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Abstract. Purpose: Multiple system atrophy (MSA), a
disorder causing autonomic dysfunction, parkinsonism,
and cerebellar dysfunction, is difficult to differentiate
from other movement disorders, particularly early in 
the course of disease. This study evaluated whether
[99mTc]TRODAT-1 binding to the dopamine transporter
differentiates MSA from other movement disorders.
Methods: Single-photon emission computed tomographic
brain scans were acquired in 25 MSA patients, 48 age-
matched controls, and 130 PD patients, 3 h after the in-
jection of 740 MBq (20 mCi) of [99mTc]TRODAT-1. Re-
gions of interest (ROIs) were placed manually on subre-
gions of both basal ganglia and distribution volume ratios
(DVRs) were calculated. Regional DVRs were compared
between study groups in MSA patients. Student’s t tests
were used to compare MSA patients with other study
groups. Spearman correlations were used to compare
DVRs with NP measures. Results: Based upon various
motor scores, MSA and PD patients had comparable mo-
tor impairment, and were significantly impaired com-
pared with controls. Mean DVRs in the basal ganglia of
MSA patients were significantly less than those of con-
trols, but generally higher (p<0.05) than in PD patients.
In particular, the MSA patients had significantly in-
creased DVRs in the posterior putamen (mean 0.49±0.30)
compared with PD patients (0.74±0.25). Conclusion:
Movement disorder patients could be differentiated from
controls, but MSA and PD patients could not be easily
differentiated from each other. As a group, MSA patients
had significantly higher mean [99mTc]TRODAT-1 bind-
ing, particularly in the posterior putamen, compared with
PD patients and significantly lower binding compared

with controls. This may reflect different pathophysiologi-
cal processes of the two neurodegenerative diseases.
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Introduction

Multiple system atrophy (MSA) is a neurodegenerative
disorder characterized by a combination of autonomic
dysfunction, parkinsonism, cerebellar dysfunction, pyra-
midal dysfunction, and urinary dysfunction [1]. The typi-
cal age of onset of MSA is 52–56 years, and the mean
survival is 9.3 years [2]. Clinically, MSA is character-
ized by autonomic dysfunction and/or urinary dysfunc-
tion which may be associated with parkinsonian symp-
toms in 80% of patients (MSA-P) or with cerebellar
ataxia in 20% of patients (MSA-C). Since parkinsonism
is a presenting feature or occurs at an early stage in the
majority of MSA-P patients, it is often difficult to clini-
cally differentiate MSA-P from Parkinson’s disease [3].

Parkinson’s disease (PD) (paralysis agitans) itself is a
common neurodegenerative disorder [4, 5] that has a
prevalence of 1–2 per 1,000 among the general popula-
tion and of up to 2% among people aged over 65 years
[6]. Its cardinal features include tremor, rigidity, bradyki-
nesia, and postural instability, and disturbances of gait
are also common [7]. The diagnosis of PD is currently
based on clinical interpretation of signs and symptoms
[4]. Two clinicopathological studies published in the 
early 1990s found that the accuracy of the clinical diag-
nosis of PD was approximately 75% at the last clinical
visit prior to autopsy [8, 9]. The clinical diagnostic accu-
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2. The pattern of [99mTc]TRODAT-1 binding will effec-
tively differentiate individual MSA-P and PD patients
on the basis of receiver operator curves.

Materials and methods

All procedures were approved by the Institutional Review Board
and Radiation Safety Committee of the University of Pennsylvania
and by the Food and Drug Administration.

