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Abstract

Objective: 18F-FP-CIT and 123I-FP-CIT are widely used radiotracers in molecu-

lar imaging for Parkinson’s disease (PD) diagnosis. Compared with 123I-FP-

CIT, 18F-FP-CIT has superior tracer kinetics. We aimed to conduct a meta-

analysis to assess the efficacy of using 18F-FP-CIT positron emission tomogra-

phy (PET) and 123I-FP-CIT single-photon emission computed tomography

(SPECT) of dopamine transporters in patients with PD in order to provide evi-

dence for clinical decision-making. Methods: We searched the PubMed,

Embase, Wanfang Data, and China National Knowledge Infrastructure data-

bases to identify the relevant studies from the time of inception of the databases

to 30 April 2020. We identified six PET studies, including 779 patients with PD

and 124 healthy controls, which met the inclusion criteria. Twenty-seven

SPECT studies with 1244 PD patients and 859 controls were also included in

this meta-analysis. Results: Overall effect-size analysis indicated that patients

with PD showed significantly reduced 18F-FP-CIT uptake in three brain regions

[caudate nucleus: standardized mean difference (SMD) = �1.71, Z = �3.31,

P = 0.0009; anterior putamen: SMD = �3.71, Z = �6.26, P < 0.0001; and pos-

terior putamen: SMD = �5.49, Z = �5.97, P < 0.0001]. Significant decreases of
123I-FP-CIT uptake were also observed in the caudate (SMD = �2.31,

Z = �11.49, P < 0.0001) and putamen (SMD = �3.25, Z = �14.79,

P < 0.0001). Interpretation: In conclusion, our findings indicate that both 18F-

FP-CIT PET and 123I-FP-CIT SPECT imaging of dopamine transporters can

provide viable biomarkers for early PD diagnosis.
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Introduction

Parkinson’s disease (PD) is the second most common

neurodegenerative disorder.1 Its predominant pathological

feature is the degeneration of dopaminergic neurons pro-

jecting from the substantia nigra pars compacta in the

midbrain to the striatum (caudate and putamen nucleus).

It clinically presents with motor impairment, including

rigidity, bradykinesia, resting tremor, and postural imbal-

ance.2,3 However, early diagnosis of PD based on clinical

signs and symptoms is difficult.4 Furthermore, PD diag-

nosis solely based on clinical assessment is not always

accurate since the clinical symptoms of PD could be simi-

lar to those of other neurodegenerative diseases. More-

over, studies have reported that at least 15% of the

patients diagnosed with PD do not meet the clinical diag-

nostic criteria, while 20–25% were diagnosed with

another condition, including atypical parkinsonian syn-

dromes or essential tremor.5–8

Currently, apart from the clinical symptoms, some

functional brain imaging modalities have been reported

to increase the accuracy of PD diagnosis.9,10 Dopaminer-

gic dysfunction in patients with PD can be visualized

through single-photon emission computed tomography

(SPECT) and positron emission tomography (PET) using

various radiotracers. SPECT derivatives include 123I-FP-

CIT (DatScanTM), 123I-beta-CIT (DopaScanTM), 123I-al-

tropane, and 99mTc-TRODAT, while PET tracers include
11C-RTI-32, 11C-CFT, 11C-methylphenidate, 11C-nomifen-

sine, 11C-dihydrotetrabenazine, 18F-DOPA, 18F-FE-PE2I,
18F-CFT, and 18F-FP-CIT.11–18

Compared with 18F-FP-CIT, 123I-FP-CIT has been shown

to have a higher affinity for the presynaptic dopamine trans-

porter and a longer half-life (6–13 h); furthermore, it has

been commercially available for auxiliary diagnosis of PD

using SPECT.9,19 However, considering their higher non-

specific background signals, SPECT radiotracers, including
123I-FP-CIT and 123I-altropane, exhibit lower striatal/cerebel-

lar uptake ratios.16 18F-DOPA, which is an effective substi-

tute tracer for 123I-FP-CIT, has been reported to

underestimate the degree of nigrostriatal impairment in

SPECT imaging due to the upregulation of aromatic amino

acid decarboxylase as a compensatory mechanism in the

presynaptic dopaminergic nerve terminal.6

In contrast, 18F-FP-CIT has a shorter half-life (20–
110 min) and superior tracer kinetics compared to other

SPECT tracers; furthermore, it is well set up for detecting

presynaptic dopaminergic deficiency in various parkinso-

nian syndromes.20,21 Previous studies have reported a sig-

nificantly faster decrease in striatal 18F-FP-CIT uptake in

patients with PD compared to that in controls. Moreover,

there are differences in the rates of decrease among the

striatal subregions, namely, the caudate nucleus, anterior

putamen, and posterior putamen, which indicate that 18F-

FP-CIT may be more effective for the diagnosis of PD.22–26

However, there is heterogeneity among the studies, such

as differences in the sample sizes, study design, and partic-

ipant characteristics, as well as inadequate comparability

and evidentiary value of findings from striatal subregion

analysis. To the best of our knowledge, a meta-analysis of

previous studies on 18F-FP-CIT PET/123I-FP-CIT SPECT

imaging of dopamine transporters for the diagnosis of PD

has not been conducted to date. Therefore, we aimed to

collectively evaluate 18F-FP-CIT PET/123I-FP-CIT SPECT

imaging findings of dopamine transporters in patients

with PD, identify patterns of abnormalities, and propose

evidence that can influence clinical decision-making with

respect to the diagnosis of PD.

