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The striatal dopaminergic deficit in Parkinson’s disease exhibits a typical pattern, extending from the caudal and
dorsal putamen at onset to its more rostral region as the disease progresses. Clinically, upper-limb onset of car-
dinal motor features is the rule. Thus, according to current understanding of striatal somatotopy (i.e. the lower
limb is dorsal to the upper limb) the assumed pattern of early dorsal striatal dopaminergic denervation in
Parkinson’s disease does not fit with an upper-limb onset. We have examined the topography of putaminal de-
nervation in a cohort of 23 recently diagnosed de novo Parkinson’s disease patients and 19 age-/gender-matched
healthy subjects assessed clinically and by 18F-DOPA PET; 15 patients were re-assessed after 2 years. There was a
net upper-limb predominance of motor features at onset. Caudal denervation of the putamen was confirmed in
both the more- and less-affected hemispheres and corresponding hemibodies. Spatial covariance analysis of the
most affected hemisphere revealed a pattern of 18F-DOPA uptake rate deficit that suggested focal dopamine loss
starting in the posterolateral and intermediate putamen. Functional MRI group-activation maps during a self-
paced motor task were used to represent the somatotopy of the putamen and were then used to characterize the
decline in 18F-DOPA uptake rate in the upper- and lower-limb territories. This showed a predominant decrement
in both hemispheres, which correlated significantly with severity of bradykinesia. A more detailed spatial analysis
revealed a dorsoventral linear gradient of 18F-DOPA uptake rate in Parkinson’s disease patients, with the highest
putamen denervation in the caudal intermediate subregion (dorsoventral plane) compared to healthy subjects.
The latter area coincides with the functional representation of the upper limb. Clinical motor assessment at 2-year
follow-up showed modest worsening of parkinsonism in the primarily affected side and more noticeable increases
in the upper limb in the less-affected side. Concomitantly, 18F-DOPA uptake rate in the less-affected putamen
mimicked that recognized on the most-affected side. Our findings suggest that early dopaminergic denervation in
Parkinson’s disease follows a somatotopically related pattern, starting with the upper-limb representation in the
putamen and progressing over a 2-year period in the less-affected hemisphere. These changes correlate well with
the clinical presentation and evolution of motor features. Recognition of a precise somatotopic onset of nigrostria-
tal denervation may help to better understand the onset and progression of dopaminergic neurodegeneration in
Parkinson’s disease and eventually monitor the impact of putative therapies.
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Introduction
Dopaminergic striatal denervation caused by progressive degener-
ation of dopaminergic neurons in the substantia nigra pars com-
pacta (SNpc) is, along with Lewy body inclusions, the major
pathological hallmark of Parkinson’s disease. Clinically, this is
linked to cardinal motor features of Parkinson’s disease. Early in
the evolution of Parkinson’s disease, neurodegeneration is known
to affect mainly the ventrolateral SNpc1,2 and its projection to the
posterolateral putamen, leading to prominent caudal dopamin-
ergic denervation as demonstrated in vivo by presynaptic dopa-
minergic imaging using PET.3,4 When the disease progresses, the
dopaminergic deficit extends beyond the motor striatal territory to
the more rostral associative putamen and the head of the caudate
nucleus5–10 and to other extrastriatal regions.11,12 Minimal atten-
tion has been paid to the topography of denervation along the
dorsoventral axis of the striatum, which could indicate a focal pat-
tern of onset of degeneration.4,13

The somatotopic representation of the caudal motor puta-
men has been well defined in macaques by anatomy and
physiological methods14,15 and in humans with functional
MRI.16 Such somatotopic representation follows a dorsoventral
direction with the lower limb dorsal, the upper limb at the
intermediate level and the face ventrally placed. Two prior PET
studies in Parkinson’s disease suggested predominant dorsal
dopaminergic denervation.4,8 Accordingly, the anatomic–func-
tional somatotopy of the motor putamen would predict that the
earliest motor signs would generally be identified in the lower
limbs.17 Whereas general clinical experience suggests that the
upper limb is most often affected at the time of diagnosis, an
unequivocal clinical onset pattern has not been reported until
now. Whether there is a net correlation between the clinical
somatotopic onset of motor features and in vivo dopaminergic
loss is not known.

We used 6-[18F]-fluoro-L-dopa (18F-DOPA) PET imaging in a
cohort studied in detail comprised of both recently diagnosed de
novo Parkinson’s disease patients who were followed for 2 years
and a group of healthy subjects (HS).18 We analysed the striatal
dopaminergic topography in both groups using voxel-wise, spa-
tial covariance19 and slice-wise analyses. Furthermore, the
somatotopy of the putamen was defined using publicly avail-
able functional motor activation maps from the Human

fied in the putamen as a weighted-average by the strength of
the activation maps representing the upper and lower limb
functional territories. In this cohort, we found a net predomin-
ant upper limb clinical onset.18 In this report, we detail how
these clinical findings correspond quite closely to predominant
reduction of 18F-DOPA uptake rate of the contralateral upper
limb representation in the motor putamen. Furthermore, the

putamina exhibited a similar progression pattern with different
time of onset and evolution.