PD and MSA patients

The sample comprised 25 MSA-P patients (17 male, 8 female;
mean age ± SD 65.9±9.4 years; age range 46.4–80.2 years) and 130
PD patients (87 male, 43 female; mean age ± SD 63.4±10.4 years;
age range 39.0–84.2 years). The mean duration of illness for MSA
was 4.9±3.6 years and for PD, 6.4±5.4 years. The mean follow-up
for final clinical diagnosis for MSA was 3.3±0.6 years and for PD,
3.5±0.7 years. In both MSA and PD patients the clinical diagnosis
was made by experienced neurologists specializing in movement
disorders. All patients had a Hoehn and Yahr stage of 2 or worse,
with values that were generally comparable, although motor func-
tion tests (see below) were used to better assess the disease severity
in patients. The MSA patients were diagnosed on the basis of the
characteristic features of the disease, including a progressive disor-
der, the presence of parkinsonism, autonomic or urinary dysfunc-
tion, cerebellar dysfunction, or corticospinal tract dysfunction [1].
PD patients had to have a progressive disorder, with the presence of
at least two of the three cardinal signs of PD (bradykinesia, rigidity,
tremor), as well as the presence of two of the following: marked re-
sponse to levodopa, asymmetry of signs, asymmetry at onset, ab-
sence of characteristics of alternative diagnoses, or absence of an-
other etiology known to cause similar features [19].

The past medical histories of all subjects were not remarkable
for a disease or event that could have affected brain structure (as-
sessed by magnetic resonance imaging when necessary) or func-
tion. Patients were included in the study if the results of their medi-
cal history, physical examination, and laboratory studies were not
indicative of an underlying disease that could have caused or main-
tained the movement disorder. Medications were allowed to be con-
tinued and most patients were scanned while “on” their medications
since previous studies have shown no substantial interaction with
dopaminergic medications and [99mTc]TRODAT-1 binding [20].

Healthy volunteers

The control sample contained 48 age-matched healthy volunteers
(23 male, 25 female; mean age ± SD 61.8±11.0 years; age range
40.9–83.3 years). All healthy volunteers included in the study had
no significant medical, neurological, or psychiatric diseases.

Neuropsychological examination

The neuropsychological tests administered in this study were com-
piled by the neuropsychology section of the University of Penn-
sylvania Mental Health Clinical Research Center and are intended
to assess cognitive processes thought to be mediated by dopami-
nergic function. This battery of neuropsychological tests [21] in-
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racy of PD has now improved to approximately 90%
with long-term follow-up and the application of strict 
diagnostic criteria [10, 11], but an accurate diagnosis 
remains difficult early in the course of the disease.

Therefore, it is important to identify diagnostic proce-
dures that may help to differentiate between these move-
ment disorders [12]. However, part of the reason for the
difficulty in differentiating MSA and PD is that these
disorders not only share symptom profiles but also pro-
duce dysfunction in similar brain regions. This prevents
various brain imaging techniques from being able to ade-
quately separate patients with these disorders. However,
such imaging studies can still provide important infor-
mation about the pathophysiology of MSA and PD.

Since the dopaminergic system is particularly affected
in movement disorders such as MSA and PD, many radio-
pharmaceuticals have been used in brain imaging studies
to evaluate presynaptic and postsynaptic dopaminergic re-
ceptors in these patients. Imaging studies of MSA and PD
have included both single-photon emission computed
tomography (SPECT) and positron emission tomography
(PET) in order to help diagnose and follow up these pa-
tients. It has been suggested that presynaptic dopamine
transporter receptor tracers might be particularly useful in
the study of MSA and PD. PET studies using the presyn-
aptic tracer [18F]fluorodopa have generally shown de-
creased uptake in the striatum in both MSA and PD pa-
tients. SPECT studies with 99mTc-labeled dopamine trans-
porter ligands have also shown decreased uptake in the
striatum in PD and MSA patients [13, 14]. [123I] ! -CIT has
been used to study patients with PD and has shown similar
findings, with significantly decreased uptake in the stria-
tum [15, 16]. The question remaining is, How well can
various imaging techniques help distinguish patients with
PD from those with other parkinsonian syndromes?