Materials and Methods

Search strategy and study selection

We searched for relevant studies in the PubMed, Embase,

Wanfang Data, and China National Knowledge Infrastruc-

ture databases from the time of inception of the databases

to 30 April 2020. This search included both English and

Chinese articles. We used the following key terms: “18F-FP-

CIT,” “123I-FP-CIT,” “Paralysis Agitans,” “Parkinson’s dis-

ease,” “Idiopathic Parkinson disease,” “Parkinsonism,”

“atypical Parkinsonism” “positron emission tomography,”

and “single-photon emission computed tomography.” The

references of the eligible articles were manually screened to

retrieve potentially relevant studies deemed suitable for

analysis. The inclusion criteria for studies in the meta-anal-

ysis were as follows: assessment of 18F-FP-CIT/123I-FP-CIT

uptake in the caudate nucleus or putamen (anterior and

posterior putamen) while performing PET/SPECT and

reporting of the corresponding outcomes [standardized

uptake value ratio (SUVR)] in PD patients and healthy

control subjects. We included cross-sectional studies, case-

control studies, cohort studies, and randomized controlled

trials. We excluded case reports, letters to the editor not

subjected to peer review, conference abstracts, as well as

studies without well-defined cohorts of patients with PD,

those without controls or consecutive patients seen in a

unit, and those without quantitative outcomes.

Two independent investigators (Yanyan Kong and

Chencheng Zhang) conducted the entire literature search

and study selection process. In case of disagreements, the

reviewers discussed their viewpoints, and a third investi-

gator (Bomin Sun) was consulted if no consensus was

reached. For studies that recruited participants within the

same time period or from the same hospital, we only

included the study with the largest sample size or the

most pertinent outcomes to avoid duplication.
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Data extraction and statistical analysis

R software (version 3.6.1; The R Foundation, Vienna, Aus-

tria) and Statistical Analysis System (version 9.3; SAS Insti-

tute, Cary, NC) were used for statistical analysis. Several

outcome measurements can be used in PET/SPECT studies

on dopamine transporter binding in PD. Among them,

regional SUVR or standardized uptake values measured

using subject-specific FreeSurfer-generated volume of inter-

est are considered the gold standard.22 Two investigators

(Yanyan Kong and Chencheng Zhang) independently

extracted data from each study. The following variables

were retrieved: name of the first author, year of publication,

sample size, disease duration, age of the patients with PD

and controls, and estimation of effects (means and standard

deviations for the decrease in SUVR in the PD group com-

pared with the healthy control group).

The standardized mean difference (SMD) and standard

error (SE) of the SMD for the outcomes in the PD and

control groups were calculated separately for the reported

brain regions in each study. SMDs were used because the

main outcomes of interest in PET/SPECT studies of dopa-

mine transporter binding can be assessed by several possi-

ble outcome measurements.27. Random-effects meta-

analysis using the DerSimonian and Laird method was

considered due to high heterogeneity across the studies. I2

statistics were used to assess the heterogeneity among the

included studies. P < 0.05 was considered to indicate sig-

nificant heterogeneity in the I2 statistics test. Additionally,

I2 values of 0–25%, >25–50%, >50–75%, and >75% indi-

cated insignificant, low, moderate, and high heterogeneity,

respectively.28 We had initially planned to assess the poten-

tial impact of moderator variables; however, the included

studies did not provide adequate information for such

examination. Given the small number of studies across all

investigated domains, publication bias assessment using

funnel plots was not suitable.28–32 Therefore, publication

bias was assessed using Rosenberg’s Fail-safe N approach.33

A fail-safe number represents the number of nonsignificant

and unpublished (or missing) studies that must be

included in the meta-analysis to render an observed statis-

tically significant result nonsignificant.33,34 We calculated

the fail-safe N for each significant outcome, and results at

P < 0.05 were considered statistically significant.

Results

Study selection and characteristics

The initial literature search yielded 1021 studies, from

which we eliminated 259 duplicated studies and 643 arti-

cles that did not meet the inclusion criteria. The excluded

articles included animal experiments (19), case reports

(36), meeting abstracts (211), reviews (13), and topics not

pertinent to the research question (303 were not 18F-FP-

CIT PET/123I-FP-CIT SPECT studies, 37 were not PD

studies, and 24 lacked quantitative outcomes). The pre-

liminarily selected 119 full-text articles were reviewed for

eligibility, after which 86 were excluded for reporting

irrelevant variables and unobtainable data. We included

the remaining 33 articles (six articles reported PET studies

involving 779 patients with PD and 124 controls, and 27

reported SPECT studies involving 1244 PD patients and

859 controls) in this meta-analysis. These studies com-

prised cross-sectional surveys (10 studies), case-control

studies (19 studies), and cohort studies (four stud-

ies).17,22–26,35–61 Figure 1 illustrates the protocol for the

literature search and study selection process. Table 1 sum-

marizes the characteristics of the individual studies,

including the sample sizes and participant characteristics.

