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Functional Imaging of Movement Disorders

he spectrum of movement disorders runs from

simple tics to more complex multisystem degener-

ations such as progressive supranuclear palsy, and
the vast majority remain clinical diagnoses with no diag-
nostic tests. In the past the importance of functional brain
imaging has lain mainly in characterising the brain net-
works involved in the disorders and the changes effected
by treatment. However in the future, the importance of
such imaging paradigms may lie with progression studies
as the most practicable objective method of evaluating
the effects of potential neuroprotective agents and
restorative interventions.

Functional imaging allows us to interrogate both rest-
ing brain function and task-related cerebral activation
patterns in vivo in health and disease. For example, "F-flu-
oro-2-deoxy-D-glucose positron emission tomography
("F-FDG PET) provides a measure of resting regional
glucose metabolism whereas “O-labelled water (H."O)
PET allows detection of changes in regional blood flow
elicited by performing a task. Functional imaging also
enables quantification of pre-synaptic properties, post-
synaptic receptor availability, enzyme activity and neu-
roinflammatory changes. Indeed, the cellular sites which
can be examined are limited only by the difficulties of
developing practical radiotracers with sufficient specifici-
ty and kinetic characteristics to allow quantitative analy-
sis. In this review we will consider the application of func-
tional imaging, especially PET, to akinetic-rigid syn-
dromes and involuntary movement disorders in turn. All
involve alterations in the outputs from basal ganglia cir-
cuitry to cortex (Figure 1).

Akinetic-rigid syndromes

Parkinson’s disease

Diagnosis

The defining abnormality in Parkinson’s disease (PD) is
the progressive loss of dopaminergic neurons in the
nigrostriatal pathway which can be imaged by PET most
clearly at its termination in the striatum using markers
for pre-synaptic properties. “F-6-fluorodopa (*F-dopa)
PET reflects pre-synaptic dopa uptake, decarboxylation to
dopamine and storage; “F-dopa uptake rate constants
have been shown to correlate with the number of func-
tional dopaminergic neurons.'

»I-FP-CIT" single photon emission computed tomog-
raphy (SPECT) visualises the pre-synaptic dopamine
transporter with a sensitivity of detecting striatal dys-
function of 97% and a specificity of 100%." It is now
commercially available as DaTSCAN™ and may prove
useful in cases of diagnostic difficulty.

Aetiology

Other functional imaging studies have given insights into
the aetiology and brain circuitry of PD and have provided
a means of evaluating therapeutic interventions. The cause
of PD is likely to be an integration of genetic susceptibili-
ty and various environmental factors, all varying in their
relative contributions in the individual patient. An insight
into the genetic contribution in sporadic PD has been
given by *F-dopa PET studies of twin pairs, one of whom
was affected by PD at the beginning of the study.® At base-
line the concordance for nigrostriatal dopaminergic dys-
function was significantly higher in monozygotic than in
dizygotic pairs and it became even higher after 7 years of
follow-up, with 4 of the 18 monozygotic and none of the
16 dizygotic co-twins developing clinical PD. These results
suggest either a substantial direct role of inheritance in
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sporadic PD or an associated increase in susceptibility to
causative environmental agents.

Pathophysiology and treatment effects

In recent years fluorodopa PET scanning has yielded rele-
vant information about the pattern of dopaminergic deple-
tion, involving predominantly the dorsal putamen in early
disease,’ rates of disease progression’ and possible compen-
satory changes in early disease in other dopaminergic path-
ways: the nigropallidal,* mesolimbic and mesocortical.’

C"0 and H:."O PET both quantify regional cerebral
blood flow (rCBF) and have been used to demonstrate
that underfunctioning of the supplementary motor area
(SMA) occurs in PD and is associated with akinesia and
bradykinesia’ and that activation of the dorsal prefrontal
cortex in normal and PD subjects occurs only when mak-
ing self-paced and not cued movements.’

The lateral parietal and premotor areas, regions target-
ed by cerebellar projections, show increased activation in
PD patients performing sequential finger movements. It
is mooted that, in PD, there is a partial switch in opera-
tion from dysfunctional basal ganglia circuits to other
motor circuitry. The connections from globus pallidus
interna via pedunculopontine nucleus to the cerebellum
could mediate such a switch.

"C-raclopride PET enables estimation of dopamine
release by measuring relative differences in D: receptor
occupancy before and after a dopamine releasing chal-
lenge. Using repetitive transcranial magnetic stimulation
and "C-raclopride PET, Strafella and colleagues have
demonstrated that prefrontal cortical projections to the
striatum can modulate dopamine release.’

