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Imaging the head: functional imaging
Guy V Sawle

If asked to choose between a brain that
looked nice, or one that functioned well, most
of us would choose the second. Furthermore,
the ultimate importance of cerebral disease is
that it affects brain function, not appearance.
Yet clinical neuroimaging has been built
around the practice of imaging brain structure. Why so? Because structural images are
easier to acquire, and structure and function
are so inextricably linked that one might as
well image one as the other. But is this necessarily so? To what extent are structural and
functional imaging processes independent of
one another? And are there any clinical situations where structural imaging "just won't
do"?
In this article I discuss several approaches
to cerebral imaging in which the principal aim
is to derive information about brain function.
Specifically, I discuss positron emission
tomography (PET), single photon emission
computed tomography (SPECT), and functional magnetic resonance imaging (fMRI).
Other functional imaging methods, such as
blood flow measurements with 133Xeenhanced CT' have been of considerable historical importance but are now seldom used
in clinical or research practice and will not be
covered further.

Principles of the techniques
POSITRON EMISSION TOMOGRAPHY (PET)2

In PET short lived isotopes are used to label
molecules of biological interest. After inhalation or injection, they decay by positron emission, each positron becoming annihilated
within 1-2 mm of its parent nucleus by collision with an electron. This annihilation generates two y rays (of 511 keV energy) that
travel apart at 180° to one another. It is. the
nearly simultaneous detection of these y ray
pairs by a ring of detector crystals that ultimately leads to the reconstructed image of

isotope density. The theoretical limit of spatial resolution is the distance that positrons
travel from their parent nucleus before annihilation. The actual spatial resolution
depends in part on the size of detector crystals used in the camera. After positron annihilation deep within the brain, a percentage of
the emitted photons fail to reach the detector
crystals due to signal attenuation by brain tissue. In PET it is possible to correct for this
loss using a second set of image data collected before isotope injection or inhalation.
For this transmission scan an external (ring
or moving rod) germanium-68 source is used.
Current generation PET machines have a resolution of around 5 mm in the reconstructed
image. Commonly employed PET isotopes
include oxygen-i5, carbon-i 1, and fluorine18, used to replace the naturally occurring
carbon- 12, and hydrogen-1
oxygen- 16,
respectively in various biological molecules.
This exchange of a radioactive atom for a naturally occurring atom results in little (if any)
change in chemical behaviour. The half lives
vary from two minutes (oxygen-15) to 110
minutes (fluorine-18). Such short half lives
have both advantages (less radiation dose)
and disadvantages (cost, dependence on an
on site cyclotron for production, and the need
for a tight time schedule). Measurements by
PET take minutes to hours, depending on the
particular brain function under scrutiny.
Radiation considerations preclude frequent
repeat measurements. The table gives an
overview of some of the strengths and limitations of the PET method, together with comparative data for SPECT and fMRI.
SINGLE PHOTON EMISSION COMPUTED
TOMOGRAPHY (SPECT)3

The isotopes used in SPECT (such as technetium-99 or iodine-123) have longer half
lives, obviating the need for on site production. This reduces cost and eases some of the
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machines available for diagnostic purposes,
few have either EPI or high (2-3 Tesla) field
strength. It is possible to acquire FILASH
fMRI images at a lower field strength (1-5
Tesla) with a "clinical" MR imaging system;
although signal acquisition is in this case
somewhat slower.'0 All fMRI methods share
one advantage over PET and SPECTnamely, the avoidance of ionising radiation.

Practicalities of the techniques
Because functional imaging studies have yet
to enjoy wide use as clinical tools in routine
neurological practice, the following account
describes elements of the basic principles, as
well as the nuts and bolts practicalities of
patient scanning.

FUNCTIONAL MAGNETIC RESONANCE IMAGING

(FMRI)

PET

In magnetic resonance methods,4 the divide
between structural and functional imaging is
precarious. For example, is magnetic resonance angiography (MRA) a functional or an
anatomical measurement-because it shows
the anatomy of the major cerebral vessels
using a sequence that is specifically sensitive
to the movement of the contained blood? In
this review I use the term functional magnetic
resonance imaging (fMRI) to refer to a range
of MR sequences designed to acquire information about brain function. These techniques are newer than either PET or SPECT
and the scientific literature concerned with
their use has so far been more methodological
than medical. Nevertheless, at least two fMRI

General principles
The general principle of the PET measurement requires a mathematical model that corresponds to the functional system under
scrutiny. This model is an approximation of
the processes that lie between the "input"
(the activity given to the patient and available
to the brain via its arterial supply or by
inhalation) and the "output" (the activity
measured regionally during the course of the
experiment).