These studies were published from 1998 to 2019. Further-

more, except for one study on the caudate that did not

report significant between-group differences, the remain-

ing studies reported decreased 18F-FP-CIT uptake.

Estimates of effect size

The overall effect analysis of PET studies indicated a statis-

tically significant decrease in the SUVR in the three stria-

tum regions between PD patients and controls, as follows:

caudate region, SMD = �1.71, 95% confidence interval

(CI) [�2.73, �0.70], Z = �3.31, P = 0.0009; anterior puta-

men, SMD = �3.71, 95% CI [�4.87, �2.55], Z = �6.26,

P < 0.0001; and posterior putamen, SMD = �5.49, 95%

CI [�7.30, �3.69], Z = �5.97, P < 0.0001. Figures 2–4
show the forest plots for the estimates of the effect size.

Compared with the controls, patients with PD showed sig-

nificant decrease in the uptake level in both caudate and

putamen in the 27 SPECT studies (caudate, SMD = �2.31,

95% CI [�2.71, �1.92], Z = �11.49, P < 0.0001; putamen,

SMD = �3.25, 95% CI [�3.68, �2.82], Z = �14.79,

P < 0.0001). Figures 5 and 6 show the forest plots for over-

all effect sizes of the SPECT studies.

PET studies on atypical parkinsonism

Four studies21,62–64 reported the application of 18F-FP-

CIT PET in atypical Parkinsonism. They suggested that
18F-FP-CIT PETs could be useful for the differential diag-

nosis of atypical Parkinson.

Heterogeneity

With respect to the assessment of 18F-FP-CIT uptake,

there was heterogeneity in the three striatal regions of

interest (caudate: I2 = 90%, P < 0.0001; anterior
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putamen: I2 = 91%, P < 0.0001; and posterior putamen:

I2 = 95%, P < 0.0001). Statistical significance was

observed in all heterogeneity tests (Figs. 2–4). The analy-

sis also showed heterogeneity in the 123I-FP-CIT studies

included (caudate, I2 = 89%, P < 0.0001; putamen,

I2 = 91%, P < 0.0001) (Figs. 5–6).

Publication bias

The calculation of Rosenberg’s fail-safe numbers indi-

cated that a large number of unpublished and non-

significant studies (effect sizes of zero) would be needed

to achieve a P-value >0.05 for the effect size of meta-

Figure 1. Search results and flow chart for the inclusion of studies in the meta-analysis.
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analyses of both PET and SPECT studies. A total of

418, 1966, and 4172 studies would be required to

achieve P > 0.05 in meta-analyses of 18F-FP-CIT PET

imaging of the caudate, anterior putamen, and posterior

putamen regions, respectively. Furthermore, for 123I-FP-

CIT SPECT studies, Rosenberg’s fail-safe numbers were

18556 and 41260 for the pooled analysis of the caudate

and putamen.

Table 1. Characteristics of the included studies.

Study PD (n) HC (n) PD age (years) HC age (years) PD sex (M/F) HC sex (M/F) Disease duration (years) Tracer

