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Diagnosis of neurological and psychiatric conditions associated with disturbances of dopaminergic functioning can be challen-
ging, especially in the early stages, and may be assisted with biomarkers such as dopamine system imaging. Distinguishing
between Alzheimer's disease and dementia with Lewy bodies is a major diagnostic challenge. Clinical diagnosis of Parkinson's
disease is straightforward with classic presentation, but accurate distinction among Parkinsonian variants may be difficult; non-
Parkinson's disease conditions are commonly misdiagnosed as Parkinson's disease, and ~20% of patients with Parkinson's
disease are not clinically diagnosed despite coming to medical attention. Early and accurate diagnosis is desirable to improve
management. Imaging of the dopamine transporter using single-photon emission computed tomography may be of particular
utility in this regard. Abnormal imaging indicates underlying nigrostriatal neurodegeneration, supportive of a diagnosis of
Parkinson's disease, atypical parkinsonism or dementia with Lewy bodies, and identifies patient groups in whom dopaminergic
therapy may be beneficial. Normal imaging supports diagnosis of a condition not involving nigrostriatal neurodegeneration such
as Alzheimer's disease, essential tremor or drug-induced parkinsonism and hence a different therapeutic approach. In patients in
whom there was diagnostic uncertainty between degenerative parkinsonism and non-degenerative tremor disorders, baseline
imaging with the dopamine transporter ligand ['**I]ioflupane (DaTscan™) has shown 78% sensitivity and 97% specificity with
reference to clinical diagnosis at 3 years, versus 93% and 46%, respectively, for baseline clinical diagnosis. In a Phase IlI trial of
["*Ilioflupane in patients with initial clinical diagnosis of probable or possible dementia with Lewy bodies or non-Lewy body
dementia, mean specificity for excluding non-Lewy body dementia (predominantly Alzheimer's disease) was 90.4%. Using
clinical diagnosis as a reference against which to assess sensitivity and specificity of dopamine transporter imaging is a limi-
tation, but definitive diagnosis via pathological confirmation is generally not feasible. In a series of patients with post-mortem
brain examination, imaging using ['*?IJioflupane has demonstrated higher sensitivity (88%) and specificity (100%) for differ-
entiating dementia with Lewy bodies from non-Lewy body dementia than clinical diagnosis (75% and 42%, respectively).
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Dopaminergic system imaging may be particularly valuable in patients with clinically inconclusive parkinsonism or a clinical
diagnosis of possible dementia with Lewy bodies; it is not helpful in differentiating between Parkinson's disease and atypical
parkinsonism, although postsynaptic dopaminergic imaging may be of utility. Other potential uses of dopamine transporter
imaging include identification of patients with premotor Parkinson’s disease, monitoring disease progression in testing novel
therapeutics, and as an inclusion criterion for entry into clinical trials.

Keywords: Alzheimer's disease; dementia with Lewy bodies; dopaminergic imaging; neurodegeneration; Parkinson's disease
Abbreviations: B-CIT = [2B-carbomethoxy-3B-(4-["*3Iliodophenyl)tropane iometopanel; DLB = dementia with Lewy bodies;
DOPA = dihydroxyphenylalanine; FP-CIT = [N-w-fluoropropyl-2B-carbomethoxy-3p-(4-['**Iliodophenyl)nortropane;

SPECT = single-photon emission computed tomography

|ntl‘0ductlon alterations in .neurotransrr?itter synthesif, storage, r.eleastle or.reup-

take. We review the utility of dopamine system imaging in the
Disturbances of dopaminergic functioning are associated with nu- diagnosis of neurodegenerative disorders. Imaging can be per-
merous neurological and psychiatric conditions. Diagnosis of these formed using single-photon emission computed tomography
conditions may be difficult, particularly in the early stages, and (SPECT) or PET. We focus on the use of SPECT tracers binding
may be assisted with biomarkers such as dopamine system ima- to the dopamine transporter as currently SPECT is more widely
ging. Functional imaging with specific dopamine-related tracers available for routine clinical use. Most multi-site neuroimaging
may be used to assess functioning at presynaptic terminals or studies utilizing dopamine system imaging have used this
postsynaptic binding sites, measuring density of binding sites or methodology.
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Figure 1 Dopaminergic radioligands for SPECT and PET. B-CFT = 23-carbomethoxy-3-(4-fluorophenyl)tropane; DAT = dopamine
transporter; dopa = dihydroxyphenylalanine; DMFP = desmethoxyfallypride; dMP = d-threo methylphenidate;

DTBZ = dihydrotetrabenazine; FE-CIT = (N-(2-fluoroethyl)-2B-carbomethoxy-3B-(4-iodophenyl)nortropane; IBZM = iodobenzamide;
NMSP = 3-N-methylspiperone; PE2| = N-(3-iodoprop-(2E)-enyl)-2B-carboxymethoxy-3B-(4'-methylphenyl)nortropane; TRODAT-1 =
[2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo]3.2.1]oct-2-yllmethyl](2-mercaptoethyl)aminolethyl]lamino]ethanethiolato(3-)-
N2,N20,52,520]oxo-[1R-(ex0-ex0)]; VMAT = vesicular monoamine transporter; WIN = WIN 55,212-2 cannabinoid receptor agonist.
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Dopamine system imaging
agents

Several dopamine-related imaging agents have been developed
to assess the integrity of dopaminergic neurons using SPECT
or PET (Fig. 1). These radioligands image either presynaptic
targets—dopamine transporter, vesicular monoamine transporter
or dihydroxyphenylalanine (DOPA) decarboxylase activity (reflect-
ing dopamine synthesis)—or postsynaptic D, dopamine receptors.
The most commonly used SPECT ligands bind to dopamine trans-
porter, reduction of which correlates with the loss of presynaptic
dopamine. Ligands for dopamine transporter include: ['**I]FP-
CIT  (N-w-fluoropropyl-2p-carbomethoxy-3B-(4-["**liodophenyl)
nortropane, ioflupane, DaTscan™); [**™TcITRODAT-1 [2-[[2-
[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo]3.2.1]oct-2-ylImethyl]
(2-mercaptoethyl)aminolethyllamino]ethanethiolato(3-)-N2,N20,
$2,520]oxo-[1R-(exo0-ex0)]; and ['**11B-CIT (2B-carbomethoxy-
3B-(4-["*2lliodophenyltropane, iometopane). The first two of
these ligands have more rapid binding kinetics, enabling imaging
3-6h after administration rather than 20-30h (Booij et al., 1997,
Hwang et al., 2004). ['?*|]Altropane SPECT images have been less
extensively investigated and are more difficult to quantify owing
to rapid washout from the brain (Seibyl et al., 2005a). Ligands for
PET imaging are shown in Fig. 1. Few direct comparisons between
ligands have been carried out, though a crossover study using
[®°™TcITRODAT-1 SPECT and ['®F] DOPA PET found a generally
similar imaging pattern between the two approaches (Huang
et al., 2003).

Parkinsonism and dopaminergic
neurodegeneration

Parkinson's disease is the second most common neurode-
generative disorder (after Alzheimer's disease) (Nussbaum and
Ellis, 2003), yet early accurate diagnosis remains challenging.
The estimated prevalence of Parkinson's disease is 0.5-1% in
those aged 65-69 years, rising to 1-3% in those aged >80 years
(Nussbaum and Ellis, 2003). There are thought to be in excess
of 500000 sufferers in the USA, with 50000 new cases each
year (National Institute of Neurological Disorders and
Stroke, 2004). Parkinson's disease is characterized clinically by
asymmetric parkinsonism (resting tremor, bradykinesia, rigidity
and later postural instability) and pathologically by the loss of
neurons, particularly dopaminergic neurons, in the substantia
nigra that project primarily to the striatum. There are ubiqui-
nated protein deposits in the cytoplasm of neurons, termed
Lewy bodies, and thread-like proteinaceous inclusions in neurites,
termed Lewy neurites. These occur characteristically not only
in the substantia nigra (Nussbaum and Ellis, 2003), but also in
other subcortical and cortical regions (Braak et al., 2003), as
well as in peripheral autonomic neurons. There are a number of
other neurodegenerative diseases associated with parkinsonism
and frequently labelled as atypical [parkinsonism or parkinsonian
plus syndromes, including multiple system atrophy, progressive
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supranuclear palsy, corticobasal degeneration and dementia
with Lewy bodies (DLB). All of these conditions are associated
with  nigrostriatal degeneration. Clinical manifestations of
parkinsonism can also be seen in conditions not involving nigros-
triatal degeneration like vascular parkinsonism and drug-induced
parkinsonism, among others. Parkinsonism must also be distin-
guished from conditions such as essential tremor and Parkinson's
disease with dementia must be distinguished from Alzheimer's
disease.

Although the clinical diagnosis of Parkinson's disease may be
straightforward in cases with classic presentation, accurate distinc-
tion among variants of parkinsonism may be difficult, particularly
in the early or mild stages of disease. Moreover, subtle signs of
parkinsonism can be clinically confused with orthopaedic diag-
noses, systemic medical illness or depression. Autopsy studies in
patients with an initial clinical diagnosis of Parkinson's disease
reveal a substantial number of cases with alternative diagnoses.
In one study, 24% lacked Lewy bodies and had diagnoses includ-
ing progressive supranuclear palsy, multiple system atrophy,
Alzheimer's disease, Alzheimer-type pathology and basal ganglia
vascular disease (Hughes et al., 1992). In another autopsy study
of 65 patients, 59 with complete data, 43 had an initial diagnosis
of Parkinson's disease; after a mean of 12 years follow-up, the
final diagnosis was Parkinson’'s disease in 41 cases, which was
confirmed in 31 (76%) (Rajput et al., 1991). Although the correct
clinical diagnosis was made in most non-Parkinson's disease vari-
ants of parkinsonism within 5 years of onset, the time to reach the
correct clinical diagnosis ranged from 2 months to 18 years (Rajput
et al., 1991). Misdiagnosis of non-Parkinson’s disease conditions
(essential tremor, vascular parkinsonism, multiple system atrophy
and progressive supranuclear palsy) as Parkinson's disease means
that 5-25% of patients diagnosed clinically with Parkinson's dis-
ease are inappropriately receiving anti-parkinsonian medication
from which they derive little or no benefit (Meara et al., 1999;
Schrag et al., 2002; Newman et al., 2009). Conversely, ~20% of
patients with Parkinson's disease are not clinically diagnosed as
such despite coming to medical attention (Schrag et al., 2002).
Even among specialists, although the positive predictive value
of a clinical diagnosis of Parkinson's disease is high, ~99%, sen-
sitivity is lower, ~91%, owing to false-negative diagnoses
(Hughes et al., 2002). Early, accurate diagnosis in patients with
parkinsonism is important for several reasons, including correct
prognostication and management, and the avoidance of unneces-
sary medical examinations and therapies and their associated fi-
nancial costs, side-effects and safety risks. Correct diagnosis is also
critically important when patients are being recruited into clinical
trials.