Materials and methods
Participants

Forty-three participants were included in this study (23 de novo
Parkinson’s disease and 20 gender- and aged-matched HS).
Subjects were recruited consecutively and studied (baseline as-
sessment) from December 2015 until July 2018. Inclusion criteria
were: de novo patients diagnosed according to the UK Brain Bank
Clinical Criteria who presented with unilateral cardinal motor fea-
tures 518 months since diagnosis, as previously described.18

Neurological exams included the Movement Disorders Society
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), Non-Motor
Symptoms questionnaire (NMSQ) and the Parkinson’s Disease
Questionnaire (PDQ-39). Patients were drug-naı̈ve at the time of
study. MDS-UPDRS-III subscores of upper and lower limbs were
calculated for each side to allow a direct comparison between
upper and lower limbs. The upper limb subscore included rest
tremor, rigidity, finger taps and pronation–supination movements
of the hand (range 0–16); and the lower limb subscore included rest
tremor, rigidity, toe-tapping and leg agility (range 0–16). Hand-
grasp scores were not included to facilitate direct comparison be-
tween limbs, i.e. keeping four items in each subscore. Upper and
lower limb subscores were also added together to evaluate clinical
asymmetry between hemibodies (range 0–32). Objective quantita-
tive metrics of MDS-UPDRS-III bradykinesia tasks were also
studied kinematically using inertial measurement units (IMUs;
KinesiaTM One system; Great Lakes Neurotechnologies Inc.,
Cleveland, OH)21 as previously described.18 Briefly, for the quanti-
tative motor function evaluation, an IMU was placed on the index
finger for upper limb tasks and on the heel of the shoe for lower
limb tasks. Output data from KinesiaTM are a continuous score
from 0 (none) to 4 (maximum) impairment.

The study protocol was approved by the Ethics Committee of
HM Hospitales (protocol number: 16.10.0993-GHM) and written
informed consent was obtained from all participants. One healthy
control was excluded due to an artefact related to reconstruction
of the PET images. Thus, 19 HS and 23 de novo Parkinson’s disease
patients were included in the final analysis. The two groups were
comparable in terms of age, gender and handedness (P40.05;
Table 1). Parkinson’s disease patients were re-studied around
2 years after the initial visit in the period from February 2019 to
February 2020. Eight Parkinson’s disease patients did not complete
the 2-year visit, mainly due to restrictions related to the current
COVID-19 epidemic. The follow-up group included 15 subjects. The
upper limb was clinically and kinematically the predominantly
affected site of onset in 20 (87%) patients and the right body side
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Connectome Project (HCP) dataset,20 and F-DOPA was quanti-18



was the most affected side in 15 (65%). In 12 Parkinson’s disease
patients (52%) there were no evident motor signs on the less-affected
side, i.e. the MDS-UPDRS III was 0. At the 2-year follow-up three (13%)
patients still had no motor signs on the less-affected side.

FOV = 256 � 256 mm2). The scans (both PET and MRI) of the patients
who had more prominent left hemibody motor signs (n = 8) were
flipped over, so that the left hemisphere images represented the
more-affected side (MAS), while the less-affected side (LAS) corre-
sponded to the right hemisphere. HS group images were also
flipped along the left–right axis according to hand dominance, i.e.
left hemisphere would correspond to the dominant side and right
hemisphere would correspond to the non-dominant side.

Image pre-processing was performed using the FMRIB Software
Library v6.0 (FSL; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/; accessed 7
February 2022) and Advance Normalization Tools (ANTs; http://
stnava.github.io/ANTs/; accessed 7 February 2022)23 software libra-
ries and in-house scripts developed in MATLAB (MathWorks Inc.,
USA, R2018b). T1-weighted MRI images were corrected for intensity
bias using an N4 bias correction algorithm24 denoised using an
optimized non-local means filter25 and skull-stripped using a brain
extraction tool (BET-FSL).26 The putamen region was automatically
segmented on denoised T1-weighted images using the FMRIB
Integrated Registration and Segmentation Tool (FIRST-FSL).27

Skull-stripped images were normalized into the Montreal
Neurological Institute standard space (MNI space), using the sym-
metric T1-weighted MNI template with 1 mm isotropic resolution
(MNI152 NLIN2009) as reference.28 An affine transformation was
followed by the symmetric image normalization algorithm (SyN)
in ANTs.23 PET image frames were spatially co-registered within
subjects with a rigid body transformation to reduce the effects of
subject motion during the imaging session using the intramodal
motion correction FMRIB Linear Image Registration Tool
(MCFLIRT-FSL).29 Voxel-based 18F-DOPA uptake rate (expressed as
influx constant Ki [min–1]) maps were estimated using the Patlak
graphical method30 and taking the average time activity curve
from an occipital lobe mask as reference. Uptake rates were scaled
by 1000 for representation [1000 �min–1]. Follow-up T1-weighted
images were rigidly realigned to baseline acquisitions. Finally,
18F-DOPA Ki maps, both baseline and 2-year longitudinal follow-
up, were normalized into MNI space by reapplying the same trans-
formations as estimated for the T1-weighted images.

Table 1 Demographic characteristics and clinical features of Parkinson’s disease patients

HS (n = 19) Parkinson’s disease (n = 23) P-value (Parkinson’s
disease versus HS)

Baseline demographic characteristics
Age 49.0 [45.1–61.9] 56.7 [48.4–63.1] 0.15
Gender (male/female) (9/10) (13/10) 0.78
Handedness (right/left) (17/2) (18/3) 1

Parkinson’s disease patient characteristics at baseline
Time since diagnosis (months) 6.1 [2.8–8.1]
Time from onset (months) 8.3 [6.1–13.5]
Side of onset (right/left) (15/8)

Clinical evaluation Baseline (n = 23) 2 years (n = 15)