Wang 2003 31 4 57 � 8 59 � 8 – – – 18F-FP-CIT

Wang 2006 41 12 58 � 8 59 � 7 – – 4.3 � 3.4 18F-FP-CIT

Song 2013 24 18 70 � 8 70 � 10 18/6 11/7 1.9 � 0.7 18F-FP-CIT

Kim 2015 56 71 61 � 12 60 � 10 31/25 39/32 2.7 � 2.8 18F-FP-CIT

Sung 2017 35 9 55 � 12 70 � 8 14/21 7/2 2.5 � 2.8 18F-FP-CIT

Yang 2017 592 10 70 � 6 70 � 8 40/502 2/8 6.0 � 4.7 18F-FP-CIT

Tissingh 1998 21 14 56 � 10 54 � 15 15/6 7/7 2.3 � 1.3 123I-FP-CIT

Booij 1999 19 10 57 53 18/1 1/9 – 123I-FP-CIT

Booij 2001 32 36 53 � 11 53 � 18 24/8 16/20 2.0 � 1.3 123I-FP-CIT

Ceravolo 2004 20 8 67 � 8 66 � 9 13/7 5/3 4.3 � 1.9 123I-FP-CIT

O’Brien 2004 38 33 76 � 5 75 � 6 28/10 17/16 5.3 � 7.3 123I-FP-CIT

Tsuchida 2004 6 10 58 � 12 36 � 16 4/2 6/4 8.0 � 4.7 123I-FP-CIT

van Laere 2004 39 10 62 � 11 60 � 16 23/16 6/4 2.1 � 1.3 123I-FP-CIT

Varrone 2004 9 6 44 � 3 51 � 13 4/5 5/1 – 123I-FP-CIT

Colloby 2005 20 22 74 � 5 72 � 4 14/6 13/9 4.5 � 4.6 123I-FP-CIT

Filippi 2005 29 18 61 � 11 62 � 8 16/13 9/9 2.2 � 1.5 123I-FP-CIT

Filippi 2006 21 20 64 � 8 64 � 7 12/9 9/11 2.7 � 1.9 123I-FP-CIT

Canesi 2007 38 14 66 � 8 – 25/13 – 9.6 � 4.0 123I-FP-CIT

Isaias 2007 20 31 60 � 11 – 11/9 – 1.5 � 1.0 123I-FP-CIT

Isaias 2008 47 31 62 � 10 64 � 10 28/19 13/18 3.0 � 1.0 123I-FP-CIT

Varrone 2008 24 6 46 � 10 51 � 13 16/8 5/1 – 123I-FP-CIT

Isaias 2010 13 23 63 � 9 71 � 9 7/6 10/13 5.0 � 2.8 123I-FP-CIT

Kim 2010 14 12 67 � 4 63 � 6 11/3 8/4 – 123I-FP-CIT

Cilia 2011 37 32 70 � 5 70 � 6 18/19 15/17 4.4 � 2.9 123I-FP-CIT

Djaldetti 2011 15 11 68 � 9 61 � 12 7/8 – 20.6 � 6.3 123I-FP-CIT

Isaias 2011 11 10 52 52 5/6 3/7 – 123I-FP-CIT

Di Giuda 2012 21 17 60 � 13 55 � 14 14/7 7/10 4.0 � 2.1 123I-FP-CIT

Siepel 2014 339 158 61 � 10 60 � 11 219/120 98/60 – 123I-FP-CIT

Roussakis 2016 28 12 69 � 5 61 � 9 19/9 7/5 9.8 � 5.0 123I-FP-CIT

Jakobson 2018 22 28 69 � 8 70 � 4 – – 1.1 � 0.8 123I-FP-CIT

Nicastro 2019 280 208 70 � 11 70 � 11 148/132 83/125 1.3 � 0.8 123I-FP-CIT

Pilotto 2019 56 54 65 � 10 61 � 13 40/16 35/19 2.2 � 2.1 123I-FP-CIT

Wilson 2019 25 25 54 � 8 46 � 8 11/14 10/15 9.6 � 3.9 123I-FP-CIT

Values are means � standard deviation or n.

PD, Parkinson’s disease; HC, healthy controls; M, male; F, female.

Figure 2. Forest plot for 18F-FP-CIT PET studies assessing the decrease in SUVR in the caudate.
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Discussion

Summary of the findings

It is well-known that findings from studies with small

sample sizes are less powerful.65 Consequently, meta-anal-

yses are considered to be powerful and widely used tools

that compile results from different studies to draw more

meaningful conclusions than those of individual

reports.27,66 In the meta-analysis of PET studies, the mean

number of participants in the PD and control groups in

each included study was 129 and 21, respectively. This

disparity in the sample sizes mainly resulted from the

imbalance in the number of participants recruited in

Yang’s study (592 patients with PD and 10 controls). As

shown in Table 1, the number of participants in the other

five included studies met the sample size requirements for

a typical molecular imaging study.67–75 With respect to

individual studies, all included studies, except one (find-

ings in the caudate nucleus in Sung’s study24), reported a

significant decrease in the SUVR for 18F-FP-CIT uptake

in the three striatum regions (caudate nucleus, anterior

putamen, and posterior putamen) in patients with PD

compared to that in the controls. Moreover, the overall

effect size indicated significantly decreased 18F-FP-CIT

uptake in the targeted cerebral regions. In addition, we

performed a meta-analysis of 123I-FP-CIT SPECT imaging

studies. A total of 27 studies with 1244 PD patients and

859 healthy control subjects were included. The studies

showed that patients with PD exhibited a significant

decrease in uptake level in both the caudate and putamen

compared to controls.

Quality of meta-analysis

I2 statistical analysis was used to assess heterogeneity

among the included studies. We found high heterogene-

ity in the results for the three investigated cerebral

regions with I2 values ranging from 90% to 95%. More-

over, we conducted a statistical analysis using a random

effects model. The heterogeneity could be attributed to

differences in the study designs, sample sizes, study

locations, characteristics of the study populations, the

severity of PD at the time of imaging, disease duration,

category of complications, and correction for relevant

factors. There are some limitations to this meta-analysis.

In the course of designing the study, we attempted to

evaluate the potential impact of moderator variables

using meta-regression analysis; however, the included

studies did not provide adequate information. Notably,

Figure 3. Forest plot for 18F-FP-CIT PET studies assessing the decrease in SUVR in the anterior putamen.

Figure 4. Forest plot for 18F-FP-CIT PET studies assessing the decrease in SUVR in the posterior putamen.
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Yang’s study enrolled 592 patients with PD and only 10

controls; therefore, we also performed a meta-analysis

after excluding this study. This led to a decrease in the

I2 values from 90% to 59%, 91% to 50%, and 95% to

94% in the caudate nucleus, anterior putamen, and pos-

terior putamen, respectively. This indicated that alloca-

tion of participants to the PD and control groups in

Yang’s study may be a potential source of bias. In this

meta-analysis, the number of studies included across all

investigated domains was too small to assess publication

bias using funnel plots; this may have reduced the sta-

tistical power of this study.28–32 Consequently, we calcu-

lated Rosenberg’s fail-safe numbers, which were quite

high as follows: NC = 418, NAP = 1966, and NPP = 4172

(C: caudate, AP: anterior putamen, PP: posterior puta-

men). It has been suggested that possible publication

bias could be safely ignored when the fail-safe numbers

are high.33,34 Considering the limitations discussed

above, the results of this analysis may have limited ref-

erence value and the observed correlations should be

interpreted with caution.