approaches deserve mention-namely, echoplanar imaging (EPI), and fast low angle shot
(FLASH) techniques. Each is concerned with
the generation of images where a change in
signal with time is most likely the consequence of changing neuronal function, the
mediator between the two being a change in
small vessel flow, or at least an increase in
localised venous return. The present possibilities and imminent potentials of fMRI have
been described in several recent reviews.5-7
Whereas the basics of PET and SPECT
methodology follow parallel processes in
other techniques such as photography and
x ray computerised tomography, MRI has
no easy parallel in our other experiences. The
fundamentals of magnetic resonance have
been covered by Moseley in this Journal
(1995;58:7-21); see also Luflkin4). Conventional MR sequences build up an image in
steps, using a series of magnetic field gradients to specify anatomical positions within
the tissue of interest. In EPI an image is
recovered from the signal generated by a single free induction decay over a fraction of a
second.8 On the other hand, FLASH
sequences limit the time taken for scanning
by minimising the perturbation of the magnetisation from its equilibrium so that successive excitation pulses can follow each other
more quickly. Reported data from EPI at
high (3 Tesla) field strength include images
acquired in 0-1 s with a spatial resolution of
075 mm.9 Despite the large number of MRI

Cerebral blood flow
One of the simplest PET models relates to
the measurement of regional cerebral blood
flow during continuous inhalation of C'50,.
After a few minutes inhalation, an equilibrium is reached whereby the arterial supply of
radioactivity to the brain is equal to the loss
of activity from venous washout and radioactive decay (the so called steady state condition). In this situation a simple mathematical
expression describes the regional cerebral
blood flow in terms of known or measurable
values-namely, the radioactive decay constant (fixed for 150), the arterial activity of
H,150 (in pCi/ml, measured in an arterial
blood sample with a well counter), and the
regional brain concentration of tracer in
units/ml (measured in the PET camera). The
steady state measurement of regional cerebral
blood flow takes about 15 minutes to complete.
On the practical side, these measurements
(and all of those listed below) require that the
patient be still during image acquisition.
They require a venous line for tracer administration (except when C'50", C'50, or 1502 are
given by inhalation). Most quantitative studies also require an arterial line to measure the
level of radioactivity presented to the brain
over the time course of the scan.
Blood flow can also be measured during
the rise and fall of brain radioactivity surrounding a bolus inhalation or injection of
tracer. The mathematical model required to
unscramble the collected data to a measured
value for rCBF is in this case very much more
complicated," but the method is faster (data
acquisition takes only two to three minutes).
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timing restraints of PET. On the other hand,
because they emit single y rays (hence single
photon ECT), coincidence detection cannot
be used to yield spatial information, which
must, therefore, depend on collimation alone.
Furthermore, signal attenuation by surrounding tissues cannot be corrected by an exact
solution with transmission scan data as used
in PET. Partly for the foregoing reasons,
SPECT has a lower spatial resolution than
PET. Nevertheless, because of the lower cost
of SPECT and the greater availability of
machines, SPECT has found an altogether
larger place in the clinical arena than PET.
Measurements by SPECT take minutes to
hours. As with PET, radiation considerations
preclude frequent repeat measurements.
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cannot be deduced without a knowledge of
the endogenous dopa pool-which you can't
measure! Despite these caveats, ['8F]dopa has
been an excellent work horse in the PET
armamentarium.

Glucose metabolism
Glucose metabolism is measured after intravenous injection of 2- ['8F]fluoro-2-deoxy-Dglucose (FDG), which is metabolised by
hexokinase to FDG-6-phosphate. As FDG-6phosphate can neither proceed down the
glycolytic pathway nor be metabolised to
glycogen (the metabolic destinies for glucose6-phosphate) it stays trapped within the
tissue for the duration of the PET measurement. This compartmental trapping is the
cornerstone of the FDG measurement.
Further interpretation may be fully quantitative (requiring continuous arterial and
regional cerebral radioactivity measurements)
or semiquantitative (using normative data
from other subjects, and a further series of
constants and restraints in the employed
mathematical model). On the practical side
this means that for the most accurate measurement, a patient must be in the camera
during tracer injection and for the next 60 to
90 minutes, with simultaneous arterial blood
sampling. For a less quantitative scan (from
which regional inequalities in glucose metabolism can yet be semiquantified) the tracer
can be injected out of the camera and a
"snapshot" image (lasting perhaps 15 minutes)
can be taken about 30 to 40 minutes later.