Biomarkers that distinguish between the different causes of
parkinsonism would reduce misdiagnosis and facilitate timely
and appropriate therapy. Blood and CSF markers of neuro-
degenerative parkinsonism (e.g. «a-synuclein) show promise and
may aid clinical diagnosis in the future, but are still in the early
stages of development (Eller and Williams, 2009). Neuroimaging
of the dopaminergic system offers substantial promise as
a biomarker for early diagnosis that has differential diagnostic
utility.
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Discriminating between
neurodegenerative
parkinsonism and its mimics

Post-mortem studies demonstrate severe reductions in dopamine
concentration in the striatum of patients with Parkinson’s disease,
with greater reductions in the putamen than the caudate, particu-
larly in the caudal putamen (Kish et al., 1988; Piggott et al.,
1999). This may result from both cell body and axonal loss
(Cheng et al., 2010). Dopaminergic imaging discriminates patients
with Parkinson's disease from healthy individuals, identifying
presynaptic dopaminergic deficits in the caudate and putamen
with high specificity and sensitivity, even in early disease (Weng
et al., 2004; Shih et al., 2006; Eshuis et al., 2009), and has the
potential to discriminate between neurodegenerative parkinsonism
and its mimics. In clinically uncertain cases, dopaminergic imaging
may assist in confirming or excluding nigrostriatal neurodegenera-
tion. Several studies in clinically uncertain parkinsonian syndromes
(idiopathic Parkinson's disease and Parkinson's disease plus/atyp-
ical parkinsonism syndromes) support this contention. Note, how-
ever, that to date, in the absence of histopathological material,
nearly all imaging studies have used clinical diagnoses as the gold
standards, which, as discussed above, may not always be accurate.

The largest prospective study of patients (n = 118) with clinically
uncertain parkinsonian syndromes evaluated in a routine clinical
setting was published by Catafau et al. (2004). ['*IIFP-CIT
SPECT images were classified visually as normal or abnormal by
nuclear medicine physicians expert in neuroimaging (Fig. 2).
["23I1FP-CIT SPECT results were inconsistent with the initial diag-
nosis in a telling proportion of patients. Thirty-six per cent of
patients with suspected diagnosis of presynaptic parkinsonian
syndrome (Parkinson's disease or atypical parkinsonism) had a
normal scan, and 54% of those with a suspected diagnosis of
non-presynaptic parkinsonian syndrome had an abnormal scan.
The diagnosis was changed after imaging in 52% of patients
and planned management was changed in 72% (Catafau et al.,
2004). All patients with a final diagnosis of presynaptic parkinso-
nian syndrome had abnormal imaging and 94% of patients with a
final diagnosis of non-presynaptic parkinsonian syndrome had
normal imaging; only two patients with abnormal scans had a
diagnosis of non-presynaptic parkinsonian syndrome (essential
tremor and vascular parkinsonism). After 2 years' follow-up, clin-
ical diagnosis agreed with the initial dopamine transporter SPECT
results in 90% of patients in whom a specific diagnosis was es-
tablished (Tolosa et al., 2007a). Follow-up SPECT helped to es-
tablish a diagnosis in seven of eight patients with a previously
inconclusive diagnosis.

In a small prospective study of 15 patients with clinically uncer-
tain parkinsonian syndromes, 13 with probable Parkinson’s dis-
ease, and 13 healthy controls evaluated using [*°™TcITRODAT-1
SPECT, there was 80% agreement between the baseline SPECT
diagnosis and gold standard clinical diagnosis of Parkinson's dis-
ease at 2 years' follow-up, and 100% sensitivity (Felicio et al.,
2010a). In a group of 33 patients with inconclusive aetiology of
parkinsonism followed clinically for 2-4 years after initial
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Abnormal type 1

Abnormal type 2 Abnormal type 3

Figure 2 ["?3I]FP-CIT SPECT images in patients with clinically
uncertain parkinsonian syndromes. Abnormal patterns are
defined as: Type 1, asymmetrical uptake with reduced putamen
activity in one hemisphere; Type 2, clear symmetrical reduction
of putamen uptake in both hemispheres; Type 3, virtual absence
of uptake in both putamen and caudate nuclei on each side of
the brain, resulting in significant reduction in contrast and the
visualization of background activity throughout the rest of the
image (Catafau et al., 2004). Reproduced with permission.

["®11FP-CIT SPECT, nine had evidence of nigrostriatal degener-
ation, in all of whom pre synaptic parkinsonism was confirmed on
clinical follow-up (Parkinson's disease in seven cases, multiple sys-
tem atrophy in two) (Booij et al., 2001). In the 24 patients lacking
evidence of presynaptic degeneration, forms of parkinsonism other
than presynaptic parkinsonism were confirmed at follow-up in 19
(five essential tremor, four vascular parkinsonism, four psycho-
genic parkinsonism, three drug-induced parkinsonism, one non-
dopa-responsive dystonia, one post-traumatic encephalopathy,
one Fahr's disease); in three patients, no conclusive diagnosis
was established but presynaptic parkinsonism was excluded
clinically, and the remaining two cases were thought to have
false negative scans.

In another study in 35 patients with suspected parkinsonian
syndrome referred by community neurologists, ['>311p-CIT SPECT
imaging and the diagnosis at referral were compared to a gold
standard clinical diagnosis made at 6 months’ follow-up by a
movement disorder specialist blinded to the imaging results
(Jennings et al., 2004). With reference to the specialist diagnosis,
dopamine transporter SPECT imaging had sensitivity of 92% and
specificity of 100%, versus 92% sensitivity and 30% specificity for
the community neurologist's diagnosis. Imaging would have
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improved community physicians’ diagnosis to levels of sensitivity
and specificity similar to those achieved by specialists.

In a single centre study, 248 patients with an unclassified par-
kinsonian syndrome had baseline SPECT imaging using either
["21FP-CIT or ['**lliodobenzamide (a D, receptor ligand).
Subjects were followed for 18 months post-scans. ['*3I]FP-CIT,
in comparison with clinical diagnosis from the latest available clin-
ical records or examination by a blinded movement disorders spe-
cialist, discriminated between Parkinson's disease and essential
tremor with 80% sensitivity and 95% specificity, between
Parkinson's disease and vascular parkinsonism with 80% sensitivity
and 100% specificity, and between Parkinson's disease and
drug-induced parkinsonism with 80% sensitivity and 100% speci-
ficity (Vlaar et al., 2008). The corresponding odds ratios (95%
confidence interval) were 82 (11-674) for Parkinson's disease
versus essential tremor, 61 (8-490) for Parkinson's disease
versus vascular parkinsonism, and 36 (2-97) for Parkinson's dis-
ease versus drug-induced parkinsonism (Vlaar et al., 2008).
Sensitivity and specificity values for ['**|liodobenzamide were
less than or equal to those for ['**IIFP-CIT, and combining
the two did not significantly improve diagnostic accuracy.
Both ['23I]FP-CIT [80% sensitivity, 24% specificity, odds ratio
1 (0-4)] and ['**lliodobenzamide SPECT [80% sensitivity, 62%
specificity, odds ratio 7 (2-17)] had low ability to differentiate
between Parkinson's disease and atypical parkinsonism.

A 3-year prospective, multicentre study compared clinical diag-
nosis with ['23[JFP-CIT SPECT in 199 patients in whom there was
diagnostic uncertainty between degenerative parkinsonism and
non-degenerative tremor disorders (Marshall et al., 2009). The
gold standard clinical diagnosis was performed at 36 months by
two movement disorder specialists using clinical data and video
recordings, and dopamine transporter images were assessed by
three readers blinded to the clinical diagnosis. Of 99 patients
who had imaging at baseline, 18 and 36 months and had a
36-month gold standard video consensus diagnosis, 71 had a
gold standard clinical (video) diagnosis of degenerative
parkinsonism (66 probable and five possible Parkinson's disease);
of these patients, 56 had an abnormal baseline SPECT image (all
with probable Parkinson's disease). Of the 71 patients with gold
standard clinical (video) diagnosis of degenerative parkinsonism,
17 were not taking anti-parkinsonian medication at 36 months
(decisions about medication were made by the patient’s clinician);
10 of these 17 (56%) had normal baseline SPECT images. Of the
28 patients with a gold standard clinical (video) diagnosis of
non-Parkinson's disease at 36 months, 27 had a normal SPECT
image, and 13 were incorrectly clinically diagnosed with
Parkinson's disease on study entry. With reference to the 3-year
gold standard clinical (video) diagnosis, baseline ['*3I]FP-CIT
SPECT showed a mean sensitivity of 78% and a specificity of
97%, in comparison with values of 93% and 46% for baseline
clinical diagnosis. Inter-reader agreement with regard to visual as-
sessment (normal or abnormal) of scans was high at all time-points
(Cohen's k 0.94-0.97).

A number of recently completed clinical trials in early
Parkinson's disease used SPECT imaging as a secondary outcome
measure (Fahn et al., 2004; Parkinson Study Group PRECEPT
Investigators, 2007). About 10-15% of subjects recruited by
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movement disorders experts with the diagnosis of Parkinson's dis-
ease had dopaminergic imaging scans without evidence of dopa-
minergic deficit (Fahn et al., 2004; Seibyl et al., 2005a). Although
scans without evidence of dopaminergic deficit may be
false-negatives, indicative of low sensitivity of the imaging tech-
nique (Morrish, 2010), substantial evidence suggests that most, if
not all, patients with scans without evidence of dopaminergic def-
icit do not have involvement of the nigrostriatal pathway and do
not have Parkinson's disease, indicating that this is an issue of
misdiagnosis rather than inadequate sensitivity of the scan. The
fact that dopaminergic imaging changes are evident in the
preclinical stages in most patients with Parkinson's disease
(Pavese and Brooks, 2009) makes it unlikely that dopaminergic
imaging would be normal in patients with symptoms. In addition,
long-term follow-up of patients with scans without evidence of
dopaminergic deficit indicates poor response to levodopa and
lack of progression on sequential dopaminergic imaging (Marek
et al., 2005; Schneider et al., 2007). Thus, a normal image in a
patient with symptoms is suggestive of a diagnosis other than
neurodegenerative parkinsonism, while an abnormal image sup-
ports a diagnosis of parkinson's disease or other neurodegenera-
tive striatonigral disease. Clinical progression indicative of
neurodegenerative parkinsonism is noted in a small proportion of
cases (3%) with normal baseline dopamine transporter imaging,
establishing that false negative scans occur in a few patients and
highlighting the need for clinical follow-up of scans without evi-
dence of dopaminergic deficit, as a normal baseline scan may not
definitively exclude Parkinson's disease (Marshall et al., 2006).
There is a consensus that a normal scan excludes presynaptic
parkinsonism in a majority of clinical cases.