Clinical implications

Despite the limitations of this meta-analysis, the overall

effects showed significantly reduced 18F-FP-CIT/123I-FP-

CIT uptake in patients with PD compared to that in the

controls in cerebral regions of interest, which was consis-

tently noted in the original studies included in this analy-

sis. Therefore, 18F-FP-CIT/123I-FP-CIT are efficient tracers

for primary PD diagnosis. Moreover, the six PET studies

included reported that 18F-FP-CIT was effective not only

in differentiating patients with PD from the healthy con-

trols but also in determining the severity of PD.22,24–26,35

The progression rates differed significantly according to

the various striatal subregions.24 In PET studies, the pos-

terior putamen is the most severely affected region in the

striatum while the caudate nucleus is relatively spared.76–

78 However, data from some of these studies were not

appropriate for assessment in this meta-analysis. Never-

theless, we believe that our findings are robust, given the

number of studies included. Well-designed longitudinal

studies are warranted to address issues regarding the

Figure 5. Forest plot for 123I-FP-CIT SPECT studies assessing the decrease in SUVR in the caudate.
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detection of PD progression through 18F-FP-CIT

PET/123I-FP-CIT SPECT imaging. Furthermore, the

region of interest approach is a semi-quantitative analysis

method; more advanced neuroimaging techniques that

can improve the diagnostic accuracy for PD or the differ-

entiation of atypical Parkinsonism from PD are needed.

Interestingly, studies on statistical parametric mapping,

source-based morphometry, and dual-time 18F-FP-CIT

reported promising findings with respect to the diagnosis

of PD.25,79,80

In conclusion, our data indicate that 18F-FP-CIT PET

and 123I-FP-CIT SPECT imaging of dopamine trans-

porters is helpful in the diagnosis of PD. We propose that

the application of PET or SPECT imaging modalities in

combination with advanced approaches would be benefi-

cial.

Conflict of Interest

No potential conflict of interest relevant to this article exist.

Aparna Wagle Shukla –Reports grants from the NIH

and has received grant support from Benign Essential

Blepharospasm Research foundation, Dystonia Coalition,

Dystonia Medical Research foundation, National Organi-

zation for Rare Disorders and grant support from NIH

(KL2 and K23 NS092957-01A1). Reports receiving hono-

raria from Acadia, Cavion, Elsevier, and MJFF in the past.

Participates as a co-I for several NIH, foundation, and

industry sponsored trials over the years but has not

received honoraria.

Acknowledgments

This study was supported by the National Natural Science

Foundation of China (Project No. 81571345, 81701732),

Shanghai Municipal Science and Technology Major Pro-

ject (No.2018SHZDZX01), and ZJLab, Shanghai Munici-

pal Key Clinical Specialty (shslczdzk03402).

References

1. Saeedi Saravi SS, Saeedi Saravi SS, Khoshbin K, Dehpour

AR. Current insights into pathogenesis of Parkinson’s

disease: approach to mevalonate pathway and protective

role of statins. Biomed Pharmacother 2017;90:724–730.

Figure 6. Forest plot for 123I-FP-CIT SPECT studies assessing the decrease in SUVR in the putamen. Std., standard; CI, confidence interval; SUVR,

standardized uptake value ratio.

ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1531

Y. Kong et al. Dopamine Transporter Imaging in Parkinson Disease



2. Mirdamadi JL. Cerebellar role in Parkinson’s disease. J

Neurophysiol 2016;116:917–919.

3. Broski SM, Hunt CH, Johnson GB, et al. Structural and

functional imaging in Parkinsonian syndromes.

RadioGraphics 2014;34:1273–1292.
4. Eshuis SA, Jager PL, Maguire RP, et al. Direct comparison

of FP-CIT SPECT and F-DOPA PET in patients with

Parkinson’s disease and healthy controls. Eur J Nucl Med

Mol Imaging 2009;36:454–462.

5. Eshuis SA, Maguire RP, Leenders KL, et al. Comparison of

FP-CIT SPECT with F-DOPA PET in patients with de

novo and advanced Parkinson’s disease. Eur J Nucl Med

Mol Imaging 2006;33:200–209.

6. Nicastro N, Garibotto V, Burkhard PR. The role of

molecular imaging in assessing degenerative Parkinsonism

- an updated review. Swiss Med Wkly 2018;148:w14621.

7. Schrag A, Ben-Shlomo Y, Quinn N. How valid is the

clinical diagnosis of Parkinson’s disease in the community?

J Neurol Neurosurg Psychiatry 2002;73:529–534.

8. Hughes AJ, Daniel SE, Ben-Shlomo Y, Lees AJ. The

accuracy of diagnosis of Parkinsonian syndromes in a

specialist movement disorder service. Brain 2002;125(Pt

4):861–870.

9. Lee I, Kim JS, Park JY, et al. Head-to-head comparison of

(18) F-FP-CIT and (123) I-FP-CIT for dopamine

transporter imaging in patients with Parkinson’s disease: a

preliminary study. Synapse (New York, NY). 2018;72:

e22032.