(mu,

Neurotransmitter precursor studies
Aside from blood flow and measures of tissue
metabolism, the other principal application of
PET to date has been in neuropharmacological studies; PET has a small repertoire for the
study of neurotransmitter synthesis and storage, principally the decarboxylation of
[18F]dopa to ['8F]dopamine. Like the FDG
method, the premise on which most of the
['8F]dopa analytical methods are based is the
assumption that the injected tracer
(['8F]dopa) is transported into the brain and
then specifically taken up by dopamine neurons where it is decarboxylated, concentrated,
and then stored in nerve terminal vesicles for
the duration of the measurement. A particular disadvantage of ['8F]dopa as a tracer of
the dopamine synthetic pathway is that the
concentration of the endogenous (dopa) pool
is unknown. So if anybody ever discovers the
perfect mathematical model to unravel
['8F]dopa scan data (an endeavour that has
attracted much energy, even some disagreement) they will still only have measured the
rate of metabolism of exogenous ['8F]dopa;
the rate of endogenous dopamine production

Neurotransmitter receptor studies
Tracers of much larger variety have been
employed as markers for particular classes
of neurotransmitter receptor, including
dopamine Dl (["C]SCH23390"3) and D2
( ["C] raclopride'4) postsynaptic receptors,
dopamine reuptake sites ([11C]nomifensine'5 16
and ["C]WIN-35,428'7) opiate receptors

(["C]carfentanil'8),

mu and kappa

(['8F]cyclofoxy'9), mu, kappa, and delta
(["C]diprenorphine20)), central (["C]flumazenil2') and peripheral (["C]PK111952223)
benzodiazepine receptors, muscarinic cholinergic receptors (["C]scopolamine24), histamine Hi receptors (["C]pyrilamine25), and
MAO-B activity (["1C]deprenyl26). These ligands have been used (some extensively) to
study the changes in receptor numbers or
affinity in some disease states, including
Parkinson's and other akinetic rigid syndromes, Huntington's disease, epilepsy, pain,
and stroke. Quantitative measurements
require continuous measurement of blood and
brain activity during and after injection of
tracer. A single PET scan may be sufficient
for semiquantification, but if a full description
in neuropharmacological terms is required (to
calculate, for example, Bmax, the total concentration of binding sites) repeat studies may be
necessary in the same subject with injections
of tracer having different specific activities, or
coinjection of unlabelled tracer.
Functional mapping
Aside from neurotransmitter studies, the
other growth area in recent years has been the
development of functional mapping studies in
which repeat measurements of blood flow are
used as a means of identifying brain regions
active in particular cognitive or other prescribed tasks. If a subject is scanned twice,
once at rest and the second time during right
arm movement, it is argued that any difference between the two images of blood flow
may be accounted for either by noise, by artefact, by a general (global) effect of the activity
on cerebral blood flow, or by a specific activation of a responsible brain region. Various
methods have been developed to extract the
specific information by removing the confounding effects.2728 In large part the published base of work in this area has employed
between subject averaging to improve the signal to noise characteristics of the method.
Newer scanners with MRI coregistration
allow more confident results in individual
subjects with greater accuracy in the anatomical loci of activation related change.29 The use
of functional mapping studies have not so far
been reported as a clinical procedure.
SPECT

General principles
The practicalities of SPECT measurements
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Oxygen metabolism
Oxygen metabolism can be calculated from
cerebral blood flow after additional measurements of the oxygen extraction fraction (the
percentage of the available blood oxygen
extracted during its passage through the brain
vasculature; usually measured after inhalation
of 1502) and regional blood volume (a correction for the percentage of any cerebral region
that contains blood rather than brain).'2 Such
a (triple) measurement with steady state
models takes about 40 minutes (including
time for radioactive decay between scans).
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Cerebral blood flow
The SPECT approach to cerebral blood
flow hinges on the finding that certain tracers
are irreversibly taken up into the brain in
a regional pattern that reflects localised
differences in cerebral blood flow. After intravenous injection, [1231] -n-isopropyl amphetamine (['23I]-iodoamphetamine)30 crosses the
blood-brain barrier by passive diffusion with a
high first pass extraction. It is then retained in
the brain by non-specific binding to amine
receptors. So signal intensity in a "snapshot"
image taken 20 to 60 minutes after tracer
injection is proportional to the perfusion
dominated distribution of tracer in the
brain.
Likewise, [99mTc]hexamethylpropyleneamine oxime ([99mTc]HMPAO) crosses the
blood-brain barrier easily by passive diffusion.
It is then trapped in the brain (after decomposition to a byproduct that cannot pass back
across the barrier), uptake and trapping being
complete within 10 minutes. Images taken 90
to 120 minutes after injection (image acquisition typically taking about 20 minutes)
still show the frozen image of regional cerebral blood flow at the time of tracer administration. [99mTc]HMPAO is preferred to
[1231] -iodoamphetamine on several accounts,
including its optimum imaging energy and
shorter half life. Unlike PET blood flow measurements, which require an on site
cyclotron, [99mTc]HMAAO can be produced
in a hospital nuclear medicine departnent
with a molybdenum-99 generator. It must be
used within about 30 minutes of production
to avoid decomposition before injection.
[99mTc] labelled N,N -1,2-ethylene-diylbis-L-

cysteine diethyl ester dihydrochloride
([99mTc]ECD) is similar to but more stable
than [99mTc]HMPAO.3
Patients undergoing SPECT measurement
of cerebral blood flow with these techniques
do not need to be in the camera during tracer
injection. They should, however, be rested at
this time because it is blood flow around the
time of injection that is measured during the
later scan, not blood flow at the time of the
measurement, as in PET.
For the most part, the interpretation of
SPECT flow images follows the radiological
tradition-namely, interpretation of the
image appearance by an expert in the field.
As with the assessment of age related atrophy
on structural images, the observer must take
into account the known changes in cerebral
blood flow that accompany the normal ageing
process. Such images are often reported
alongside structural images to help in the differentiation between normal and pathological
appearances.

