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ABSTRACT: Background: The imaging of biomarkers

for characterization of dopaminergic impairment in Parkin-

son’s disease (PD) is useful for diagnosis, patient stratifi-

cation, and assessment of treatment outcomes. [18F]FE-

PE2I is an improved imaging tool allowing for detailed

mapping of the dopamine transporter protein in the nigro-

striatal system at the level of cell bodies (substantia nigra),

axons, and presynaptic terminals (striatum).
Objectives: The objective of this study was to compare

the dopamine transporter protein loss in the presynaptic

terminals to that in the cell bodies and axons in early PD

patients using [18F](E)-N-(3-iodoprop-2-enyl)-2b-carbo-

fluoroethoxy-3b-(40-methyl-phenyl) nortropane ([18F]FE-

PE2I) and high-resolution PET.
Methods: A total of 20 early PD patients (15 men/5

women, 62 6 8 years) and 20 controls (15 men/5 women,

62 6 7 years) underwent high-resolution [18F]FE-PE2I

PET. Dopamine transporter protein availability was esti-

mated for the different nigro-striatal regions and

expressed as nondisplaceable binding potential values.

Results: When compared with controls, the binding
potential values in PD patients were reduced by 36% to
70% in presynaptic terminals and by 30% in cell bod-
ies. Dopamine transporter availability along the tracts
was not different between the 2 groups (controls
0.5 6 0.1 vs PD 0.4 6 0.1).
Conclusions: This is the first study that examines
dopamine transporter protein availability in vivo within
the entire nigro-striatal pathway. The results suggest
that at early stages of symptomatic PD a greater loss is
observed at the level of the axonal terminals when
compared with cell bodies and axons of dopaminergic
neurons. The findings suggest a relative preservation of
cell bodies in early PD, which might be relevant for
novel disease-modifying strategies. VC 2018 International
Parkinson and Movement Disorder Society

Key Words: Parkinson’s disease; PET imaging;
nigro-striatal degeneration; dopamine transporter pro-
tein (DAT); substantia nigra

Parkinson’s disease (PD) is a neurodegenerative dis-
order characterized by impairment of dopaminergic
function that leads to the core clinical features of PD.
The neuropathology of PD is characterized by progres-
sive accumulation of misfolded oligomers and larger
aggregates of the protein a-synuclein forming so-called
Lewy neurites/bodies.1 Intracellular inclusions of a-
synuclein have typically been attributed to the sub-
stantia nigra.2 However, some authors have recently
suggested that the primary site of neurodegeneration is
in the striatum with subsequent changes occurring at
the presynaptic and axonal levels.3,4 In line with this
hypothesis, postmortem studies in the early stages of
PD have shown that the degree of neurodegenerative
changes of the dopaminergic axonal terminal is more
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severe than in the cell bodies in the substantia nigra.5

As estimated by postmortem data and using PET
imaging in a nonhuman primate model of PD, approx-
imately 50% of the terminals and 30% of the nigral
cells are lost6-8 when motor symptoms develop. From
a therapeutic perspective it can be speculated that, at
time of clinical onset, a proportion of neurons in the
substantia nigra might still have their cell bodies and
axons preserved and their presynaptic function might
be restored by specific disease-modifying approaches.
The dopamine transporter (DAT) is expressed on the
plasma membrane in cell bodies, axons, and presynap-
tic terminals of the nigrostriatal dopaminergic neu-
rons,9,10 and it plays a crucial role in the modulation
of dopaminergic neurotransmission. So far, DAT
imaging with single photon emission tomography
(SPECT) has been used as a diagnostic tool to detect
the presence of striatal neurodegeneration in parkinso-
nian syndromes11 and to follow the progression of
PD.12 A detailed examination of the role of DAT in
the substantia nigra has been explored in vivo with
PET only in a nonhuman primate model of PD. It has
been found that nigral DAT binding correlated with
nigral dopaminergic neuronal counts and with ratings
of parkinsonism.13 An obvious challenge is the small
size and the low density of the DAT in the substantia
nigra and axons. The recently developed PET radioli-
gand [18F](E)-N-(3-iodoprop-2-enyl)-2b-carbofluoroe-
thoxy-3b-(40-methyl-phenyl) nortropane ([18F]FE-PE2I)
has appropriate affinity (Ki 5 12nM) and selectivity
for DAT.14 High-resolution (HRes) PET with [18F]FE-
PE2I may represent an appropriate tool for detailed
imaging of the DAT in the entire nigro-striatal system
in PD.15 The aim of the present study was therefore to
examine DAT availability in the substantia nigra,
axons, and striatal terminals in patients with early PD
using HRes [18F]FE-PE2I PET.