The results of these studies indicate that abnormal dopamine
transporter imaging, at least in cases in which there is diagnostic
uncertainty, is strongly supportive of a diagnosis of neurodegen-
erative parkinsonism. The clinical profile and response to therapy
of patients with a clinical diagnosis of Parkinson's disease but
normal ['2*11FP-CIT SPECT imaging is consistent in most cases
with the diagnosis of a non-degenerative movement disorder.

Essential tremor

In one study of patients diagnosed with essential tremor, approxi-
mately one-third were judged upon careful review by movement
disorder specialists to be erroneously diagnosed, with clinical evi-
dence of Parkinson's disease present in 15%, dystonia in 8% and
Parkinson's disease with essential tremor in 7% (Jain et al., 2006).
Although distinguishing Parkinson's disease from essential tremor
on a clinical basis is simple in classic presentations, essential tremor
is increasingly recognized as a heterogeneous disorder that can
encompass features such as rest tremor (Cohen et al., 2003;
Louis et al., 2009), which can challenge accurate diagnosis. A
recent autopsy series of nine cases demonstrated a lack of Lewy
body pathology in cases of essential tremor with upper extremity
rest tremor (Louis et al., 2010). A series of studies, cross-sectional
and longitudinal, have shown a decrease in dopamine transporter
density in Parkinson's disease in comparison with essential tremor,
and no differences between essential tremor and healthy controls
(Table 1) (Asenbaum et al., 1998; Benamer et al., 2000; Antonini
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Table 1 Dopaminergic imaging studies in patients with Parkinson's disease/essential tremor

Study

Imaging modality

Clinical diagnosis

Key findings

Asenbaum et al.

(1998)

Benamer et al. (2000)

Antonini et al. (2001)

Wang et al. (2005)

Breit et al. (2006)

Doepp et al. (2008)

Isaias et al. (2010)

["231B-CIT SPECT

["21]FP-CIT SPECT

[""CIFE-CIT PET

[®°>"TcITRODAT-1 SPECT

[""CIdMP PET

["231]FP-CIT SPECT

["2311FP-CIT SPECT

Essential tremor (n =32),
Parkinson's disease
(n =29), controls
(n =30)

Essential tremor (n = 27),
parkinsonism (n = 158),
controls (n = 35)

Essential tremor (n =5),
parkinson's disease
(n =31), controls (n = 8)

Essential tremor (n =12),
Parkinson's disease
(n = 27), controls
(n=10)

Essential tremor (n = 6),
Parkinson's disease
(n = 20), controls
(n=10)

Essential tremor (n = 46),
Parkinson's disease,
(n =25)

Essential tremor (n = 20),
Parkinson's disease
(n =13), controls
(n=23)

Striatal ["*3I]p-CIT essential tremor within
normal range; significantly lower in
Parkinson's disease than essential tremor
and controls

Image rating normal/abnormal (consensus

reading) corresponded with clinical diagno-

sis in 94.9% parkinsonism, 92.6% essential
tremor, 94.3% controls

CIFE-CIT in caudate and putamen

significantly lower in Parkinson's disease

than essential tremor and controls; essential
tremor versus controls non-significant

Striatal [*°™TcITRODAT-1 significantly lower
in Parkinson's disease than essential tremor
and controls; 96.4% sensitivity and 91.7%
specificity in differentiating Parkinson's
disease from essential tremor

No difference in ['"CIdMP binding essential
tremor versus controls

In Parkinson's disease, binding 30% versus
healthy controls in putamen, 52% versus
controls in caudate

Abnormal ['?3[]FP-CIT SPECT in 42/71.
Ninety-one per cent sensitivity, 100%
specificity versus clinical diagnosis

Reduced dopamine transporter binding in
Parkinson's disease versus essential tremor
and controls, with annual rate of decline of
7.3% in the contralateral putamen; no

['I1

differences in uptake between essential
tremor and controls at baseline and no loss
of uptake over time in essential tremor

["'CIdMP = [""C]d-threo-methylphenidate; FE-CIT = (N-(2-fluoroethyl)-2B-carbomethoxy-3p-(4-iodophenyl)nortropane; Tc = technetium; TRODAT-1 = [2-[[2-[[[3-
(4-chlorophenyl)-8-methyl-8-azabicyclo]3.2.1]oct-2-ylImethyl](2-mercaptoethyl)amino]ethyllaminolethanethiolato(3-)-N2,N20,52,520]oxo-[1R-(exo-ex0)].

et al., 2001; Wang et al., 2005; Breit et al., 2006; Doepp et al.,
2008; Isaias et al., 2010). The largest of these studies was a Phase
Il clinical trial in six centres assessing the reliability of visually
assessed dopamine transporter imaging using ["23[JFP-CIT SPECT
in patients with clinically diagnosed parkinsonism (n = 158) or es-
sential tremor (n =27) and healthy volunteers (n =35) (Benamer
et al., 2000). Images were rated as normal or abnormal by nuclear
medicine experts blinded to clinical data within each institution
and by a research consensus panel of five experts. The institutional
reading scored 154/158 cases of parkinsonism as abnormal, all 27
cases of essential tremor as normal and 34/35 healthy volunteers
as normal, in comparison with corresponding numbers of 150, 25
and 33, respectively, by the consensus blinded read. Sensitivity of
["23I]FP-CIT SPECT imaging with reference to the clinical diagnosis
of parkinsonism was 97% for the institutional read and 95% for
the consensus read; specificity for essential tremor was 100% for
the institutional read and 93% for the consensus read. Other
studies have reached similar conclusions and indicated that dopa-
mine transporter imaging identifies dysfunction of the nigrostriatal
dopaminergic system, thus confirming the diagnosis in patients
with parkinsonism and differentiating them from patients with es-
sential tremor and healthy individuals (Asenbaum et al., 1998;
Benamer et al., 2000; Antonini et al., 2001; Wang et al., 2005;
Breit et al., 2006; Doepp et al., 2008; Isaias et al., 2010). These

observations support the conclusion that an abnormal dopamine
transporter SPECT image should be regarded as an exclusion cri-
terion for essential tremor.

Dystonic tremor

Patients with dystonic tremor may be misdiagnosed with
Parkinson's disease, and dystonic tremor may be a cause of
scans without evidence of dopaminergic deficit in suspected
Parkinson's disease (Schneider et al., 2007). In 10 cases diagnosed
as possible Parkinson's disease, patients presented with asymmet-
ric resting arm tremor, but had signs of dystonia and absence of
true akinesia after a mean of 5.8 years of follow-up; all had
normal baseline ['>3IJFP-CIT SPECT scans. Patients with dystonic
tremor have normal dopamine transporter scans, thus making
dopamine transporter imaging a useful tool by which to distinguish
these patients from patients with Parkinson's disease.

Vascular parkinsonism

Vascular parkinsonism may account for up to 12% of all cases of
parkinsonism (Thanvi and Robinson, 2005). The diagnosis of vas-
cular parkinsonism is challenging and there is no consensus on the
diagnostic criteria (Kalra et al., 2010). In addition, vascular
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parkinsonism cannot always be confirmed on the basis of clinical
features or structural neuroimaging, as coincidental vascular le-
sions are common in Parkinson's disease (Thanvi and Robinson,
2005; Kalra et al., 2010). Dopaminergic imaging studies may help
with the diagnosis of vascular parkinsonism, although studies have
provided conflicting results (Table 2). Two studies found near
normal dopamine transporter binding in patients with vascular
parkinsonism, differentiating them from patients with Parkinson's
disease (Tzen et al., 2001; Gerschlager et al., 2002), whereas
other studies have found reduced dopamine transporter binding
in patients with vascular parkinsonism, which in some cases, had a
pattern different from that in Parkinson's disease (Lorberboym
et al., 2004; Zijlmans et al., 2007). In general, patients with vas-
cular parkinsonism have more diffuse and symmetrical abnormal-
ities than those seen in Parkinson's disease. For example, one
study of 13 patients fulfilling operational criteria for vascular
parkinsonism found that mean ['2*1]FP-CIT binding in the basal
ganglia was significantly lower than in healthy controls, and the
only significant difference between patients with vascular
parkinsonism and those with Parkinson's disease was that the
asymmetry index was significantly lower in patients with vascular
parkinsonism (Zijlmans et al., 2007). Taken together, these studies
suggest a normal dopamine transporter imaging study excludes
Parkinson's disease, but an abnormal result could represent vascu-
lar parkinsonism or Parkinson's disease. Specific features (diffuse
uptake, more synaptic uptake in vascular parkinsonism) may help
differentiate the two conditions. Patients with cerebrovascular dis-
ease with an abnormal dopamine transporter image may be more
likely to benefit from a trial of dopamine replacement therapy. In
addition, a trial of dopamine therapy may be warranted in patients
in whom MRI reveals a lesion close to the nigrostriatal pathway or
extensive white matter ischaemic injury in this area.

Drug-induced parkinsonism

Drug-induced parkinsonism is the second most common cause of
parkinsonism in older people (Thanvi and Treadwell, 2009).
Drug-induced parkinsonism in the majority of cases results from

J. L. Cummings et al.

postsynaptic dopamine receptor blockade, with the most
common offending agents being neuroleptics and related com-
pounds (e.g. anti-emetics). Some other drugs have been reported
to cause drug-induced parkinsonism, including lithium, valproic
acid and certain calcium channel blockers (cinnarizine and flunar-
izine) (Van Gerpen 2002; Teive et al., 2004). Discontinuation of
the causative drug usually leads to progressive improvement in
symptoms. However, in some patients parkinsonism may persist
and eventually worsen; this is thought to result from unmasking of
preclinical Parkinson's disease (Lorberboym et al., 2006). It is dif-
ficult to distinguish drug-induced parkinsonism from degenerative
parkinsonism on a clinical basis. Dopaminergic SPECT or PET may
be helpful in making the differentiation (Table 3). The uptake of
tracer is normal in drug-induced parkinsonism unless there is
presymptomatic Parkinson's disease or other unrelated causes of
dopaminergic system neurodegeneration (Burn and Brooks, 1993;
Tolosa et al., 2003; Lorberboym et al., 2006; Diaz-Corrales et al.,
2010). A normal scan identifies patients with drug-induced
parkinsonism, in whom parkinsonism is expected to resolve with
the discontinuation of the causative agent. An abnormal scan in-
dicates the presence of presynaptic dopamine deficiency. Such
patients should be followed clinically and, in case of lack of reso-
lution of parkinsonism after discontinuation of the presumed
offending agent, they may benefit from initiation of dopaminergic
therapy. The time required for resolution of drug-induced
parkinsonism has not been clearly established. In one large study,
median time to resolution after stopping medication was 7 weeks,
with a range up to 36 weeks (Stephen and Williamson, 1984), but
in some individuals symptoms may persist up to 18 months
(Marsden and Jenner, 1980). In another study of 17 elderly
patients with drug-induced parkinsonism, ~60% experienced
total remission over a range of 2-19 months (mean 10 months)
(Esper and Factor, 2008). The availability of an abnormal dopa-
mine transporter SPECT image will facilitate the decision regarding
initiation of dopaminergic therapy. In some patients with incipient
Parkinson's disease, D, blocking medication may make the patient
seek medical help earlier than would be expected in the natural
course of Parkinson's disease, which requires the loss of 60-80%

Table 2 Dopaminergic imaging studies in patients with Parkinson's disease/vascular parkinsonism

Study Imaging modality Clinical diagnosis

Key findings

Tzen et al. (2001) [®°™Tc]TRODAT-1

Gerschlager et al. ["23]1B-CIT SPECT

['Z1]FP-CIT SPECT

Lorberboym et al.