Neurotransmitter receptor studies
Several neurotransmitter systems have been
studied with SPECT. Specifically the
dopamine D2 ligand ['23I]-(S-)-2-hydroxy-3iodo-6-methoxy-N[( 1 -ethyl-2-pyrrolidinyl)
methyl]-benzamide
(['23I]-iodobenzamide)
has been extensively used in neurological disorders. This ligand binds reversibly to
dopamine D2 receptors. The amount of specific striatal binding increases over about 40
minutes and then remains stable for up to
two hours. Typically data are acquired during
the period 60 to 120 minutes after tracer
injection, image acquisition taking about 50
minutes. Because of the limitations of measurement, SPECT ["23I]-iodoamphetamine
data are reported as a specific: non-specific
ratio, such as striatum:cerebellar counts.
fMRI

General principles
Procedures for fMRI are very different from
either PET or SPECT, being independent of
ionising radiation. Aside from any activity
that the patient might be asked to perform
while in the magnet, the patient's experience
of fMRI is unlikely to differ greatly from any
other MR procedure (loud noises in a dark
tunnel), although EPI imaging is presently
particularly noisy. Although rapid MR
sequences (such as EPI) yield clear images of
moving structures (such as a beating heart or
a waving head) fMRI methods rely on a comparison of successive scans of the same area.
In this case, the head position must be identical for the acquisition of each of the images
contributing to data analysis. Even the tiniest
head movements can wreck havoc with fMRI
analysis; indeed it has even been possible to
create striking "functional" data as a result of
head movement artefact alone.'2 As with
PET, one approach to the problem of head
movement between scans may be to realign
the data in software after image acquisition.3'4
What has been learned with these
techniques, and to what extent may they
be used in clinical practice?
Both PET and SPECT have been used in
neuroscience research to examine brain function in health and in disease. Thus far fMRI
has been most closely applied to the study of
healthy subjects, although this will certainly
change. This review will concentrate on those
studies designed primarily to answer questions about disease. When applicable, mention will be made of clinical situations in
which functional imaging could provide valuable additional information. The United
Kingdom has a single PET research institution (the Medical Research Council
Cyclotron Unit at the Hammersmith
Hospital) and a single dedicated clinical PET
facility (at the St Thomas' and Guy's
Hospitals). The first has a broad range of
chemistry facilities, whereas the available ligands in the clinical PET centre are fewer.
This pattern is generally true elsewheremost PET centres with clinical services
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are for the most part simpler than for PET. In
part this is because SPECT data are by
necessity less quantitative than PET data.
Another relevant factor may be the closer liaison and relation between SPECT and clinical
medicine, with the restraining hand of clinical
practicality curbing the imager's urge to add
complexity in the pursuit of accuracy.
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CEREBROVASCULAR DISEASE

Early PET studies measured regional cerebral
blood flow, blood volume, oxygen extraction,
and oxygen metabolism to examine the
pathophysiology of stroke, particularly the
mechanisms of cerebrovascular compensation
in the face of falling and failing arterial
perfusion pressure.3536 Currently PET and
SPECT can both detect cerebral ischaemia
in acute stroke at a stage when CT images
are still normal. It has been shown that PET
also has some ability to predict the extent
of functional recovery from stroke37 and in
recovered patients (using functional mapping) it can show the anatomical and
functional substrate of recovered function.38 39
Likewise PET and SPECT can show
evidence of hypoperfusion ("misery perfusion") in the absence of infarction,40 and
hyperperfusion ("luxury perfusion") at a site
of previous infarction. Haemodynamic
changes can be shown by PET in patients
after extracranial-intracranial bypass operations.4' Although this operation has not been
shown to be of benefit in large interventional
studies42 it is possible that preoperative
functional imaging could be used to

identify patients

more likely to gain from
operation.
Basic research in cerebrovascular disease
has given cause for guarded optimism over
the possible use of cerebral protective agents
such as glutamate antagonists and free radical
scavengers; PET is waiting in the wings to be
used to increase the pathophysiological and
therapeutic gains from patient trials with
these agents. Whether it will be called on
remains to be seen.
CLINICAL INDICATIONS

There are presently no consensus indications
for the clinical use of functional imaging in
cerebrovascular disease (but then there are no
clinically proved treatments for acute stroke
either43; both could change).
DEMENTIA