The purpose of this study was to evaluate the use of
[99mTc]TRODAT-1, a radiolabeled tropane that binds to
dopamine transporters (DAT), in differentiating MSA pa-
tients from PD patients. [99mTc]TRODAT-1 has several
characteristics that make it a useful imaging agent.
[99mTc]TRODAT-1 selectively binds to DAT, allowing
for effective and specific imaging of the dopaminergic
system [17, 18]. In addition, [99mTc]TRODAT-1 may be
more easily used in the clinical setting and is more readi-
ly available and less expensive than PET or 123I-based
tracers. An important drawback of [99mTc]TRODAT is
the relatively lower specific binding compared with 
other tracers, like [123I] ! -CIT.

In this study, [99mTc]TRODAT-1 was used to image
DAT in the analysis of striatonigral degeneration in 
25 patients with MSA-P, 130 patients with PD, and 
48 healthy controls. Data analysis tested the following
hypotheses:

1. There are significant differences in [99mTc]TRODAT-1
binding between PD patients and MSA-P patients and
how these groups compare with controls.



cludes assessments of motor function with the thumb finger 
sequential touch (TFST) [22], the finger oscillation test [23], and 
the Grooved Pegboard [24]. Neuropsychological testing was con-
ducted following injection of the radiopharmaceutical and prior 
to SPECT imaging. For the purposes of this study, the motor func-
tion portion of this battery was used to establish similar disease
severity between the MSA and PD groups.

SPECT imaging acquisition protocol

Individuals were placed at rest on the imaging table in the supine
position. Vital signs and EKGs were monitored for 10 min prior to
injection. An intravenous catheter was placed in an antecubital
vein and capped with a well containing normal saline. Subjects
were then injected with 740 MBq (20 mCi) of [99mTc]TRODAT-1.
Post-injection vital signs and EKGs were recorded at 5-min inter-
vals for another 10 min. Next, patients underwent 2 h of neuropsy-
chological testing followed by a lunch break.

Patients were scanned 3–4 h following the administration of
[99mTc]TRODAT-1. All images were acquired on a triple-headed
gamma camera equipped with fan-beam collimators (Picker Prism
3000XP, Cleveland, OH), with characteristics that have been de-
scribed previously [25]. The acquisition parameters included a
continuous mode with 40 projection angles over a 120° arc to ob-
tain data in a 128 128 matrix with a pixel width of 2.11 mm and a
slice thickness of 3.56 mm.

Image processing

All images were processed and reconstructed using the same pro-
cedure. Transverse reconstruction backprojection was applied to
the raw data. A Butterworth, low-pass filter was then applied with
an order of 4 and a cutoff of 0.351 cm " 1. Photon attenuation cor-
rection was performed by Chang’s first-order correction method
using an attenuation coefficient of 0.11 cm " 1 [26].

Image analysis

The frames that were acquired from 3 h to 4 h after the injection of
[99mTc]TRODAT-1 were summed and imported into an image anal-
ysis package called PETVIEW. Image analysis was performed
blinded to the clinical diagnosis of each patient. A previously re-
ported standardized template [27] containing six regions of interest
(ROIs) was transposed manually onto subregions of the right and
left basal ganglia (including the right and left caudate, right and left
anterior putamen, and right and left posterior putamen). The ROIs,
which are smaller than the areas they are designed to sample, were
only placed on the three slices that contained the most intense ac-
tivity in order to minimize effects of volume averaging in the axial
direction. In this way, the ROIs represent a “punch biopsy” of the
selected areas. Distribution volume ratios (DVRs) were calculated
for these areas based upon a reference region consisting of the su-
pratentorial structures above the basal ganglia and the following
equation: (ROI " Reference Region)/Reference Region.

Statistical analysis

Statistical analysis began with unpaired Student’s t tests in order
to compare mean DVRs between patient groups and between pa-
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tient groups and controls. Receiver operator curves were generated
and logistic discriminant analysis was performed to determine the
sensitivity and specificity of various uptake values for differentiat-
ing patients with movement disorders from each other and from
controls. The statistical software was JMP version 5.1 (SAS Insti-
tute, Cary, NC).