Zijlmans et al. (2007) ['?3]FP-CIT SPECT

Vascular parkinsonism (n = 14),
SPECT Parkinson's disease (n = 30),
controls (n =26)

Vascular parkinsonism (n = 13),

(2002) Parkinson's disease (n = 20),
controls (n =30)

Vascular parkinsonism (n = 20),

(2004) controls (n =10)

Vascular parkinsonism (n = 13),
Parkinson's disease (n =14),
controls (n =14)

Striatal [*°™TcITRODAT binding significantly lower in
Parkinson's disease than vascular parkinsonism and
healthy controls; vascular parkinsonism not signifi-
cantly different from controls

Age-corrected striatal ['?*I13-CIT binding significantly
reduced by 41% in Parkinson's disease; vascular
parkinsonism not significantly different from controls

Striatal ['?3I]FP-CIT binding normal in nine vascular
parkinsonism, significantly reduced versus controls in
11

["#11FP-CIT binding in basal ganglia significantly lower in
vascular parkinsonism than controls; mean asymmetry
index significantly lower in vascular parkinsonism than
Parkinson's disease

Tc = technetium; TRODAT-1 = [2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo]3.2.1]oct-2-yllmethyl](2-mercaptoethyl)aminolethyllamino]ethanethiolato(3-)-

N2,N20,52,520]oxo-[1R-(exo-ex0)].
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Table 3 Dopaminergic imaging studies in patients with suspected drug-induced parkinsonism

Study Imaging modality

Clinical diagnosis

Key findings

Lorberboym et al. ["Z11FP-CIT SPECT

Tinazzi et al. (2008) ["2211FP-CIT SPECT
(n =26)

Tinazzi et al. (2009) ["23I]FP-CIT SPECT

DIP (neuroleptic) (n = 20),

(2006) controls (n = 10)

Extrapyramidal symptoms on
DRBAs (n = 32), controls

Follow-up of Tinazzi et al.
(2008). Ten normal baseline

Striatal ['?3[]FP-CIT binding normal in nine patients
(55%), significantly reduced versus controls in 11

['>1IFP-CIT SPECT binding normal in 18/32 (56%)
and abnormal in 14/32 (44%)

["21]FP-CIT SPECT binding results same as baseline
(normal still normal, abnormal still abnormal)

scan, nine abnormal

Diaz-Corrales et al. ["231]FP-CIT SPECT

DIP (n =32), PDu (n =25),
(2010) Parkinson's disease with no

['21]FP-CIT image normal in 29 (90.6%) DIP and
abnormal in 100% Parkinson's disease

previous anti-dopaminergic
therapy (n =22)

Hambye et al. (2010)  ["**IIFP-CIT SPECT

Parkinsonism during amiodar-
one therapy (n = 22)

11 normal, 11 abnormal ["?*IIFP-CIT SPECT image.
Modification of amiodarone in patients (5/11) with
normal scan ameliorated or normalized
parkinsonism. In patients with Parkinson’s disease
(abnormal scan), optimizing treatment had more
impact than modifying amiodarone

DIP = drug-induced parkinsonism; DRBA = dopamine receptor blocking agent; PDu = Parkinson’s disease unmasked by anti-dopaminergic drugs.

of presynaptic dopaminergic neurons before symptoms occur.
These patients may have an intermediate scan i.e. one showing
abnormal binding but not as low as is typical in Parkinson's dis-
ease. In such cases, although the patient may make a complete
recovery after cessation of the offending drug, they will re-present
with clinical features of idiopathic Parkinson's disease at a later
date. Dopaminergic imaging can help to identify such patients,
and therapy may be beneficial in these individuals (Table 3)
(Lorberboym et al., 2006; Tinazzi et al., 2008, 2009; Hambye
et al., 2010).

Psychogenic parkinsonism

Accurate and early diagnosis of psychogenic parkinsonism is im-
portant to enable appropriate treatment, avoid multiple unreveal-
ing and potentially harmful diagnostic procedures and avoid
inappropriate therapies (Lang et al., 1995). Normal dopamine
transporter imaging or ['®FIDOPA PET or alternative dopaminergic
functional scan supports a diagnosis of psychogenic parkinsonism,
whereas an abnormal image indicates an underlying neurodegen-
erative disease and should lead to re-evaluation of the diagnosis
(Benaderette et al., 2006; Gaig et al., 2006; Felicio et al., 2010b).
In the study by Gaig et al. (2006), one of the cases of suspected
psychogenic Parkinson’s disease had an abnormal scan; the parkin
gene was subsequently identified in this patient.

Post-traumatic parkinsonism

Post-traumatic parkinsonism is defined as a parkinsonian clinical
syndrome that may occur after cumulative head trauma (e.g. con-
tact sports) or, rarely, after an isolated head injury (Lees et al.,
1997). Post-traumatic parkinsonism may be difficult to distinguish
clinically from Parkinson's disease when the role of the trauma or
its temporal relationship to parkinsonism is uncertain. The role of
dopamine transporter imaging in the diagnosis of post-traumatic
parkinsonism remains to be determined. A small study of

["®FIDOPA PET in six patients with clinically diagnosed
post-traumatic parkinsonism suggested uniform reduction in bind-
ing in the caudate and putamen (40% versus age-matched con-
trols) in comparison with a greater reduction in binding in the
putamen relative to the caudate in patients with Parkinson's dis-
ease (Turjanski et al., 1997). Dopamine transporter imaging would
be expected to be normal in these disorders unless the traumatic
injury disrupted the nigrostriatal projection.

Dementia with Lewy bodies
and Parkinson's disease
with dementia

DLB is thought to be the second most common form of degen-
erative dementia (after Alzheimer's disease) (Zaccai et al., 2005).
Estimates of its prevalence vary, ranging from 0-5% of the gen-
eral population and 0-30.5% of all dementia cases (Zaccai et al.,
2005). DLB is distinguished from Parkinson's disease with demen-
tia where dementia occurs within 1 year after the diagnosis of
Parkinson's disease, while Parkinson's disease with dementia is
dementia occurring in the context of well-established (=1 year)
Parkinson's disease (McKeith et al., 2005). The pathology of DLB
includes Lewy bodies, amyloid plaques and deficiencies in numer-
ous neurotransmitter systems including dopaminergic, cholin-
ergic and serotonergic neurotransmission. The clinical syndrome
is characterized by dementia with cognitive fluctuations, visual
hallucinations and/or parkinsonism. DLB may occur in a pure
form or with substantial Alzheimer's disease-type changes (Lewy
body variant of Alzheimer's disease). Clinical diagnosis of DLB
carries high specificity (>95%) but low sensitivity (32% for
pure DLB and 12% for Alzheimer's disease plus DLB) in com-
parison with neuropathological findings (Nelson et al., 2010).
Correct diagnosis of DLB is necessary to establish an accurate
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Table 4 Dopaminergic imaging studies in patients with dementia

J. L. Cummings et al.

Study

Imaging modality

Clinical diagnosis

Key findings

Hu et al. (2000)

Ceravolo et al. (2004)

Colloby et al. (2004)

Gilman et al. (2004)

O'Brien et al. (2004)

Walker et al. (2002)

Walker et al. (2004)

Colloby et al. (2005)

Hilker et al. (2005)

Vaamonde-Gamo

et al. (2005)
McKeith et al. (2007)

Walker et al. (2007)

Colloby et al. (2008)

Koeppe et al. (2008)

Lim et al. (2009)

["®FIDOPA PET

["231]FP-CIT SPECT

["231]FP-CIT SPECT

[''"CIDTBZ

['21IFP-CIT SPECT

["2211FP-CIT SPECT

["2211FP-CIT SPECT

["2211FP-CIT SPECT

["®FIDOPA PET

["2211FP-CIT SPECT

['21IFP-CIT SPECT

['21IFP-CIT SPECT

['21]FP-CIT SPECT

[""CIDTBZ PET

['#11B-CIT SPECT

DLB (n =7), Alzheimer's
disease (n=10)

Alzheimer's disease with
parkinsonism (n = 13),
DLB (n =15),
Parkinson's disease
(n = 20), controls (n = 8)

Parkinson's disease
(n=38), DLB (n=23),
Alzheimer's disease
(n = 34), controls
(n=33)

DLB (n = 6 DLB/Parkinson's
disease,* n = 14 DLB/
Alzheimer's disease),
Alzheimer's disease
(n = 25), controls
(n=19)

Alzheimer's disease
(n=34), DLB (n=23),
Parkinson's disease
(n =38), PDD (n = 36),
controls (n =33)

DLB (n =27), Alzheimer's
disease (n=17),
drug-naive Parkinson's
disease (n = 19), controls
(n=16)

DLB (n =21), Parkinson's
disease (n =19), controls
(n=16)

DLB (n = 20), Parkinson's
disease (n =20), PDD
(n =15), controls
(n=22)

Parkinson's disease
(n=17), PDD (n=10),
controls (n =31)

Parkinsonism and dementia
(n=6)

Probable DLB (n =94),
possible DLB (n = 57),
non-DLB dementia
(n=147)

DLB (n = 13), Alzheimer's
disease (n = 6), cortico-
basal degeneration
(n=1)

Alzheimer's disease
(n =33), DLB (n =28),
controls (n =33)

DLB (n = 25), Parkinson's
disease (n = 30),
Alzheimer's disease
(n = 25), controls
(n=57)

DLB (n = 14), Alzheimer's
disease (n=1)

DLB distinguished from Alzheimer's disease with
86% sensitivity and 100% specificity

Striatal ['?3I]FP-CIT binding similar in Alzheimer's
disease with parkinsonism and controls;
significantly lower in DLB and Parkinson's
disease than Alzheimer's disease with
parkinsonism and controls

Significant reduction in striatal uptake DLB and
Parkinson's disease versus Alzheimer's disease
and controls, and Alzheimer's disease versus
controls. Striatal binding indistinguishable
between Parkinson's disease and DLB

Mean striatal binding decreased by 62-77% in
DLB/Parkinson's disease and by 45-67% in
DLB/Alzheimer's disease versus Alzheimer's
disease and controls

Significantly reduced striatal binding in DLB versus
Alzheimer's disease and controls. Similar extent
of binding reduction in DLB and Parkinson's
disease, but flatter rostrocaudal gradient.
Greatest loss in PDD. DLB and Alzheimer's
disease differentiated with 78% sensitivity
and 94% specificity

DLB and Parkinson's disease significantly lower
binding in caudate nucleus and putamen than
controls

Significantly lower binding in all striatal areas in
DLB and Parkinson's disease than controls.
Binding in caudate nucleus significantly lower in
DLB than Parkinson's disease.
Caudate:putamen ratio Parkinson's disease
higher than controls but not significantly

different between DLB and controls
Rates of decline in striatal binding similar in DLB,

PDD and Parkinson's disease; differences
between patients and controls seen in caudate,
anterior putamen and posterior putamen
Striatal ["®FIDOPA binding significantly decreased
in Parkinson's disease and PDD with no
difference between Parkinson's disease and PDD
Normal image in two patients, pathological in four

[">31]FP-CIT SPECT detected clinically probable
DLB with 77.7% sensitivity and excluded
non-DLB dementia with 90.4% specificity.