Methods

Study Population

The study was approved by the Ethics Committee of
the Stockholm Region and by the Radiation Safety
Committee of the Karolinska University Hospital,
Solna, Stockholm, Sweden. The study was registered
as a clinical trial (EudraCT 2011-0020050-30) and
approved by the Swedish Medicinal Product Agency.
A total of 20 PD patients (15 men/5 women, 62 6 8
years, range 47-74 years) and 20 age- and gender-
matched controls (CS; 15 men/5 women, 62 6 7 years,
range 50-72 years) were included.

PD patients were recruited at the movement disor-
ders clinic of the Karolinska University Hospital in
Huddinge and through the Swedish Parkinson
patient’s association in Stockholm. The patients satis-
fied the clinical diagnosis of PD according to the U.K.

Parkinson Disease Society brain bank criteria2 and
were otherwise healthy according to medical history,
physical examination, blood chemistry, electrocardio-
gram, and magnetic resonance imaging (MRI) of the
brain. At the screening visit, patients were evaluated
at “on” state by using the Hoehn and Yahr staging,
the motor examination of the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS-III), the Structured Clinical
Interview for the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition, and Mini Mental
State Examination (MMSE; Table 1). The CS were
recruited by advertisement in a local newspaper and
underwent the same screening protocol specified for
PD patients except for UPDRS-III and Hoehn and
Yahr staging. Written consent was obtained from each
participant following a detailed explanation of the
study procedures.

[18F]FE-PE2I PET Imaging

[18F]FE-PE2I was synthesized as reported previously
via nucleophilic radiofluorination of its tosylate pre-
cursor.16 The injected radioactivity was 201 6 19 MBq
in the CS and 196 6 15 MBq in the PD patients, and
specific radioactivity at time of injection was
115 6 110 GBq/lmol in the CS and 87 6 57 GBq/
lmol in the PD patients corresponding to an injected
mass of 1.48 6 1 lg and 1.54 6 1 lg, respectively.

PET measurements were conducted using the HRes
research tomograph (HRRT, Siemens Molecular Imag-
ing) after a bolus injection of [18F]FE-PE2I. All of the
measurements in the PD patients were conducted after
a 12-hour suspension of dopamine replacement thera-
pies. To prevent head motion during the PET measure-
ment, an individual plaster helmet was made for each
participant.17 A 6-minute transmission scan using a
Caesium-137 (137Cs) source was first acquired for
attenuation correction. Emission data were acquired in
list mode for a period of 93 minutes. Dynamic images
were reconstructed in a series of 31 time frames (4 3 15
seconds, 4 3 30 seconds, 6 3 60 seconds, 6 3 180 sec-
onds, 11 3 360 seconds) using 3-dimensional ordinary
Poisson ordered-subset expectation maximization,
including modeling of the system’s point spread func-
tion with an approximate resolution of 2 mm.17 The
images were also corrected for motion with a postre-
construction frame-to-frame correction realignment
algorithm as previously described.18

MRI

The MRI images were acquired with a GE MR750
3 Tesla system (GE Healthcare, LLC) (T2 weighted
inversion recovery spoiled gradient recalled echo with
fat saturation (IR-SPGR); 176 slices of 1 mm thick-
ness, Field of View (FoV) 5 256 mm, matrix
256 3 256, resolution 1 3 1 3 1 mm, Inversion Time
(TI) 5 450 ms, Echo time (TE) 5 3.18, Repetition time
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(TR) 5 8.16). T1-weighted 3-dimensional images were
obtained for coregistration with PET and to obtain
normalization parameters to the standard Montr�eal
Neurological Institute (MNI) space. A T2-weighted
sequence was included to rule out pathology or vascu-
lar changes. All images were coregistered to PET and
segmented into gray matter, white matter, and cere-
brospinal fluid using SPM5 (Wellcome Department of
Cognitive Neurology, University College London, Lon-
don, UK).

