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In Parkinson’s disease, there is a progressive reduction in striatal dopaminergic function, and loss of neuromela-
nin-containing dopaminergic neurons and increased iron deposition in the substantia nigra. We tested the hy-
pothesis of a relationship between impairment of the dopaminergic system and changes in the iron metabolism.
Based on imaging data of patients with prodromal and early clinical Parkinson’s disease, we assessed the spatio-
temporal ordering of such changes and relationships in the sensorimotor, associative and limbic territories of the
nigrostriatal system.
Patients with Parkinson’s disease (disease duration 5 4 years) or idiopathic REM sleep behaviour disorder (a pro-
dromal form of Parkinson’s disease) and healthy controls underwent longitudinal examination (baseline and 2-year
follow-up). Neuromelanin and iron sensitive MRI and dopamine transporter single-photon emission tomography were
performed to assess nigrostriatal levels of neuromelanin, iron, and dopamine. For all three functional territories of the
nigrostriatal system, in the clinically most and least affected hemispheres separately, the following was performed:
cross-sectional and longitudinal intergroup difference analysis of striatal dopamine and iron, and nigral neuromelanin
and iron; in Parkinson’s disease patients, exponential fitting analysis to assess the duration of the prodromal phase
and the temporal ordering of changes in dopamine, neuromelanin or iron relative to controls; and voxel-wise correl-
ation analysis to investigate concomitant spatial changes in dopamine-iron, dopamine-neuromelanin and neuromela-
nin-iron in the substantia nigra pars compacta.
The temporal ordering of dopaminergic changes followed the known spatial pattern of progression involving first the
sensorimotor, then the associative and limbic striatal and nigral regions. Striatal dopaminergic denervation occurred
first followed by abnormal iron metabolism and finally neuromelanin changes in the substantia nigra pars compacta,
which followed the same spatial and temporal gradient observed in the striatum but shifted in time.
In conclusion, dopaminergic striatal dysfunction and cell loss in the substantia nigra pars compacta are interrelated
with increased nigral iron content.
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Introduction
Parkinson’s disease is a neurological disorder characterized by pro-
gressive degeneration of dopaminergic neuromelanin-containing
cells in the substantia nigra pars compacta (SNc) and reduced stri-
atal dopaminergic function associated with increased iron depos-
ition in the substantia nigra (SN).1,2 Changes occur after a long
prodromal phase1 preceding motor symptom onset by 10 to
25 years for putaminal dopamine uptake3 and by 5 years for SNc
volume loss (assessed using neuromelanin signal changes).4 Iron
levels also increase before motor sign manifestation in patients
with idiopathic REM sleep behaviour disorder (iRBD), a prodromal
condition of parkinsonism,5 and in both symptomatic and asymp-
tomatic carriers of the LRRK2 and parkin mutations,6 but the time
to onset before motor sign appearance is unknown.

Dopamine, neuromelanin, and iron concentrations are prob-
ably tightly linked. First, they all participate in the dopamine meta-
bolic pathway, whose end-stage product is neuromelanin. In
dopaminergic neurons, neuromelanin can chelate excess iron, pro-
viding a neuroprotective role.2,7 However, excess intracellular neu-
romelanin could also compromise neuronal function and trigger
Parkinson’s disease-like pathology.8 Second, previous imaging
studies in Parkinson’s disease have partially investigated the
relationship between neuromelanin, iron, and dopamine with
mixed results.5,9–14 Most have reported positive correlations be-
tween striatal dopamine transporter (DaT) and nigral neuromela-
nin levels.9–12 Results on iron assessment are contradictory, as
some studies reported negative correlations with nigral neurome-
lanin levels13,14 and striatal DaT levels.12 Others found no correl-
ation in Parkinson’s disease between nigral iron and
neuromelanin12,13 or between nigral iron and striatal DaT.12

Likewise, in iRBDs, nigral iron levels assessed using transcranial
sonography did not correlate with striatal DaT, suggesting inde-
pendency of dopaminergic dysfunction and iron increase.5 Third,
the progression of changes is spatially specific, starting in sensori-
motor areas of the striatum and the SN.9,15 SN iron accumulation

may also follow a spatial gradient of degeneration,14,16 although
not all studies agree.13 Additionally, nigral changes differed be-
tween the neuromelanin-rich SNc, where disease-related iron ac-
cumulation is expected, and the naturally iron-rich SN pars
reticulata.17 Most studies did not specifically investigate where
neurodegeneration occurred nor investigated prodromal
Parkinson’s disease.12,13 A relationship between changes in these
three compounds should translate into spatiotemporal relation-
ships between their changes, observable in each functional terri-
tory of the basal ganglia.