Diagnostic accuracy 85.7%, positive predictive
value 82.4%, negative predictive value 87.5%

In comparison to autopsy diagnosis, ['**1JFP-CIT
SPECT had 88% sensitivity and 100% specifi-
city for DLB diagnosis; initial clinical diagnosis
75% sensitivity and 42% specificity

Clinical diagnosis and consensus ['2*I]FP-CIT
SPECT assessment matched in 84% of cases for
Alzheimer's disease versus DLB. Sensitivity
78.6%, specificity 87.9% (ROC analysis); su-
perior to [*°™Tclexametazime SPECT

Striatal binding significantly lower in DLB and
Parkinson's disease than Alzheimer's disease
and controls. Combining blood-to-brain ligand
transport and presynaptic binding distribution
volume classified 90% of cases correctly

Four DLB and one Alzheimer's disease confirmed

at autopsy. ['?*I1B-CIT SPECT achieved 100%
accuracy. More robust methodology than
["®FIFDG PET

(continued)
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Study

Imaging modality

Clinical diagnosis

Key findings

O'Brien et al. (2009)

["231]FP-CIT SPECT

Follow-up from McKeith
et al. (2007).

Possible DLB at baseline
(n = 44), changed to
probable DLB in 19
and Alzheimer's dis-
ease in seven

In patients originally diagnosed with possible DLB,
baseline scan diagnosed Alzheimer's disease
with 100% specificity and probable DLB with
63 % sensitivity

Rossi et al. (2009) ["2311FP-CIT SPECT

Klein et al. (2010) ["®FIDOPA PET

PDD (n =30), DLB (n = 30)

PDD (n=8), DLB (n=6),

Striatal ['?3I]FP-CIT binding significantly lower
in PDD and DLB than controls. No difference
between PDD and DLB

Reduced ['®FIDOPA uptake in all groups

Parkinson's disease
without dementia (n = 9)

#DLB/Parkinson’s disease = patients in whom parkinsonism developed > 1 year before dementia; DLB/Alzheimer's disease = patients developing dementia before or around

the same time as parkinsonism.

DLB = dementia with Lewy bodies; DTBZ = dihydrotetrabenazine; PDD = Parkinson's disease with dementia; ROC = receiver operating characteristic.

prognosis and likely clinical course, and can be extremely helpful
for patients and their carers (Kemp and Holmes, 2007).
Distinguishing between Alzheimer's disease and DLB is a major
diagnostic challenge, but differentiation is important for several
reasons. Therapy with typical antipsychotics for behavioural dis-
turbances commonly associated with this dementia, because of
D, receptor blockade in a patient with pre-existing nigrostriatal
disease, will greatly exacerbate the parkinsonism in patients with
DLB. Approximately 80% of patients with DLB show this neuro-
leptic sensitivity; the adverse reaction is severe in ~50% and
associated with increased mortality (McKeith et al., 1992).
Differentiation of DLB from Alzheimer's disease also identifies pa-
tients with dementia likely to benefit from dopaminergic therapy
and avoids unnecessary treatment in patients with Alzheimer's
disease who are unlikely to benefit. Preliminary evidence suggests
that patients with DLB benefit more from treatment with cholin-
esterase inhibitors than those with Alzheimer's disease (Samuel
et al., 2000). Finally, accurate diagnosis is important for patient/
family counselling and is critical in recruitment for clinical trials of
new therapies. Patients with DLB should be excluded from
Alzheimer's disease trials and trials of agents being developed
for DLB would benefit from a biomarker identifying the specific
desired population.

DLB and Parkinson's disease with dementia have essentially iden-
tical pathology at time of autopsy, although patients with Parkinson's
disease with dementia may have additional Alzheimer's and vascular
pathology. Dementia is common in patients with Parkinson's dis-
ease, with an estimated point prevalence of 30% (Aarsland and
Kurz, 2010). The cumulative incidence of dementia steadily in-
creases with age and duration of Parkinson's disease and, condi-
tional on survival, increases to 80-90% by 90 years of age (Buter
et al., 2008). At the age of 70 years, a male with Parkinson's
disease but no dementia has a life expectancy of 8 years, of
which five would be expected to be free of dementia and
3 years would be expected to be with dementia (Buter et al.,
2008). Females live with Parkinson's disease longer than males,
and spend more years with dementia (Butler et al., 2008). One
long-term study of patients with Parkinson's disease demonstrated

that after 20 years of follow-up, 80% of survivors had dementia
(Hely et al., 2008).

Unlike Alzheimer's disease, DLB is characterized by severe
nigrostriatal dopaminergic neurodegeneration (Piggott et al.,
1999), making dopaminergic imaging a potentially useful differen-
tial diagnostic tool. Dopamine transporter SPECT imaging can dif-
ferentiate patients with either DLB or Parkinson's disease with
dementia, who have abnormal imaging results, from those with
Alzheimer's disease, who have normal tracer uptake (Table 4). The
largest of these studies was a multicentre Phase Il trial of
["®1IFP-CIT SPECT in 326 patients with clinical consensus diag-
noses of probable (n=94) or possible (n=57) DLB or non-DLB
dementia (n =147) (McKeith et al., 2007). Images were rated
as normal or abnormal by visual inspection by three readers
blinded to the clinical diagnoses. Mean sensitivity of ["*3I]FP-CIT
SPECT imaging for a clinical diagnosis of probable DLB was
77.7%, while the mean specificity for excluding non-DLB demen-
tia (which was predominantly due to Alzheimer's disease) was
90.4%, giving overall diagnostic accuracy of 85.7%. Follow-up
consensus clinical diagnosis at 12 months, when diagnosis had
become clearer in nearly 60% of patients, confirmed the ability
of ["®11FP-CIT SPECT imaging to discriminate DLB from non-DLB
dementia (O'Brien et al., 2009). Of 44 patients with a clinical
diagnosis of possible DLB at baseline, the diagnosis at follow-up
remained as possible DLB in 18 but was changed to probable DLB
in 19, 12 of whom had abnormal scans at baseline and to
non-DLB dementia in seven, all of whom had normal baseline
scans. These results suggest that ['**IIFP-CIT SPECT imaging is
likely to be of diagnostic value in clinically uncertain DLB cases.
Imaging with the vesicular monoamine transporter PET tracer
[""Cldihydrotetrabenazine has also shown potential utility in dis-
criminating DLB and Alzheimer's disease (Gilman et al., 2004).
Dopaminergic imaging cannot distinguish DLB from Parkinson's
disease with dementia, as both are associated with presynaptic
dopaminergic deficiency, and thus the scans will be abnormal in
both cases.

["23I]FP-CIT SPECT imaging has demonstrated higher sensitivity
and specificity for differentiating DLB from non-DLB than clinical
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diagnosis in a series of 20 patients who had post-mortem brain
examination (Walker et al., 2007). In this prospective study,
against gold standard autopsy diagnosis, sensitivity of an initial
clinical diagnosis of DLB was 75% and specificity was 42%, in
comparison with 88% sensitivity and 100% specificity with
['*1IFP-CIT SPECT imaging.

Approximately 5-10% of ['**1]FP-CIT SPECT studies in patients
with clinical dementia have intermediate scans, i.e. between
Alzheimer's disease and DLB, showing abnormal binding but not
as low as is usual in DLB (Kemp and Holmes, 2007). Such inter-
mediate images may represent mixed DLB/Alzheimer's disease or
DLB/vascular disease in which DLB pathology at clinical presenta-
tion is less than in patients with pure DLB. Depending on
the criteria used, 30-60% of patients with clinically diagnosed
Alzheimer's disease may fulfil histological criteria for both DLB
and Alzheimer's disease (Kemp and Holmes, 2007). Furthermore,
in autopsy-proven DLB, concomitant Alzheimer's disease path-
ology has an important influence on clinical characteristics,
such that patients with mixed DLB/Alzheimer's disease pathology
have a lower prevalence of core DLB symptoms than those with
pure DLB and show a pattern of clinical and behavioural change
more typical of Alzheimer's disease than DLB (Merdes et al.,
2003).

DLB typically exhibits a preponderance of brainstem over
limbic and neocortical Lewy body pathology. Pathological exam-
ination of brains from a population-based brain donor cohort has
indicated that in 8% of brains with Lewy bodies the pathology
was confined to the cortex with little or no involvement of
the substantia nigra (Zaccai et al., 2008). The donors were a mix-
ture of healthy subjects and individuals with dementia and, unfor-
tunately, the histological findings in this study were not
compared against the clinical syndrome. This situation could, how-
ever, theoretically give rise to a false negative dopamine trans-
porter imaging scan in patients presenting with the cortical form
of DLB.

Low dopamine transporter uptake in the basal ganglia demon-
strated by SPECT or PET imaging has been included as a suggest-
ive feature in the most recent diagnostic criteria for DLB (McKeith
et al., 2005). One suggestive feature plus one core feature is
sufficient to allow a diagnosis of probable DLB. Dopaminergic
imaging identifies dopaminergic deficit, and the reliability with
which DLB is identified will depend on the population of patients
tested; false positives would occur in patients with other forms of
parkinsonism with dementia (e.g. corticobasal degeneration and
progressive supranuclear palsy), emphasizing the need for detailed
clinical assessment.

Noradrenergic post-ganglionic cardiac sympathetic denervation
is a common feature of Parkinson's disease and related Lewy
body disorders. ['?*IIMeta-iodobenzylguanidine cardiac scintig-
raphy, which visualizes catecholaminergic (noradrenergic) termin-
als, may be useful in the diagnosis of Lewy body disease and
its differentiation from Alzheimer's disease and other types of
dementia (Hanyu et al.,, 2006). In addition, patterns of
["8F]fluorodeoxyglucose PET (Mosconi et al., 2008) and amyloid
imaging (Rowe et al., 2007; Gomperts et al., 2008) may differ
between Alzheimer's disease and DLB.