Image Analysis

Parametric images of non displaceable binding poten-
tial (BPND) were generated using the wavelet-aided
parametric imaging software. This approach has previ-
ously been shown to successfully reduce the high voxel-
to-voxel noise level, typically present in raw dynamic
PET data, by using an iterative wavelet-based denoising
strategy preserving only the relevant spatial distribution
of the estimated parameters.19 Each voxel of the 3-
dimensional images that are generated has a value of
BPND that is proportional to the DAT density. DAT
quantification with [18F]FE-PE2I with the wavelet-aided
parametric imaging software has been recently validated
against traditional regional based analysis.15-19 BPND

was estimated with the Logan Graphical Analysis and
cerebellum as reference region.15,21

Generation of a Template of [18F]FE-PE2I
Binding

T1-weighted MRI images and [18F]FE-PE2I para-
metric images of the first 10 CS were used to generate

a probabilistic DAT template of [18F]FE-PE2I binding
in the human brain. BPND images of [18F]FE-PE2I
from those 10 CS were first normalized in the stan-
dard reference MNI space.22 The normalization was
performed with a 2-step approach based on 2 consecu-
tive affine transformations with 12 degrees of free-
dom, applied on the individual MR images using FSL-
FLIRT (FSL 4.1; Oxford, https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki).23,24 This method has recently been developed
and validated for HRRT PET data.24 The parameters
obtained with the concatenation of the 2 transforma-
tions were then applied to each individual parametric
PET image that was previously coregistered to the
MRI space. The 10 normalized [18F]FE-PE2I paramet-
ric images were consequently averaged (Fig. 1, Step 1)
to obtain a DAT template. The [18F]FE-PE2I template
permitted the visualization of DAT binding in the stri-
atum and substantia nigra and along 3 projections
originating from the substantia nigra, the lateral
nigro-thalamo-striatal (LNTS), medial nigro-thalamo-
striatal (MNTS), and nigro-pallidal-striatal projections
(Fig. 1, Step 2). MRI and parametric images of the
remaining participants (10 healthy controls and 20 PD
patients) were also normalized to the MNI space using
the same procedure described previously.

Template-Based Volume of Interest Definition
and Analysis

Template-based volumes of interest (VOIs) were man-
ually defined on the DAT template using anatomical
landmarks and DAT binding patterns. The Montreal
Neurological Institute (MNI) 152 standard-space T1-

TABLE 1. Demographic and clinical data of patients with Parkinsons’s disease

Participant Gender Age Education MMSE Disease duration UPDRS motor Hoehn & Yahr Side LEDs

P01 M 64 10 28 12 23 2 Left 736
P02 M 74 10 28 0.5 11 1 Right De novo
P03 F 66 10 30 6 18 2 Right 940
P04 M 47 12 27 4 21 1.5 Right 240
P05 M 68 16.5 30 0.25 18 1 Left De novo
P06 M 52 12 29 0.25 8 1 Right 160
P07 M 46 16.5 30 0.6 16 1 Right 160
P08 M 67 16 28 2 30 1.5 Right 160
P09 M 60 15 28 1.5 27 1.5 Right 322
P10 M 58 22 29 4 17 1 Left 342
P11 M 70 18 29 2 20 1 Right 60
P12 M 58 16 30 3 20 1.5 Left 798
P13 F 70 12 28 3 27 1.5 Right 100
P14 M 71 18 30 2.5 26 2 Left 400
P15 M 52 19 30 2 25 1.5 Right 241
P16 M 65 13 27 2.5 18 2 Right 400
P17 M 67 15 28 3.5 25 2 Left 559
P18 F 67 15 29 2 24 1 Right 100
P19 F 65 18 27 3 18 1 Left 300
P20 F 65 15 29 2 31 2 Right 300
Average/SD 626 8 156 3 28.76 1 2.86 2 20.96 5.9 1.46 0.4 3516 253

