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Abstract
Purpose  The dopamine transporter (DAT) serves as biomarker for parkinsonian syndromes. DAT can be measured in vivo 
with single-photon emission computed tomography (SPECT) and positron emission tomography (PET). DAT-SPECT is the 
current clinical molecular imaging standard. However, PET has advantages over SPECT measurements, and PET radioli-
gands with the necessary properties for clinical applications are on the rise. Therefore, it is time to review the role of DAT 
imaging with SPECT compared to PET.
Methods  PubMed and Web of Science were searched for relevant literature of the previous 10 years. Four topics for com-
parison were used: diagnostic accuracy, quantitative accuracy, logistics, and flexibility.
Results  There are a few studies directly comparing DAT-PET and DAT-SPECT. PET and SPECT both perform well in 
discriminating neurodegenerative from non-neurodegenerative parkinsonism. Clinical DAT-PET imaging seems feasible 
only recently, thanks to simplified DAT assessments and better availability of PET radioligands and systems. The higher 
resolution of PET makes more comprehensive assessments of disease progression in the basal ganglia possible. Additionally, 
it has the possibility of multimodal target assessment.
Conclusion  DAT-SPECT is established for differentiating degenerative from non-degenerative parkinsonism. For further 
differentiation within neurodegenerative Parkinsonian syndromes, DAT-PET has essential benefits. Nowadays, because of 
wider availability of PET systems and radioligand production centers, and the possibility to use simplified quantification 
methods, DAT-PET imaging is feasible for clinical use. Therefore, DAT-PET needs to be considered for a more active role 
in the clinic to take a step forward to a more comprehensive understanding and assessment of Parkinson’s disease.
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Introduction

DAT as imaging marker

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder, with approximately 1 out of 
1000 people age 50 and older having the disease. Current 
treatment is solely symptomatic. Considerable efforts and 
resources are being invested in finding suitable targets for 
disease-modifying treatments [1]. To be able to assess the 
effectiveness of a new treatment, a reliable outcome measure 

is needed. Clinical neurological assessment with the (Move-
ment Disorder Society) Unified Parkinson’s Disease Rating 
scale ([MDS-]UPDRS) is currently the most frequently used 
outcome measure in clinical trials and clinical practice, but 
is sensitive to interpretation bias. A biomarker directly repre-
senting the underlying pathophysiology would be ideal, such 
as in vivo measurement of misfolded α-synuclein, as found 
in post-mortem PD studies. However, at present, there is no 
available radioligand for imaging α-synuclein [2]. In vivo 
imaging of dopamine transporter (DAT) availability in the 
basal ganglia provides a measure of pre-synaptic dopaminer-
gic integrity and function, and, currently, represents a practi-
cal indirect biomarker of PD.

The decline of DAT density is secondary to the neurode-
generation of the dopaminergic nerve terminals, but also to 
functional adaptation of the dopaminergic system; compen-
satory DAT downregulation might occur in earlier stages 
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[3–5] which might explain the relative delay in symptom 
onset. Since, at symptom onset, already 50% of dopamin-
ergic terminals are lost, a flooring effect of DAT measure-
ments might occur later on in the disease. Taking these two 
things into account, the measured DAT decline is most likely 
non-linear [6, 7], and DAT imaging might be particularly 
useful in early stages of the disease, both for diagnostic pur-
poses and for assessment of treatment effects.

DAT imaging has been shown to shorten the time to 
diagnosis of PD, help accurate diagnosis in unclear clini-
cal cases, and, therefore, avoid unnecessary side-effects of 
dopaminergic treatment in non-neurodegenerative cases [8, 
9]. DAT imaging has not been able to differentiate PD from 
the atypical parkinsonian syndromes (multisystem atrophy, 
MSA; progressive supranuclear palsy, PSP; and corticobasal 
disease, CBD). For a comprehensive background overview 
of the evidence of the role of DAT as a biomarker in neu-
rodegenerative movement disorders, we refer to the recent 
literature reviews of Maiti and Perlmutter [10], Buchert et al. 
[11], Palermo and Ceravolo [12].