10. Heurling K, Leuzy A, Jonasson M, et al. Quantitative

positron emission tomography in brain research. Brain Res

2017;1670:220–234.

11. Booij J, Habraken JB, Bergmans P, et al. Imaging of

dopamine transporters with iodine-123-FP-CIT SPECT in

healthy controls and patients with Parkinson’s disease. J

Nucl Med 1998;39:1879–1884.

12. Ribeiro MJ, Vidailhet M, Loc’h C, et al. Dopaminergic

function and dopamine transporter binding assessed with

positron emission tomography in Parkinson disease. Arch

Neurol 2002;59:580–586.
13. Rinne JO, Ruottinen H, Bergman J, et al. Usefulness of a

dopamine transporter PET ligand [(18)F]beta-CFT in

assessing disability in Parkinson’s disease. J Neurol

Neurosurg Psychiatry 1999;67:737–741.
14. Morrish PK, Rakshi JS, Bailey DL, et al. Measuring the

rate of progression and estimating the preclinical period of

Parkinson’s disease with [18F]dopa PET. J Neurol

Neurosurg Psychiatry 1998;64:314–319.
15. Kung HF, Kim HJ, Kung MP, et al. Imaging of dopamine

transporters in humans with technetium-99m TRODAT-1.

Eur J Nucl Med 1996;23:1527–1530.

16. Brooks DJ. Molecular imaging of dopamine transporters.

Ageing Res Rev 2016;30:114–121.

17. Jakobson Mo S, Axelsson J, Jonasson L, et al. Dopamine

transporter imaging with [(18)F]FE-PE2I PET and [(123)

I]FP-CIT SPECT-a clinical comparison. EJNMMI Res

2018;8:100.

18. Brooks DJ, Frey KA, Marek KL, et al. Assessment of

neuroimaging techniques as biomarkers of the progression

of Parkinson’s disease. Exp Neurol 2003;184(Suppl 1):S68–
S79.

19. Joling M, Vriend C, Raijmakers P, et al. Striatal DAT and

extrastriatal SERT binding in early-stage Parkinson’s

disease and dementia with Lewy bodies, compared with

healthy controls: an (123)I-FP-CIT SPECT study.

Neuroimage Clin 2019;22:101755.

20. Kazumata K, Dhawan V, Chaly T, et al. Dopamine

transporter imaging with fluorine-18-FPCIT and PET. J

Nucl Med 1998;39:1521–1530.
21. Park E, Hwang YM, Lee CN, et al. Differential diagnosis

of patients with inconclusive Parkinsonian features using

[(18)F]FP-CIT PET/CT. Nucl Med Mol Imaging

2014;48:106–113.
22. Kim JS, Cho H, Choi JY, et al. Feasibility of computed

tomography-guided methods for spatial normalization of

dopamine transporter positron emission tomography

image. PLoS One 2015;10:e0132585.

23. Song IU, Kim YD, Cho HJ, et al. An FP-CIT PET

comparison of the differences in dopaminergic neuronal

loss between idiopathic Parkinson disease with dementia

and without dementia. Alzheimer Dis Assoc Disord

2013;27:51–55.

24. Sung C, Lee JH, Oh JS, et al. Longitudinal decline of

striatal subregional [(18)F]FP-CIT uptake in Parkinson’s

disease. Nucl Med Mol Imaging 2017;51:304–313.
25. Wang J, Zuo CT, Jiang YP, et al. 18F-FP-CIT PET

imaging and SPM analysis of dopamine transporters in

Parkinson’s disease in various Hoehn & Yahr stages. J

Neurol 2007;254:185–190.
26. Yang Y, Cheon M, Kwak YT. 18F-FP-CIT positron

emission tomography for correlating motor and cognitive

symptoms of Parkinson’s disease. Dement Neurocogn

Disord 2017;16:57–63.
27. Roberts CA, Jones A, Montgomery C. Meta-analysis of

molecular imaging of serotonin transporters in

ecstasy/polydrug users. Neurosci Biobehav Rev

2016;63:158–167.

28. Higgins JP, Thompson SG, Deeks JJ, Altman DG.

Measuring inconsistency in meta-analyses. BMJ

2003;327:557–560.
29. Higgins, JPT, Thomas, J:Chandler, J, et al. Cochrane

Handbook for Systematic Reviews of Interventions. 2nd.

Chichester: John Wiley & Sons, 2019.

30. Higgins JP, Lane PW, Anagnostelis B, et al. A tool to

assess the quality of a meta-analysis. Res Synth Methods

2013;4:351–366.
31. Peters JL, Sutton AJ, Jones DR, et al. Comparison of two

methods to detect publication bias in meta-analysis. JAMA

2006;295:676–680.

1532 ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Dopamine Transporter Imaging in Parkinson Disease Y. Kong et al.



32. Simmonds M. Quantifying the risk of error when

interpreting funnel plots. Syst Rev 2015;4:24.

33. Rosenberg MS. The file-drawer problem revisited: a

general weighted method for calculating fail-safe numbers

in meta-analysis. Evolution 2005;59:464–468.
34. Muller F, Brandle R, Liechti ME, Borgwardt S.