MDS-UPDRS III 16.0 [13.0–26.0] 24.0 [18.0–29.5]
MAS—MDS-UPDRS III (/32) 9.0 [6.5–11.0] 10.0 [9.0–13.5]
MAS—Upper-limb subscore (/16) 5.0 [5.0–6.5] 6.0 [5.0–7.5]
MAS—Lower-limb subscore (/16) 3.0 [2.0–5.0] 4.0 [4.0–5.0]
LAS—MDS-UPDRS III (/32) 0.0 [0.0–2.5] 3.0 [1.0–4.0]
LAS—Upper-limb subscore (/16) 0.0 [0.0–2.0] 2.0 [1.0–2.5]
LAS—Lower-limb subscore (/16) 0.0 [0.0–1.0] 1.0 [0.0–1.5]

Continuous variables are reported as medians and interquartile ranges. Categorical variables are reported as counts. Statistical comparisons between Parkinson’s disease and

HS groups were performed with the Mann–Whitney U-test non-parametric test for age and with the chi-square test for categorical variables. MDS-UDRS subscores were com-

puted as the sum of rest tremor, rigidity, finger taps and pronation–supination movement items for the upper limb; and as the sum of rest tremor, rigidity, toe-tapping and leg

agility items for the lower limbs (each subscore with a maximum of 16 points). Axial scores were not included in the lateralized (more- or less-affected sides) MDS-UPDRS.
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Image acquisition and preprocessing

PET imaging was performed on a hybrid 3T mMR-Biograph system
(Siemens Healthcare) at baseline (HS, PDBL) and at 2 years (PD2y).
Images were acquired in the morning, at rest and after 6 h of fast-
ing. None of the patients had received any anti-parkinsonian drugs
before the first 18F-DOPA PET scan. By the time of the second visit,
all subjects had been placed on dopaminergic medication: 10
received pramipexol 1.05–2.1 mg/day or rotigotine patch (8 mg/
day); 13 received rasagiline (1 mg daily); and 5 were on levodopa
(190 mg/day), which were interrupted at least 48 h before the study.
Carbidopa (50 and 200 mg p.o.) was administered orally 12 h and
1 h before the PET exam. All subjects were studied in the supine

Reconstructed images had a matrix size of 344 � 344 � 127 and a
voxel size of 2.09 � 2.09 � 2.03 mm3.

Simultaneous with the PET acquisition, several MRI sequences
were acquired: 3D T1-weighted magnetization-prepared rapid ac-
quisition gradient-echo (176 sagittal slices; TR/TE/TI = 2300/3.34/
900 ms; flip angle = 8�; slice thickness = 1 mm; acquisition
matrix = 256 � 256; FOV = 256 � 256 mm2) and 3D T2-weighted
turbo spin-echo (176 sagittal slices; TR/TE = 3200/418 ms; flip
angle = 120�; slice thickness = 1 mm; acquisition matrix = 256 � 256;

position. PET acquisition started immediately following intravenous
injection of �5mCi of 18F-DOPA (average dose 5.15+0.22 mCi). PET
data were acquired during 90min in list-mode. PET emission data
were reconstructed with an ordered subset-expectation maximiza-
tion algorithm, smoothed using a 4-mm full-width half-maximum
3D Gaussian kernel and corrected for attenuation using four-com-
partment MR-basedmaps derived from a dual-echo Dixon-based se-
quence (repetition time=3.6ms, echo time=1.23–2.46ms) that also
incorporates bone information using a model-based segmentation
algorithm.22 Twenty-two time frames of PET activity were recon-
structed: 90s (10 frames), 300s (nine frames) and 600 s (three frames).

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/


Image analysis

Image analysis was performed using Statistical Parametric
Mapping software (SPM12; https://www.fil.ion.ucl.ac.uk/spm/soft
ware/spm12/; accessed 7 February 2022) for voxel-based compari-
son and in-house scripts developed in MATLAB (MathWorks Inc.,
USA, R2018b). Whole-brain voxel-based comparison of normalized
Ki maps between HS and PDBL groups was carried out using a uni-
variate two-sample t-test comparison. The Cohen’s d effect size
striatal voxel-based maps were estimated between HS and PDBL,
and between HS and PD2y groups.

Spatial covariance analysis was done to extract group-specific
striatal components that may account for Parkinson’s disease dif-
ferential diagnosis or clinical severity.19 18F-DOPA Ki maps from HS
and PDBL groups were masked at the striatum using a predefined
basal ganglia atlas,31 then striatal voxels for all subjects were reor-
dered in a matrix of 42 subjects (rows) by the number of voxels
(columns). Row averages were subtracted to represent subject-
wise deviations from average, and subsequently column averages
were subtracted to create the subject residual profile. Principal
component analysis was applied to the covariance matrix to iden-
tify the spatial covariance patterns. Subject expression values of
the spatial patterns were then extracted for PDBL and PD2y subjects
and standardized (Z-score) to the HS group.

Region of- interest analyses followed two approaches: (i) a
slice-wise analysis taking the average Ki across axial sliced sec-
tions of the post-commissural putamen32; and (ii) a region-wise
analysis using a functional parcellation of the putamen based on
functional MRI motor activations. For the latter a somatotopic map
of the putamen was defined by functional MRI group activation
maps from a motor task performed by 889 normal subjects (WU-
Minn HCP 1200 Subjects Data Release).20,33 The motor task con-
sisted of a block design where participants were asked to perform
a series of movements—finger tapping, toe squeezing, or tongue
movements—when a visual cue was presented. Further details of
the collection, pre-processing and analysis of the data can be
found elsewhere.34 Somatotopic Cohen’s d effect-size maps for
hand and foot motor activations were masked to the putamen
contralateral to the movement using a subject-specific segmenta-
tion. Then, Ki values were linearly weighted by Cohen’s d effect
sizes and averaged for all voxels within the putamen. In a second-
ary analysis the same weighted averages were obtained but
restricted to the contralateral post-commissural putamen. The
face functional representation was not included as part of the
somatotopic parcellation, because spontaneous facial movements
are bilateral and recruit both hemispheres. Furthermore, we lack
an accurate clinical evaluation of facial expression/movements
and the current scale of hypomimia provides poor sensitivity.