Early PET studies showed regional metabolic
changes in Alzheimer's disease and some
other degenerative conditions, and these findings led to the notion that particular diseases
might be recognisable by specific regional
changes in cerebral function. As in the study
of several other disease states, many of the
early reports of functional imaging in
Alzheimer's disease included small numbers
of patients and employed loose diagnostic criteria. Results were sometimes contradictory.
Consensus has now been reached in a number of areas as follows. In Alzheimer's disease, the brunt of the early PET changes are
centred around the posterior temporal and
parietal cortices (fig 1).44 47 Regional between
patient differences may correlate with differences in neuropsychological test scores.4548 49
Changes on PET may antedate clinical
dementia in patients presenting with mild
memory deficits.50 Studies with SPECT in
Alzheimer's disease have also shown reduced

Figure 1 PET image of ['8F]fluorodeoxyglucose metabolism in Alzheimer's disease. Note reduced tracer uptake in
posterior temporal and parietal cortex. (Picture courtesy of Dr A Kennedy.)
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chiefly offer [18F]fluorodeoxyglucose scans;
other more closely research based units typically have a more extended repertoire. In the
United States there is now an Institute for
Clinical PET. Furthermore, some United
States health insurance schemes have
approved a variety of clinical PET procedures
for reimbursement. Presently, SPECT scanners are more widely distributed, both in the
United Kingdom and elsewhere. Although
many hospital radiology departments are
equipped with magnetic resonance machines,
few have the hardware and software on hand
for the acquisition of an fMRI signal.
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clinical stage of disease for intervention. Gene
positive at risk patients have lower striatal and
pallidal volumes (a structural MR measurement) than gene negative at risk patients69; it
has yet to be shown that either MRI or PET
can indicate when an at risk subject will
develop clinical problems. Neurotransmitter
studies in the foregoing conditions are discussed in the next section.
CLINICAL INDICATIONS

As with cerebrovascular disease, there are
presently few if any treatment options that
could reasonably be said to depend on diagnostic information that could only be gleaned
from fimctional imaging studies. Both PET
and SPECT may assist in the accurate diagnosis of these conditions presenting as a
dementing illness; but such data cannot yet be
regarded as mandatory in good patient care.
MOVEMENT DISORDERS

In Parkinson's disease, early blood flow and
metabolic studies7072 were soon upstaged by
the demonstration of reduced striatal uptake
of [18F]-6-L-fluorodopa (['8F]dopa) in
affected patients.73 Many [18F]dopa studies
have now been reported in this disorder, considering issues such as the role of ageing
(most centres,74 75 but not all,76 have shown no
effect of age on ['8F]dopa uptake), the detection of presymptomatic disease (fig 2), the
rate of progression of clinically evident disease,78-80 and the efficacy of neurotransplantation procedures (fig 3).8182
Various other akinetic rigid conditions
have been studied by [18F]dopa PET, including multiple system atrophy,83-85 progressive
supranuclear palsy,578384 corticobasal degeneration,86 neuroacanthocytosis,87 and 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
parkinsonism. 82 88 Some of these disorders
have been reported to show characteristic