The surgical interventions of medial pallidotomy and
deep brain stimulation of the medial pallidum (globus
pallidus interna: GPi) or subthalamic nucleus in PD are
all intended to affect the overactivity of these nuclei in the
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Figure 1: Coronal section through the brain illustrating the indirect and
direct pathways running from cortex via basal ganglia back to cortex: the
cortico-striato-pallido-thalamo-cortical loops. The substantia nigra pars
reticularis is also involved in parallel to the GPi (paths not shown). The
balance of activity in the pathways is altered in many movement disorders.
eg. reduced input from the direct and increased input from the indirect
pathways to the GPi in Parkinson’s disease.

Red= excitatory (glutamate). Blue= inhibitory (GABA)

Hi= hippocampus. sn= substantia nigra
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disease. All have been shown to increase SMA resting
rCBF or activation during arm or finger movements with
reduced bradykinesia." In addition restoration of activa-
tion of SMA and prefrontal cortex during a motor task
has been shown in PD patients after bilateral striatal
transplantation of human foetal mesencephalic cells.®

Indeed this transplantation of foetal nigral tissue into
the putamen of PD subjects results in sustained motor
improvement with restored dopamine storage and release,
evaluated by “F-dopa PET and "C-raclopride respectively,
in one case at ten years after transplantation.” The same
group has presented data indicating that severe off-dyski-
nesias occasionally observed in PD after foetal dopamin-
ergic cell transplantation are not directly related to
increases in striatal dopamine storage after grafting as
measured by “F-dopa PET."”

Glial cell line-derived neurotrophic factor (GDNF) has
neurorestorative properties in animal models of PD and has
now been used in man as part of phase I safety trials, deliv-
ered chronically by infusion to the putamen."” PET studies
in the 5 subjects involved revealed a 28% increase in putam-
inal *F-dopa uptake 18 months after catheter implantation,
supporting a restorative effect on dopaminergic function.

The REAL-PET study was an international double-
blind study which evaluated the 2 year decline in putami-
nal *F-dopa uptake in 186 PD subjects taking either L-
dopa or ropinirole, a D2/D3 agonist.” The finding of a
significant difference in the fall from baseline of the
ropinirole group compared to the L-dopa group supports
either a protective role for ropinirole or a deleterious role
for L-dopa on progression.

Atypical Parkinsonism and differential diagnosis
Evaluation of pre-synaptic function with *F-dopa PET or
]-FP-CIT SPECT shows reductions in striatal uptake in
the presence of nigrostriatal degeneration. They therefore
display normal striatal uptake in drug-induced parkin-
sonism, dopa-responsive dystonia and essential tremor
and reduced uptake in PD, multiple system atrophy
(MSA), Lewy body dementia, progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD).
Further discrimination between the diagnoses of parkin-
sonism using other functional imaging studies is made
difficult by imaging findings often overlapping between
conditions. However, using "F-FDG PET in a case of
chronic parkinsonism, only in PD is there lentiform
(putamen + globus pallidus) and thalamic relative hyper-
metabolism contralateral to the clinically more affected
limbs. In MSA, PSP and CBD there is usually lentiform
and thalamic relative hypometabolism, the latter reflecting
loss of afferent activity from the degenerating globus pal-
lidus. A greater than 5% side-to-side asymmetry of pari-
etal glucose uptake would support a diagnosis of CBD
and cerebellar hypometabolism: PSP or MSA. To discrim-
inate PSP from MSA with functional imaging is more dif-
ficult as both share more uniform loss of caudate and
putamen "“F-dopa uptake compared to PD, normal or
reduced striatal raclopride binding and reduced lentiform
N-acetylaspartate to creatine ratio (a marker of neuronal
viability) on proton magnetic resonance spectroscopy
(MRS) in the majority." PSP would be more likely than
MSA if frontal hypometabolism was evident.

Involuntary movement disorders

Tics

Tourette’s Syndrome (TS) is a neuropsychiatric disorder
characterised by vocal and motor tics often associated
with obsessive-compulsive symptoms. Functional imag-
ing has implicated excessive dopaminergic innervation of
the ventral striatum but not of the dorsal striatum and
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excessive activation of sensorimotor cortices and SMA.
Altered opioid binding and serotoninergic transmission
have also been implicated."”

Dystonia

Dystonia is characterised by slow, sustained muscle con-
tractions causing abnormal posturing or twisting move-
ments. It is known from microelectrode exploration
before surgery in dystonia that sensory processing is
altered with increased size and overlapping of receptive
fields, so that, for example, reducing sensory inputs from
the affected limb with local anaesthetic can ease writer’s
cramp. However, imaging studies have revealed underly-
ing abnormalities in both sensory and motor networks
affecting structures from the lentiform nucleus to the cor-
tex with PET.”® A unifying feature of both primary and
secondary (for example, in the presence of a striatopalli-
dal or thalamic lesion) dystonias appears to be inappro-
priate overactivity of basal ganglia projections to accesso-
ry motor areas.”