J. L. Cummings et al.

Atypical parkinsonism

The most common atypical parkinsonism syndromes comprise
multiple system atrophy, corticobasal degeneration and progres-
sive supranuclear palsy. Multiple system atrophy is a sporadic,
progressive neurodegenerative disease characterized by varying
severity of parkinsonian features, cerebellar ataxia, autonomic fail-
ure and corticospinal disorders (Gilman et al., 2008). Multiple
system atrophy is categorized as one of two types, multiple
system atrophy with predominant parkinsonism, where parkinso-
nian symptoms predominate, and multiple system atrophy with
cerebellar features, where cerebellar ataxia predominates (Gilman
et al.,, 2008). Corticobasal syndrome is characterized by the
phenotype of apraxia, asymmetrical parkinsonism and cognitive
dysfunction. Clinical diagnosis is complicated by both the variabil-
ity of presentation of the true disease (corticobasal degeneration),
and the similarity of syndromes that resemble it but are caused by
other neurodegenerative diseases (Mahapatra et al., 2004).
Progressive supranuclear palsy is the second most common
cause of parkinsonism after Parkinson's disease (Lubarsky and
Juncos, 2008), and presents with early onset postural instability
associated with supranuclear vertical gaze impairment as well as
symmetrical rather than asymmetrical akinetic-rigid syndrome
together with prominent bulbar dysfunction, dementia and axial
rigidity (Brooks 2002).

These atypical parkinsonian syndromes can be difficult to differ-
entiate clinically from each other and from Parkinson's disease,
especially in early stages (Litvan et al., 2003). Correct differenti-
ation is important as Parkinson's disease has a better prognosis
than atypical parkinsonism syndromes and responds better to
symptomatic treatment (Adbo et al., 2006). Dopamine transporter
imaging is not helpful in the differential diagnosis of atypical
parkinsonism (Varrone et al., 2001) as all these syndromes are
associated with presynaptic dopaminergic deficiency. Although
there are group differences in the pattern of nigrostriatal degen-
eration revealed by dopamine transporter imaging between
patients with Parkinson's disease and atypical parkinsonism
(Table 5), dopamine transporter imaging has not been shown to
improve diagnostic accuracy in individual cases. In a proportion of
cases with corticobasal syndrome, however, there may be a uni-
lateral reduction in dopaminergic function that could be a useful,
albeit subtle, sign suggestive of the corticobasal syndrome (Sawle
et al., 1991).

Postsynaptic D, receptor imaging may be useful in differentiat-
ing Parkinson's disease from atypical parkinsonism. Patients
with Parkinson's disease usually show normal or upregulated
postsynaptic D, receptor binding in the early stages, while atypical
forms are associated with reduced binding as a reflection of the
postsynaptic as well as presynaptic dopaminergic degeneration
(Antonini et al., 1997; Schreckenberger et al., 2004). A PET
study using ['®Fldesmethoxyfallypride (a post synaptic D, receptor
ligand) in 16 patients with Parkinson's disease, 19 with atypical
parkinsonism and 16 controls showed specificity, sensitivity and
accuracy of 100, 74 and 86%, respectively (Schreckenberger
et al., 2004). Sensitivity and specificity of 68.4 and 57.1%, re-
spectively, have been reported for ['*3Iliodobenzamide SPECT in
the differential diagnosis of Parkinson's disease versus atypical
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Study

Imaging modality

Clinical diagnosis

Key findings

Brooks et al. (1990)

Otsuka et al. (1991)

Brooks et al. (1992)

Burn et al. (1994)

Antonini et al. (1997)

Briicke et al. (1997)

Pirker et al. (2000)

Prunier et al. (2001)

Varrone et al. (2001)

Arnold et al. (2002)

Ghaemi et al. (2002)

Kim et al. (2002)

Oyanagi et al. (2002)

["®FIDOPA PET

["®FIDOPA PET

[""CIRaclopride PET

["8FIDOPA PET

[""CIRaclopride and

["®FIDOPA PET

['#11B-CIT SPECT

['221B-CIT SPECT

["*1lodosiluride (D,
ligand) SPECT
['231B-CIT SPECT

["?3Iliodobenzamide

["®FIDOPA and
[""CIRaclopride

['2218-CIT and ["*3I]IBF
(D, receptor ligand)

["*111BF (D, ligand) SPECT

Parkinson's disease (n = 16),
multiple system atrophy
(n=18), PSP (n =10),
controls (n =30)

Parkinson's disease (n = 8),
atypical parkinsonism (n = 8)

Parkinson's disease untreated
(n = 6), chronically treated
Parkinson's disease (n =5),
striatonigral degeneration
(n=10), PSP (n=9)

Probable Parkinson's disease
(n = 28), multiple system
atrophy (n = 25), PSP
(n =10), controls (n =27)

Parkinson's disease (n = 10),
multiple system atrophy
(n=9), controls
(n=2 x 10)

Parkinson's disease (n =113),
multiple system atrophy
(n=9), PSP (n=4)

Multiple system atrophy
(n=18), PSP (n=8),
corticobasal degeneration
(n = 4), Parkinson's disease
(n = 48), controls (n =14)

Parkinson's disease (n =9),
Parkinson-plus syndromes
(n=8)

Parkinson's disease (n = 157),
multiple system atrophy
(n=26)

PSP/probable PSP (n =13)

Parkinson's disease (n = 24),
multiple system atrophy
(n=9), controls (n=7)

Parkinson's disease (n =18, 12
dopa-naive), multiple
system atrophy (n=7), PSP
(n = 6), controls (n =29)

Parkinson's disease (n =7),
PSP (n = 6), controls (n = 8)

Parkinson's disease, significantly reduced
['8FIDOPA uptake in caudate and putamen
versus controls, particularly in posterior
putamen; PSP, equally severe impairment in
anterior and posterior putamen; multiple
system atrophy, binding in anterior putamen
and caudate intermediate between Parkinson's
disease and multiple system atrophy

["®FIDOPA significantly lower in putamen in
Parkinson's disease and atypical parkinsonism
than controls; also lower than controls in
caudate, but more so in atypical parkinsonism
than Parkinson's disease

Striatal [''Craclopride uptake normal or increased
in untreated Parkinson's disease, reduced in
chronically treated Parkinson’s disease (by 30%
caudate, 18% putamen) and PSP (by 24%
caudate, 9% putamen)

Clinical diagnosis matched PET criteria in 64% of
patients with Parkinson's disease and 70% of
patients with PSP; patients with multiple system
atrophy assigned to Parkinson's disease,
multiple system atrophy and PSP with equal

frequency by PET criteria
Striatal ['®FIDOPA binding separated patients

with Parkinson's disease and multiple system
atrophy from controls, but did not distinguish
multiple system atrophy from Parkinson’s
disease. [''C]Raclopride binding differentiated
all multiple system atrophy cases from

Parkinson's disease and controls

45% reduction in striatal ['**1]B-CIT binding in
Parkinson's disease, with sparing of caudate
relative to putamen; similar findings in multiple
system atrophy and PSP, but less marked
difference between caudate and putamen

Striatal binding significantly reduced in multiple
system atrophy (—51%), PSP (—60%),
corticobasal degeneration (—35%) and
Parkinson's disease (—58%) versus controls;
no differentiation between disorders

Differentiated Parkinson's disease from
Parkinson-plus syndromes versus 2 year clinical
diagnosis with 89% sensitivity and 75%
specificity

Striatal ["2*I1B-CIT binding significantly reduced in
Parkinson's disease and multiple system atro-
phy. More symmetrical loss in multiple system
atrophy than Parkinson's disease

Striatal D, receptor binding normal in three,
reduced in 10

["8FIDOPA binding equally impaired versus
controls in multiple system atrophy and
Parkinson's disease; ['"Clraclopride significantly
different from multiple system atrophy versus
Parkinson's disease

['#11B-CIT binding decreased in all patients versus
controls, but did not distinguish between pa-
tient groups. D, receptor binding in posterior
putamen significantly lower (71%) in multiple
system atrophy than controls, and significantly
higher (33%) in untreated Parkinson's disease
than controls

Significantly lower D, receptor binding potential in
PSP than Parkinson's disease and controls; no
difference between Parkinson's disease and
controls

(continued)
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Table 5 Continued

J. L. Cummings et al.

Study

Imaging modality

Clinical diagnosis

Key findings

Pirker et al. (2002)

Antonini et al. (2003)

Berding et al. (2003)

Knudsen et al. (2004)

Lu et al. (2004)

Schreckenberger et al.
(2004)

Plotkin et al. (2005)

Scherfler et al. (2005)

Stoffers et al. (2005)

Swanson et al. (2005)

El Fakhri et al. (2006)

['2311B-CIT SPECT

['21]FP-CIT SPECT

["231B-CIT SPECT

['#*11B-CIT SPECT and
['*I]epidepride (D,
ligand)

[®*™TcITRODAT-1 SPECT

["®FIDMFP

["*1]FP-CIT and
[?3[liodobenzamide
SPECT

['211B-CIT SPECT

["23I1B-CIT SPECT

[®*™TcITRODAT-1 SPECT

[®°™TcIECD/['>1]FP-CIT
SPECT

Parkinson's disease short
duration (n = 24),
Parkinson's disease long
duration (n = 12), atypical
parkinsonism (n = 10),
controls (n =30)

Parkinson's disease (n = 70),
multiple system atrophy
(n =10), PSP (n =10),
controls (n =12)

Parkinson's disease (n =14),
multiple system atrophy
(n =10), controls (n = 20)

Parkinson's disease (n = 14),
multiple system atrophy
(n =8), controls (n=11)

Probable multiple system
atrophy (n =49, 30 multiple
system atrophy with
predominant parkinsonism,
19 cerebellar multiple
system atrophy), probable
Parkinson's disease (n = 36),

controls (n =33)
Parkinson's disease (n = 16),

atypical parkinsonism
(n =19), controls (n =16)

Parkinson's disease (n = 25),
dementia with Lewy bodies
(n = 6), multiple system
atrophy (n =13), PSP
(n = 8), corticobasal
degeneration (n =9),
essential tremor (n=11)

Multiple system atrophy with
predominant parkinsonism
(n = 15), Parkinson's disease
(n =15), controls (n=13)

Parkinson's disease (n =72),
with diagnosis changed to
atypical parkinsonism in 10
over 62 months follow-up

Multiple system atrophy
(n = 25), controls (n = 48),
Parkinson's disease
(n =130)

Parkinson's disease (n =5),
multiple system atrophy
(n =5), controls (n=9)

Striatal ['231]B-CIT binding reduced versus controls
in all groups (by 42% parkinson's disease short
duration, 51% Parkinson'’s disease long dur-
ation, 36% atypical parkinsonism). Over mean
of 25.5 months, significant decrease in binding
in atypical parkinsonism (14.9%/year) and
short duration Parkinson's disease (7.1%), no

change in long duration Parkinson's disease
Striatal ['2*IIFP-CIT binding reduced in

