thefollowing protocol has beemdopted
(Bailey etal., 1993)

Scanning protocol

The subject is positioned in the scanmising external landmarks to obtagugh
alignment, and atransmission scan acquired for attenuation correction procedures. (A
blank scan having been maderet beginning ofthe day.) A thinndwelling cannula for
traceradministration is inserted into a superficial veinthe right forearm. After the
transmission scathe inter-plane septa are removedalftow 3 acquisition of the
emissionscans. For each scan,0 is infused viahe cannula at aonstant rate of
10ml/min. The task isnitiated atthe commencement afataacquisition, which consists
of a 60s background frame,the end ofwhich traceradministration istarted. The data
is acquired in a sgie ® framefor 150s. Thenfusion isterminated after 120s, the
acquisition continuing for a furth&0s. In each ruapproximately 1040 MBq (28 mCi)
of [1°O]water isadministered. Emission scaage acquire@very 12 minutes, to allow
for tracer washout and decay, and 12 scans are acquired in the session.

Infusion system

The infusion system consists of a small furnace containing a palladium catalyst over
which 1502 (from the cyclotron) is passed as a dildt®9) mixture in nitrogen. The hot
H,1°0 vapour produced is passed acrossside of a cellulosacetatesemi-permeable
membranelsotonic saline, driven be a conventional medical infugiamp, is passed
across the otheside ofthe membrane andhe H!°0 transfers into thealine. The
device is compact and sits undlee tomograph patient bed. A calibrated Geiger counter
is incorporated into the infusion system to monitor accurately the amaaicctivity
infused. Whennot switched to the subject, /PO is drained into a lead encased
reservoir. The constant production of23150 helps achieve a stable, reproducible
delivery of tracer as the system settles into a constant pattern.
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1.6.2. Types of study

Most PET functional mapping experiments take one of a few forms.

1.6.2.1. Common factors

All functional mapping experiments usirgT have common factors dictated by the
constraints of the technique.

Comparative

Distinct parts of thebrain naturally have different activity andsr, so functional
mapping experiments mystoceed by comparing@sF (rA). The  PET H215O method
allows for each subject to be scanned numetimes in athree hourscanning session.
Subjects can therefore be scanned repeatedly undeetital conditions ahterest, and
act as their own controls.

Multi-scan

Changes inaBF induced by neuronal activitgre very subtle,typically at most
10%, and are dominated by the noise in the reconstructages. Increases iCBF
between a “rest” task and &activation” task are noteadily apparent in reconstructed
imagestaken under théwo conditions. It is necessary to obtain repeat observations and
apply statisticatests. Forsome basic functionthe changes ircBr can be seen in a
single individualscanned 12 times usinlge ® PET H,1°0 method. With lessensitive
2D acquisition, more subtle activations or more complicptetbcols it isnecessary to
pool rcerF data acrossdividuals to reliablydetect €BF changes. When it is desired to
make deductionabout a population rather than iadividual, it is necessary to scan a
sample of individuals from the population.

Small subject numbers

PET scanning is expensive.tAree hour, 1&canPET sessiorcosts in the region of
two thousand pounds (Sterling). Rbis reasonsample sizearevery small.The largest
studies completed to date ha@y 12 to 14subjectsTypically only 6 sbjects willtake
part in a study.

Single subject studies

With the increasing sensitivity of scanners, better reconstruction andemnsreéve
statistical proceduresignificantresults can be obtained on a single subject. This has led
to move to “singlesubject” studies. Often interegs in the individual: “Where is the
brain gyrus in thisndividual which initiatesnotion in the righindex finger?”"However,
in many singlesubject experimentthe subject is assumed to be representative of the
population and the results accepted for that population.

No prior information

Knowledge of thdunctional specialisation dhe human brain is still limited, and
even basic tasks have only recently been mapped. This lpdlbroknowledge regarding
the location of function necessitates the consideration of the Wwfafevolume, or the
use of hypothesis generating experiments before a full siahginingcondition induced
changes inaBF at hypothesised locations. The expenseeoieads researchers to adopt
the former approachrying to get the mosbut ofthe datahey have, placingmphasis
on good statistical procedures to analyse these data sets.
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1.6.2.2. Activation studies

The simplest and commonest paradigm tie activation study designed to
accurately locate thierain region responsibfer performing a particular cognititask.
Subjects are scanned undevo conditions a baseline or‘rest” condition, and
“activation” condition,carefully chosen byhe experimenter opsychological grounds
such that the mental processing required Ilge two conditions differsonly in the
cognitivetask it is wished to locatdé.ocalised changes in measuresr between the
two scans are due to natural variation, scanner noise, or are indutitdregtpatterns
of neuronal engagement. The problem isidentify changesthat fall into the latter
category Usually arterialsampling isnot carried at, and images of regional activity are
analysed as indicators of regional neuronal activity.