Huntington’s disease

Huntington’s disease (HD) is an autosomal dominantly
inherited CAG trinucleotide repeat disorder in which the
pathology initially targets the GABAergic medium spiny
neurons of the striatum and subsequently progresses to
involve multiple brain areas. As these neurons bear both
D1 and D2 receptors, binding of both "C-SCH23390 (D1
receptor ligand) and "C-raclopride (D2) are progressively
reduced in HD patients at a rate of about 5% per annum.”
Reduced D1 binding has also been demonstrated in tem-
poral and frontal cortex® of HD patients (Figure 2).

Characteristically in HD there is glucose hypometabo-
lism on "F-FDG PET of the caudate and putamen and this
appears to precede atrophy of these structures, in addi-
tion, there are relative mediotemporal and occipital meta-
bolic reductions and increases respectively.” This covari-
ance pattern allows discrimination between controls and
pre-symptomatic gene carriers and between the latter and
early-stage HD patients.

Activation studies whilst moving a joystick revealed
underactivation of striatum and frontal projection areas®
including the SMA which could explain the background
bradykinesia invariably present in choreic HD patients.

Grafting of human foetal striatal cells into the striatum
of HD patients is currently under evaluation and PET mea-
sures of D1 and D2 binding would be expected to provide
a more specific measure of survival and growth of graft tis-
sue. However, in one published study using FDG PET, it
was demonstrated that there were local striatal increases in
transplanted patients and restoration of distant (cortical)
metabolism away from the site of surgery where local glu-
cose metabolism may be difficult to interpret.”

Clinical studies evaluating potential neuroprotective
agents in HD have required large numbers of patients, for
example 347 patients with established HD over 30 months

Figure 2: PET with ""C-raclopride (D2 receptor tracer) in a group of patients with Huntington’s disease.

Transaxial projections of statistical parametric maps (SPM). The yellow-red areas superimposed on a standard
MRI template represent regions of the brain where a significant decrease in D2 receptor binding was found in
the HD patients in comparison to normal volunteers.”
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to assess coenzyme Q10.”* Coenzyme Q10 300mg b.d.
showed a trend in the slowing of functional decline. PET
measures of striatal D1 or D2 dopamine binding could be
used in the future to interrogate the rate of progression
associated with different dosages of coenzyme Q10 and
other neuroprotective agents. Indeed functional imaging

References

1.

Snow BJ, Tooyama I, McGeer EG, Yamada T, Calne DB,
Takahashi H, et al. Human positron emission tomograph-
ic [18F]fluorodopa studies correlate with dopamine cell
counts and levels. Ann Neurol 1993;34(3):324-30.
Moore RY, Whone AL, McGowan S, Brooks D]J.
Monoamine neuron innervation of the normal human
brain: an 18F-DOPA PET study. Brain Res
2003;982(2):137-45.

Morrish PK, Sawle GV, Brooks DJ. An [18F]dopa-PET
and clinical study of the rate of progression in Parkinson's
disease. Brain 1996;119(Pt 2):585-91.

‘Whone AL, Moore RY, Piccini PP, Brooks DJ. Plasticity
of the nigropallidal pathway in Parkinson's disease. Ann
Neurol 2003;53(2):206-13.

Rakshi JS, Uema T, Ito K, Bailey DL, Morrish PK,
Ashburner J, et al. Frontal, midbrain and striatal
dopaminergic function in early and advanced Parkinson's
disease A 3D [(18)F]dopa-PET study. Brain 1999;122(Pt
9):1637-50.

Piccini P, Burn DJ, Ceravolo R, Maraganore D, Brooks
DJ. The role of inheritance in sporadic Parkinson's dis-
ease: evidence from a longitudinal study of dopaminergic
function in twins. Ann Neurol 1999;45(5):577-82.
Jahanshahi M, Jenkins IH, Brown RG, Marsden CD,
Passingham RE, Brooks DJ. Self-initiated versus exter-
nally triggered movements. I. An investigation using mea-
surement of regional cerebral blood flow with PET and
movement-related potentials in normal and Parkinson's
disease subjects. Brain 1995;118(Pt 4):913-33.

