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Abstract
Positron emission tomography measures the activity 
of radioactively labeled compounds which distribute 
and accumulate in central nervous system regions 
in proportion to their metabolic rate or blood flow. 
Specific circuits such as the dopaminergic nigrostriatal 
projection can be studied with ligands that bind to the 
pre-synaptic dopamine transporter or post-synaptic 
dopamine receptors (D1 and D2). Single photon emission 
computerized tomography (SPECT) measures the activity 
of similar tracers labeled with heavy radioactive species 
such as technetium and iodine. In essential tremor, 
there is cerebellar hypermetabolism and abnormal 
GABAergic function in premotor cortices, dentate nuclei 
and ventral thalami, without significant abnormalities 
in dopaminergic transmission. In Huntington’s disease, 
there is hypometabolism in the striatum, frontal and 
temporal cortices. Disease progression is accompanied 
by reduction in striatal D1 and D2 binding that correlates 
with trinucleotide repeat length, disease duration and 
severity. In dystonia, there is hypermetabolism in the 
basal ganglia, supplementary motor areas and cerebellum 
at rest. Thalamic and cerebellar hypermetabolism is seen 
during dystonic movements, which can be modulated by 
globus pallidus deep brain stimulation (DBS). Additionally, 
GABA-A receptor activity is reduced in motor, premotor and 
somatosensory cortices. In Tourette’s syndrome, there is 
hypermetabolism in premotor and sensorimotor cortices, 
as well as hypometabolism in the striatum, thalamus 
and limbic regions at rest. During tics, multiple areas 
related to cognitive, sensory and motor functions become 
hypermetabolic. Also, there is abnormal serotoninergic 
transmission in prefrontal cortices and bilateral thalami, as 
well as hyperactivity in the striatal dopaminergic system 
which can be modulated with thalamic DBS. In Parkinson’s 
disease (PD), there is asymmetric progressive decline in 
striatal dopaminergic tracer accumulation, which follows 
a caudal-to-rostral direction. Uptake declines prior to 
symptom presentation and progresses from contralateral 
to the most symptomatic side to bilateral, correlating 
with symptom severity. In progressive supranuclear 
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palsy (PSP) and multiple system atrophy (MSA), striatal 
activity is symmetrically and diffusely decreased. The 
caudal-to-rostral pattern is lost in PSP, but could be 
present in MSA. In corticobasal degeneration (CBD), 
there is asymmetric, diffuse reduction of striatal activity, 
contralateral to the most symptomatic side. Additionally, 
there is hypometabolism in contralateral parieto-
occipital and frontal cortices in PD; bilateral putamen and 
cerebellum in MSA; caudate, thalamus, midbrain, mesial 
frontal and prefrontal cortices in PSP; and contralateral 
cortices in CBD. Finally, cardiac sympathetic SPECT signal 
is decreased in PD. The capacity of molecular imaging to 
provide in vivo time courses of gene expression, protein 
synthesis, receptor and transporter binding, could facilitate 
the development and evaluation of novel medical, surgical 
and genetic therapies in movement disorders.
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Core tip: By evaluating changes in regional brain perfusion, 
glucose metabolism and neurotransmitter systems, 
molecular imaging has shed light onto the etiology, patho
physiology, diagnosis, progression and therapeutic options 
of movement disorders, including the identification and 
individualization of potential neuromodulation targets. 
Continuing progress in the design of positron emission 
tomography and single photon emission computerized 
tomography systems, such as new detector materials and 
image reconstruction algorithms, higher performance 
technology, and improved availability will contribute to a 
wider range of applications. In particular, the combined 
use of genetic therapy and molecular imaging could 
provide opportunities for the design and evaluation of 
novel therapies at early stages of the disease.
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INTRODUCTION
Movement disorders manifest with excess or paucity of 
movements (i.e., hyper- or hypokinetic disorders). The 
most common hyperkinetic disorders are tremor, chorea, 
dystonia, tics and myoclonus. In the hypokinetic group, 
the parkinsonian syndromes are the most frequent. Many 
of these conditions are related to dysfunction of the basal 
ganglia, the cerebellum and/or their connections with 
primary or associative motor cortices. In these regions, 
neuronal alterations usually begin at the genetic, molecular 
and cellular levels, later progressing to neurotransmitter 

and network dysfunction.
Structural imaging with techniques such as magnetic 

resonance imaging (MRI) could demonstrate anatomical 
abnormalities in motor circuits. These defects are usu
ally identified at advanced stages when continued 
neurodegeneration has led to volume loss (atrophy). 
MRI can also identify ischemia, neoplasm, infection, 
demyelination or abnormal substance deposition as the 
etiology of abnormal movements.

In contrast, molecular imaging techniques could 
provide neurochemical information useful to learn about 
the pathophysiology of the disorder, to diagnose the 
conditions at early stages, to monitor disease progression, 
as well as to plan and assess the response to medical 
and surgical interventions, including the identification of 
potential targets for neuromodulation. In this review, we 
describe the use of positron emission tomography (PET) 
and single-photon emission computerized tomography 
(SPECT) in movement disorders.

BASICS OF PET AND SPECT
PET evaluates neurobiological processes at the molecular 
level by using nanomolar concentrations of radioactively 
labeled compounds without producing significant 
disturbances in the biological system being assessed. The 
essential components of PET are: (1) the production of 
positron-emitting species in a cyclotron such as fluorine 
[18F] (half-life = 109.8 min), carbon [11C] (half-life = 
20.3 min) and oxygen [15O] (half-life = 2 min); (2) the 
radiopharmaceutical procedure to attach the positron-
emitting species to a physiological substrate such as 
glucose or amino acids; (3) the introduction of this 
tracer into the human body and its distribution in central 
nervous system (CNS) regions based on uptake and 
metabolic characteristics; (4) the detection and indirect 
measurement of its positron-emitting activity (high-
energy gamma-rays) in a positron tomograph camera; 
(5) the construction of the corresponding images; and (6) 
the tracer-kinetic model for the interpretation of temporal 
changes in the regional distribution, accumulation and 
clearance of that positron-emitting activity[1-3]. 