Parkinson's disease, multiple system atrophy
and PSP versus controls; greater decrease in
PSP than multiple system atrophy and
Parkinson's disease, with more uniform reduc-
tion in PSP than Parkinson's disease

Bilateral striatal binding reduced 63-70% in
Parkinson's disease, 40-48% in multiple
system atrophy; least reduction in caudate
ipsilateral to more affected side in
Parkinson's disease, contralateral in multiple
system atrophy

Putamen ['#I]B-CIT binding 32% controls in

Parkinson's disease and 19% controls in mul-
tiple system atrophy; multiple system atrophy
more symmetrical binding than Parkinson's

disease. Non-significant difference in D, bind-
ing in multiple system atrophy or Parkinson’s

disease versus controls
Striatal binding significantly reduced in multiple

system atrophy with predominant parkinsonism
(—59.8%), cerebellar multiple system atrophy
(—29.9%) and Parkinson's disease (—58%)
versus controls, with no overlap between
groups. More symmetrical nigrostriatal damage
in multiple system atrophy with predominant

parkinsonism than Parkinson's disease
Striatal ['*FIDMFP uptake ratio significantly lower

in atypical parkinsonism than controls and
Parkinson's disease; no difference between
controls and Parkinson's disease

All patients with essential tremor had normal
['211FP-CIT binding; reduced binding in 57/61
(93.4%) patients with non-essential tremor.
['*Illodobenzamide binding reduced in 7/13
multiple system atrophy, 6/8 PSP, 2/9
corticobasal degeneration and none with
essential tremor, Parkinson's disease or

dementia with Lewy bodies
Caudate and midbrain binding indices correctly

classified 95.2% of subjects

Baseline ['?218-CIT binding lower in caudate in
atypical parkinsonism than Parkinson's disease;
putamen : caudate binding ratios higher in
atypical parkinsonism. Binding patterns have
little predictive value for later re-diagnosis of
atypical parkinsonism in individual cases

[®°™TcITRODAT-1 binding significantly higher in
multiple system atrophy, particularly in poster-
ior putamen, than in Parkinson's disease, and
lower than in controls. Multiple system atrophy
and Parkinson's disease differentiated from
controls, but not easily differentiated from

each other
Striatal binding lower in Parkinson’s disease (55 %)

and multiple system atrophy (23%) than
controls; significantly lower in Parkinson's
disease than multiple system atrophy

(continued)
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Study Imaging modality

Clinical diagnosis

Key findings

Pifarré et al. (2010) ["*3Iliodobenzamide SPECT

Van Laere et al. [""CIRaclopride PET, com-
(2010) bined binding and influx

analysis

Parkinsonism (n = 26)

Multiple system atrophy with
predominant parkinsonism
(n=9), Parkinson's disease
(n =10), controls (n = 10)

16/26 abnormal binding. Differential diagnosis of
Parkinson's disease versus atypical parkinsonism
68.4% sensitivity, 57.1% specificity

Conventional binding analysis correctly classified
19/29 individuals (65.5%). Combined binding
and influx analysis increased accuracy to
79.3%. Excluding controls, combination ana-
lysis discriminated multiple system atrophy with
predominant parkinsonism and Parkinson's dis-
ease with 100% accuracy

DMFP = desmethoxyfallypride; ECD = ethylcysteinate dimer; IBF = iodobenzofuran; PSP = progressive supranuclear palsy; Tc = technetium; TRODAT-1 = [2-[[2-[[[3-
(4-chlorophenyl)-8-methyl-8-azabicyclo]3.2.1]oct-2-ylImethyl](2-mercaptoethyl)amino]ethyllaminolethanethiolato(3-)-N2,N20,52,520]oxo-[1R-(ex0-ex0)].

parkinsonism (Pifarré et al., 2010). A limitation of D, receptor
imaging in this clinical situation is that, after the initial upregula-
tion in Parkinson's disease, the D, receptors are downregulated
(likely due to both dopaminergic treatment and the intrinsic dis-
ease process) (Thobois et al.,, 2004) and therefore the images
mimic those of the atypical syndromes later in the disease process.
It may therefore be helpful in such cases to combine D, receptor
imaging with fluorodeoxyglucose-PET (Tang et al., 2010).

Patients with Parkinson's disease show a marked reduction in
cardiac ["?3[lmeta-iodobenzylguanidine uptake, in comparison
with modest reductions in uptake in multiple system atrophy, pro-
gressive supranuclear palsy and corticobasal degeneration, such
that meta-iodobenzylguanidine cardiac scintigraphy is moderately
sensitive and specific in differentiating Parkinson's disease from
atypical parkinsonism (Rascol and Schelosky, 2009). Meta-analysis
has suggested ['**IImeta-iodobenzylguanidine cardiac scintigraphy
identifies patients with Parkinson's disease with 89.7% sensitivity
and discriminates them from patients with multiple system atrophy
with 94.6% specificity (Braune, 2001).

Potential effects of drugs
on dopaminergic imaging

Anti-parkinsonian medications (levodopa, dopamine agonists, N-
methyl-p-aspartate receptor blockers, monoamine oxidase-B in-
hibitors and catechol-O-methyltransferase inhibitors), taken at
standard doses, do not markedly affect dopamine transporter
binding and therefore need not be withdrawn before dopamin-
ergic imaging (Schillaci et al., 2005; Darcourt et al., 2010).
However, there are a range of medications and drugs of
abuse, including cocaine, amphetamines, modafinil, certain anti-
depressants (mazindol, bupropion, radafaxine), adrenergic agents
(phenylephrine, norepinephrine) and the anti-cholinergic agent
benzatropine, that may influence the visual and quantitative ana-
lysis of dopamine transporter ligands (Booij and Kemp, 2008;
Darcourt et al., 2010). Patients should ideally avoid taking any
such agents before dopaminergic imaging, with a withdrawal
period of at least five times the drug's biological half-life recom-
mended (Darcourt et al., 2010). Any decision to withdraw

medication should balance the potential risks of such withdrawal
against the potential benefits of imaging (Booij and Kemp, 2008).

Quantitative techniques in
dopaminergic imaging

Visual assessment of images may be subject to inter- and intra-
reader variability and subjectivity. Region of interest analysis
provides a semi-quantitative measure termed the background-
subtracted striatal uptake ratio for a ligand (V3” index). To
obtain the V3" index, regions of interest are outlined in the stri-
atum representing the compartment of specific and non-specific
ligand uptake and a reference region with absent or low dopamine
transporter density (e.g. occipital cortex, cerebellum) representing
the non-specific ligand binding compartment (Scherfler and
Nocker, 2009). If possible, delineation of the region of interest
should be made with reference to individual morphology as ob-
tained by image fusion with MRI. The V3” index so obtained from
an individual can be compared with reference values from an
age-matched cohort of healthy individuals, increasing confidence
in the correct assignment of the individual scan.

Visual assessment and semi-quantitative analysis using region of
interest techniques give similar diagnostic performance, perhaps
because experienced observers are able to identify subtle patterns
of abnormality (Scherfler and Nocker, 2009). Quantification of
striatal tracer uptake relative to background may be affected by
certain medications (amphetamines and stimulants such as ephe-
drine; modafinil; some anti-depressants such as bupropion; anti-
cholinergics such as benztropine; fentanyl) and substances of
abuse [cocaine; 1-(1-phenylcyclohexyl)piperidine] despite having
no significant effect on visual interpretation; this should be
borne in mind when applying quantitative techniques (Booij and
Kemp, 2008).

Reader-independent image-analysis techniques may in the
future provide more reproducible results and the type of objective
assessments that would be useful in assessing disease progression
and allow use in multicentre studies. This may be achieved by
registering an individual patient image against a template of
images from healthy controls with previously identified regions
of interest. Image processing programs analyse the images in

¥20Z Iudy €2 uo 1senb Aq 91560€/97 L E/L L/VE L/eIoIe/UIRlq/Wo0 dno"ojwepede//:sdiy wolj pepeojumod



3160 | Brain 2011: 134; 3146-3166

two or three dimensions against the normal image template. Such
methods show high correlation with manual region of interest
analysis and visual diagnoses and, in addition to removing inter-
and intra-reader variability, save time (Scherfler and Nocker,
2009). At present, however, there are insufficient data from any
of the available SPECT ligands to support their use in monitoring
disease progression or the effects of treatment. In addition, quan-
titation is complicated by potential effects of treatment on expres-
sion of radioligand targets (dopamine transporter, D, receptor).

Imaging the premotor stage of
Parkinson’s disease

At the point at which motor symptoms are evident in patients with
Parkinson's disease, up to 60% of dopaminergic neuronal markers
have already been lost (Marek and Jennings, 2009). There is an
evolving concept of premotor Parkinson's disease manifested by a
constellation of clinical features that appear to be associated with
increased risk of development of Parkinson's disease (Tolosa et al.,
2007b). Such features include rapid eye movement sleep behav-
iour disorder (Postuma et al., 2009), olfactory loss (Ponsen et al.,
2004), late age onset anxiety and depression (Shiba et al., 2000)
and somnolence (Abbott et al., 2005). While none of these symp-
toms carries sufficient sensitivity to be used for screening, they
may, in conjunction with dopamine transporter imaging, potentially
identify a population at risk.

During the premotor period, which is thought to last for at least
five and possibly as long as 20 years (Marek and Jennings 2009),
individuals at risk might therefore be identified by genetic testing,
imaging evidence of neurodegeneration, or early clinical signs such
as olfactory loss or cardiac sympathetic denervation. The challenge
is how to identify and focus on individuals at risk but without
symptoms. Combining dopaminergic imaging with screening for
the premotor signs of disease such as olfactory loss or rapid eye
movement sleep behaviour disorder improves identification of pre-
motor Parkinson's disease (Stiasny-Kolster et al., 2005; Berendse
and Ponsen, 2009). Pathology outside the substantia nigra, for
example in the gastrointestinal tract, heart, kidneys and skin
may be evident before involvement of the CNS (Djaldetti et al.,
2009). Identification of individuals with premotor Parkinson's dis-
ease raises the potential for rational strategies for early symptom-
atic and neuroprotective therapy once such therapies become
available.

Imaging studies in family members of patients affected by ‘gen-
etic’ Parkinson's disease are helping to characterize the premotor
phase. Several studies have suggested that dopaminergic imaging
is abnormal in clinically unaffected mutation carriers (Khan et al.,
2002; Adams et al., 2005; Pavese et al., 2009a). ['®FIDOPA ima-
ging reveals that subclinical dopamine transporter reductions are
common in carriers of a single parkin mutation, but progression of
neurodegeneration is substantially slower than in Parkinson's dis-
ease, such that few of these individuals will go on to develop clin-
ical parkinsonism (Pavese et al., 2009a). The Parkinson-Associated
Risk Syndrome study is investigating premotor Parkinson’s disease
in a large cohort of individuals without motor symptoms at in-
creased risk of Parkinson's disease (first-degree relatives of

J. L. Cummings et al.

patients with Parkinson's disease) using a combination of olfactory
testing and ["?31B-CIT SPECT imaging (Marek and Jennings,
2009). The progression of clinical, olfactory and imaging deficits
in those identified as having reduced dopamine transporter density
coupled with loss of olfaction will be monitored over 2 years. The
long-term goal of this study is to define a reliable and economic-
ally feasible population screening panel for identification of sub-
jects at risk of Parkinson's disease. Combination of low cost
olfactory testing with the higher cost dopamine transporter ima-
ging for subjects with an abnormal olfaction test might fulfil that
requirement.