Results

The MSA-P and PD patients both performed significant-
ly worse on basic motor function than did age-matched
controls (Table 1). There were no significant differences
in disease status, disease duration, or severity of motor
function between MSA-P and PD patients. Mean DVRs
for each of the six subregions of the basal ganglia were
calculated along with the standard deviations and are
shown in Table 2, which also indicates statistically
meaningful differences (p<0.05) with 95% confidence.

DVRs for all subregions of the basal ganglia in 
MSA-P patients were significantly less than those of
controls (p<0.05). PD DVRs for all subregions were also
significantly different from those of controls (p<0.05).
Receiver operator curves generated for the values for
each subregion demonstrated that patients could be dif-
ferentiated from controls with the accuracy, sensitivity,

Table 1. Comparison of movement tests in MSA-P, PD, and con-
trol subjects. Subjects were tested on medications

MSA-P PD Control

Right tap average 37±12* 35±9* 43±9
Left tap average 36±9 34±8* 39±9
Right peg time 153±92* 164±93* 89±30
Left peg time 152±69* 177±85* 107±74
Right TFST 5.8±1.5 6.0±1.6* 6.9±1.9
Left TFST 5.7±1.3 6.0±1.4* 6.9±2.2

*Significantly lower than controls (p<0.05)
There were no significant differences between MSA-P and PD 
patients.

Table 2. Mean DVRs (±1 SD) calculated for each of the six subre-
gions of the basal ganglia, as well as the mean whole striatum

Region Controls MSA-P PD 
(n=48) (n=25) (n=130)

Right caudate 1.46±0.28 1.20±0.50 1.04±0.33
Left caudate 1.46±0.26 1.11±0.35 1.02±0.34
Right anterior putamen 1.25±0.31 0.86±0.43* 0.62±0.32
Left anterior putamen 1.28±0.27 0.75±0.37 0.58±0.32
Right posterior putamen 0.74±0.29 0.51±0.34* 0.32±0.18
Left posterior putamen 0.74±0.22 0.47±0.27* 0.32±0.19

*MSA values that were significantly higher than PD patient values
(p<0.05). Note that all values in the MSA-P and PD patient groups
were significantly lower (p<0.05) than values in controls.
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and specificity values shown in Table 3. The best results
for distinguishing patients from controls for both PD and
MSA were obtained for the posterior putamen (Fig. 1).

All mean values for striatal regions were higher in
MSA-P patients than in PD patients. MSA-P and PD pa-
tient mean DVRs were significantly different in the right
posterior putamen (0.51±0.34 and 0.32±0.18, respective-
ly, p<0.05) and left posterior putamen (0.47±0.27 and
0.32±0.19, respectively, p<0.05). On the basis of re-
ceiver operator curves, MSA patients could not be ade-
quately distinguished from PD patients.

It should be noted that, overall, the MSA patients had
only a 21% decrease in the caudate compared with con-
trols, and a 34% decrease in the anterior and posterior
putamen compared with controls. PD patients had a
comparable decrease in the caudate of 29% compared
with controls, but values in the anterior and posterior

putamen were approximately 51% lower than those in
controls. The implication is that the putamen is affected
to a much greater degree in PD patients than in MSA-P
patients.

Discussion

Our results support hypothesis 1, that there are group
differences in [99mTc]TRODAT-1 binding between PD
patients and MSA patients. The specific subregions of
the basal ganglia that showed significant differences in
MSA-P patients compared with PD patients in this study
were the right anterior putamen, the right posterior puta-
men, and the left posterior putamen (p<0.05). In all of
these regions, DVRs were higher in MSA-P patients than
in PD patients. All subregions of the basal ganglia
showed significantly lower DVRs in MSA-P patients
than in healthy controls (p<0.05). Thus, the basal ganglia
DVRs in MSA-P patients were lower than those in heal-
thy controls and higher than those in PD patients. Slight
laterality of the findings in MSA patients did not corre-
late with any laterality of symptoms and may have been
related to statistical artifact since MSA is generally a 
bilateral disease.