Most experimentare concerned witthapping simpldasks. The somatosensory
cortex isreadily mapped by activati@tudies, using eestbaseline, and a simple sensory
stimulation asthe activation conditiorSimilarly the motor cortex is €& mapped.
Contrasting a resbaselinecondition with an activation condition where thebject
repeatedly extends a fingetentifies the brain region responsibl®r control of the
finger.

In a simple activation experimenonly two conditions are used. Them is to
reliably locate a particular task. In@mpound activation studgeveral conditions are
used. Interest may lie in the difference in neuronal engagement betaegronditions,
or manyactivation conditions might beompared with a singlbaselinecondition in a
hypothesis generating experiment.

Typical experiment

Thetypical simpleactivation study W havefour, six, or twelve right handechale
volunteers between the ages of 25 and 50 years. Each subject is scannetihtesive
a single session, each scan under eitheb#iseline orthe activation condition. The
conditions areassigned tdhe scariimesfor each subject before tBeanning session.
Usuallythe allocation is balancelyt notnecessarilyandom.Typically subjects will be
scanned alternately under ttveo conditions, withhalf the subjects starting with the
baselinecondition for scan one, thhemaining halfstarting with the activation condition.
This gives a one-way block design with replication, witleee blocks are the subjects,
and the data points are images/0br rCBr.

Single subject activation studiese notusually performed explicitly. Rather
activation studies are performed and the subjects consithelieidiually as well as a

group.

1.6.2.3. Correlation with an external variable

It is notalways possible to design conditions inducing mesitaksdiffering only
in the cognitive component it is wished to locate. Sometimes it is wished to locate a brain
regionwhich is increasinglyngaged as theegerity of someaskincreases. Imany of
these situations it is possible to obtairs@re indicatingthe sesrity of the task.
Assuming a linear relationshipetween ¢BF and the score, the regiomscreasingly
engaged by the tasks can identified asthose with €BF and scorehighly positively
correlated. These studies are referred toc@selational studies. There are a two
variants,across subjectsandwithin and across subjects

Across subjects
This paradigm istypically used to locate thérain regionwhose function is
impaired by a particular disease. A number of sufferers wailying degrees of
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debilitationare scanned whilgierformingthe task thelisease impairsThe scores are
clinical scoresreflectingthe severity of the disease. The location of the fungttuoh
worsens with the onset of thgiseasemay befound as those regions wheresr
correlatesnegatively withthe score. These studies peeticularly prone to changes in
global cer, and different normalisation schemes can result in different results, a point
illustrated by McCrory &ord (1991).

Within & across subjects

Alternatively, interestnay lie in locahg thebrain regions increasingly engaged by
progressively mordlifficult tasks. Subjects are scannednamber of times whilst
undertaking a tasleach subject performintpe task at variougvels of difficulty. The
score for each scan is then simply either a measure tdgkdifficulty, or ameasure of
the subjects performance. The regionseasinglyengaged by the task are located as
those whoseaBF correlates positively with the scan score.

An example of thisapproach is a study where 12 subjects were scamnhist
attempting to remember lists of words. During each searg lists of given lengthvere
presentedverbally bythe experimenter, fommediate recallOver the 12 scansach
subject faced list lengths from 3 to Wérds in length, the actuakder ofallocation of
list lengths to scanfor each subjedtaving been made randomiyhe score foeach
scan is simply the length of theord lists presented duringhat scan.Regions
increasinglyengaged in longer termemorytasks should havecer highly correlated
with score.

1.6.2.4. Cross group comparison

Other studies seetlifferences in function betweegroups.Typically a group of
normal volunteers are compared witgraup of patientsufferingunder some condition
affecting their mental performance. Eagfoup undergoes aactivation study, and
differences in response between the groups are sought.