Large-scale screening for premotor Parkinson's disease will be
most justified when safe and effective neuroprotective therapies
targeting the pathogenetic processes underlying Parkinson's
disease are available.

Dopaminergic imaging in clinical trials

Dopamine system imaging has two potential uses in clinical stu-
dies, as an inclusion criterion and as a means of monitoring out-
come, for example in disease-modifying trials. Neuroprotective
strategies are most likely to be beneficial in the early stages of
disease, when disease is least advanced but clinical diagnosis is
more uncertain. As discussed above, imaging shows no evidence
of dopaminergic deficit in ~10-15% of patients with clinically
diagnosed early Parkinson's disease. Inclusion/exclusion of scans
without evidence of dopaminergic deficit has been shown to alter
the statistical significance of effect of therapy on striatal
["2311B-CIT binding (Fahn et al., 2004). If such scans without evi-
dence of dopaminergic deficit indeed represent patient misdiag-
nosis, these individuals should be excluded from clinical trials.
Using dopamine transporter or other dopaminergic imaging pro-
viding evidence of neurodegeneration as an inclusion criterion for
a clinical trial could provide a more uniform study population with
a lower proportion of misdiagnosed patients, thus improving the
power of the trial to detect any putative neuroprotective effect.
The first large-scale study designed to explore biomarkers of
Parkinson's disease progression, the Parkinson's Progression
Markers Initiative, will recruit 400 patients with early Parkinson's
disease and 200 age-matched healthy controls, all of whom will
undergo baseline dopamine transporter imaging as the confirm-
ation of the diagnosis of parkinsonism (Anon, 2010).

Large clinical trials have explored the utility of imaging out-
comes for assessing the effects of potentially neuroprotective or
neurotoxic agents, but demonstrate some of the challenges in
using this technology as a biomarker of disease progression. In
the Earlier versus Later Levodopa Therapy in Parkinson Disease
(ELLDOPA) study, intended to assess the effect of levodopa on
the rate of progression in Parkinson's disease, mean percentage
decline in striatal ['?*11B-CIT uptake was significantly higher in
patients treated with levodopa than in those given placebo, con-
sistent with a neurotoxic effect, but clinical data suggested that
levodopa therapy either slowed the progression of Parkinson's dis-
ease or had a prolonged effect on the symptoms of the disease
(Fahn et al., 2004). This inconsistency could result from a direct
pharmacological effect of levodopa on dopamine transporter, such
that the decline in striatal ["?3[1-CIT uptake resulted from
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reduced expression of dopamine transporter induced by levodopa
rather than from a neurotoxic degenerative effect of levodopa on
striatal neurons (Pavese et al., 2009b). The conclusion, if this were
the case, would be that levodopa does not increase degeneration
of striatal neurons. Most studies, however, suggest long-term
levodopa therapy has no effect on striatal dopamine transporter
levels (Pavese et al., 2009b). Alternatively, the discrepancy be-
tween the clinical and imaging results could have resulted from
an intermediate-term effect of levodopa on disease symptoms per-
sisting after treatment withdrawal. The possibility of symptomatic
effects of levodopa more prolonged than predicted in this study
design make it possible that the washout period (of 2 weeks) was
not sufficient, and that any effect of levodopa on disease progres-
sion could have been masked by its symptomatic properties
(Pavese et al., 2009b). If this were the case, it would remain
possible that levodopa is neurotoxic. Other trials have used
['2311B-CIT SPECT [comparison of the agonist pramipexole with
levodopa on motor complications of Parkinson's disease
(CALM-Parkinson's disease)]; Parkinson Study Group, 2002 or
["8FIDOPA PET [ReQuip as Early Therapy versus L-dopa—PET
(REAL-PET); Whone et al., 2003] imaging to compare potential
neuroprotective benefits of the dopamine receptor agonists pra-
mipexole or ropinirole, respectively, with levodopa. Both trials
showed a significantly lower decline in SPECT or PET imaging
signal with dopamine agonist than with levodopa, suggesting a
lower rate of disease progression. However, the clinical outcomes
pointed in the opposite direction, with greater improvement from
baseline in Unified Parkinson Disease Rating Scale in the levodopa
subgroups (Parkinson Study Group, 2000; Whone et al., 2003;
Brooks, 2004). The lack of a control group in CALM-Parkinson's
disease and REAL-PET complicates interpretation of the results.
Another critique of studies with a design such as these is the
lack of knowledge regarding the effect of levodopa or dopamine
agonists on the binding of the nuclear ligand. In a study designed
to address concerns that the treatments may have a pharmaco-
logical effect on dopamine transporter (InSPECT), short-term
treatment (12 weeks) with levodopa or pramipexole was found
to have no significant effect on dopamine transporter SPECT ima-
ging (Jennings et al., 2007).

As these studies have demonstrated, clinical trials of neuropro-
tection in neurodegenerative diseases present several challenges,
including symptomatic effects of agents that may mask neuropro-
tective effects and the need for very large numbers of patients to
achieve adequate statistical power (Clarke, 2004). In vivo imaging
has potential as an objective measure to monitor neuronal degen-
eration independent of any short-term symptomatic effects of a
drug, but if neuroimaging is to be used, the possibility of an effect
of the therapy on handling of the tracer must be eliminated. Serial
imaging studies have suggested therapeutic dosing of dopamin-
ergic agents in patients with Parkinson’s disease does not alter
dopamine transporter levels, but the possibility remains that clin-
ically relevant dopaminergic treatments or other therapies modify
dopamine transporter expression over the longer term (Seibyl
et al., 2005b). In addition, if an imaging study attempts to evalu-
ate the effect of a neuroprotective effect over time, the imaging
technique must demonstrate extremely robust reliability and high
accuracy in quantitation. A neuroprotective effect is likely to result
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in only a small slowing in the rate of signal loss relative to un-
treated patients (Seibyl et al., 2005b). Thus any clinical trial would
need to have low variance in the quantitative imaging outcome
measure, coupled with superior trial design and execution, ad-
equate patient numbers and sufficient duration between baseline
and post-intervention imaging.

Limitations of studies reviewed

The majority of the studies reviewed here have one major limita-
tion, using clinical diagnosis as the gold standard against which to
assess sensitivity and specificity of imaging. While it is recognized
that definitive diagnosis requires pathological confirmation, such
an approach is not feasible for most studies. Despite this limitation,
however, the research indicates that dopaminergic imaging, par-
ticularly dopamine transporter imaging, is an effective tool in the
identification of diseases involving presynaptic dopaminergic
system neurodegeneration.

Conclusions

Accurate clinical diagnosis of a specific syndrome in patients with
symptoms of parkinsonism may be challenging, especially early in
the course of disease, owing to overlap in signs and symptoms.
Accuracy of diagnosis improves with longer disease duration and
increased clinical information (Seibyl et al., 2005a). However, an
early and accurate diagnosis is desirable as it improves manage-
ment, particularly since early intervention may lead to superior
outcome (Hauser, 2009).

Dopamine transporter imaging can aid differentiation between
Parkinson's disease and non-degenerative mimics including essen-
tial tremor, vascular parkinsonism and drug-induced parkinsonism
and differentiation between DLB/Parkinson'’s disease with demen-
tia and Alzheimer's disease (Table 6). In patients with clinically
inconclusive parkinsonism, imaging has the potential to provide
valuable additional information to assist diagnosis. Patients
with a clinical diagnosis of possible DLB are another group in
whom dopaminergic imaging may be particularly helpful.
Abnormal dopamine transporter imaging indicates underlying neu-
rodegeneration, supportive of a diagnosis of Parkinson's disease or
atypical parkinsonism, or DLB, and thus identifies patient groups in
whom dopaminergic therapy may be beneficial. Conversely,
normal dopaminergic imaging supports an alternative diagnosis
such as Alzheimer's disease, essential tremor, psychogenic
parkinsonism or drug-induced parkinsonism, and hence a different
therapeutic approach. Dopamine transporter imaging is not helpful
in differentiating between Parkinson's disease and atypical
parkinsonism (multiple system atrophy, corticobasal degener-
ation, progressive supranuclear palsy); postsynaptic dopaminergic
imaging may be helpful in this situation, but more data are
required. Positive scans may also occur in vascular parkinsonism
when the nigrostriatal system is affected. Potential future uses
of dopaminergic imaging include: (i) improving accurate diagnosis;
(ii) assisting in differential diagnosis; (iii) identification of patients
with premotor Parkinson's disease, essential if a neuroprotective
intervention becomes available as this would be a step to
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Table 6 Striatal dopaminergic imaging in patients with movement disorders or dementia (Nikolaus et al., 2009)

Disorder

Presynaptic dopaminergic
imaging versus healthy individuals

Postsynaptic dopaminergic imaging
versus healthy individuals

Idiopathic Parkinson's disease

Decreased striatal dopamine synthesis
Decreased dopamine storage

Decreased dopamine release
Decreased dopamine transporter

Unchanged D receptor

Normal or increased D, receptor in early
stages of disease; reduced D, receptor in
advanced disease

Essential tremor No alterations of dopamine function No data
Vascular parkinsonism Variable reduction in dopamine function No data
Drug-induced parkinsonism No alterations of dopamine function No data
Psychogenic parkinsonism No alterations of dopamine function No data

Dementia with Lewy bodies

Decreased striatal dopamine synthesis
Decreased dopamine storage

Conflicting reports (decreased versus
normal/increased D, receptor)

Decreased dopamine transporter

Parkinson's disease with dementia

Decreased striatal dopamine synthesis

Normal or increased D, receptor

Decreased dopamine storage
Decreased dopamine transporter

Multiple system atrophy

Decreased striatal dopamine synthesis

Decreased D, and D, receptor®

Decreased dopamine storage
Decreased dopamine transporter

Progressive supranuclear palsy

Decreased striatal dopamine synthesis

Decreased D, receptor

Decreased dopamine storage
Decreased dopamine transporter

Corticobasal degeneration

Decreased striatal dopamine synthesis
Decreased dopamine storage

Conflicting reports (slightly decreased
versus normal D, receptor)

Decreased dopamine transporter

Alzheimer's disease

No alterations of dopamine function

Conflicting reports (decreased D, receptor
versus no significant difference)

D, receptor also decreased relative to Parkinson's disease.

preventative therapy; (iv) monitoring disease progression in testing
novel therapeutics; and (v) as an inclusion criterion for entry into
clinical trials.
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