MMSE, Mini-Mental State Examination; F, female; M, male; UPDRS, Unified Parkinson’s Disease Rating Scale; Side, the clinical most affected side; LED; levo-
dopa equivalent dose.
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weighted average structural template image and the
HRes DAT template were overlaid using the Human
Brain Atlas software.25 The caudate, putamen, and sub-
stantia nigra were delineated on axial slices, whereas the
ventral striatum was delineated on the coronal planes26

(Fig. 1, Step 2). Template-based VOIs for LNTS, MNTS,
and nigro-pallidal-striatal tracts were delineated on coro-
nal planes (Fig. 1, Step 2). For each participant, the set of
defined VOIs were transformed to the individual MR
space by applying the inverted normalization parameters
obtained from the normalization procedure. Finally, by
applying the MR-to-PET coregistration matrix, a new
transformation was performed to place the VOIs on
each participant’s parametric image in the PET space for
the extraction of average BPND values for each VOI (Fig.
1, Step 3, and Fig. 2 for a detailed representation of the
VOIs for the nigro-striatal tracts).

Statistical Analysis

The differences in BPND values between the controls
and the PD patients were for the caudate, putamen,

ventral striatum, and substantia nigra evaluated with
unpaired, 1-tailed t-tests using Bonferroni’s correction
(P< .05/4 5 .0125). The differences between groups
were also assessed by calculating the standardized
effect size measurement (Cohen’s d). As part of an
exploratory analysis, the differences in BPND values in
the LNTS, MNTS, and nigro-pallidal-striatal tracts
were evaluated with unpaired, 2-tailed t-tests without
correction for multiple comparisons. In PD patients,
the correlations between the BPND of [18F]FE-PE2I
and UPDRS-III score, Hoehn and Yahr score, and dis-
ease duration were analyzed with a multiple regression
analysis. Regional BPND was set as the dependent var-
iable and clinical variables as predictors. In PD
patients, the asymmetry index of the binding potential
(BPND) was calculated in different subdivision of the
basal ganglia as

ðIpsi2ContraÞ=ðaverage Ipsi 1 ContraÞ 3 100:

In the CS and PD patients, we investigated the rela-
tionship between BPND of [18F]FE-PE2I in the

FIG. 1. Graphical representation of the procedure to generate a [18F](E)-N-(3-iodoprop-2-enyl)-2b-carbofluoroethoxy-3b-(4’-methyl-phenyl) nortro-
pane ([18F]FE-PE2I) dopamine transporter protein binding template (Step 1), definition of template-based volumes of interest (Step 2), application of
volumes of interest upon individual parametric images applying the inverse normalization parameters (Step 3). Coronal views show also the localiza-
tion of the different projections emerging from the substantia nigra on high resolution images: lateral nigro-thalamo-striatal, medial nigro-thalamo-
striatal, and nigro-pallidal-striatal projections.
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caudate, putamen, and ventral striatum and BPND of
[18F]FE-PE2I in the substantia nigra with a linear
regression analysis.

Results

All CS and PD patients participated in the study
according to the protocol. There were no statistically sig-
nificant differences between the PD patients and CS in the
years of education (CS, 14 6 3 years vs PD, 15 6 3 years),
MMSE (CS, 29 6 1 vs PD, 29 6 1), injected radioactivity,
and injected mass of [18F]FE-PE2I. None of the partici-
pants had any psychiatric axis I condition according to
the criteria defined by the Diagnostic and Statistical Man-
ual of Mental Disorders, Fourth Edition. All PD patients
had a disease duration within 6 years (average 2.8 6 0.2)
except 1 patient who had a disease duration of 12 years
(Table 1). In CS, higher DAT availability ([18F]FE-PE2I
BPND) were found in the putamen followed by the cau-
date, ventral striatum, and substantia nigra. One PD
patient showed same striatal BPND values as CS (caudate,
3.19; putamen, 4.04; ventral striatum, 3.03) and was
defined a subject without evidence of dopamine deficit
(SWEDD). This SWEDD patient showed a reduced DAT
availability in the substantia nigra (BPND 5 0.57).