1.6.2.5. Flow correlation, Functional connectivity

So far we have onlgonsidered experimental paradigfies locating particular
functional centres ithe brain. Thebrain can behought of as a large armbmplex
network of interconnected neurons. There are known neuronal projections betaween
regions whichare physicallyfar apart. These connectiosBould manifest themselves in
PET data as correlations in theBr measurements of different regions. Recent efforts in
functional brain mapping hawught to locate these connectiomsaminingsequences
of rcBrF scans for correlation. These experimearts known asunctional connectivity
experiments .

Occasionally it is desired to locate thrain loci functionallyconnected to a known
region. In this situation correlations betweka CBF of the hypothesised region and all
otherregions careasily becomputed, and subsequerglyamined. Frequentiere is no
hypothesised primary brain loci. these situations fact@nalyticapproaches areeing
developed to elucidate the correlation structure.

1.6.3. Region of interest methods

There ar@wo broadclasses of analysimethods employefbr PET data,Region of
Interest(rROI) approaches angbxel-by-voxebpproaches.
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1.6.3.1.rROI methods

In ROI approaches, anatomical regiomkich are of interest ardefined. These
anatomical regionsare identified onthe PET scans. The averagesr in each of the
regions is calculatedjsually bytaking themean value othe voxels insidethe region.
This results in a largeeduction in thedimensionality ofthe data set. Aypical ICBF
image consists of approximateliyy000 voxels, wheredgpically only tens ofRoI are
defined.

ROI identification—Hypothesis generation

Usually the ROl are chosen with a particulagpothesis in mindThe functional
anatomy of monkeys has been extensigélylied using autoradiography, so regions of
thehuman braircorresponding to those of theonkeywhose function is knowmay be
chosen in an experiment hoping to extend monkey results to humans. Alternatively, pilot
studies or previous experimenisay havesuggested that a particular region be
implicated in a certaitask.Occasionallythe wholebrain ispartitioned intomany small
regions of interest, identified on anatomical grounds (Mazstysdr, 1993).

Analysis

When there are a selection of regions of interest, stanulatvariate procedures
have been applied. However, there areany problems, as indicated by
Fordetal. (1991). Thesmall samplesizes of functional mapping experiments results in
data where often there are m@® than there are replicationsnis results in aingular
sample correlation matrix, precluding the use of many multivariate procedures.

When interest is in a particular region, a simple univariate statigtma¢dure can
be used. Wh manyRroI statistical testing can be performed on a region-by-rdussis,
using univariate techniques at each region. @pjsroach is possibly more robukan
the multivariate methodghoughmay be excessivelyonservative once adjustments for
the many multiple comparisons have been made. An advantagapplying simple
univariate statistical procedurediimt medicalresearchers are molikely to be familiar
with them.

Discussion

The review offFord et al. (1991) discussesnany ofthe statisticaproblems with
ROI analyses, illustrated with redata sets from @mariety of experiments. Section 4 of
McColl etal. (1994) brings a review &0l analyses up to date.

Many of the issues inroI analysisare of concern inmoxel-by-voxel methods, to
which we now turn.

1.6.4. Voxel-by-voxel methods of analysis

1.6.4.1. Overview

The smallesbrain regionhatcan be definetbr animage isthat corresponding to
a single voxelDefining each voxel asrol also giveghe highest resolutigmossible for
locating a functional component. the absence @ny prior hypothesis regarding the
expected location of the particular function under studykel ROl provide the
framework for the most generahalysis.These approaches are termexkel-by-voxel
methods.
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Statistic images

Voxel-by-voxel approaches proceed by analysing the data for each voxel across the
datausing univariate techniques. This resultsh@ computation of a statistic feach
voxel, giving statistic imagesThe significance ofthese statistitmages musthen be
assessed. Several schemeadoount for thenultiplicity of testing in this special spatial
setting have been derived.

The formation andnalysis ofstatisticimages from activation experimersge the
prime topics of this thesis. In chapters 2 and 3 we reveawrent methods for
formulating and assessitige significance ofstatisticimagesfor PET functional mapping
experiments. In theemainder otthe thesis we consider new methodsafsessing the
significance of statistic images.

1.6.4.2. Re-alignment

Clearlyfor avoxel-by-voxel analysis it is imperative titheimages obtained be in
alignment, suclthatany particular voxel locatiogorresponds to theame physical brain
gyrus for all images.