2-[18F]-fluoro-2-deoxy-D-glucose (FDG) is the most 
widely used tracer in human PET studies. The same carrier 
transports both FDG and glucose across the blood-brain 
barrier (BBB) into the CNS. Both compounds then enter 
the glycolysis cycle and are phosphorylated by hexokinase. 
Unlike glucose-6-phosphate, FDG-6-phosphate is not a 
substrate for further metabolism and remains trapped in 
the tissue for at least 1 h. Accordingly, FDG-6-phosphate 
will accumulate in the tissue proportionally to its metabolic 
rate[1-3]. Additionally, PET can estimate regional cerebral 
blood flow (CBF) with the use of [15O]-labeled tracers such 
as [15O]H2O. Consequently, several “metabolic signatures” 
corresponding to different movement disorders have been 
obtained with PET. 

Neurotransmitter systems can also be evaluated 
with PET. Particularly, the dopaminergic nigrostriatal 
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circuit has been extensively studied using [18F]-labeled 
L-3,4-dihydroxiphenylalanine (FDOPA) and ligands that 
selectively bind to the pre-synaptic dopamine transporter 
(DAT) or the post-synaptic dopamine receptors (D1 

and D2)[4-6]. With these PET techniques, neurochemical 
deficits have been identified that uniquely characterize a 
wide variety of movement disorders.

In SPECT, low-energy gamma-rays emitted by probes 
labeled with heavy radioactive species such as tech
netium [99mTc] (half-life = 6 h) and iodine [123I] (half-
life = 13.3 h) are directly detected in a gamma camera, 
which has reduced sensitivity as compared with PET. 
However, the longer half-lives of SPECT tracers enable 
transportation from distance and even performance of 
several studies, in contrast to PET studies, which usually 
depend on an adjacent cyclotron. Thus, SPECT is usually 
more available than PET. For example, regional brain 
perfusion has been investigated extensively with the 
SPECT tracer [99mTc]hexamethyl propylene amine oxime 
(HMPAO).

MOLECULAR IMAGING OF TREMOR
Essential tremor (ET) is a common disorder characterized 
by bilateral, symmetric postural and kinetic tremor, more 
pronounced in the hands. It is thought to be related to 
abnormalities in the connections between the inferior 
olive, dentate nucleus, red nucleus, thalamus and motor 
cortices (“tremor-network”). However, there is controversy 
between neurodegeneration, dysfunction of GABAergic 
systems and/or abnormal tremor-network oscillations 
to explain the origin of ET. In fact, PET studies have 
demonstrated increased bilateral cerebellar metabolic 
activity during both tremor and at rest, as well as its 
suppression with ethanol consumption[7,8]. Also, PET 
has shown abnormal GABAergic function in premotor 
cortices, dentate nuclei and ventral thalami with the use 
of the GABA-A receptor antagonist [11C]flumazenil[9] 
(Table 1). Interestingly, a PET study has shown increased 
CBF in the supplementary motor area (SMA) ipsilateral 
to ventral intermediate thalamic deep brain stimulation 
(DBS), suggesting a stimulating rather than inactivating 
effect[10]. Further investigation with PET will likely continue 
increasing our understanding of ET. 

In addition, molecular imaging including FDOPA PET 
and DAT SPECT studies have not shown abnormalities 
in dopamine striatal neurotransmission in ET[11,12]. Thus, 
evaluation of the dopaminergic system with PET or SPECT 
could aid in the distinction between ET and tremor-
predominant parkinsonism when the clinical diagnosis is 
equivocal.

MOLECULAR IMAGING OF CHOREA
Huntington’s disease (HD) is a fatal neurodegenerative 
condition caused by an abnormally increased number of 
CAG repeats in the huntingtin gene located in chromo
some 4p. Usually between the age of 40-50 years, a 

significant loss of medium spiny GABAergic neurons in 
the caudate, putamen and cerebral cortices results in 
progressive behavioral symptoms, chorea and cognitive 
dysfunction. The pathological processes underlying this 
degeneration likely precede symptom-onset by several 
years. 

As the affected GABAergic striatal neurons contain 
the majority of dopamine receptors in the striatum, 
decreases in D1 and D2 receptors accompany the extent 
of cell loss[13]. Actually, initial PET imaging in HD focused 
on alterations of these receptors using the D1 receptor 
ligand [11C]SCH 23390 and the D2 receptor ligand 
[11C]raclopride. These studies have demonstrated that HD 
progression is accompanied by significant reductions in 
both D1 and D2 binding[14]. Striatal D2 binding decreases by 
approximately 5% per year, and this reduction correlates 
with trinucleotide repeat length, disease duration and 
severity[15-18]. In patients with HD, dopaminergic uptake 
is also reduced in pre-synaptic striatal and extrastriatal 
neurons[16,17].

FDG PET studies have shown hypometabolism in 
striatum, frontal and temporal cortices in HD patients 
and asymptomatic carriers preceding neuronal loss[19] 
(Table 1). In fact, HD carriers who became symptomatic 
had lower caudate metabolism compared to those who 
remained asymptomatic after 5 years[20]. PET imaging has 
also demonstrated increased levels of activated microglia 
in the striatum of HD carriers, which correlated with the 
probability of disease-onset and clinical severity[21].

MOLECULAR IMAGING OF DYSTONIA
Dystonia is characterized by sustained or intermittent 
involuntary contractions of agonist and antagonist muscles 
resulting in abnormal, repetitive movements and postures 
that are typically patterned and twisting. Dystonia is 
associated with abnormal inhibition, processing and plas
ticity in basal ganglia and sensorimotor networks.