Other imaging studies of dopamine transporters in
MSA patients have reported varying results: A study by
Kim et al. using [123I] ! -CIT SPECT to assess dopamine
transporters demonstrated that the posterior putamen is
more involved than the caudate in MSA, which is consis-
tent with our results [28]. Also, using [123I] ! -CIT
SPECT, Berding et al. reported that basal ganglia uptake
in MSA patients was similar to that in PD patients, 
although the differences between caudate and putamen
were less marked [29]. On the other hand, in a study of
[18F]fluorodopa PET, Brooks et al. demonstrated that
mean caudate uptake was significantly lower in MSA
than in PD, although it was higher than in the putamen
[30]. Using [18F]fluorodopa PET, Antonini et al. showed
that the putamen was more involved than the caudate in
both MSA and PD [31]. A more recent study using
[99mTc]TRODAT reported lower binding in the basal

Fig. 1. TRODAT-1 Images of a healthy control subject, b MSA-P
patient, and c PD patient

Table 3. Accuracy, sensitivity, and specificity for various striatal
structures when all patients (including MSA and PD) were com-
pared with controls. These results were derived from the receiver
operator curves for each of the respective values

Structure Accuracy Sensitivity Specificity
(%) (%) (%)

Right caudate 64.5 89.6 56.8
Left caudate 74.4 83.3 71.6
Right anterior putamen 83.7 77.1 85.8
Left anterior putamen 81.3 81.3 81.3
Right posterior putamen 83.7 52.1 93.5
Left posterior putamen 85.2 81.3 86.5



ganglia in MSA patients than in controls, but did not re-
port higher binding in the caudate in MSA patients com-
pared with PD patients [14]. One of the primary reasons
for this discrepancy is that in the aforementioned study,
MSA patients had significantly worse disease, whereas
in our sample the disease severity based upon neu-
ropsychological testing was relatively comparable be-
tween the two patient groups.

Studies of other components of the dopaminergic sys-
tem have also reported varying results. For example,
[11C]raclopride studies have shown decreased D2 recep-
tor binding in the striatum in MSA but not in PD patients
[31–34]. A decrease in postsynaptic D2 receptors in PD
has also been observed with SPECT tracers such as
[123I]iodobenzamide [35]. A study comparing the SPECT
tracers [123I] ! -CIT (to measure dopamine transporters)
and [123I]iodobenzofuran (to measure the D2 receptors)
reported a decrease in dopamine transporter binding in
both MSA and PD, while the PD patients had increased
D2 binding and MSA patients had decreased D2 binding
[28]. However, future studies will need to be performed
to fully evaluate the sensitivity and specificity of these
tracers in the differentiation of MSA and PD.

Neuropathological changes in patients with MSA may
include high density of glial cytoplasmic inclusions 
associated with degenerative changes in the putamen,
caudate nucleus, globus pallidus, substantia nigra, locus
coeruleus, inferior olives, pontine nuclei, cerebellar 
Purkinje cells, autonomic nuclei of the brainstem, and
the intermediolateral cell columns and Onuf’s nucleus in
the spinal cord. However, neuropathological studies 
suggest that there may be more severe neuronal cell loss
and gliosis in the putamen than in the caudate [36]. In
agreement with neuropathological studies and other
SPECT studies, imaging with [99mTc]TRODAT-1 demon-
strates that DAT concentrations are higher in the caudate
than in the putamen of MSA-P patients.