During the course of a three haganning sessiothe subject is certain taove
about on the scanner bed. This motion camibenised bythe use of custonrmade head
holders andother restraints. These are rathercomfortable if the head iseld too
rigidly, andmay balistressing to theubject (fig.19). As it ishe subjects thoughtbat
are ofprimeinterest in activation studies, restraint must be as unobtrusive as possible,
and most head restraints allow some movement. Sulgeetsencouraged temain
motionless for the duration of each scan, to prevent blurring the acquisitionbéasesr
are often mounted on the tomograph gantry, andaligeed withlines drawn on the
subjects headnabling repositioning to approximatehye same position athe start of
each scan. Thiprecautionhelps minimise changes in head position and orientation
relative to the tomograph between scans.

i
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Figure 19
A (rather severe) head holder
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Despite these precautions, motion between scarieiy, leading to mis-
registration of the reconstructehages. Tocorrect thesdranslational and rotational
motions various realignment procedures have been developed.

Image alignment
To aligntwo imagesthe co-ordinate axes of one mustrb&atedand translated to
match theanatomical position and orientation thie axes in thether image. This
transformation is parameterised by three rotational and three translational parameters.
The new co-ordinate axes can be obtained fojagion of® about thez-axis, a rotation
of @ about they-axis, and aotation of ) about thex-axis, followed by a translation of
the origin to poinb' = (0'y,0Y,0')T.
If the new axes are'x’, o'y' and 0'Z', then the co-ordinates of point,y,3'
relative to these new axes axgy{Z)" relative to the old axes, where:

70 copcosd cospsing -sind %E ) %;g

=0 singsingcod-coapsin®  cospcoD+sinsingsind  sincosp
OsingsinB+cospsingcod  cospsingsinB-sinfcod  cospcosp
X = Ryvz X + 0
Eqn.(10)

Eqn.10 is a function obix parameters, three rotaticengles andthree translation
distances. These parameters are known assheeparameters (Woodst al., 1992).

Once thereslice parameters have been estimfdedainimageA=(Aq,...,Ak), the
image can be aligned the new axes'x' 0'y' 0'Z' by re-samplinghe image, using tri-
linear interpolatiofft to give new imagé\'=(A',...,Ak) with cuboid voxels aligned with
the (new) axes. Point in the reoriented co-ordinates corresponds@ﬂx'-o') in the
original co-ordinates.

Oncetwo images fronthe same subject have been aligném same voxel from
each image corresponds to the same volume of brain.

Estimation of reslice parameters: Fiducial Markers

Various methods have been devised to estittegeeslice parameterdJsually,
oneimage is chosen as a reference image odmerimages Keslice imagesarealigned
to it.

The simplest method$or raligning involvethe use ofiducial markerswhose
positions ardixed relative tothe subjects head. If radioactive markers are used then the
markers show up on reconstructshges, and aligninghe markers ans the brain
images. The reslice parameters satisty R, X +t (eqn.10) withx' the co-ordinates of
a marker in the referen@mage and the co-ordinates of threame marker ithereslice
image. Withthree (non-collinear) markers the resultsigiultaneous equations can be
solved for thereslice parameter®,(p.y.ty.ty,t;). These methods are rather crude, must
be applied prospectively, aim/olve additionakradiation exposure for the subject. Thus
mathematical image alignmentethods thatan be applied retrospectively hdeen
investigated.

Estimation of reslice parameters: Mis-alignment score methods

These methods for reghing two images proceed byminimising some mis-
alignmentcostfunction with respect to theeslice parameters. The resliogage is re-
sampled with the reslice parameters that minimise the mis-alignment cost.

14Tri-linear interpolation is described fully in appendix A:2.
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The costfunctionsproposed rely omhe observation th&ivo ICBF images on the
same subjecare similar, up to a scal&actor (due toglobal changes), noise, and some
localised (small) condition specific change. Mintun & (#890) first applied this
approach, using the stochastic sign change critesgmh {0 provide acostfunction. The
misalignmentcostfunction is computed as thimber of sign changézgero crossings)
in the subtractiomrmage formed byubtracting from the referengeagethe re-sampled
reslice imagefor the currenteslice parameters. Whehe imagesare aligned, the
subtractionmage should benainly random noise and threimber of sign changes large.
The reslice parameteee sought as thoseaximisingthe number of sign changes.
Minoshimaetal. (1992) found this method sensitive to small global changes.