While all analyses presented here were performed without cor-
recting for partial volume errors (PVE), for completeness, a slice-
wise analysis was repeated after adding the PVE correction to 18F-
DOPA PET images with the voxel-based modified Müller–Gärtner
method available in the PVE-Lab software package.35

Statistics

Comparison of demographic characteristics between Parkinson’s
disease patients and HS were performed using non-parametric
Mann–Whitney U-tests for continuous variables and chi-square
tests for categorical variables. Statistical significance in the voxel-
based comparison was established for a family-wise error (FWE)
corrected P-value lower than 0.05 at the voxel level. Subject pattern
expression scores and Ki average values were compared between
groups (PDBL/PD2y/HS) using non-parametric Mann–Whitney
U-tests, separately for the MAS (dominant side in HS) and LAS
(non-dominant side in HS).

Percentage changes in Ki values were estimated between
groups (Parkinson’s disease versus HS and PD2y versus HS). Ki val-
ues were standardized (Z-score), and the Wilcoxon signed-rank
test was performed to facilitate within-subject comparison be-
tween upper- and lower-limb Ki loss in the PDBL and PD2y groups.
Two-way repeated-measures ANOVA was performed to identify
significant interaction effects between visits (baseline, 2 years), re-
gion of interest (upper limb, lower limb) and between visits and
brain side (MAS, LAS). In a post hoc analysis, decline in striatal Ki

across visits was quantified as the paired gross change between
Z-score standardized values. Using a Wilcoxon signed-rank test we
compared pair-wise differences in progression between regions of
interest and between sides.

Non-parametric correlation analysis (Spearman correlations)
was performed between imaging (Ki values) and clinical measures
(Kinesia aggregate scores for upper or lower limbs). From the re-
gion of interest analyses, 12 correlations were tested, eight of
them between the Ki of each functional putaminal functional sub-
division and the kinematic evaluation of the corresponding limb,
in both PDBL and PD2y groups, and four additional correlations test-
ing the association between decline in Ki and percent change in
kinematic metrics across visits. From the spatial covariance ana-
lysis, the same correlations were tested between the expression
values from each relevant spatial pattern and the kinematic met-
rics. In two Parkinson’s disease patients, kinematic measurements
could not be reliably obtained, and these were not included in the
correlation analyses. The significance level was set at P5 0.05, and
R version 1.1.463 was used for all data management and statistical
analysis.

Data availability

The data that support the findings of this study are available upon
reasonable request.

Results
The median disease duration for the patients was 6.1 (IQR 2.8–8.1)
months, and the median MDS-UPDRS-III score was 16 (IQR 13–26)
points, highly confined to one hemibody (Table 1). 18F-DOPA Ki maps
showed a net inter-hemispheric asymmetry and a rostrocaudal
gradient with greater reduction in the caudal putamen (Fig. 1)
in all 23 Parkinson’s disease patients at baseline. Voxel-based
comparison of the Ki images between the Parkinson’s disease and
HS groups revealed two significant clusters of Ki reduction in either
caudal putamen of the Parkinson’s disease group at baseline
(FWE-corrected P5 0.05 at the voxel level; Fig. 2A).

The somatotopic functional specificity of these clusters was
tested using functional regions of interest corresponding to the
hand and foot activation subregions from the task-functional MRI

Figure 1 Representative Ki map for a healthy subject and a de novo
Parkinson’s disease patient. Characteristically predominant reduction
in 18F-DOPA uptake rate in the caudal putamen contralateral to the
most affected clinical side is highlighted with a black arrow.
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d4 0.3 and overlaid onto Cohen’s d effect-size maps in the stri-
atum (Fig. 2B). The area with the largest Ki reduction appears to
cover the boundary between lower and upper limb functional terri-
tories in the putamen but extends further into the hand functional
division (Fig. 2C). A similar but attenuated pattern, i.e. smaller dif-
ference between controls and patients, was present in the less-
affected putamen. At 2 years, the pattern was stable on the MAS,
while it showed clear progression on the LAS.

Spatial covariance analysis revealed a spatial pattern (first
principal component) which stood out from the rest and

and third principal components showing an explained variance of
7.3% and 4.6%, respectively. The subject scores for the first pattern
were a strong discriminator between HS and PDBL patients
(P50.001) (Fig. 3C). Furthermore, at 2 years a progression in ex-
pression of the pattern was observed (P5 0.001) (Fig. 3C).
Expression values of the second and third components did not
show discrimination capacity between groups and were not sensi-
tive to progression; therefore, we did not consider them relevant
for further analysis. Regarding topography, the first pattern con-
firmed a rostrocaudal and mediolateral intensity gradient that out-
lined the topography of 18F-DOPA deficit (from less to more severe)
that resembles the typical 18F-DOPA PET pattern of an early
Parkinson’s disease patient (Fig. 1), including clear asymmetry be-
tween the more- and less-affected striatum. These findings con-
firm with a different approach that dopaminergic denervation of
the caudal putamen, judged by 18F-DOPA PET, follows a centripetal

dorsoventral pattern centred in the mid-putamen subregion. This
in turn corresponds to the somatotopic representation of the
upper limb, coinciding and confirming the relationship between
clinical findings and 18F-DOPA PET. Importantly, this pattern is
intensified at 2 years and also corresponds to the clinical progres-
sion. The caudate nucleus also showed a mediolateral intensity
gradient and dorsal predominance of 18F-DOPA uptake loss
(Fig. 3B), but these changes were less noticeable and will require a
larger number of subjects for adequate ascertainment.