Inspection of mean DVRs for subregions of the basal
ganglia in healthy controls indicates that dopamine trans-
porter levels in the caudate are greater than those in the
anterior putamen, which are greater than those in the
posterior putamen. This pattern of decreasing dopamine
transporter levels moving from anterior to posterior in
basal ganglia is also seen among MSA-P patients and PD
patients. Presynaptic dopamine transporters are located
in axon terminals of dopaminergic neurons originating in
relatively distant regions of the brain, primarily the sub-
stantia nigra. Transporter concentrations, as measured by
[99mTc]TRODAT-1 SPECT, are thought to reflect primar-
ily the vitality of these distant dopaminergic neurons,
rather than that of the neurons they enervate in the basal
ganglia. It follows that degeneration of dopaminergic
neurons will cause a decrease in the dopamine trans-
porter levels, and a thus a decrease in uptake of
[99mTc]TRODAT-1 that is uniform between subregions
of the basal ganglia. This pattern of roughly uniform de-
creases within the basal ganglia occurred in both MSA-P

and PD patients in this study. The specific subregion 
that deviated from this pattern was the posterior putamen
in PD patients. This deviation may underlie the clinical
differentiation between MSA-P and PD.

Given the significant difference between PD and
MSA patients with regard to mean [99mTc]TRODAT-1
binding values in the striatum, these values were com-
pared to determine how well such measures could actual-
ly distinguish these patient groups. The receiver operator
curves comparing all patients (both MSA and PD) with
controls showed strong areas under the curve, with the
anterior and posterior putamen having the best ability in
distinguishing the groups. The accuracy was approxi-
mately 85%, which is perhaps slightly lower than the
90% that has been reported for clinical diagnosis 
obtained after long-term follow-up. However, [99mTc]
TRODAT-1 binding values may still have a benefit in the
early workup of such patients, when the accuracy of clin-
ical diagnosis is much lower, although this will have to
be evaluated in future studies of patients with early and
questionable clinical findings. The receiver operator
curve analysis did not support hypothesis 2, that individ-
ual patients with PD or MSA-P could be adequately dis-
tinguished. This is most likely related to the substantial
overlap of values between the patient groups, as has 
been reported by other research groups. In addition, 
the striatal regions such as the posterior putamen often
have markedly decreased binding of [99mTc]TRODAT-1,
which also results in greater variability of values and
consequently limits the ability to differentiate patients
with different movement disorders.

Conclusion

Differentiation between MSA-P and PD is a current
challenge for clinicians, owing to the lack of diagnostic
tests. As a group, MSA-P patients in this study had sta-
tistically higher [99mTc]TRODAT-1 binding in the stria-
tum compared with PD patients, and both patient groups
had significantly lower binding compared with controls.
This may represent differences in the pathophysiology of
these two disorders. However, the ability to differentiate
individual patients with MSA and PD may require an 
integrated approach utilizing clinical and diagnostic in-
formation.

Acknowledgments. This research was supported by NIH grant R01
AG-17524. Dr. Siderowf is supported by grant number K-08
HS00004 from the Agency for Healthcare Research and Quality
(AHRQ).

References

1. Gilman S, Low PA, Quinn N, Albanese A, Ben-Shlomo Y,
Fowler CJ, et al. Consensus statement on the diagnosis of 
multiple system atrophy. J Neurol Sci 1999;163:94–8.

306

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 3, March 2005



2. Wenning GK, Braune S. Multiple system atrophy: pathophysi-
ology and management. CNS Drugs 2001;15:839–52.

3. Tison F, Yekhlef F, Chrysostome V, Balestre E, Quinn NP,
Poewe W, Wenning GK. Parkinsonism in multiple system 
atrophy: natural history, severity (UPDRS-III), and disability
assessment compared with Parkinson’s disease. Mov Disord
2002;17:701–92.

4. Lang AE, Lozano AM. Parkinson’s disease. First of two parts.
N Engl J Med 1998;339:1044–53.

5. Lang AE, Lozano AM. Parkinson’s disease. Second of two
parts. N Engl J Med 1998;339:1130–43.

6. Stern MB, Koller WC. Parkinson’s disease. In: Stern MB,
Koller WC, editors. Parkinsonian syndromes. New York: 
Marcel; 1993. p. 3–29.