Neuroimaging of chronic MDMA ("ecstasy") effects: a

meta-analysis. Neurosci Biobehav Rev 2019;96:10–20.
35. Wang JJY, Xiang JD, et al. The significance of 18 F-FP-b-

CIT dopamine transporter PET imaging in early diagnosis

of Parkinson’ s disease. Chin J Nucl Med Mol Imaging

2003;23:216–219.
36. Nicastro N, Wegrzyk J, Preti MG, et al. Classification of

degenerative parkinsonism subtypes by support-vector-

machine analysis and striatal (123)I-FP-CIT indices. J

Neurol 2019;266:1771–1781.
37. Wilson H, Dervenoulas G, Pagano G, et al. Serotonergic

pathology and disease burden in the premotor and motor

phase of A53T a-synuclein parkinsonism: a cross-sectional

study. Lancet Neurol 2019;18:748–759.
38. Pilotto A, Schiano di Cola F, Premi E, et al. Extrastriatal

dopaminergic and serotonergic pathways in Parkinson’s

disease and in dementia with Lewy bodies: a (123)I-FP-

CIT SPECT study. Eur J Nucl Med Mol Imaging

2019;46:1642–1651.

39. Djaldetti R, Lorberboym M, Karmon Y, et al. Residual

striatal dopaminergic nerve terminals in very long-

standing Parkinson’s disease: a single photon emission

computed tomography imaging study. Move Disord

2011;26:327–330.
40. Kim YK, Yoon IY, Kim JM, et al. The implication of

nigrostriatal dopaminergic degeneration in the

pathogenesis of REM sleep behavior disorder. Eur J

Neurol 2010;17:487–492.
41. O’Brien JT, Colloby S, Fenwick J, et al. Dopamine

transporter loss visualized with FP-CIT SPECT in the

differential diagnosis of dementia with Lewy bodies. Arch

Neurol 2004;61:919–925.
42. Filippi L, Manni C, Pierantozzi M, et al. 123I-FP-CIT in

progressive supranuclear palsy and in Parkinson’s disease:

a SPECT semiquantitative study. Nucl Med Commun

2006;27:381–386.

43. Ceravolo R, Volterrani D, Gambaccini G, et al.

Presynaptic nigro-striatal function in a group of

Alzheimer’s disease patients with parkinsonism: evidence

from a dopamine transporter imaging study. J Neural

Transm Suppl 1996;2004:1065–1073.
44. Isaias IU, Benti R, Cilia R, et al. [123I]FP-CIT striatal

binding in early Parkinson’s disease patients with tremor

vs. akinetic-rigid onset. NeuroReport 2007;18:1499–1502.

45. Di Giuda D, Camardese G, Bentivoglio AR, et al.

Dopaminergic dysfunction and psychiatric symptoms in

movement disorders: a 123I-FP-CIT SPECT study. Eur J

Nucl Med Mol Imaging 2012;39:1937–1948.

46. Canesi M, Benti R, Marotta G, et al. Striatal dopamine

transporter binding in patients with Parkinson’s disease

and severe occupational hydrocarbon exposure. Eur J

Neurol 2007;14:297–299.

47. Colloby SJ, Williams ED, Burn DJ, et al. Progression of

dopaminergic degeneration in dementia with Lewy bodies

and Parkinson’s disease with and without dementia

assessed using 123I-FP-CIT SPECT. Eur J Nucl Med Mol

Imaging 2005;32:1176–1185.

48. Booij J, Bergmans P, Winogrodzka A, et al. Imaging of

dopamine transporters with [123I]FP-CIT SPECT does

not suggest a significant effect of age on the symptomatic

threshold of disease in Parkinson’s disease. Synapse (New

York, NY) 2001;39:101–108.
49. Filippi L, Manni C, Pierantozzi M, et al. 123I-FP-CIT

semi-quantitative SPECT detects preclinical bilateral

dopaminergic deficit in early Parkinson’s disease with

unilateral symptoms. Nucl Med Commun 2005;26:421–
426.

50. Roussakis AA, Politis M, Towey D, Piccini P. Serotonin-

to-dopamine transporter ratios in Parkinson disease:

relevance for dyskinesias. Neurology 2016;86:1152–1158.
51. Isaias IU, Canesi M, Benti R, et al. Striatal dopamine

transporter abnormalities in patients with essential tremor.

Nucl Med Commun 2008;29:349–353.

52. Isaias IU, Marotta G, Hirano S, et al. Imaging essential

tremor. Move Disord 2010;25:679–686.

53. Isaias IU, Moisello C, Marotta G, et al. Dopaminergic

striatal innervation predicts interlimb transfer of a

visuomotor skill. J Neurosci 2011;31:14458–14462.
54. Tsuchida T, Ballinger JR, Vines D, et al. Reproducibility of

dopamine transporter density measured with 123I-FPCIT

SPECT in normal control and Parkinson’s disease patients.

Ann Nucl Med 2004;18:609–616.
55. Booij J, Hemelaar TG, Speelman JD, et al. One-day

protocol for imaging of the nigrostriatal dopaminergic

pathway in Parkinson’s disease by [123I]FPCIT SPECT. J

Nucl Med 1999;40:753–761.
56. Cilia R, Rossi C, Frosini D, et al. Dopamine transporter

SPECT imaging in corticobasal syndrome. PLoS One

2011;6:e18301.