Piccini P, Lindvall O, Bjorklund A, Brundin P, Hagell P,
Ceravolo R, et al. Delayed recovery of movement-related
cortical function in Parkinson's disease after striatal
dopaminergic grafts. Ann Neurol 2000;48(5):689-95.

11.

12.

14.

which to monitor progression.

Strafella AP, Paus T, Barrett J, Dagher A. Repetitive tran-
scranial magnetic stimulation of the human prefrontal
cortex induces dopamine release in the caudate nucleus. J
Neurosci 2001;21(15):RC157.

. Benamer HT, Patterson J, Wyper DJ, Hadley DM,

Macphee GJ, Grosset DG. Correlation of Parkinson's dis-
ease severity and duration with 123I-FP-CIT SPECT stri-
atal uptake. Mov Disord 2000;15(4):692-8.

Davis KD, Taub E, Houle S, Lang AE, Dostrovsky JO,
Tasker RR, et al. Globus pallidus stimulation activates the
cortical motor system during alleviation of parkinsonian
symptoms. Nat Med 1997;3(6):671-4.

Piccini P, Brooks DJ, Bjorklund A, Gunn RN, Grasby
PM, Rimoldi O, et al. Dopamine release from nigral
transplants visualized in vivo in a Parkinson's patient.
Nat Neurosci 1999;2(12):1137-40.

. Hagell P, Piccini P, Bjorklund A, Brundin P, Rehncrona

S, Widner H, et al. Dyskinesias following neural trans-
plantation in Parkinson's disease. Nat Neurosci
2002;5(7):627-8.

Gill SS, Patel NK, Hotton GR, O'Sullivan K, McCarter
R, Bunnage M, et al. Direct brain infusion of glial cell
line-derived neurotrophic factor in Parkinson disease. Nat
Med 2003;9(5):589-95.

. Whone AL, Watts RL, Stoessl AJ, Davis M, Reske S,

Nahmias C, et al. Slower progression of Parkinson's dis-
ease with ropinirole versus levodopa: The REAL-PET
study. Ann Neurol 2003;54(1):93-101.

Davie CA, Wenning GK, Barker GJ, Tofts PS, Kendall
BE, Quinn N, et al. Differentiation of multiple system
atrophy from idiopathic Parkinson's disease using proton
magnetic resonance spectroscopy. Ann Neurol
1995;37(2):204-10.

17.

18.

19.

20.

21.

22.

23

24.

25.

could aid in the practical assessment of emerging disease
modifying treatments for this condition, and this could
include the asymptomatic HD mutation carriers as whilst
they have been shown to be actively progressing on PET
(=50% of subjects),” they have no clinical signs with

Weeks RA, Turjanski N, Brooks DJ. Tourette's syndrome:
a disorder of cingulate and orbitofrontal function? Qjm
1996;89(6):401-8.

Playford ED, Passingham RE, Marsden CD, Brooks DJ.
Increased activation of frontal areas during arm move-
ment in idiopathic torsion dystonia. Mov Disord
1998;13(2):309-18.

Ceballos-Baumann AO, Passingham RE, Marsden CD,
Brooks DJ. Motor reorganization in acquired hemidysto-
nia. Ann Neurol 1995;37(6):746-57.

Pavese N, Andrews TC, Brooks DJ, Ho AK, Rosser AE,
Barker RA, et al. Progressive striatal and cortical
dopamine receptor dysfunction in Huntington's disease: a
PET study. Brain 2003;126(Pt 5):1127-35.

Feigin A, Leenders KL, Moeller JR, Missimer J, Kuenig
G, Spetsieris P, et al. Metabolic network abnormalities in
early Huntington's disease: an [(18)F]FDG PET study.]
Nucl Med 2001;42(11):1591-5.

Weeks RA, Ceballos-Baumann A, Piccini P, Boecker H,
Harding AE, Brooks DJ. Cortical control of movement in
Huntington's disease. A PET activation study. Brain
1997;120(Pt 9):1569-78.

. Gaura V, Bachoud-Levi AC, Ribeiro MJ, Nguyen JP,

Frouin V, Baudic S, et al. Striatal neural grafting
improves cortical metabolism in Huntington's disease
patients. Brain 2004;127(Pt 1):65-72.

Group HS. A randomized, placebo-controlled trial of
coenzyme Q10 and remacemide in Huntington's disease.
Neurology 2001;57(3):397-404.

Weeks RA, Piccini P, Harding AE, Brooks DJ. Striatal D1
and D2 dopamine receptor loss in asymptomatic muta-
tion carriers of Huntington's disease. Ann Neurol
1996;40(1):49-54.

ACNR * VOLUME 4 NUMBER 5 + NOVEMBER/DECEMBER 2004 | 13