Figure 2 PET image to show /'8F] dopa uptake in a normal subject (left), a patient with idiopathic (sporadic)
Parkinson's disease, and two members of a sibship with familial parkinsonism. The symptomatic patient shows profoundly
impaired fluorodopa uptake whereas the presymptomatic subject (who became clinically affected within months of the
scan) shows fluorodopa uptake at a level internediate between normal and parkinsonian values.
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flow in posterior temporal and other cortical
In patients with familial
regions.5'
Alzheimer's disease ['8F]fluorodeoxyglucose
PET in affected family members shows the
same pattern of parietotemporal hypometabolism. Scans in asymptomatic at risk relatives
show a similar (but less severe) pattern.54
Most PET scans in patients with Pick's
disease established by necropsy or biopsy
have shown predominantly frontal hypometabolism.5556 This finding is not specific to
Pick's disease, however, as it has also been
reported in progressive supranuclear palsy57-59
and SPECT studies have shown a reduction
in frontal [99mTc]HMPAO uptake in patients
presenting with dementia of the frontal lobe
type.60
Patients with focal cortical degenerations
presenting with slowly progressive apraxia or
aphasia have been studied with PET and have
been shown to have appropriate areas of cortical hypometabolism at a stage when structural imaging studies have been normal.6162
The pathology in these patients turns out to
be variable. Much has been written about the
identification of clinical and preclinical
changes in PET metabolic indices in
Huntington's disease.63-6 Both striatal and
cortical hypometabolism have been reported.
After the demonstration of low caudate
[18F]fluorodeoxyglucose metabolism in some
at risk patients, considerable efforts were
directed towards the development of PET as
a preclinical disease marker.6566 Although
genetic testing now provides a generally reliable means of making a positive diagnosis of
Huntington's disease based on a blood sample alone,6768 it may be that PET still has a
part to play in these patients. If, for example,
neurotransplantation procedures become a
practical proposition in this disorder, it may
be that PET will provide a crucial means of
identifying an appropriate preclinical or early
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patterns of striatal ['8F]dopa uptake, such as
severe asymmetric loss of caudate and putamen uptake (in corticobasal degeneration86)
or severe bilateral early loss of both caudate
and putamen signal (in progressive supranuclear palsy84). The difficulty in translating
these patterns from research to clinical practice is that these studies have of course been
undertaken in patients who carry a (fairly)
confident clinical diagnosis. Even in such
patients, if we move from a group to individual subjects and study their [18F]dopa PET
data, it may be impossible to ascribe a particular diagnosis (for example Parkinson's disease v multiple system atrophy) with absolute
certainty.89
['8F]Dopa studies have also been performed in possibly less obvious disorders. It
has been shown that the extrapyramidal
symptoms in clinically diagnosed Alzheimer's
disease seem not to be due to nigral degeneration.90 The motor disorders in obsessional
slowness9' and manganese toxicity92 are likewise unaccompanied by changes in [18F]dopa
uptake, whereas in patients poisoned by
cyanide ['8F]dopa uptake is reduced, suggesting (direct or hypoxic induced) nigral toxicity.93 Patients with parkinsonism resulting
from neuroleptic or other dopamine blocking
drugs may have either normal ['8F]dopa
uptake (suggesting a likely return to clinical
normality after cessation of the offending
agent) or low uptake (suggesting unmasking
of otherwise subclinical parkinsonism.94
[18F]dopa is not the only tracer to provide
information about the presynaptic dopamine
system. ["C]Nomifensine has also been used
(as a marker of catecholaminergic presynaptic
reuptake sites) but in most cases the results of
[11C]nomifensine studies have closely paralleled those with ['8F]dopa.1695 Cocaine ana-

logues such as ['IC]CFT (also known as WIN
35 428) have also been used to study the
dopamine fibre system. In a primate model of
parkinsonism, [1"C]CFT uptake was reduced
in the striatum.96 This ligand has the advantage of a substantially higher striatal to background signal than ['8F]dopa, but the kinetics
are, if anything, a little slow for use as a PET
tracer. The related compound, CIT, has been
used in SPECT as [123I]f-CIT. Striatal
uptake of this tracer was reduced in
Parkinson's disease.97
In part, the answer to the problem of differential diagnosis by PET in individual
patients might be helped by multiple tracer
studies to examine receptor status as well as
(or in place of) ['8F]dopa uptake. There are
many publications concerning dopamine D2
receptors in akinetic-rigid syndromes. On balance PET and SPECT studies suggest relative upregulation of D2 receptors in patients
with early Parkinson's disease, with normal or
even lower levels later in disease; perhaps in
part as an effect of treatment with dopaminergic drugs (PET148798 101; SPECT'02>'04).
Patients with multiple system atrophy are
more likely to have low D2 ligand binding
(PET'4 84) and low tracer uptake in dopa
naive akinetic-rigid patients may predict subsequent evolution to multiple system atrophy
rather than Parkinson's disease (PET'4;
SPECT'05) (fig 4). Unlike the D2 system,
PET studies of dopamine Dl receptors have
shown no evidence of up regulation in early
levodopa naive patients.'3 Other neurotransmitter receptors have also been studied in akinetic-rigid syndromes. Specifically, striatal
["lC]diprenorphine binding has been shown
to be impaired in patients with multiple system atrophy, but not in patients with
Parkinson's disease. 106 In a study using
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Figure 3 Combined MRI
(Tl weighted) and PET
(P78F] dopa) image from a
parkinsonian patient who
has undergone
implantation offetal
material into the putamen.
The MRI image shows the
site of the burr hole and
three needle tracks reaching
down through the cortex
and subcortical white
matter into the putamen.
The /'8F] dopa image
shows uptake at the graft
szte.
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["C]flumazenil as tracer to measure cerebelreceptors,
GABA-A/benzodiazepine
lar
increased tracer binding was reported in
patients with multiple system atrophy, whereas patients with sporadic and dominantly
inherited olivopontocerebellar atrophy had
increased and unchanged binding respectively.'07
Although neurotransmitter studies occupy
most of the literature on functional imaging
in akinetic-rigid syndromes, specific focused
metabolic studies and more recent functional
mapping papers are starting to redress the
balance. In depressed parkinsonian patients,
for example, a particular pattern of frontal
hypometabolism has been found.'08 Also, with
more sophisticated statistical techniques,
correlations have been reported
some
between regional metabolic changes, motor
asymmetries, and fluorodopa uptake constants.109 Functional mapping studies have
shown failure of supplementary motor cortex
activation during internally generated movements in parkinsonian patients"0 with resolution towards the normal after dopamine
agonist treatment (shown both with PET"'
and SPECT"'2). More recently, fMRI studies
have begun to consider this same issuenamely, the identification of cortical areas
responsible for the control of human movement."3 114 Reported fMRI findings in this
area include a positive relation between
movement rate and the fMRI signal in the
primary motor cortex,"14 and a greater signal
intensity in supplementary motor areas during complex self paced movements than during externally paced movements."13