Current role of DAT‑SPECT

The established radioligand for DAT imaging with single-
photon emission computed tomography (SPECT) is [123I]
FP-CIT, commercially available in Europe since 2000 and 
the United States since 2011 (DaTSCAN®/Striascan™ and 
DaTscan®, respectively). [123I]FP-CIT SPECT is an estab-
lished part of the diagnostic guidelines and workflow for 
patients with clinically uncertain parkinsonism; it performs 
well in discriminating neurodegenerative from non-neurode-
generative parkinsonism (such as essential tremor or healthy 
controls), and, in the case of cognitive dysfunction, Lewy 
Body dementia (DLB) from Alzheimer’s dementia [13–15]. 
Moreover, [123I]FP-CIT SPECT has been recently added as 
an enrichment biomarker in clinical PD studies [16]. Patients 
with Scans Without Evidence of Dopaminergic Deficit 
(SWEDD) are thought to have a different disease entity than 
PD [17]. Their identification with DAT-SPECT is a crite-
rion for exclusion from PD cohorts and helps to select more 
homogenous PD cohorts in clinical trials.

DAT‑PET in the picture: why this review?

DAT imaging can also be done with positron emission 
tomography (PET). Although the introduction of solid-state 
detectors has improved the resolution of SPECT [18], PET 
still has the advantage of higher sensitivity, higher spatial 
resolution, and better quantitative accuracy. Higher resolu-
tion makes a more detailed assessment of DAT stabilization 
or decline patterns possible. This would specifically benefit 
borderline [123I]FP-CIT SPECT findings (< 10%, [16]) and 
evaluation of treatment effects where small changes might 

already be clinically significant. Several DAT radioligands 
for PET exist [19, 20], including 18F-labeled radioligands 
[18F]FP-CIT, [18F]LBT-999, and [18F]FE-PE2I. Because of 
its high selectivity to DAT and its favorable pharmacoki-
netic properties, [18F]FE-PE2I can be currently considered 
the most accurate option and has been included in the recent 
EANM guidelines and SNMMI procedure standard for dopa-
minergic imaging in Parkinsonian syndromes [13].

In the last two decades, DAT-PET imaging has mainly 
been used as a research tool [6]. More recently, PET-CT 
systems have become more widely available, and new radio-
chemistry facilities with standards of good manufacturing 
practice (GMP) for local radiopharmaceutical productions 
have been implemented. The number of PET-MRI systems 
installed worldwide has also increased. In view of these 
advancements, the question is whether DAT-PET is finally 
ready for prime time. The aim of this review is to critically 
address this question by giving an overview of how DAT 
imaging with PET and SPECT compare in the following four 
aspects: 1. Diagnostic accuracy, 2. Quantitative accuracy, 3. 
Logistics, and 4. Flexibility.

Methods

For this expert review, a non-systematic literature search was 
done in PubMed and Web of Science based on pre-defined 
relevant subtopics by the authors. The results were restricted 
to those published in the last 10 years, because DAT-imaging 
studies are frequent and resulting insights develop quickly. 
Other filters used were: English language and human studies 
only. Relevant articles were selected based on the reading of 
abstracts and articles.

Forward and backward searches on relevant citations 
were added, and citations known through expertise by the 
authors. In cases where the topic has already been compre-
hensively reviewed, the review is cited instead of the indi-
vidual studies.