Eberletal. (1993) used thedownhill Simplex multidimensional minimisation
technique tdind resliceparametersninimising a misalignmertostfunction formed by
summing the absolute difference in voxel values between the two images. This was found
to be substantially more accurate thanstemethod, and robust to changes aBg

Woodsetal. (1992) developed aimilar method that has become the standard
realignmentprocedure, because of tlawailability of goodsoftware that has received
extensive empirical validation. proportional model is usedhe idealised assumption
being that when the two images are aligned, the value of any voxel in the refesgee
is roughly related tdéhe value ofthe correspondingoxel inthe reslice image by aingle
multiplicative factor. Themisalignmentcostfunction is thesample variancécomputed
over all voxels) of the ratio of the two scans.

With the emergence of single subject studies, there has been d@awavds the
use of superimposed anatomip& images othe same subject. Too-register theeeT
and MRI images, modifications dhe variousalignment techniqueare used, the most
successful being that of Wooeal. (1993b).

1.6.4.3. Anatomical normalisation

No two brainsare physicallyidentical,but thebasicgyral anatomy(topology) is
identical, and functionare tied to a particular gyruSince corresponding voxels in
images oftwo different subjects wilhot correspond to th&ame brain gyrus, sonfiem
of anatomical normalisation is needed rectify this betoalysis of imagescross
subjects on a voxel-by-voxel basis. This normalisationteened stereotactic
normalisation

Stereotactic atlas, reference brains

To standardise the study of neuroanatomy, vahoais atlas have been pased.
Talairach &Tournoux (1988) dissectedrmman brainphotographing transverstices
ontowhich aco-ordinatesystem was overlaid anide brain gyri and lobes labelled@his
brain has become a reference briin much neuroanatomy, artie Talairach co-
ordinate systenmas become a standard @@scribing brain locationslence, evemwith
studies of anndividual, anatomical normalisation is necessary to erabéions to be
reported in standard Talairach co-ordinates.

The Talairach co-ordina®ystem is based dheinter-commissurabr Ac-PcC line,
the imaginary line joiningthe centres of the anterior and posterianrogsures. The
midpoint ofthe Ac-pc line is theorigin of the Talairach co-ordinatsystem (fig20). The
Y-axis runs alonghe Ac-pPc line from posterior to anterior, theaxis from (subjectleft
to right, and the-axis fromthe bottom to théop ofthebrain. Theyz plane bisects the
brain into itstwo hemispheres. Co-ordinatase given in millimetres fronthe origin in
the axial directions. Thec-pc planeis the plane z = 0.
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AC-PC line

Figure 20
The intercommisural line, and Talairach axes

Estimation ofAc-pcC line

Most methods for stereotactisormalisation to Talairach co-ordinatesgin by
estimatingthe position of thec-pPc line. Earlymethods relied on external landmarks,
head fixation and a secondangaging modality showingnough anatomical detail to
locate theac-pc line by eye(Foxetal., 1985). Themprovement in resolution ofeT
images enabledhe identification of anatomical landmarks suchthe edges of the
ventriclest®> The positions of certain landmarks have been shoviie teear theac-pc
line for many brains studied byiri (Fristonetal., 1989). Theac-pPc line can then be
estimated by regression. Once Mweprc line is fitted, theTalairach origin is found, and
the x and z axes located by fittinghe vz plane to bisecthe brain into its two
hemispheres.

Most centres novmave templates falignedPET image$6 which can beompared
to the studymage to estimatthe AC-PC line automatically. Typical of earlgpproaches
is that ofFristonetal. (1991a), asmplemented in early versions tife spPm softwaret”
Theyz plane is located by eye as the plane bisectingrdieinto itstwo hemispheres, a
Y-axis is chosen in this plane the roughvicinity of the Ac-pPc line, and an origin
arbitrarily chosen. Thinage is re-sampled these new axes. Theie Ac-PcC line lies in
theyz plane. To locate it, 15 coronal sections (y = constant) fronmthgeare taken,
and the height (z) of thec-pPcline in each igstimated? These heights are regressed on
the y values of the coronal sections, giving the estimate attre line.

15The brain contains several hollow pockets of spinal fluid, caiedricles The spinal fluid is virtually
free of tracer, and shows up blackraT scans of ¢sF.

16Template images angsually formed athe average of marseT scansthat have been stereotactically
normalised.