FDG PET studies of large cohorts of patients comparing 
movement-related and movement-free images obtained 
during wake and sleep states respectively, have allowed 
for the development of “metabolic signatures” of dystonia. 
In DYT1 dystonia, a generalized dystonia caused by 
a GAG deletion in chromosome 9, hypermetabolism 
was found in the premotor cortices, basal ganglia, pons 
and midbrain[22]. The movement-free hypermetabolic 
network was identified in the basal ganglia, SMA and 
cerebellum, whereas movement-related hypermetabolism 
was found in the cerebellum and thalamus (Table 1). 
In addition, asymptomatic gene carriers were found to 
have the movement-free but not the movement-related 
abnormalities[23]. Afterwards, patients with focal dystonia 
(blepharospasm)[24] and DYT6 dystonia[25] were surprisingly 
found to have similar movement-free metabolic patterns, 
suggesting that this topography is not genotype-specific. 
In another study, DYT1 and DYT6 patients manifesting 
dystonia were found to have hypermetabolism in the 
bilateral SMAs and parietal association cortices. In 
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could be modulated with GP-DBS[33,34]. Remarkably, 
long-term GP-DBS may correct these abnormalities, 
such that continued stimulation may ultimately prove 
unnecessary[35]. Finally, FDG PET could also be used to 
monitor and even individualize treatment with other 
neuromodulation techniques in patients with dystonia[36,37].

DOPA-responsive dystonia (DRD) is a childhood-
onset dystonia related to mutations in genes that encode 
enzymes important for the production of dopamine. 
DRD patients have been found to have increased 
[11C]raclopride D2 binding in the striatum as compared to 
PD patients and healthy controls[38]. In addition, increased 
striatal dopamine D2 availability with unchanged D1 and 
DAT binding have been found in patients with DRD[39] 
(Table 1). The results of these studies might reflect 
reduced competition and tracer displacement by lack of 
endogenous dopamine and/or a compensatory response 
to the dopamine deficiency.

In focal dystonias, post-synaptic striatal D2 binding 
reduction along with normal pre-synaptic DAT binding 
have been evidenced in PET and SPECT studies[40,41] 
(Table 1). Furthermore, patients with focal limb dystonia 
(“writer’s cramp”) were found to have different patterns 
of striatal dopamine release during motor tasks involving 

contrast, DYT1 asymptomatic carriers were found to have 
hypermetabolism in the putamen, anterior cingulate and 
cerebellum, whereas DYT6 carriers had hypometabolism 
in the putamen and hypermetabolism in the temporal 
cortices[26]. Additionally, PET studies with [11C]raclopride 
have demonstrated that symptomatic and asymptomatic 
DYT1 and DYT6 individuals have decreased D2 striatal 
uptake[27,28]. Abnormalities of GABAergic networks have 
also been postulated in the pathophysiology of dystonia. 
Particularly, the inhibitory modulation of afferent signals 
arriving to the somatosensory regions is dysfunctional. 
In fact, reductions in GABA-A receptor activity in motor, 
premotor, primary and secondary somatosensory cortices 
has been revealed in an [11C]flumazenil PET study of 
patients with dystonia[29]. These results suggest that 
hereditary dystonia is a neurodevelopmental disorder of 
sensorimotor integration (“motor preparation”) networks, 
with resulting excessive output of existing postural control 
systems[30-32].

The effects of globus pallidus (GP) DBS in patients 
with dystonia have been assessed by measuring regional 
cerebral blood flow with [15O]H2O PET. These studies 
have shown hyperactivity in the thalamus, dorsolateral 
prefrontal cortex, medial and superior frontal gyri, which 
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Table 1  Summary of molecular imaging findings in common movement disorders

Movement disorder Metabolism and/or perfusion Nigrostriatal dopaminergic activity Other abnormal systems

Increased Decreased Pre-synaptic Post-synaptic

Tremor:
Essential tremor

Cerebellar, brainstem, 
thalamic, motor cortices 

(“tremor-network”)

- Normal Normal GABAergic: Reduced in 
cerebellum, thalami and 

premotor
Chorea: Huntington’s 
disease

- Striatum, frontal 
and temporal

Reduced Reduced -

Dystonia Rest: Basal ganglia, 
cerebellar, sensorimotor

Dystonia: Thalamic, 
cerebellar 

Focal dystonia: 
Contralateral 

primary motor 
cortex

Focal and dopa-
responsive 

dystonia: Normal 
DAT

Reduced D2

Dopa-responsive 
dystonia: Increased D2, 

normal D1

GABA-A: Reduced in motor, 
premotor and somatosensory 

cortices

Tics: 
Tourette’s syndrome

Rest: Premotor, 
sensorimotor

Tic: Multiple cognitive and 
sensorimotor regions

Rest: Striatum, 
thalamus, limbic

Hyper responsive, 
correlates with 

decreased 
serotonin

Hyper responsive, 
correlates with 

decreased serotonin

Serotoninergic: Prefrontal and 
thalamic

GABA-A: Reduced in amygdala 
and ventral striatum

Parkinsonism:
Parkinson’s disease

Basal ganglia, thalamus, 
contralateral to initial/

worse symptoms, ipsilateral 
cerebellum

Parieto-occipital, 
frontal premotor, 
contralateral to 
initial/worse 

symptoms

Reduced 
in striatum 

contralateral to 
initial/worse 
symptoms, 

caudal-to-rostral 
(putamen-to-

caudate)

Normal or increased 
putaminal D2 if 

untreated, could 
normalize with 

therapy

Cholinergic: Reduced early
Noradrenergic, locus coeruleus: 
Increased early, reduced later
Cardiac sympathetic: Reduced