7. Jankovic J. Pathophysiology and clinical assessment of motor
symptoms in Parkinson’s disease. In: Koller WC, editor.
Handbook of Parkinson’s disease. New York: Marcel; 1992. 
p. 129–57.

8. Rajput AH, Rozdilsky B, Rajput A. Accuracy of clinical diag-
nosis in parkinsonism—a prospective study. Can J Neurol Sci
1991;18:275–8.

9. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clini-
cal diagnosis of idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases. J Neurol Neurosurg Psychia-
try 1992;55:181–4.

10. Hughes AJ, Daniel SE, Lees AJ. Improved accuracy of clinical
diagnosis of Lewy body Parkinson’s disease. Neurology
2001;57:1497–9.

11. Hughes AJ, Daniel SE, Ben-Shlomo Y, Lees AJ. The accuracy
of diagnosis of parkinsonian syndromes in a specialist move-
ment disorder service. Brain 2002;125:861–70.

12. Hughes AJ, Colosimo C, Kleedorfer B, Daniel SE, Lees AJ.
The dopaminergic response in multiple system atrophy. Neurol
Neurosurg Psychiatry 1992;55:1009–13.

13. Mozley PD, Schneider JS, Acton PD, Plossl K, Stern MB,
Siderowf A, et al. Binding of [99mTc]TRODAT-1 to dopamine
transporters in patients with Parkinson’s disease and in healthy
volunteers. J Nucl Med 2000;41:584–9.

14. Lu CS, Weng YH, Chen MC, Chen RS, Tzen KY, Wey SP, 
et al. 99mTc-TRODAT-1 imaging of multiple system atrophy. 
J Nucl Med 2004;45:49–55.

15. Ishikawa T, Dhawan V, Kazumata K, Chaly T, Mandel F,
Neumeyer J, et al. Comparative nigrostriatal dopaminergic 
imaging with iodine-123- ! CIT-FP/SPECT and fluorine-18-
FDOPA/PET. J Nucl Med 1996;37:1760–5.

16. Innis RB, Seibyl JP, Scanley BE, Laruelle M, Abi-Dargham A,
Wallace E, et al. Single-photon emission computed tomo-
graphic imaging demonstrates loss of striatal dopamine trans-
porters in Parkinson’s disease. Proc Natl Acad Sci USA
1993;90:11965–9.

17. Kung HF, Kim HJ, Kung MP, Meegala SK, Plossl K, Lee HK.
Imaging of dopamine transporters in humans with technetium-
99m TRODAT-1. Eur J Nucl Med 1996;23:1527–30.

18. Mozley PD, Stubbs JB, Plossl K, Dresel SH, Barraclough ED,
Alavi A, et al. Biodistribution and dosimetry of TRODAT-1: 
a technetium-99m tropane for imaging dopamine transporters. 
J Nucl Med 1998;39:2069–76.

19. Ward CD, Gibbs WR. Research diagnostic criteria for Parkin-
son’s disease. In: Streifler MB, Korczyn AD, Melamed E,
Youdin MBH, editors. Advances in neurology: anatomy, pa-
thology and therapy. New York: Raven; 1990.

20. Dresel SH, Kung MP, Plossl K, Meegalla SK, Kung HF. 
Pharmacological effects of dopaminergic drugs on in vivo

binding of [99mTc]TRODAT-1 to the central dopamine trans-
porters in rats. Eur J Nucl Med 1998;25:31–9.

21. Mozley LH, Gur RC, Mozley PD, Gur RE. Striatal dopamine
transporters and cognitive functioning in healthy men and
women. Am J Psychiatry 2001;158:1492–9.