18F-DOPA Ki were averaged within the putamen weighted by
the functional group activations (upper and lower limbs).
Weighted-average Ki differed significantly between HS and
Parkinson’s disease patients at both time points, baseline and
2 years, for both regions and in both hemispheres (P50.001;
Fig. 4A and Table 2). The median percentage reduction on the
more-affected side was 58.4% for the foot subdivision and 63.6%
for the hand subdivision. On the less-affected side, these percen-
tages were 37.7% in the foot and 43.2% in the hand. Such differen-
ces between the lower- and upper-limb subregions were small but
nevertheless significant, i.e. greater loss in the hand region than in
the foot area for both MAS (Zhand = –7.54, Zfoot = –5.95; P5 0.001)
and LAS (Zhand = –4.24, Zfoot = –3.28; P50.001; Fig. 4B and Table 2).
At 2-year follow-up, 18F-DOPA Ki was reduced by 8% to 14% in less-
and more-affected sides, respectively (Table 2). Significant inter-
action effects between time and brain side were found for the
upper-limb progression (P = 0.0340) and between time and striatal
region of interest in the less-affected side (P = 0.0100;
Supplementary Fig. 1). Post hoc analysis revealed that: (i) change in

Figure 2 Voxel-based analysis. Voxel-based differences in striatal 18F-DOPA uptake rate (Ki) representing the first and second study (2 years after first
assessment). (A) Statistical map with P5 0.05 threshold (family-wise error correction for multiple comparisons at the voxel level) showing the reduc-
tion of Ki in the de novo Parkinson’s disease group in a red–yellow colour map (more-affected/less-affected [MAS/LAS] sides). The map is overlaid onto
an MNI space T1-weighted template. (B) Lateral views of a striatal surface reconstruction with overlaid task-based functional MRI group activations
associated with movements of the hand and foot. Activation maps are represented as Cohen’s d effect sizes. Red–yellow and blue–green colour maps
stand for hand and foot activations, respectively, and R./L. correspond to the right/left hemibody, i.e. left/right striatum. (C) Sagittal view of the
Cohen’s d effect size of differences between the striatal voxels between healthy subjects and Parkinson’s disease patients at baseline and follow-up
(2 years) study. Cohen’s d maps are overlaid onto the MNI space T1-weighted template. The contour of the functional territories for foot and hand
activations (Cohen’s d4 0.3), black and white, respectively, are also overlaid for the most-affected (top) and less-affected (bottom) sides. Altogether,
these findings reveal a predominant Ki reduction in the caudal intermediate putamen, which mainly corresponds with the upper-limb
representation.
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HCP dataset. These activation maps were thresholded at Cohen’s

accounted for 42.2% of the variance (Fig. 3A and B), with the second

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab378#supplementary-data


progression between visits in the upper limb was larger for the LAS
than for the MAS (P = 0.0302); (ii) the upper limb progressed faster
than the lower limb in the LAS (P = 0.0151); and (iii) there was a
trend for the upper limb progressing faster than the lower limb in
the more-affected side (P = 0.0946). Thus, progression of dopamin-
ergic loss occurred mainly in the hand subregion bilaterally but
particularly in the primarily less-affected hemisphere, which was
also the side showing more significant motor worsening clinical-
ly.18 Subsequently, the same weighted averages were obtained but
restricted to the post-commissural putamen. This confirmed the
greater loss of 18F-DOPA Ki for the hand (Supplementary Fig. 3A
and B) and, in addition we found that HS had a greater 18F-DOPA Ki

in the hand than in the foot division (Supplementary Table 1). This
result was not present when taking the weighted average across
the whole putamen.

The pattern of 18F-DOPA Ki loss through the dorsoventral puta-
minal axis was further ascertained by slice-wise analysis of the

average Ki (Fig. 4C and D). In the HS group Ki shows a non-linear
distribution with maximum at the boundary between upper and
lower limb putaminal subregions; in the Parkinson’s disease group
the Ki shows an overall reduction with a gradient whereby the dor-
sal sections of the putamen show the lowest 18F-DOPA Ki at base-
line and 2-year follow-up. However, Z-score normalization with HS
control values revealed that the largest Ki loss on the MAS peaked
at the centre of the hand functional subdivision (Fig. 4D). Thus, the
impression of predominant dorsal dopaminergic depletion is not
validated when proper spatial normalization is applied. On the
LAS, it also seems to be more profound in the hand division, al-
though the effect is less well-defined. This pattern persisted at

18F-DOPA Ki values as shown in the MAS at baseline (Fig. 4C).
Progression on the LAS, when normalized to normal subjects,
trended in the same fashion as the MAS but did not reach
exactly the same profile (Fig. 4D). These results were all preserved
even after introducing a partial volume correction stage
(Supplementary Fig. 2).