Multiple system 
atrophy

- Bilateral striatal 
(putamen) and 

cerebellum

Diffuse reduction 
in bilateral 

striatum, variable 
caudal-to-rostral

Reduced D2 -

Progressive 
supranuclear palsy

- Bilateral mesial 
frontal, prefrontal, 
striatal, thalamic, 

midbrain

Diffuse reduction 
in bilateral 

striatum, not 
caudal-to-rostral

Reduced D2 -

Corticobasal 
degeneration

- Cortices 
contralateral to 

symptoms

Diffuse striatal 
reduction 

contralateral to 
symptoms, not 

caudal-to-rostral

- -
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the dystonic limb as compared to asymptomatic tasks[42]. 
Botulinum toxin injection, currently considered the first-
line treatment of focal dystonia, failed to improve the 
abnormal activation of the contralateral primary motor 
cortex in patients with “writer’s cramp” despite clinical 
improvement[43]. Yet, it may induce central plasticity 
through modulation of afferent muscle spindle inputs[44].

MOLECULAR IMAGING OF TICS
Tourette’s syndrome (TS) is a childhood-onset neuro
psychiatric disorder defined by persistence of motor and 
phonic tics, as well as complex behavioral disturbances 
usually including obsessive-compulsive disorder (OCD).

Molecular imaging techniques have suggested abnormal 
function of cortico-striatal-thalamo-cortical circuits in TS. 
FDG PET has demonstrated hypermetabolism in premotor 
and sensorimotor cortices, as well as hypometabolism in the 
striatum, thalamus and limbic cortices including orbitofrontal 
and hippocampal regions in the resting state. During the 
tics, there is hypermetabolism in the anterior cingulate, 
inferior parietal, medial and lateral premotor cortices, 
primary motor cortices including Broca’s area, cerebellum, 
insula, thalamus and the striatum[45,46] (Table 1). Moreover, 
OCD symptoms correlated with a different pattern 
characterized by hypometabolism in anterior cingulate and 
dorsolateral prefrontal cortices, and hypermetabolism in 
primary motor cortices and precuneus[46]. These results 
support abnormal hyperactivity of the systems involved in 
processing sensory information and motor planning in TS.

Given the clinical improvement observed with the use 
of D2 antagonists, TS has been linked to dysregulation of 
dopaminergic transmission. In fact, striatal pre-synaptic 
dopamine release after amphetamine administration 
was studied in adult TS patients using [11C]raclopride 
PET. Finally, abnormal regulation of phasic dopamine 
responses resulted in hyper responsive dopaminergic 
system activation in TS, suggesting an imbalance 
between tonic and phasic dopaminergic responses[47].

Anomalies in serotoninergic transmission in the 
dorsolateral prefrontal cortices and bilateral thalami were 
evidenced in a study using alpha-[11C]methyl-L-tryptophan 
([11C]AMT) PET to study tryptophan metabolism in children 
with TS[48]. Increased caudate serotonin synthesis has 
been shown in another study[49]. Furthermore, a strong 
correlation between phasic dopamine release and low levels 
of serotonin was found after evaluating patients with TS 
using [11C]raclopride (D2 ligand), [11C]WIN (DAT antagonist), 
[11C]McN (5-HT2a receptor antagonist) and [11C]MDL (SERT 
antagonist) as tracers[50]. The modulating effects of thalamic 
DBS in the hyperactive basal ganglia dopaminergic system 
of patients with TS have been evidenced by [18F]Fallypride 
PET[51,52]. In addition, the GABAergic system of patients with 
TS has been studied with [11C]flumazenil PET. A consistent 
decrease of GABA-A receptor activity was found in the 
amygdala, ventral striatum, insula and thalamus; with 
increased activity in the cerebellum, substantia nigra and 
periaqueductal gray[53].

MOLECULAR IMAGING OF 
PARKINSONISM
Most CNS dopaminergic neurons are located in the 
hypothalamus, substantia nigra and ventral tegmental 
area. They project to the hypophysis (tubero-hypophyseal 
pathway), striatum (nigrostriatal pathway), frontal, limbic 
and olfactory regions (mesocortical and mesolimbic 
pathways). The main dopaminergic system involved in 
motor control arises from the substantia nigra, a midbrain 
structure divided into a dorsolateral pars compacta (SNc) 
that projects mostly to the putamen, and a ventromedial 
pars reticulata (SNr) that projects mainly to the thalamus.

Parkinsonism is a syndrome characterized by brad
ykinesia plus rigidity, resting tremor or postural instability. 
It encompasses several conditions with overlapping 
clinical features including secondary parkinsonism, alpha-
synucleinopathies such as Parkinson’s disease (PD) and 
multiple systems atrophy (MSA), as well as tauopathies such 
as progressive supranuclear palsy (PSP) and corticobasal 
degeneration (CBD). The most common parkinsonian 
syndrome is PD, a progressive neurodegenerative condition 
in which there is abnormal accumulation of alpha-synuclein 
in SNc neurons and subsequent dopamine deficiency in the 
nigrostriatal system. In addition to parkinsonism, PD has 
important non-motor manifestations including cognitive, be
havioral and autonomic disturbances.

Unlike many other neurotransmitters, dopamine has 
biological attributes that make it amenable to imaging 
with PET. Given that it cannot cross the BBB, dopaminergic 
neurons normally synthesize dopamine by decarboxylation 
of its immediate precursor, LDOPA, which can cross the 
BBB but is typically synthesized in situ by hydroxylation of 
tyrosine.

The first approach to imaging of the nigrostriatal 
dopaminergic system integrity was based on the asses
sment of pre-synaptic striatal dopamine synthesis capacity. 
Given the short half-life (20 min) and rapid procedures 
needed for [11C]DOPA synthesis, LDOPA was labeled 
with [18F][54]. After several studies, [18F]6-fluoro-L-DOPA 
(FDOPA) became the preferred tracer for measurements 
of LDOPA distribution and uptake in the CNS[55,56]. 