Although most PET studies in
Huntington's disease have used ['8F]fluorodeoxyglucose as the tracer, more recent
attention has focused on the dopamine sys-

tem. Dopamine D1 and D2 receptors have
each been studied in affected patients (with
["1C]SCH23390 and ["C]raclopride as tracers). Affected patients show a reduction of
both Dl and D2 binding potentials (fig 5).115

With ["C]raclopride PET, asymptomatic
gene positive subjects may show an intermediate reduction in binding potential (R
Weeks, personal communication).
At the time of writing, fMRI studies have
yet to be reported in patients with Parkinson's disease or other movement disorders.
CLINICAL INDICATIONS

What of the clinical utility of functional imaging in movement disorders? Despite the scientific findings discussed, no clear necessity
for such imaging studies has yet been shown.
In part, this relates to the lack of available
treatment for many of these disorders. In akinetic-rigid syndromes for example, some, but
not all, patients respond to levodopa or
dopamine agonists. Although there is little
effective treatment for those patients who are
resistant to such treatment, informed trial and
error seems as good a therapeutic approach as
functional imaging. A special exception to
this rule might be argued for dopa responsive
dystonia. Patients with this disorder gain long
term benefit from levodopa without developing the side effects and complications that
bedevil patients with Parkinson's disease,"16
particularly those with onset early in life."17
Fluorodopa uptake in dopa responsive dystonia is close to normal," 8 1"9 but it is profoundly impaired in patients with young onset
(age 20-40) or juvenile onset (before age 20)
Parkinson's disease. 120 A highly abnormal
['8F]dopa PET scan in a young patient with
an akinetic-rigid syndrome would therefore
imply a likelihood of early problems with
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Figure 4 SPECTf23I]
iodobenzamide binding in
a patient with Parkinson's
disease (left) and a patient
with a non-dopa responsive
parkinsonian syndrome
(right). (Picture courtesy
ofDrs K Tatsch and J
Schwarz, Department of
Nuclear Medicine and
Neurology, University of
Munich.)
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levodopa treatment, whereas early treatment
with levodopa would be appropriate in a
patient in whom [18F]dopa PET showed
uptake close to or in the lower normal range.
Patients undergoing experimental neurotransplantation procedures may also gain
some direct personal benefit (graft site selection, for example)81 but otherwise for now,
the principal promise of functional imaging in
movement disorders is in the advancement of
our understanding of disease, causation, and
treatment.

Figure 6 SPECTf'99,Tc] HMPAO images from a fouryear old child with
partial motor seizures. The interictal image shows hypometabolism in the left
hemisphere. The ictal image shows an area of hypermetabolism corresponding
to the seizure focus. (Picture courtesy of Dr H Cross.)

EPILEPSY

In patients with focal epilepsy, functional
imaging studies (PET and SPECT) have
shown evidence of interictal focal hypometabolism (fig 6).121123 In some cases it has been
possible to scan patients during seizures, in
which case areas that are interictally
hypometabolic may become ictally hypermetabolic or show high flow.122 124 125 It has been
reasonably argued that such regions represent
epileptic foci, even in the absence of corroborative findings from structural imaging or
EEG. In patients with intractable epilepsy,
surgical excision of a definite seizure focus
may radically improve clinical status. Current
MRI techniques are able to identify structural
abnormalities in an increasing number of
such patients. There are, nevertheless, a significant number of patients in whom noninvasive means fail to clearly identify a seizure
focus. Options in these patients include the
placement of depth electrodes and functional
imaging studies.
In a comparative study of [18F]fluorodeoxyglucose PET and [99mTc]HMPAO
SPECT in patients undergoing investigation
before surgery for temporal lobe epilepsy, different sensitivities were reported for the two
techniques. In patients who had a normal
MRI, PET with ['8F]fluorodeoxyglucose
showed focal hypometabolism in 80% v 20% for
SPECT with [99mTc]HMPAO. 126 The authors
attributed this difference to the greater spatial
resolution of the PET technique. Although
PET is a potentially quantitative technique, it
has been argued that for clinical epileptology
purposes, image inspection by experienced
eyes is generally sufficient.127
In another study of patients with
intractable epilepsy, SPECT detected lateralising abnormalities in 19 of 30 patients; only
two further lateralised abnormalities were
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Figure 5 PET [IIC] raclopride images from a normal subject (left) and a patient with Huntington's disease (right). Note
profoundly reduced tracer uptake in the striatum of the patient with Huntington's disease. (Picture courtesy of
Dr R A Weeks.)
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CLINICAL INDICATIONS