Finally, we analysed the correlation between hand and foot
movements (evaluated by kinematic analysis) and 18F-DOPA Ki

considering both baseline and follow-up values and Ki decline be-
tween time points. Kinesia-derived data for this population at
baseline and 2 years were published in detail previously.18 At base-
line, Ki in the hand functional division of the MAS had a moderate
correlation with the more-affected upper limb aggregated Kinesia
score (r = –0.56, P = 0.0086). At 2-year follow-up such correlation for
the upper limb in the MAS persisted (r = –0.60, P = 0.0340), and a
correlation between the hand subdivision of the LAS and the
upper-limb Kinesia score showed statistical significance (r = –0.72,
P = 0.0075). In addition, correlations between 18F-DOPA Ki in
the foot subdivision of the MAS and the lower-limb Kinesia score
(r = –0.49, P = 0.0889) and between the foot subdivision of the LAS and
the lower-limb Kinesia score (r = –0.51, P = 0.0812) showed a tendency
towards statistical significance. Thus, assessment of bradykinesia
with the aid of the Kinesia system allows us to further define a rela-
tionship between putaminal 18F-DOPA Ki and movement impairment
in the limbs. No correlations were found between worsening in the
Kinesia scores and progression in 18F-DOPA Ki, nor with the subject
expression of the described spatial patterns.

Discussion
This study describes a specific topography of 18F-DOPA uptake rate
reduction within the nigrostriatal system in a selected population
of a recently diagnosed drug-naive Parkinson’s disease cohort. The
main finding was a fairly localized maximum uptake rate loss in
the rostrocaudal and dorsoventral axes of the caudal and inter-
mediate putamen, respectively. The loss was located primarily on
the most-affected side and corresponded mainly with the somato-
topic representation of the upper limb. Importantly, it coincides
with clinical onset in the upper limb, as previously described in
this cohort.18 The 2-year follow-up revealed a similar decline in
the 18F-DOPA uptake rate on the less-affected side that also corre-
sponded to clinical motor worsening on that side. These results
have several relevant implications.

Pattern of striatal DA denervation and clinical onset
18F-DOPA Ki was reduced mainly in the caudal putamen as
reported previously.3–5,8 Significant decline in 18F-DOPA Ki was
overt in the putamen contralateral to the primarily affected side
clinically, i.e. mostly the right upper limb, and less striking but
also significant in the other hemisphere, contralateral to the less-
affected body side. The caudal putamen corresponds to the motor

Figure 3 Spatial covariance analysis. (A) Representation of the
extracted covariance pattern overlaid onto the striatal surface from lat-
eral and medial angle views showing the focal onset of denervation in
the posterolateral putamen in both the more-affected and less-affected
sides. (B) Two-dimensional axial and coronal slices of the pattern over-
laid onto the MNI space T1-weighted template emphasizes the
observed intensity gradients in rostrocaudal and mediolateral axes. (C)
Box plot representation showing subject pattern expression values for
the described bilateral striatum pattern, which shows significant dis-
crimination between HS and Parkinson’s disease groups and is sensi-
tive to progression at 2 years (**P5 0.001 after non-parametric Mann–

for HS, red for Parkinson’s disease at baseline and green for Parkinson’s
disease at 2-year follow-up.
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2 years for the MAS, whereas the LAS evolved towards similar

Whitney U-test). Box plot and individual values are represented in grey
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domain within the functional striatal subdivisions.14,36

Accordingly, these results fit well and further support a direct re-
lationship between a certain degree of putaminal DA denervation
and the onset of cardinal features in Parkinson’s disease. Our
data indicate that the threshold for detecting motor signs is
around 60% of putaminal DA denervation, which coincides

remarkably with what is found experimentally in non-human
primates.37 This estimate is fairly accurate, with due limitations,
when considering the findings on the primarily less-affected
side, which becomes symptomatic over 2 years. Patients had
been evaluated periodically since the beginning of the study, and
in most instances the second 18F-DOPA PET was carried out close

Figure 4 Region-based analysis of 18F-DOPA uptake rates. (A) Box plots show weighted-average Ki values (median and perc25-75) for HS (grey) and
Parkinson’s disease at baseline (red) and at 2-year follow-up (green). Ki values in the whole putamen contralateral the more-affected or less-affected
side (MAS/LAS) were weighted by the strength (Cohen’s d) of the upper- and lower-limb group activation functional MRI maps and averaged.

(yellow) and lower limb (light blue). *P5 0.001 with Wilcoxon signed-rank test. (C) Error bars show Ki slice-wise averages and confidence intervals
(95%) in the post-commissural putamen from the most ventral to the most dorsal extent for HS (grey), Parkinson’s disease at baseline (red) and at 2-
year follow-up (green) on both the more-affected and less-affected sides. (D) Error bars show Z-scores (average and confidence interval) for Ki in
Parkinson’s disease normalized to HS, on the more-affected (squares) and less-affected (circles) sides. Parkinson’s disease at baseline is represented
in red and at 2-year follow-up in green. In C and D two colour bars represent the functional MRI normalized activation along the dorsoventral axis for
the upper (red to yellow) and lower (dark blue to light blue) limbs. Below the colour bars two normalized curves show the strength of the group activa-
tion map along the dorsoventral axis. Maxima have been highlighted downwards with vertical lines. In dotted vertical lines the interval between the
75% of the maximum activation are also highlighted.