17For a recent approaclsee Fristonetal. (1994). This is the method implemented in $mv04
software.

18The height of thexc-pc line for each coronal section is estimated by comparison thithtemplate
image: Each section is align€dy shift in z-direction) with a selection of coronal sections from the
template,and thebest fit found.The height of thexc-pc line in the template sections is known, so
adding this to the-shift for the best fit gives the estimated height ofaberc line.
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Stereotactic normalisation

Once the Talairach origin and axes have been locaterektimaage can baligned
to these new axes. Thememainsthe problem of stereotactically transformitige PET
brain tothe atladrain, deformingthe imageabout theorigin so that it hashe same
morphology as the Talairach brain.

The simplest methods simply scalee image inthe axial directions sothat the
overall brain size matchdbe atlas (Fogtal., 1985). Afterscalingthe image is re-
sampled to astandard resolutiontypically with 2x2x4mm?® voxels. This gives a
stereotactical normalisation procedure with 9 degrees of freedom; the three rotations and
three translation parameters of the alignment, and three scaling parameters.

The most generdinear transformation fromomograph axes tdalairach co-
ordinates is effected by three-dimensiomadiine transformations a generallinear
transformation (except reflection or central inversion) followed by a translation
(Woodsetal., 1993a). Iix is the position of a point on the tomograph axes then the co-
ordinates afteaffine transformation ar&' = L x + 0' where L is a positive definitex3
matrix andt the translation vectogiving astereotactical normalisatigerocedurewith
12 degrees of freedom. Once L aidhave been estimated timage can be re-sampled
into Talairach co-ordinates with the desired voxel dimensions.

Reference brains

Woodsetal. (1993a) have extended thalignmentmethod (Woodgtal., 1992)
to affinetransformations, allowing anatomical normalisation to a referencefbrapaT
andMRI images. This has led to studies wharémagesarealigned within subjects, and
thenall subjects images anatomically normalised to a reference brain,tedhaf the
first subject of a previously studied subject. Resars presented superimposed on the
MRI of the reference brain, or on an average oattaomically normalised subjeeris,
the blur in the latter giving some indication of variability in anatomy after normalisation.

Non-linear transformations

Fristonetal. (1991c) proposed general plastic transformation to reshape an
image to atemplate formed as the averagepoéviously stereotactically normalised
images. A continuous general re-sampling functimnwas proposed such that poxin
a one-dimensional continuotisnage” af) corresponds to pointxy in the standard
spaceGiven atemplateimage tK), r(*) was estimated tsatisfy tk) = a(rk)) subject to
r'x) = 1, the latter restrictiomeflecting the fact that the distortioshould beslowly
varying. This was applied (Fristaet al, 1991a) toimages previouslyriented to the
Talairach axes. A quadratie-sampling function relatindpe heights of thenage planes
to the corresponding height in the template was estimaiad polynomiafregression,
and themage volume re-samplédr this quadratically deformedaxis. Each transverse
plane was then re-sampled to a paafordinatesystem and deformed to match the
corresponding transverse plane froine template bgstimatingthe generalDlre-
sampling function &) along each radii, and re-sampling. Thigproachgives good
results and has beevidely used,mainly due to theavailability of software as part of
older versions of thepPm package.

1.6.4.4. Primary smoothing

Images reconstructed iltered back-projectionare quitenoisy. The highest
(spatial) frequency othe noise is constrainexhly by the reconstructiofilter used
(typically a Hanning filter, withcut off frequency arbitrarily chosen @i5 cycles per
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voxel). At this point inthe analysis, it is usual temooth theimages. Thisprimary
smoothingas it is known is applied for a number of reasons.

Motivation

In single subject experiments thease only 6-12 scanswvailablefor inference.
Changes in aBF induced by changes in neuronal activitse quite subtlenay be
dominated by the noise iany one scan, and therefaddficult to detect. In the
terminology of signal processing, the noise has a high spatial frequency, and blood flow a
low frequency. Smoothing thienage with alow-pass filter increasethe “signal-to-
noise”, making changes ircsBF more eaily detectable, at the expense of a loss in
resolution.