In the PD patients, significantly (P< .001) lower
BPND values compared with CS were observed in the
putamen (CS, 4.40 6 0.6 vs PD, 1.33 6 0.7), caudate
(CS, 4.03 6 0.6 vs PD, 2.42 6 0.8), ventral striatum
(CS, 3.45 6 0.7 vs PD, 2.21 6 0.7), and substantia
nigra (CS, 0.84 6 0.1 vs PD, 0.58 6 0.1; Fig. 3A).
Cohen’s d between groups (PD vs HC) were larger for

the putamen (4.7) and caudate (2.3), moderate for the
ventral striatum (1.8) and substantia nigra (1.7), and
small for the tracts (0.5). No differences between the
CS and PD patients were found in the analysis of
BPND estimated along LNTS and MNTS tracts. In the
nigro-pallidal-striatal tract, BPND was lower in PD
patients when compared with CS (CS, 0.44 6 0.1 vs
PD, 0.32 6 0.1, P< .05; Fig. 3B).

In the PD patients, there were no statistically signifi-
cant correlations between BPND in the different nigro-
striatal regions and either disease duration, Hoehn and
Yahr, or UPDRS-motor. The asymmetry index (mean 6

SD) of BPND in the caudate, putamen, ventral striatum,
and substantia nigra were, respectively, 16.4 6 29%,
33.2 6 29%, 18.0 6 29%, and 15.8 6 23%.

The evaluation of the relationships between DAT
availability in the substantia nigra and in different
striatal regions showed the existence of a good agree-
ment between the measures obtained in the substantia
nigra and those obtained in the caudate, putamen, and
ventral striatum both in the PD patients and CS
(P< .05), except for the relation between putaminal
and nigral BPND in the PD patients that was influ-
enced by the SWEDD patient (Fig. 4).

Discussion

In this PET study of PD patients, the DAT availabil-
ity was examined in vivo along the entire dopaminer-
gic nigro-striatal system, at the level of the substantia
nigra, along the nigro-striatal projections, and in the
striatum. Our data showed that, in early PD patients,

FIG. 2. Anatomical study of DAT binding in dopaminergic axonal projections. A. Coronal section, at striatal level, of DAT template overlaid on tem-
plate. B. Striatal 3D rendering obtained from DAT template of [18F]FE-PE2I. C-D-E. Coronal sections at mesencephalic and dienchephalic level dis-
playing the DAT binding in different dopaminergic projections.
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there was a pronounced asymmetric reduction of DAT
availability in the putamen (270%) followed by the
caudate (240%) and ventral striatum (236%) as it
has been shown in numerous studies with presynaptic
imaging biomarkers (Fluorodopa, vesicular mono-
amine transporter 2 (VMAT2), and DAT).27,28

In the substantia nigra, we found a loss of only
30% in early PD patients when compared with CS.
This relatively milder reduction in early PD patients
(Hoehn and Yahr stage 1-1.5) has been already
observed by different authors with postmortem studies
using nigral cell counting techniques,5,6 and it was
recently reported also in vivo with PET in a nonhu-
man primate model of PD.29

These findings suggest that DAT loss is greatest in
the striatal presynaptic terminals and milder at the
level of the cell bodies, and it corroborates other pre-
clinical evidence showing that in vivo measures
obtained with presynaptic imaging biomarkers do cor-
relate with nigrostriatal damage.8,13,29 Moreover, the
described molecular pattern confirmed some evidence
that supports the hypothesis of an early involvement
of synapses and preterminal axons in the neurodegen-
erative process of PD followed by a “retrograde”

degeneration of cell bodies.30,31 The explanation of
this vulnerability within the dopamine system at the
preterminal level is corroborated by different studies
that showed a high susceptibility of dopamine neurons
to a-synuclein pathology.31,32