Both interictal and ictal functional imaging
studies may show areas of abnormal signal in
patients with focal epilepsy. This localisation
is appropriately used to confirm or refute collateral evidence from structural MRI and
EEG examinations in the assessment of
patients with refractory epilepsy who are
being considered for surgical treatment (usually a partial temporal lobectomy).
ONCOLOGY

Most cerebral tumours are easily seen by
structural imaging, which typically shows the
lesion location, morphological details, evidence of damage to the blood-brain barrier,
and induced cerebral oedema. From these
data it is often possible to reach an accurate
prediction of tumour type and likely histology. Functional imaging studies can add further information. In patients with gliomas,
PET [18F]fluorodeoxyglucose studies have
shown a relation between glucose metabolism
and both histological gradel30 and survival.'3'
It should not be assumed, however, that a
lesion with high ['8F]fluorodeoxyglucose uptake
is necessarily a tumour, as cerebral abscesses
may also show increased uptake."32 Use has
also been made of SPECT in an effort to dif-

ferentiate high from low grade gliomas.
Thallium-201 (a tracer more familiarly used
in myocardial studies) exhibits increased
uptake in some tumours. In gliomas, uptake
is greater in high grade lesions.I"'
A particular clinical problem in neurooncology is the management of patients presenting with recurrent lesions after
radiotherapy for tumour. It can be difficult to
differentiate recurrent tumour from radiation
induced necrosis on the basis of clinical
assessment and structural imaging alone.
['8F]Fluorodeoxyglucose PET is of clinical
use in this situation,"34 as recurrent tumour
has a high metabolic rate (fig 7), whereas low
['8F]fluorodeoxyglucose uptake suggests
radionecrosis."35 The measurement is not
affected in the early postoperative period, nor
by steroid treatment."35
Other aspects of tumour biochemistry have
also been explored with PET, including measurements of amino acid uptake and protein
synthesis. ["C]Methionine accumulates readily in gliomas,"36 higher uptake usually occurring in high grade tumours.'37 DNA synthesis
can also be followed with nucleosides such as
deoxyuridine labelled with fluorine-18."38
Peripheral benzodiazepine (w3) receptors are
expressed on human glioma cells; the presence of this tumour marker may be recognised with PET and the specific marker

["GC]-PK1 195.23
CLINICAL INDICATION

The principal consensus use of functional
imaging in oncology is in the differentiation
of recurrent cerebral glioma from postradiation necrosis.

Summary of clinical indications for
functional imaging studies
As mentioned at the outset of this review,
the cornerstone of clinical neuroimaging

Figure 7 PET f'8F]fluorodeoxyglucose images from a patient with a recurrent glioma. The PET images (to the left)
show increased metabolism indicative of recurrent tumour. (IUlustration courtesy of Professor M Maisey.)
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found with CT or MRI.128 As in many other
areas of imaging the ground is shifting
rapidly. With increasing structural resolution
in MRI (including hippocampal volume measurements) the balance is swinging in favour
of MRI having a greater chance of correct lateralisation than SPECT.69
A recent fMRI study of a four year old boy
showed changes in image signal restricted to
an area of structural abnormality during five
seizures over a 25 minute period. Interictal
SPECT showed reduced [99mTc]HMPAO
uptake in the same region, whereas increased
uptake was found during a seizure.129
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apeutic implications.
* Differentiation of tumour recurrence from
radionecrosis (PET/FDG)
* Contribution to presurgical assessment of
patients with refractory epilepsy (PET/
FDG, SPECT/flow tracers)
* Differentiation of juvenile Parkinson's disease from dopa responsive dystonia

(PET/[18 F]dopa).
Further possibilities of substantial clinical
use include:

* Identification of critical gyri or sulci before
neurosurgical or neuroradiological procedures (fMRI)
* Neurochemical monitoring of patients
undergoing neurotransplantation procedures (PET).
Functional imaging studies can also provide precise information contributing to diagnostic precision in, for example, the
dementias and akinetic-rigid syndromes. But
whereas functional imaging touches on clinical practice, to my mind its principal strength
lies in its position as one of our most powerful instruments for clinical research.
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procedures has been the identification of
broadly "structural" changes in neural tissue.
The tools for such image acquisition (x ray
CT and MRI) are widely available and of
increasingly high quality and resolution. As
we have so few functional imaging facilities,
clinical indications for functional imaging
studies must be restricted to situations where
CT and MRI fail to answer the clinical question. All of these techniques are presently
developing rapidly, with new MRI sequences
blurring the structure and function divide and
newer PET and SPECT ligands pushing forward the capabilities of functional studies.
At the present time, I list the following sensible clinical indications for functional imaging. To my mind, these are clinical situations
in which functional imaging studies can provide clinical information with important ther-
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