Table 2 18F-DOPA uptake rates for putaminal functional hand and foot subdivisions

Group Region of interest Ki (Parkinson’s dis-
ease versus HS, %)

Ki (Parkinson’s dis-
ease versus HS, Z)

Ki decline (%) Ki decline (Z)

PDBL MAS—Foot 58.4 [53.9–63.3] 5.95 [5.50–6.46] NA NA
MAS—Hand 63.6 [60.2–66.3] 7.54 [7.14–7.86] NA NA
LAS—Foot 37.7 [32.6–47.0] 3.28 [2.83–4.09] NA NA
LAS—Hand 43.2 [34.8–50.3] 4.24 [3.41–4.93] NA NA

PD2y MAS—Foot 69.4 [62.6–71.2] 7.07 [6.38–7.83] 8.2 [6.2–10.5] 0.84 [0.63–1.07]
MAS—Hand 72.2 [76.7–66.0] 8.57 [7.83–9.09] 9.2 [5.2–12.3] 1.09 [0.61–1.46]
LAS—Foot 53.5 [49.5–55.6] 4.66 [4.31–4.84] 14.4 [7.4–16.6] 1.26 [0.65–1.44]
LAS—Hand 56.2 [52.2–62.9] 5.50 [5.11–6.16] 13.3 [10.1–16.7] 1.31 [0.99–1.64]

Differences in 18F-DOPA Ki between Parkinson’s disease patients and healthy subjects are assessed by percentage change and Z-score normalization. Decline in 18F-DOPA Ki at

2-year follow-up was assessed in terms of percentage or gross Z-score differences. Reported values are presented as median [interquartile range].
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to recognition (within less than a year) of parkinsonism on
the LAS.

Earlier studies suggested a dorsoventral gradient of striatal
dopaminergic denervation with a greater loss in the dorsolateral
tier,4,8,38 and a clinical study17 based on the onset of levodopa-
induced dyskinesias also proposed that a dorsoventral gradient of
DA striatal denervation would best explain Parkinson’s disease
focal motor onset in the lower limbs. On the other hand, several
authors reported upper-limb predominance at onset of
Parkinson’s disease.39–43 We encountered a net upper-limb onset
in patients’ symptoms, neurological examination and a refined as-
sessment including objective kinematic evaluation. Moreover,
such upper-limb preponderance was also demonstrated in the in-
dependent Parkinson’s Progression Markers Initiative (PPMI) co-
hort when we evaluated patients with very similar clinical
characteristics.18

Our detailed analysis shows that dopaminergic denervation
peaks in the intermediate sub-region of the caudal putamen and pro-
gressively extends bidirectionally in dorsal and ventral directions
(Fig. 4D). This result appears, in principle, contrary to what Morrish et
al.4 concluded in their cross-sectional study by reporting a linear
dorsoventral gradient of 18F-DOPA Ki loss in Parkinson’s disease
patients who had longer disease duration than our cohort.
Importantly, Morrish et al.4 a used a single reference uptake by taking
the average value in the healthy putamen, a method that would just
reproduce the distribution of dopaminergic that we saw in Fig. 4C.
However, we found that normal 18F-DOPA Ki distribution is not con-
stant but peaks precisely in the intermediate putaminal region, and
therefore, when dorsoventral uptake distribution is assessed in

the middle–intermediate subregion of the human motor striatum.
This analysis essentially resolves the issue of striatal dopaminergic
denervation pattern in Parkinson’s disease and provides a close cor-
relation between the somatotopy of the motor putamen16,44,45 and
the predominant clinical onset in the upper limb.18 We also found a
moderate correlation between bradykinesia as measured by quanti-
tative inertial sensors and the 18F-DOPA decline.

These results are strongly corroborated by the findings at 2-
year follow-up, particularly when assessing the less affected side.
Thus, the topography of the 18F-DOPA pattern of uptake rate loss
encountered for the MAS at baseline was essentially found at
2 years for the LAS (Fig. 4D) and coincides with the development of
motor signs in the upper limb of that side. This will be discussed in
greater detail below.

Limitations

The main clinical limitations of the findings reported here are the
relatively small number of patients enrolled in the study and the
feasibility of 18F-DOPA PET as a precise marker of nigrostriatal neu-
rodegeneration. However, the group of patients recruited for the
study represent a cohort of carefully ascertained early Parkinson’s
disease patients with predominant motor manifestations and
focal presentation. These are all important strengths of the study,
i.e. to recognize the onset pattern of nigrostriatal neurodegenera-
tion and its clinical counterpart, and better defined than several
other previous PET studies. Furthermore, the 2-year follow-up pro-
vided quite distinct and highly supportive information about the
pattern of nigrostriatal loss discussed here.

We acquired 18F-DOPA PET to account for striatal dopaminergic
integrity indirectly through quantification of aromatic L-amino
acid decarboxylase activity and dopamine storage capacity in
nigrostriatal terminals. Admittedly, in an ideal scenario we could
have used a vesicular monoamine transporter type 2 (VMAT2) PET
tracer, which has been defined as more sensitive to striatal

dopaminergic denervation.46 Indeed, it has been proposed that
18F-DOPA activity might be upregulated in early Parkinson’s dis-
ease46,47 and lead to lower sensitivity for early dopaminergic de-
nervation. Even if this is the case, we believe that the findings are
representative of this early evolutionary stage of Parkinson’s dis-
ease, given the well-defined rostrocaudal pattern of Ki and the in-
ter-hemispheric asymmetry. Multi-tracer studies have shown high
correlation between 18F-DOPA and VMAT2 uptakes in both cross-
sectional47,48 and longitudinal studies.6 Furthermore, the reduc-
tion in 18F-DOPA Ki fit well with quantitative estimations of hand
and foot movements using an inertial system (Kinesia), thus estab-
lishing significant correlation between the striatal deficit eval-
uated by PET and motor behaviour. This supports the validity of
18F-DOPA measurements for the evaluation carried out here.
Admittedly, we did not ascertain facial movements or the facial
putaminal somatotopic representation needed to complete the
pattern of progression. Currently, we lack an accurate clinical scale
to evaluate the asymmetry of facial activation in Parkinson’s dis-
ease, and the bilateral corticostriatal representation of spontan-
eous facial movements needs to be taken into account. These
aspects should be developed further.