FDOPA is transported across the BBB into the brain 
by the large neutral amino acid transporter, with similar 
kinetics to LDOPA[57]. Yet, the rate of FDOPA metabolism 
by peripheral catechol-O-methyl transferase (COMT) is 
about one fourth of that of LDOPA[58], which is favorable 
for brain PET studies, but should be considered during 
studies aiming to measure or monitor treatment with 
LDOPA. Once localized in the pre-synaptic terminals of 
striatal dopaminergic neurons, FDOPA is converted to 
[18F]fluorodopamine (FDA) by the cerebral aromatic 
amino acid decarboxylase (AAAD) and subsequently 
stored in synaptic vesicles. Striatal FDOPA activity is 
increased if preceded by the administration of a peripheral 
decarboxylase inhibitor and is decreased after treatment 
with reserpine, a drug that releases catecholamines from 
pre-synaptic vesicles. This was the first time the regional 
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distribution, localization and pharmacological manipulation 
of a neurotransmitter were imaged[59]. Later, the first 
human FDOPA PET study demonstrated a similar pattern 
of dopaminergic localization[60]. Although FDOPA can be 
taken up by noradrenergic and serotoninergic neurons, 
the striatal uptake of FDOPA has been used as a correlate 
of nigrostriatal dopaminergic pre-synaptic integrity (Figure 
1).

Another approach is to evaluate dopamine terminal 
density with tracers that bind to the DAT, a pre-synaptic 
membrane protein responsible for the reuptake of released 
dopamine. The cocaine congener, N-[3-[18F]fluoropropyl]-
2β-carbomethoxy-3β-(4-iodophenyl)nortropane [18F]FPCIT, 
which has high binding affinity for the DAT, is the most 
common PET tracer used for this purpose (Figure 2). 
Several other tracers have been synthesized for SPECT, 
such as [99mTc]TRODAT-1, beta-[123I]CIT and [123I]FPCIT 
(DaTScan™) (Figure 3). Although kinetic properties and 
DAT selectivity vary between tracers, they all provide 
similar information about pre-synaptic dopaminergic 
function. Of note, DATs can undergo compensatory or 
pharmacological regulation, thus the use of DAT ligands 
is controversial particularly when used to monitor 
disease progression or the effect of medical therapy. The 
pre-synaptic vesicular monoamine transporter type 2 
(VMAT-2) is less subject to these regulatory changes but 
is expressed in all monoaminergic neurons. Since most 
striatal VMAT-2 activity occurs in dopamine terminals, PET 
studies labeling VMAT-2 with [11C]dihydrotetrabenazine 
(DTBZ) or [18F]fluoropropyl-DTBZ might also help evaluate 
dopaminergic nerve terminal function[61].

Post-synaptic striatal dopaminergic function can be 
assessed with tracers that bind to D1 and D2. For example, 
[18F]Fluoroethylspiperone is a PET tracer (Figure 1) and 
[123I]IBZM is a SPECT tracer (Figure 3), both of which 
can bind to D2 receptors. D1 and D2 receptors have 
different functions based on their mechanisms of adenylyl 
cyclase stimulation and inhibition, respectively[62]. Since 
receptor binding is subject to competition with endogenous 
dopamine, molecular tracers with low D2 affinity can be 

used to estimate the amount of dopamine (i.e., increased 
synaptic dopamine leads to decreased D2 activity). 
Furthermore, changes after therapeutic interventions 
can be assessed with these low receptor affinity ligands. 
Lastly, high affinity probes can help evaluate extrastriatal 
D2 binding[63].

The capability to detect localized subregional bio
chemical deficits in the nigrostriatal system has provided 
insights into the etiology, pathophysiology, differential 
diagnosis and therapy for patients with parkinsonian 
syndromes, particularly PD.

Etiology and diagnosis
The cause of PD is still unclear. The combination of genetic 
susceptibility with environmental factors probably plays 
a significant role. A longitudinal FDOPA PET study of PD 
monozygotic twins showed that many unaffected twins 
had decreased tracer uptake, concordant with their 
affected siblings. When followed for several years, 75% of 
the twin pairs were clinically or radiologically concordant[64]. 
This study helped stimulate debate on the genetics of PD. 
A digenic genotype with complete penetrance was even 
theorized to explain the pattern of PD inheritance rather 
than multiple genes or a single gene with incomplete 
penetrance[65].

PD is characterized by asymmetrical progressive 
decline in tracer accumulation in the striatum contralateral 
to the most symptomatic side of the body (Figures 1-3). 
The reduction of striatal dopaminergic pre-synaptic 
activity follows a caudal-to-rostral direction, being initially 
more severe in the posterior striatum (Figure 2). This 
pattern corresponds with the lateral-to-medial pattern of 
neurodegeneration in the substantia nigra, with earlier 
and more severe involvement of the ventrolateral aspect 
of the SNc[66]. Regional striatal alterations showing larger 
increases in D2 receptor binding in the putamen than 
in the caudate can also been detected (Figure 1). As 
expected, neuropsychologically normal patients with PD 
can have reduced FDOPA PET activity in the putamen 
but not in the caudate contralateral to their major motor 
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MRI (normal) Gluoose metabolism (abnormal) D2 receptors (abnormal) Doparninc synthesis (abnormal)