In multiple subject studigbere arausuallyenough replicationthat subtle changes
in rCBF between conditions are detectable, provided the activation has a coherent
location in the stereotacticallyormalised images. Sindke alignment and anatomical
normalisationprocedures are not perfeetnd since humans exhibinited biological
variation in functional location, the same stimulus in different subjects will not necessarily
cause CBF changes at the same locationhiaanatomically normalised images. To allow
for this residual functionalariability, imagesre smoothed byunning a moving average
filter over the voxellatednage. This extendspatiallythe influence ofthe actuahctivity
at the brain locationcorresponding to a particular voxel, and hence allshghtly
separated changes icBF from several individuals to “constructiveipterfere” in
statistic images.

For basic brain functionfhe sensesnotor control) theanatomical localisation of
function is particularly precise. Thus fitre study obasic functions smoothing should
not beused on the grounds @inctional variabilityalone. Further, the changes aBF
induced by neuronal activity in these areas quite marked, so smoothing may
unnecessarilgegrade resolution. Thmechanics of smoothirgye discussed mppendix
B.

1.6.4.5. Adjusted images

After reconstruction,alignment within subject, anatomical normalisation (if
required) andprimary smoothingthe imagesare ready for &oxel-by-voxel analysis.
Scans at thistage of theanalysisare known aadjusted imagesThe same voxdtom
all theimages has value reflecting neuronal activitthemssame functionahrea in each of
the subjects, subject to somors inrealignment, anatomical normalisation and natural
biological variability in functional specialisation.

Example

Fig.21 depicts thecsr image of figl7 (p29), after stereotactigabrmalisation
usingthe methods of Fristatal. (1989 & 1991a&b), angrimary smoothing using a
Gaussian filter of widt2Ommx20mnx12mm.
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Figure 21

Orthogonal sections of the authobsain, after anatomical normalisation
and smoothing. Colour scale in (estimateabnihilations per second per
voxel. Co-ordinates are millimetres in Talairach space.
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1.7. Data Set-The “V5” Study

Throughoutthis thesis weshall be applyinghe methods discussed to a et
data set. The functional mapping experiment we shall ussngpkeactivation study, the
“V5” study, recentlypublished by Watsoetal. (1993), where the reader is referred for
full details of the experiment.

Data acquisition

In brief, there were twelve noral volunteers ithe study groumine malesand 3
females, withages ranging from 21 to 70 years. Each subject was scanned timelse
in a single 3hrscanning session, usitge ® acquisition mode othe CTI 953 PET
tomograph. 120-Water was used as faeely diffusible blood flow tracer, infused
according to the protocol of 81.6.1.2. The tomograpiR data were corrected for
detector efficiency and attenuation, and reconstructécrég-dimensional filtered back-
projection with a Hanning filter cut off at 0.5 cycles per voxel. The discretisatiofoof
reconstruction was of 12828x31 cuboid voxels of siz8.09%2.0%3.5mn? (xxyxz).
The resulting estimated activiljages hadesolution 8.88.5x4.3 mm atFull Width at
Half Maxima €wHM). These regional activity AJ imageswere used ascBF indicators,
as arteriasamplingand the subsequent quantitationderwasnot carried out. Images
wererealigned within each subject usisgftware provided by Woods al. (1992). The
brainwasidentified by reference tooregistered MRI images, awther areas reaved
from theimages. Thusall voxels with A>0 correspond to regionsithin the brain
tissue. The resultingnageswere transformed to the stereotactic atlagairach and
Tournouxusingthe methods of Fristogt al. (1989, 1991)with re-sampling to a 687
x26 volume of 22x4mne cuboid voxelsFinally imageswere smoothed by convolution
with a Gaussian kernel efvHM 10mnmx10mnx12mm toovercome functionalariability
and residual anatomical variability.

Scan conditions

There werawo conditions undewhich scansvere acquired. During condition
scans subjects viewed a random statiopatyern ofsmallsquares. Foconditions the
squares moved smoothly in random directions. The conditions were presented
alternately, the serieommencing witta in six randomly chosesubjects an@ for the
remaining sixTheaim ofthe study was ta@entify visualarea V5, the part of thasual
cortex responsible for processing motién.
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1%revious autoradiographic studiestbé Macaquenonkey had demonstrated the specialisation of
various parts of the visual cortex (which takes upwhele posterior othe brain). A 8 PET study
(Zekietal., 1991) had indicated this functional specialisatiomas present iman, andfound the
approximate location of areas \@ad V4 (thecolour centre othe visual cortex). The presestudy was
undertaken to accurately locate area V5 in relation to the sulcal and gyral pattern of the cerebral cortex.
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