Another relevant aspect is whether striatal somatotopy could be
determined with the spatial specificity of standard PET acquisitions
and the validity of the currently used somatotopic map. Thus, the
limited spatial resolution, partial volume contamination and lack of
anatomical detail in the PET images could hinder the capacity to dif-
ferentiate these somatotopically arranged subregions. In this study,
we used a hybrid PET-MR system, which has an average spatial reso-
lution of 4.3 mm full width at half maximum.49 During all PET
exams, several MRI sequences were acquired, including a high-reso-
lution structural T1-weighted MRI, thus eliminating the need for in-
ter-modal spatial co-registration and therefore improving the inter-
subject comparison accuracy and compensating for the inherent
limitations of PET. Moreover, we took advantage of such PET-MRI
multimodal acquisition, and although the need for partial volume
error correction is not standard in dopaminergic PET striatal quanti-
fication, we replicated our main results after introducing this correc-
tion stage (Supplementary Fig. 2).

The overlap observed between upper- and lower-limb putamin-
al divisions is also a matter of consideration. Spatial limitations in
image resolution and processing might be relevant on this regard
but this is unlikely considering the high quality in terms of both
acquisition and processing of the HCP.20 Such functional MRI func-
tional overlap has been previously recognized16 and importantly,
it is well-described in monkeys by anatomical tracing studies.14,15

It is also relevant to consider whether the somatotopic map, as
recognized in macaques45 and in humans with functional MRI,16,44

could be valid in a study of a chronically evolving disorder associ-
ated with several compensatory mechanisms. Whereas direct data
regarding the impact of striatal dopaminergic denervation on the
homunculus representation are not available, distortions at the
cortical and putamen level are possible. Neuronal recordings in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkey
model and in Parkinson’s disease patients in basal ganglia output
nuclei have shown augmented responsiveness and receptive
fields,50 but have not revealed major changes in the anatomical
representation of the body.15,51–54 Accordingly, we would expect
that the focal reduction in 18F-DOPA uptake rate in the upper-limb
region of the putamen represents a somatotopic-related finding.

Implications for pathogenesis
Focal onset

The reported focal onset of dopaminergic denervation in the cau-
dal and intermediate subregion of the putamen and its strong
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correspondence with the functional subdivision of the upper limb
suggests that disease onset might start in a somatotopically organ-
ized fashion. Interestingly, the nigrostriatal projection does not
seem to be somatotopically arranged,45 and its dense and profuse
synaptic arborization pattern is not suggestive of a highly discrim-
inative somatotopic arrangement. On the other hand, corticostria-
tal projections do have a clear topographic and somatotopic
distribution,14,45 which could well provide the anatomic functional
basis for the focal vulnerability.55,56 In this regard, several not mu-
tually exclusive mechanisms may be implicated.

First, it is worth considering that dopaminergic striatal activity
normally is uneven in a dorsoventral gradient.57,58 Accordingly, it
is conceivable that the putamen subregion representing the upper
limb receives a higher density of dopaminergic nigrostriatal termi-
nals, and the hand zone in particular is more profusely innervated,
in keeping with its larger homunculus representation and high
movement repertoire.18 This is in keeping with the unexpected
finding in HS (Supplementary Fig. 3) whereby a net higher 18F-
DOPA Ki was observed in the post-commissural upper-limb div-
ision. Such an arrangement could render this zone more exposed
to putative noxious agents and/or facilitate an unfavourable syn-
apsis milieu. In other words, the formidable motor skills exhibited
by the upper limbs in humans may require a degree of connectivity
and dopaminergic activity that, when associated with other rele-
vant risk factors,59 may trigger deleterious events at nigrostriatal
terminals.60 Admittedly, this is purely hypothetical at this time.

Progression

Motor signs worsened in the upper limb and appeared in the lower
limb of the MAS and upper limb of the primarily LAS over the 2-
year follow-up period.18 Thus, clinical progression followed a
somatotopic pattern in keeping with previous observations.42 In
parallel, 18F-DOPA PET Ki was reduced mainly in the upper limb re-
gion bilaterally, but the progression was greater in the primarily
less-affected putamen. The latter, therefore, evolved to reproduce
essentially the pattern found at baseline in the more-affected pu-
tamen (Fig. 2C). This evolution provides strong support to the ac-
curacy of our findings and suggests that the same mechanism(s)
operates in parallel with a time-lag of a few years (2–3 years) before
reaching clinical threshold. This in turn makes it difficult to con-
ceive that an external noxious agent (including toxic aggregation
of proteins like alpha-synuclein) could impinge upon the nigros-
triatal projection (neuronal SNpc soma and/or dopaminergic ter-
minals) in an identical manner and with such a large time
difference.

The pattern of reduction in 18F-DOPA Ki in both hemispheres is
suggestive of a radial expansion in the dorsoventral axis, with the
epicentre in the upper-limb somatotopic zone and secondary in-
volvement of adjacent dorsal and ventral areas (lower limb and
face, respectively). In this regard, our study did not determine spe-
cific data for facial movements, voice and speech, which are
needed to provide definitive evidence about the expansion of
dopaminergic denervation and the progression of motor
manifestations.

Conclusions
We describe a fairly well-defined pattern of dopaminergic nigros-
triatal loss on the primarily affected side in early Parkinson’s dis-

affected side after 2 years of evolution. Our findings indicate that
the caudal–intermediate region of the putamen, corresponding to
upper-limb somatotopic representation, is most vulnerable to neu-
rodegeneration in both hemispheres.
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