Figure 1  Imaging of early Parkinson’s disease. A: MRI of the striatum does not indicate any significant anatomical abnormalities; B: PET reveals selective regional 
alterations in diverse neurochemical processes: FDG PET shows putaminal hypermetabolism relative to the caudate (approximately 10%); C: [18F]fluoroethylspiperone 
PET shows approximately 15% greater D2 receptor density in the putamen as compared to the caudate; D: FDOPA PET shows significant reduction in dopamine 
synthetic capacity (80%) in the putamen but not in the caudate. Arrows in B, C, and D indicate putamen. MRI: Magnetic resonance imaging; PET: Positron emission 
tomography; FDG: 2-[18F]-fluoro-2-deoxy-D-glucose; FDOPA: [18F]-labeled L-3,4-dihydroxiphenylalanine. (Originally published in the JNM. Phelps ME. PET: the 
merging of biology and imaging into molecular imaging. J Nucl Med 2000; 41: 661-681. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.)
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signs. This reduction can be similar between tremor-
predominant and akinetic-rigid patients. To explain these 
findings, it has been postulated that the putamen is 
mainly involved in motor control, whereas the caudate 
participates mostly in cognitive functions[67]. However, 
most patients in these initial studies had early PD, perhaps 
before involvement of the caudate could be appreciated. 
In addition, FDOPA activity can be increased relative 
to the degree of denervation in early disease, possibly 
due to compensatory upregulation of AAAD. Moreover, 
FDG PET studies have shown hypermetabolism in the 
same areas with decreased FDOPA uptake[68] (Figure 4). 
Although characteristic, this appearance is not completely 
specific for PD and might be noted in other parkinsonian 
syndromes, particularly MSA (Figure 3).

Differential diagnosis
PSP is an atypical parkinsonism associated with reduction 
of vertical gaze and axial rather than appendicular rigidity 
manifesting with premature falls. MSA is defined by 
autonomic failure and either poor LDOPA-responsive park
insonism (MSA-P, striatonigral degeneration) or cerebellar 
dysfunction (MSA-C, olivopontocerebellar atrophy). CBD 
presents with asymmetric onset of limb bradykinesia, 
rigidity, dystonia or myoclonus; plus apraxia, cortical 
sensory deficits or alien limb phenomenon.

The direction of pathologic changes in the substantia 
nigra of patients with PSP is from medial-to-lateral, 
corresponding with their early truncal rigidity, but opposite 
to the direction seen in PD[66,69]. In PSP and MSA, pre-
synaptic striatal activity is usually symmetrically and 
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Figure 2  Nigrostriatal dopaminergic system degeneration in Parkinson’s disease. PET images show striatal uptake of [18F]FPCIT, a ligand with high affinity for 
pre-synaptic dopamine transporters, for a normal volunteer (top row), and 2 patients with Parkinson’s disease (PD) [middle row: Hoehn and Yahr (H and Y) stage Ⅰ; 
bottom row: H and Y stage Ⅲ]. Striatal [18F]FPCIT uptake is mainly reduced in the putamen contralateral to the most symptomatic side in early PD (middle row), 
progressing to bilateral reduction in a caudal-to-rostral pattern (bottom row). (Originally published in the JNM. Katzumata K, Dhawan V, Chaly T, et al. Dopamine 
transporter imaging with fluorine-18-FPCIT and PET. J Nucl Med 1998; 39: 1521-1530. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.)
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Figure 4  2-[18F]-fluoro-2-deoxy-D-glucose positron emission tomography (FDG 
PET) in Parkinson’s disease (PD) and multiple system atrophy (MSA). FDG PET 
shows hypometabolism in bilateral parieto-occipital and prefrontal cortices, as well as 
hypermetabolism in the basal ganglia and thalamus in PD, as opposed to bilateral striatal 
and thalamic hypometabolism in MSA (arrows). (Originally published in the JNM. Brooks 
DJ. J Nucl Med 2010; 51: 596-609. © by the Society of Nuclear Medicine and Molecular 
Imaging, Inc.)

PD MSA

diffusely decreased. The caudal-to-rostral pattern seen 
in PD is lost in PSP, but could be variably present in MSA 
(Figure 3). In CBD, there is asymmetric reduction of FDOPA 
accumulation in the striatum contralateral to the most 
symptomatic side. Additionally, increased post-synaptic 
putamen D2 binding that can be normalized with therapy is 
seen in PD. D2 binding is reduced in PSP and MSA[61] (Table 1, 
Figure 3).

Although not specific, FDG PET or HMPAO SPECT 

patterns might also help differentiate between the 
parkinsonian syndromes. In fact, characteristic hypo
metabolism has been demonstrated in contralateral parieto-
occipital and frontal cortices in PD; bilateral putamen 
and cerebellum in MSA (Figure 4); caudate, thalami, 
midbrain, mesial frontal and prefrontal cortices in PSP; and 
contralateral cortical regions in CBD. In addition, PD patients 
have hypermetabolism in the basal ganglia, thalami, 
pons and cerebellum[70] (Table 1, Figure 4). Furthermore, 
SPECT studies have shown decreased cardiac sympathetic 
terminals signal indicating denervation in PD as opposed to 
the atypical parkinsonisms[71] (Figure 3).

Remarkably, up to 20% of patients with a clinical 
diagnosis of PD can have normal molecular imaging of 
the nigrostriatal dopaminergic system. This phenomenon 
has been labeled “symptoms without evidence for dop
amine deficiency” (SWEDD)[72]. Most cases of SWEDD 
are due to clinical misdiagnosis. Yet, a small proportion of 
SWEDD patients may actually have PD based on clinical 
progression, LDOPA responsiveness and/or repeated 
imaging[73]. Although still controversial, these findings imply 
that normal functional imaging cannot completely exclude 
early PD[74]. Clearly, additional studies comparing PET and/
or SPECT with neuropathology for the diagnosis of PD are 
needed.