Diagnostic accuracy

As described in the introduction, [123I]FP-CIT SPECT is 
implemented in diagnostic guidelines on parkinsonism 
worldwide and has recently been added as an enrichment 
biomarker for use in clinical PD studies [16]. [123I]FP-CIT 
SPECT achieves high diagnostic accuracy of neurodegenera-
tive parkinsonism, even with just a visual evaluation of the 
scan [14]. Sensitivity is estimated to be 78–100% (median 
93%) and specificity 70–100% (median 89%) for differen-
tiating neurodegenerative versus non-neurodegenerative 
parkinsonism [11]. For differentiating Alzheimer’s disease 
from Lewy Body dementia, the sensitivity is ~ 80% and 
specificity ~ 90% [11]. Of note, the sensitivity and specificity 
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were assessed with the diagnosis of a movement disorder 
specialist as a reference, for lack of the golden reference 
standard post-mortem verified diagnosis. The high accuracy 
is the result of the high signal-to-background ratio of the 
radioligand and the already pronounced DAT deficit at the 
onset of the first PD motor symptoms. Furthermore, DAT-
SPECT can also assess pre-symptomatic DAT decline in PD 
patients; significant DAT decline contralateral to the clini-
cally not yet affected side was found compared to healthy 
controls [21, 22]. DAT-SPECT, thus, performs well for these 
diagnostic, clinical purposes. A recent study of 28 parkinso-
nian syndrome (PS) patients and 22 healthy controls (HC) 
compared DAT availability measurements with both DAT-
SPECT ([123I]FP-CIT) and DAT-PET ([18F]FE-PE2I). The 
discriminative power was similar, with ROC AUC in the 
putamen for FP-CIT (SUR) 0.891 (95% CI 0.786–0.994), 
static [18F]FE-PE2I (SUVR) 0.886 (95% CI 0.786–0.986), 
and dynamic [18F]FE-PE2I (BPND) 0.903 (0.81–0.99) [23]. 
A highlighted advantage of PET was its ability to detect 
cases in which underlying infarctions in the basal ganglia 
were the reason for lower DAT binding [23]. Their baseline 
cohort included five SWEDD patients in both [123I]FP-CIT 
and [18F]FE-PE2I. For comparing diagnostic accuracy of the 
two methods, additional studies in larger cohorts of patients 
are needed. However, considering that the accuracy of DAT-
SPECT is already high, it is unlikely that DAT-PET per-
forms significantly better in this aspect. Similar conclusions 
were reached in a study comparing DAT-SPECT vs. DAT-
PET with [123I]FP-CIT and [18F]FP-CIT [24]. Finally, in a 
meta-analysis on DAT imaging in PD patients investigat-
ing the possibility of a bias induced by the imaging method 
(PET vs SPECT), similar effect sizes were found in 9 PET 
DAT studies compared to 33 SPECT DAT studies (Hedges 
g = 3.74 vs 3.65, respectively) [6].

With regards to the differential diagnosis between PD and 
atypical parkinsonian syndromes, studies that compare the 
two modalities are not available. Although at group level, a 
more uniform involvement of the striatum has been reported 
in patients with progressive supranuclear palsy, no reliable 
distinctive patterns of DAT decline make it possible to indi-
vidually discriminate patients with atypical parkinsonian 
syndromes from PD [25–27].

Quantitative accuracy

Binding potential is the main quantitative outcome meas-
ure for neuroreceptor studies with SPECT and PET. In this 
context, the use of PET radioligands labeled with short-
lived isotopes (for example, 11C: half-life 20.33 min, 18F: 
109.77 min) makes full quantification and estimation of 
binding potential possible, whereas longer lived SPECT 
isotopes (for example, 123I: half-life 13.22 h) would require 
several hours of data collection for full quantification. 

Furthermore, because of PET’s higher spatial resolution and 
sensitivity, more detailed regional DAT availability can be 
assessed, and even areas with low DAT density, such as the 
substantia nigra (SN), can be included in the assessment, 
allowing for a more comprehensive assessment of DAT 
availability in the basal ganglia [28]. A DAT-PET study on 
20 patients with early-stage PD and age- and sex-matched 
healthy controls found a 70% lower DAT binding in puta-
men, 40% in caudate, 36% in ventral striatum, and 30% in 
the SN in PD patients [28]. With the seemingly sparing of 
dopaminergic neural cell bodies in early stages, the examina-
tion of the DAT in SN might be of interest in later stages of 
the disease. More DAT-PET studies are needed to investigate 
this further.