22. Golden CJ, Hammeke TA, Purisch AD. Luria-Nebraska 
neuropsychological battery manual. Los Angeles: Western
Psychological; 1980.

23. Reitan RM, Wolfson D. The Halstead-Reitan neuropsycholog-
ical test battery: theory and clinical interpretation. Tuscon:
Neuropsychology; 1985.

24. Harley JP, Leuthold CA, Matthews CG, Bergs LE. Wisconsin
neuropsychological test battery t-score norms for older Veterans
Administration Medical Center patients. Madison: Matthews;
1980.

25. Kim HJ, Karp JS, Mozley PD, Yang SO, Moon DH, Kung HF,
et al. Stimulating technetium-99m cerebral perfusion studies
with a three-dimensional Hoffmann brain phantom: collimator
and filter selection in SPECT neuroimaging. Ann Nucl Med
1996;10:153–60.

26. Chang LT. A method for attenuation correction in radionuclide
computed tomography. IEEE Trans Nucl Sci 1978;25:638–43.

27. Mozley PD, Acton PD, Barraclough ED, Plossl K, Gur RC,
Alavi A, et al. Effects of age on dopamine transporters in 
healthy humans. J Nucl Med 1999;40:1812–7.

28. Kim YJ, Ichise M, Ballinger JR, Vines D, Erami SS, Tatschida
T, Lang AE. Combination of dopamine transporter and D2 
receptor SPECT in the diagnostic evaluation of PD, MSA, and
PSP. Mov Disord 2002;17:303–2.

29. Berding G, Brucke T, Odin P, Brooks DJ, Kolbe H, Gielow P,
et al. [123I]beta-CIT SPECT imaging of dopamine and seroto-
nin transporters in Parkinson’s disease and multiple system 
atrophy. Nuklearmedizin 2003;42:31–8.

30. Brooks DJ, Ibanez V, Sawle GV, Quinn N, Lees AJ, Mathias
CJ, et al. Differing patterns of striatal 18F-dopa uptake in Par-
kinson’s disease, multiple system atrophy, and progressive 
supranuclear palsy. Ann Neurol 1990;28:547–55.

31. Antonini A, Leenders KL, Vontobel P, Maguire RP, Missimer J,
Psylla M, Gunther I. Complementary PET studies of striatal neu-
ronal function in the differential diagnosis between multiple sys-
tem atrophy and Parkinson’s disease. Brain 1997; 120:2187–95.

32. Brooks DJ, Ibanez V, Sawle GV, Playford ED, Quinn N, 
Mathias CJ, et al. Striatal D2 receptor status in patients with
Parkinson’s disease, striatonigral degeneration, and progres-
sive supranuclear palsy. Measured with 11C-raclopride and
positron emission tomography. Ann Neurol 1992;31:184–92.

33. Pirker W, Asenbaum S, Wenger S, Kornhuber J, Angelberger
P, Deecke L, et al. Iodine-123-epidepride-SPECT: studies in
Parkinson’s disease, multiple system atrophy and Huntington’s
disease. J Nucl Med 1997;38:1711–7.

34. Ghaemi M, Hilker R, Rudolf J, Sobesky J, Heiss WD. Differ-
entiating multiple system atrophy from Parkinson’s disease:
contribution of striatal and midbrain MRI volumetry and
multi-tracer PET imaging. J Neurol Neurosurg Psychiatry
2002;73:517–23.

35. Schulz JB, Klockgether T, Petersen D, Jauch M, Muller-
Schauenburg W, Spieker S, et al. Multiple system atrophy:
natural history, MRI morphology, and dopamine receptor im-
aging with 123IBZM-SPECT. J Neurol Neurosurg Psychiatry
1994;57:1047–56.

36. Wenning GK, Tison F, Ben Shlomo Y, Daniel SE, Quinn NP.
Multiple system atrophy: a review of 203 pathologically
proven cases. Mov Disord 1997;12:133–47.

307

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 3, March 2005