Pathophysiology and disease progression
Molecular imaging studies evaluate dopaminergic acti
vity rather than the number of neurons. Moreover, 
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Figure 3  [123I]FPCIT, [123I]IBZM and cardiac SPECT imaging [[123I]MIBG] of Parkinson’s disease (A) and atypical parkinsonism (B). Striatal [123I]FPCIT is 
decreased in both PD and APD. Striatal D2 receptor binding is normal in PD but decreased in APD. Myocardial sympathetic SPECT signal is decreased in PD but 
normal in APD. PD: Parkinson’s disease; APD: Atypical parkinsonism; SPECT: Single photon emission computerized tomography. (Originally published in the JNM. 
Südmeyer M, Antke C, Zizek T, et al. J Nucl Med 2011; 52: 733-740. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.)
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disability in PD is related to deficiencies in multiple other 
neurotransmitter systems. Nonetheless, imaging of the 
nigrostriatal dopaminergic system is one of the best mark
ers to assess PD progression.

Neuroinflammation might precede neuronal death in 
neurodegenerative disorders. PET studies targeting specific 
molecules expressed by activated microglia have provided 
controversial results in PD[75,76]. More consistent findings 
have been reported in MSA[77], PSP[78], CBD[79] and HD[80]. 
The challenging imaging of the usual small amounts of 
intracellular-predominant alpha-synuclein deposits could 
lead to exciting advances in the future[81].

In PD, the loss of nigrostriatal neurons eventually 
exceeds an asymptomatic threshold. In fact, striatal uptake 
prior to symptom presentation has been measured to 
decline at an annual rate of 9%-12%[82]. Interestingly, 
molecular studies have demonstrated subclinical dopamine 
deficits in people exposed to nigral toxins, individuals 
with family history of dominant or recessive PD, twins of 
PD patients[64], and patients with non-motor symptoms 
of PD such as hyposmia, autonomic dysfunction and/or 
REM sleep behavior disorder (RBD)[83]. In fact, people with 
these non-motor symptoms and dopaminergic deficits on 
functional imaging have a higher risk of developing PD[83]. 
Early identification and long-term clinico-radiological follow-
up of these patients could be of great value to study the 
natural history of PD and to evaluate if, when and how 
strongly molecular imaging can predict the conversion from 
prodromal to clinically-evident PD.

FDOPA uptake is increased in the noradrenergic locus 
coeruleus in early PD but decreases to abnormal levels 
with disease progression, suggesting early compensatory 
upregulation. PET studies have also shown early cholinergic 
dysfunction in PD patients with impaired olfactory function 
or RBD with or without cognitive dysfunction[84]. 

[18F]FPCIT PET studies have demonstrated how the 
pathology in PD progresses from unilateral to bilateral 
striatal dopamine deficits, and that its magnitude correlates 
with the severity of symptoms[85] (Figure 2). Interestingly, 
decreased striatal dopaminergic uptake correlates with 
metabolic hyperactivity in the STN and GP[86].

Assessment of disease progression requires objective 
markers to overcome the confounding effects of symptomatic 
benefit. The evaluation of PD progression with molecular 
imaging should be carefully interpreted, since tracer 
metabolism can be altered by compensatory regulation and/
or therapeutic interventions.

Treatment
Deprenyl (Selegiline), an irreversible monoamine oxidase 
type B (MAO-B) inhibitor employed in the treatment of 
PD, was used to determine that CNS MAO-B distribution 
is approximately 60% higher in the thalamus and basal 
ganglia relative to cortical regions and cerebellum. In further 
studies, 5 mg of deprenyl were administered daily for 7 d 
in order to obtain maximal binding to MAO-B. Then, the 
subjects were evaluated with [11C]deprenyl PET. Relative 
to pre-treatment values, [11C]deprenyl binding after 

deprenyl administration was reduced by 90%, indicating 
near complete inactivation of the enzyme. Multiple PET 
scans during the next two months revealed that MAO-B 
binding capacity could be restored only by synthesis of 
new enzyme. It was calculated that the half-time for 
MAO-B synthesis was approximately 40 d. These results 
provided the first in vivo measurement of the synthesis 
rate of a specific protein in the brain. Furthermore, it was 
demonstrated that the recommended daily dose of deprenyl 
(5 mg twice daily) exceeded that necessary for therapeutic 
efficacy, illustrating how PET can be used to determine drug 
dosage for optimal efficacy in movement disorders[87].

FDOPA PET has been used in several studies to 
evaluate the effects of potential neuroprotective agents on 
dopaminergic function[72]. For example, the relative rates 
of progression of early PD in patients started on ropinirole 
or LDOPA were compared in a double-blind, randomized 
study in which FDOPA PET studies were obtained at 
baseline and 2 years later. The mean reduction in putamen 
FDOPA uptake was not significantly different for both 
groups[88].

Molecular studies have shown that LDOPA-induced 
dopamine release in the striatum increases with the 
severity and duration of PD, and is of larger magnitude in 
patients with LDOPA-induced dyskinesias[89,90]. Moreover, 
greater magnitude but shorter duration of LDOPA-induced 
dopamine release in responsive patients could predict the 
future development of motor fluctuations[91]. In addition, 
changes in D2 receptor density of PD patients have been 
measured with PET after exposure to dopaminergic 
pharmacotherapy and/or the compensatory reactions to 
the ongoing disease process, showing normal or increased 
D2 binding potential in untreated PD patients, and reduced 
potential in PD patients with fluctuating responses to 
LDOPA[92]. 

Impulse control disorders have a higher incidence 
in patients with PD treated with dopamine agonists. 
[11C]raclopride PET was used to compare D2 receptor 
availability during a gambling task in PD patients with 
and without pathological gambling. It was found that 
those with pathological gambling had lower D2 binding at 
baseline but increased release of dopamine in the ventral 
striatum during the gambling task, as is seen in those with 
chemical addictions in response to the drug to which they 
are addicted[93]. Later, increased release of dopamine in the 
ventral striatum during reward cues was also demonstrated, 
implying that PD patients who develop impulse control 
disorders could represent a susceptible group of individuals 
unmasked by dopaminergic agonists[94]. Pharmacokinetic 
and pharmacodynamic studies with PET will likely continue 
increasing our understanding of the mechanisms of action, 
efficacy and complications of medical interventions in 
patients with PD.