Our data showed for the first time the distribution
of the DAT binding along different axonal projections
generated from the substantia nigra (Supporting Infor-
mation Video 1). The projections depart from the ros-
tral part of the substantia nigra/midbrain and head in
different directions. The MNTS tract extends medially
through the thalamus (mediodorsal nucleus) and
finally leads to the head of the caudate nucleus and
the rostral part of the putamen. The LNTS tract
passes laterally and adjacent to the ventrolateral part
of the thalamus along the posterior arm of the internal
capsule. The nigro-pallidal-striatal tract provides col-
laterals to the globus pallidus. Preclinical evidence of
the presence of DAT binding along dopamine projec-
tions has been clearly demonstrated.9,10 The binding
found in humans in this study may represent the pres-
ence of DAT along the plasma membrane in the main
efferent systems of dopaminergic projections that
belong to the nigro-striatal circuit.9,33

FIG. 3. (A) Bar graphs describing the differences between PD patients and healthy controls in 4 regions of interest (CAU 5 caudate, PUT 5 putamen,
VS 5 ventral striatum, SN 5 substantia nigra). *P <.0125. (B) Bar graphs describing the differences between PD patients and healthy controls in 3
tracts (LNTS 5 lateral nigro-thalamo-striatal, MNTS 5 medial nigro-thalamo-striatal, and NPS 5 nigro-pallidal-striatal) and substantia nigra. In 3B,
substantia nigra is displayed for comparative purposes. *P <.05.

FIG. 4. Correlation analysis describing the relationships between [18F]FE-PE2I nondisplaceable binding potential (BPND) in the substantia nigra (x axes)
and the different projecting regions (Caudate, Putamen, Ventral striatum) (y axes). PD patients (closed symbol) and healthy controls (open symbol).
Slopes, R2 values and intercept values are presented for each striatal subregions in the two groups. * 5 p < .05. The arrow indicates the SWEDD.
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In humans and primates, postmortem immunohisto-
chemical studies with tyrosine hydroxylase and DAT
as a dopamine marker showed the presence of projec-
tions arising from the substantia nigra with a subse-
quent dense arborization to all sectors of the
striatum,34 in the ventrolateral and in the mediodorsal
nuclei of the thalamus,35 and to the globus pallidus.36

Unfortunately, despite the state-of-the-art PET meth-
odology, the low DAT availability along the tracts
together with the expected occurrence of partial vol-
ume effect prevents one from measuring accurately the
distribution of the DAT along the axons in the human
brain. The validation of the in vivo approach would
benefit by a confirmation with a higher resolution
postmortem technique such as autoradiography or by
the use of a detailed tractography atlas generated with
other techniques such as diffusion tensor imaging.

The preserved relationship between DAT availability
in the substantia nigra and DAT availability in different
striatal subdivisions suggests that in presence of mild
nigral impairment in PD, functional connection
between cell bodies and axonal terminals is still present,
despite a marked loss of striatal DAT availability.

Despite the limitation of a single imaging case
report, the observation of a “defined” SWEDD with
reduced nigral DAT demonstrates the potential utility
of a reliable and sensitive imaging tool capable of
examining the DAT in the entire nigro-striatal system.

In this study, we did not find a significant correla-
tion between DAT availability and clinical variables.
As discussed in the first report that included only 10
patients and 10 healthy controls,15 some variables,
particularly the UPDRS-motor score, could have been
influenced by the treatment, because the patients were
examined clinically “on medication” and measured on
“off medication.” Another factor that in the future
might ameliorate the correlation with all clinical out-
comes could be a further subdivision of the putamen
(anterior and posterior). Finally, future studies will
examine PD patients at a more advanced stage of the
disease and might contribute to a better understanding
of the association between DAT and clinical variables.

HRes PET imaging with [18F]FE-PE2I enabled the
visualization and quantification of the DAT in the
whole nigro-striatal pathway and for the first time
also along the tracts and axons originating from the
substantia nigra. The findings of this study indicate
that at an early stage of PD there is a greater DAT
loss in the striatal terminals and a relative preservation
of the DAT at level of the cell bodies (substantia
nigra) and axons. The detailed mapping of the DAT
in the nigrostriatal system using the methodology pre-
sented in the study suggests that [18F]FE-PE2I PET
imaging could represent an important predictor of PD
progression and a marker of efficacy of conventional
or novel disease-modifying treatment strategies.
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