Findings on correlations between DAT availability and 
motor and non-motor symptoms vary, with the majority 
finding no or weak correlations [6, 29, 30]. This might 
be because the outcomes applied, use generalized clinical 
outcomes (such as total UPDRS-III score) and generalized 
regions in the brain, instead of sub-scales and sub-regions. 
The availability of striatal dopaminergic markers is clas-
sically measured in the main striatal sub-regions, caudate, 
and putamen. However, the functions within the striatum are 
not homogeneous and entail different functional sub-regions 
[31, 32]. An alternative functional subdivision, for exam-
ple, is the associative, limbic, and sensorimotor subdivision 
(Fig. 1, [33]), which are thought to represent motor function-
ing, mood, and cognitive functioning, respectively. The use 
of the striatal functional subdivisions provides a better way 
to assess correlations between clinical and behavioral sub-
domains of Parkinson symptoms with regional DAT deficit 
[34, 35].

Logistics

Logistically, [123I]FP-CIT SPECT is currently the most 
practical method for DAT assessment, since it is already 
implemented in the clinic. However, PET has some logis-
tical advantages, as well. The shorter half-life of PET 
radioligands makes it possible for the subject to be exam-
ined directly after injection in case of dynamic scanning. 
In case of static scanning, data are collected within 2 h of 
injection in case of commonly used clinical PET radioli-
gands (e.g., amyloid tracers), whereas for clinical SPECT 
radioligands suchs as [123I]FP-CIT, data collection has to 
be delayed to 3–6 h after injection. Hence, the whole PET 
imaging procedure can be done within a shorter time frame 
than SPECT imaging. Furthermore, before the administra-
tion of 123I-labeled radioligands, thyroid protection is part of 
the protocol, which is not the case for 18F or 11C DAT-PET 
radioligands.

It can be argued that the data acquisition itself is shorter 
for DAT-SPECT (20  min) than DAT-PET (minimum 
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65 min). However, recent studies with the DAT-PET radio-
ligand [18F]FE-PE2I have concluded that a shortened, non-
dynamic, acquisition time window can be used for simplified 
quantification (specific binding ratio, SBR). SBR measured 
during the early time window (16.5–42 min after radioli-
gand injection) was most reliable and well correlated to full 
quantification (binding potential). SBR measured during 
a later pseudo-equilibrium time window was sufficient for 
the purpose of discriminating PS from healthy controls [23, 
36–38]. This makes [18F]FE-PE2I additionally suitable for 
static image acquisition, which is necessary for a clinical 
setting.

With regards to radioligand production, the short half-
life of 11C (20.33 min) restricts its use to facilities that can 
produce the radioligand in-house. The longer half-life of 18F 
(109.77 min) makes transportation of the radioligand from 
an external production site to the local hospitals possible. At 
the same time, more nuclear molecular imaging centers have 
GMP facilities, so local production is increasingly possible. 
If the radiopharmaceutical production of 18F-labeled DAT 
radioligands is optimized so that a similar amount of radio-
activity as [18F]FDG can be produced, then several injec-
tion doses can be prepared from one single batch, lowering 
production costs.

It is well acknowledged that the SPECT systems are less 
expensive than PET systems, and that costs for the produc-
tion of SPECT radiopharmaceuticals are lower than PET 
radiopharmaceuticals. This gap, however, can be made 
smaller if the use and production of PET radioligands can 
be optimized.

Since DAT-SPECT has been widely implemented in 
clinical care and is more available than DAT-PET, this 
has created big DAT-SPECT sample collections for stud-
ies (https​://www.ppmi-info.org/publi​catio​ns-prese​ntati​
ons/publi​catio​ns/, [29, 39–41]) and machine learning and 
analysis automatization [42–44]. If DAT-PET were to find 
its way into the clinic, the same increased cohort sizes 

could be achieved, and lack of the expected correlations in 
DAT-SPECT studies could be re-evaluated with the pos-
sibility of more specific regions of interest.

Flexibility

Modern PET systems and acquisition give rise to the pos-
sibility of multimodal imaging within the same imaging 
session. This is efficient and can provide a better estima-
tion of the underlying pathophysiological processes [4, 
45].