57. Varrone A, Pellecchia MT, Amboni M, et al. Imaging of

dopaminergic dysfunction with [123I]FP-CIT SPECT in

early-onset parkin disease. Neurology 2004;63:2097–2103.

58. Siepel FJ, Bronnick KS, Booij J, et al. Cognitive executive

impairment and dopaminergic deficits in de novo

Parkinson’s disease. Move Disord 2014;29:1802–1808.
59. Varrone A, Sansone V, Pellecchia MT, et al. Comparison

between a dual-head and a brain-dedicated SPECT system

in the measurement of the loss of dopamine transporters

with [123I]FP-CIT. Eur J Nucl Med Mol Imaging

2008;35:1343–1349.

60. Van Laere K, De Ceuninck L, Dom R, et al. Dopamine

transporter SPECT using fast kinetic ligands: 123I-FP-

ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1533

Y. Kong et al. Dopamine Transporter Imaging in Parkinson Disease



beta-CIT versus 99mTc-TRODAT-1. Eur J Nucl Med Mol

Imaging 2004;31:1119–1127.

61. Tissingh G, Booij J, Bergmans P, et al. Iodine-123-N-

omega-fluoropropyl-2beta-carbomethoxy-3beta-(4-iod

ophenyl)tropane SPECT in healthy controls and early-

stage, drug-naive Parkinson’s disease. J Nucl Med

1998;39:1143–1148.

62. Oh M, Kim JS, Kim JY, et al. Subregional patterns

of preferential striatal dopamine transporter loss

differ in Parkinson disease, progressive supranuclear

palsy, and multiple-system atrophy. J Nucl Med

2012;53:399–406.
63. Kim SJ, Lee C. [18F]FDG PET and [18F]FP-CIT PET

studies in atypical parkinsonism. Mov Disord 2014;29:S89.

64. Jin S, Oh M, Oh SJ, et al. Additional value of early-phase

18F-FP-CIT PET image for differential diagnosis of

atypical Parkinsonism. Clin Nucl Med 2017;42:e80–e87.

65. Gryglewski G, Lanzenberger R, Kranz GS, Cumming P.

Meta-analysis of molecular imaging of serotonin

transporters in major depression. J Cereb Blood Flow

Metab 2014;34:1096–1103.

66. Lin L, Chu H. Quantifying publication bias in meta-

analysis. Biometrics 2018;74:785–794.

67. Andreou C, Pal S, Rotter L, et al. Molecular imaging in

nanotechnology and theranostics. Mol Imag Biol

2017;19:363–372.
68. Dimastromatteo J, Charles EJ, Laubach VE. Molecular

imaging of pulmonary diseases. Respir Res 2018;19:17.

69. Liu ZY, Liu FT, Zuo CT, et al. Update on molecular

imaging in Parkinson’s disease. Neurosci Bull 2018;34:330–
340.

70. MacRitchie N, Grassia G, Noonan J, et al. Molecular

imaging of atherosclerosis: spotlight on Raman

spectroscopy and surface-enhanced Raman scattering.

Heart 2018;104:460–467.

71. Pontone GM, Mills KA, Smith GS. Molecular imaging in

neuropsychiatry. Int Rev Psychiatry 2017;29:527–529.

72. Prentice BM, Caprioli RM, Vuiblet V. Label-free molecular

imaging of the kidney. Kidney Int 2017;92:580–598.
73. Rempel BP, Price EW, Phenix CP. Molecular imaging of

hydrolytic enzymes using PET and SPECT. Mol Imaging

2017;16:1536012117717852.

74. Strafella AP, Bohnen NI, Perlmutter JS, et al. Molecular

imaging to track Parkinson’s disease and atypical

Parkinsonisms: new imaging frontiers. Move Disord

2017;32:181–192.

75. Zhou Z, Lu ZR. Molecular imaging of the tumor

microenvironment. Adv Drug Deliv Rev 2017;113:24–48.

76. Brooks DJ. Functional imaging in relation to parkinsonian

syndromes. J Neurol Sci 1993;115:1–17.

77. Brooks DJ, Ibanez V, Sawle GV, et al. Differing patterns of

striatal 18F-dopa uptake in Parkinson’s disease, multiple

system atrophy, and progressive supranuclear palsy. Ann

Neurol 1990;28:547–555.

78. Kish SJ, Shannak K, Hornykiewicz O. Uneven pattern of

dopamine loss in the striatum of patients with idiopathic

Parkinson’s disease. Pathophysiologic and clinical

implications. N Engl J Med 1988;318:876–880.

79. Premi E, Calhoun VD, Garibotto V, et al. Source-based

morphometry multivariate approach to analyze [(123)I]

FP-CIT SPECT imaging. Mol Imag Biol 2017;19:772–778.
80. Son HJ, Jeong YJ, Yoon HJ, et al. Parkinson disease-

related cortical and striatal cognitive patterns in dual time

F-18 FP CIT: evidence for neural correlates between the

caudate and the frontal lobe. Q J Nucl Med Mol Imaging

2019;63:379–386.

1534 ª 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Dopamine Transporter Imaging in Parkinson Disease Y. Kong et al.