Molecular imaging has also been used to evaluate 
efficacy of different surgical interventions. For example, 
in PD patients who received a striatal fetal nigral tissue 
transplant, a significant increase in FDOPA PET activity 
was observed. Unfortunately, clinical improvement was 
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dismal, suggesting implant survival without enough or 
adequate post-synaptic connections[95]. Later, PET imaging 
has provided evidence that PD patients benefit from 
surgical interventions such as STN or GP DBS, which 
reduce the abnormally increased inhibitory output from 
the basal ganglia to the ventral thalamus[96]. In fact, FDG 
PET studies have demonstrated that STN DBS suppresses 
hypermetabolism in the rostral cerebellum, and partly 
reverses reductions of cortical glucose consumption in limbic 
and associative regions where basal ganglia connections 
project, including frontal cortices[97,98].

FUTURE DIRECTIONS
The mission of first defining the impaired molecular mecha
nisms leading to abnormal motor network dysfunction  
and movements disorders, and then designing therapies to 
restore their normal function requires a tremendous effort 
and integration of different specialties. A fundamental 
technology in this quest is molecular imaging with PET and 
SPECT. 

In addition to established neuromodulation techniques 
such as DBS, the use of genetic therapy to alter neuro
transmitter activity might be incorporated into therapeutic 
options in the coming years. These therapies can be 
quantitatively assessed with specific tracers as mentioned 
in this review. In fact, the gene for AAAD was inserted into 
an adeno-associated virus that had been stripped of its 
replicative functions but was still capable of infecting cells. 
It was hypothesized that upon injection of the virus into 
the striatum, the subsequent expression of AAAD in the 
infected striatal cells would provide a local source of AAAD 
that could selectively convert LDOPA to dopamine. For 
the experiment, the subjects first received an intracarotid 
injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), a neurotoxin that specifically targets dopaminergic 

nigral neurons. Afterwards, 6-[18F]fluoro-L-metatyrosine 
(FMT), an analog of LDOPA, was used as a PET tracer 
to show unilateral reduction in AAAD activity, indicating 
that MPTP had produced a unilateral striatal dopamine 
deficit. Subsequently, the AAAD gene-viral vector was 
stereotactically injected into the lesioned striatum. Two 
months later, a robust FMT PET uptake was detected in the 
striatum that had been injected with the virus containing 
AAAD[99]. 

Based on prior studies showing neuroprotective effects 
of the glial cell-line derived growth factor (GDNF) against 
MPTP, a solution containing GDNF was stereotactically and 
unilaterally delivered into the caudate and putamen of 
vervet monkeys one week prior to systemic administration 
of methamphetamine. The potential neuroprotective 
effects of GDNF were then evaluated by PET imaging of 
the striatum in multiple studies with the tracer [11C]WIN 
35428, a selective DAT ligand. The results showed that 
GDNF pretreatment provided partial neuroprotection from 
methamphetamine-induced loss of DATs. These results 
provided evidence that exogenously administered GDNF 
could provide neuroprotection in the adult non-human 
primate brain and that a corresponding pharmacotherapy 
approach could be monitored with PET[100] (Figure 5).

The capacity of molecular imaging, in particular PET, to 
provide an in vivo time course of gene expression, protein 
synthesis, receptor and transporter binding, could enable 
researchers and clinicians to develop novel therapeutic 
approaches in humans with movement disorders. These 
methods should first be evaluated in non-human primate 
models to validate and optimize drug dosages, targets for 
injection or modulation, evaluation of treatment safety and 
efficacy, and more.

CONCLUSION
Molecular imaging has evaluated changes in regional 
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Figure 5  Positron emission tomography assessment of a neuroprotective strategy for methamphetamine-induced neurotoxicity with [11C]WIN 35,428, 
a selective dopamine transporter ligand. Prior to drug treatment, symmetrical and selective striatal uptake was demonstrated (left, pre-methamphetamine). 
Glial cell-line derived growth factor (GDNF) was then unilaterally injected into the striatum (left-sided striatum on the images shown). One week later, a neurotoxic 
methamphetamine (METH) dosage was systemically administered. Subsequent studies showed that the GDNF-pretreated striatum was partially protected from 
the METH-induced neurotoxicity and that it recovered at a faster rate relative to the contralateral striatum (right, post-methamphetamine). (Originally published in 
Synapse. Melega WP, Lacan G, Desalles AA, Phelps ME. Long-term methamphetamine-induced decreases of [(11)C]WIN 35,428 binding in striatum are reduced by 
GDNF: PET studies in the vervet monkey. Synapse 2000; 35: 243-249. © by John Wiley & Sons publications, Inc.)
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brain perfusion, glucose metabolism and neurotransmitter 
systems in movement disorders, shedding light into their 
etiology, pathophysiology, diagnosis, disease progression 
and therapeutic options, including the identification and 
individualization of potential neuromodulation targets.

The recognition of asymptomatic and progressive 
disease by molecular imaging in contrast to the unre
markable data from structural imaging illustrates that 
significant neurochemical alterations precede and are not 
necessarily paralleled by morphological changes. In this 
context, PET and SPECT have provided disease-specific 
biomarkers that could help determine which individuals 
are more likely to benefit from different therapeutic 
modalities.

Continuing progress in the design of PET and SPECT 
systems, as reflected by new detector materials and 
image reconstruction algorithms, higher performance 
computer technology and improved availability of radiop
harmaceuticals will all contribute to a wider range of 
applications in movement disorders. In particular, the 
combined use of genetic therapy and molecular imaging 
could provide opportunities for the design and evaluation 
of novel therapies at early stages of the disease.
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