PET‑MRI

With the rise of PET-MRI systems, both PET and structural 
MRI measurements can be conducted at the same time, sim-
plifying co-registration, saving time, and reducing radiation 
burden. In the clinical setting, combined PET-MRI might 
simplify the diagnostic workflow. From the pathophysiologi-
cal point of view, multimodality imaging makes it possible 
to study different imaging markers at the same time. For 
example, simultaneous assessment of neuromelanin in the 
SN, as biomarker of dopaminergic cell body integrity, and 
DAT in the striatum, as biomarker of terminal function, will 
help to understand how they relate [46, 47]. Martín-Bastida 
et al. [34] found neuromelanin to correlate with disease 
duration and DAT with UPDRS motor score, concluding 
neuromelanin might reflect the underlying pathophysiologi-
cal process, whereas DAT represents the functional state 
of the dopaminergic system [48]. Nigrosome imaging [49, 
50] using T2* and susceptibility weighted imaging MRI 
sequences could be another SN MR-biomarker of interest 
to combine with DAT imaging.

Fig. 1   Functional subdivisions of striatum. Template as created by Tziortzi et  al. (https​://fsl.fmrib​.ox.ac.uk/fsl/fslwi​ki/Atlas​es/stria​tumco​nn), 
overlaid on T1 MRI sequences. Red: sensorimotor striatum; green: associative striatum; gray: limbic striatum

https://www.ppmi-info.org/publications-presentations/publications/
https://www.ppmi-info.org/publications-presentations/publications/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases/striatumconn
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Further validation of the appropriate reference tissue and 
attenuation correction methods for DAT imaging with the 
new PET-MRI systems, however, is needed [38, 51–53].

Early perfusion

Considering the functional coupling between perfusion and 
metabolism, early perfusion images have been considered 
as a potential alternative to [18F]FDG, as in the case of tau 
and amyloid imaging [54–57]. Where DAT imaging can-
not provide further distinction between PD and the different 
atypical Parkinson syndromes, FDG-PET has been more 
successful. Specific visual patterns of hypometabolism have 
been observed in MSA, PSP, and CBD. In addition, principal 
component analysis of FDG-PET has yielded several dis-
ease-specific patterns as well (such as Parkinson’s disease-
related pattern [PDRP], MSA pattern, and PDP pattern) that 
have helped differential diagnoses [58–60]. A study with 
[18F]FP-CIT has shown that relative blood perfusion and 
DAT availability can be measured in the same imaging ses-
sion [61, 62]. In addition, a study performed with [11C]PE2I 
in MSA and PD patients has shown that parametric images 
of R1 (relative blood flow) and binding potential (DAT avail-
ability) can be obtained from the same imaging session [63] 
and can help the differential diagnosis. Parametric images of 
R1 can also be obtained with [18F]FE-PE2I (Fig. 2).

Multiple pre‑synaptic dopaminergic targets

Regarding imaging of the pre-synaptic dopaminergic system, 
more targets exist than just the DAT. PET radioligands for 
the vesicular monoamine transporter (VMAT2) or aromatic 

l-amino acid decarboxylase (AADC) are available and 
widely used as imaging tools for PD [4, 6, 64]. SPECT trac-
ers for the same targets are not available. Hence, PET pro-
vides the unique opportunity to image different pre-synaptic 
dopaminergic targets in the same subject, with the possibil-
ity to study their respective roles in pre-synaptic dopamin-
ergic functioning and integrity in subjects with parkinsonian 
diseases. Multitracer imaging of pre-synaptic terminals can, 
therefore, give insight in the possible functional adaptation 
of each target in the striatum (3) and the rate of progression 
of different dopaminergic markers in PD (4).

Conclusion

DAT-SPECT is well established for differentiating degen-
erative from non-degenerative parkinsonism. SPECT is less 
expensive than PET and currently more available, making it 
still preferable for clinical studies aiming to have big sample 
sizes. However, now that practical PET disadvantages have 
been overcome, DAT-PET can be considered worldwide for 
a more active role in the clinic, to facilitate a more compre-
hensive understanding and assessment of PD.
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