Here, we aimed to investigate the relationship between dopa-
minergic dysfunction and changes in neuromelanin and iron con-
centrations in the nigrostriatal system in patients with prodromal
and clinical Parkinson’s disease. Particularly, we aimed to assess
the temporal ordering of such changes and their spatial distribu-
tion within the nigrostriatal system’s sensorimotor, associative,
and limbic territories.

Materials and methods
Participants

The ICEBERG longitudinal cohort was prospectively investigated.4

This cohort included healthy control subjects, patients with iRBD,
and patients with Parkinson’s disease who were assessed at base-
line (visit 1) and after 2 years (visit 2). Patient inclusion criteria
comprised a clinical diagnosis of iRBD or Parkinson’s disease, re-
spectively performed by sleep neurologists and movement dis-
order specialists, 18–75 years of age, minimal or no cognitive
disturbances (Mini-Mental State Examination score 4 26/30) and,
for patients with Parkinson’s disease, time elapsed from the first
appearance of motor symptoms (i.e. disease duration) 5 4 years.
Patients with Parkinson’s disease met the UK Parkinson’s Disease
Society Brain Bank criteria.18 Patients with iRBD had a history of
dream-enacting behaviours with (potentially) injurious move-
ments and enhanced tonic chin muscle tone or complex
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behaviours during REM sleep but did not meet the criteria for
Parkinson’s disease or dementia.19 The local ethics committee
approved this study (RCB: 2014-A00725-42) and all participants
gave written informed consent.

Clinical examination

Clinical examination included the Hoehn and Yahr scale, which
evaluates the severity of Parkinson’s disease-related symptoms20;
the Movement Disorder Society Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS)21 part III in the OFF condition,21 which evalu-
ates motor disability 412 h after withdrawing dopaminergic treat-
ment; the Mattis Dementia Rating Scale (DRS)22,23 and the
Montréal Cognitive Assessment score (MoCA),24 which evaluate
cognitive impairment; and Ardouin’s Scale Of Behaviour In
Parkinson’s Disease (ASBPD),25,26 which evaluates mood/behav-
ioural status. In patients with Parkinson’s disease, the body side of
first motor symptoms was defined as the clinically most affected.

Imaging data acquisition

All subjects underwent MRI on a Siemens Prisma 3 T system
(Siemens Healthcare) using a 64-channel head coil for signal
reception. The following images were acquired: whole-brain
T1-weighted 3D MP2RAGE (three-dimensional magnetization-pre-
pared two rapid gradient echo) for anatomical reference27; T1-
weighted 2D TSE (two-dimensional turbo spin echo) with a field of
view restricted to the midbrain for neuromelanin-sensitive imag-
ing28; and whole-brain T2*-weighted multi-echo 3D FLASH (fast
low angle shot) for iron-sensitive quantitative susceptibility map-
ping (QSM).29 Supplementary Table 1 lists all the parameters for
the MRI acquisition. The magnetic resonance images were visually
inspected, and those with severe motion, arterial flow artifacts
affecting SN visibility or incomplete SN coverage were excluded.

In a subset of participants, DaT single-photon emission tomog-
raphy imaging was performed on a hybrid gamma camera
Discovery 670 Pro system (GE Healthcare) using the 123I-FP-CIT
tracer (DaTScanTM). All subjects received thyroid gland blockade
via one dose of Lugol regimen and an intravenous injection of 123I-
FP-CIT tracer (185–200 MBq) and underwent DaTScanTM between 3
and 4 h after tracer injection. The acquisition parameters were cir-
cular orbit, clockwise rotation, zoom factor = 1.5\1.5, matrix size =
128 � 128 voxels, number of slices = 128, voxel size = 2.9 � 2.9
mm2, slice thickness = 2.9 mm, rotations = 1, number of frames in
rotation = 120, actual frame duration = 30 s, energy window =
143.1–174.9 KeV. All DaTScanTM images were reconstructed on the
GE Healthcare Xeleris Workstation using an iterative algorithm fol-
lowed by spatial filtering (fourth-order low-pass filter with a cut-
off frequency equal to 3.5 mm–1) and Chang attenuation correction
(m = 0.12 cm–1).30

Image analysis

When not otherwise stated, all analyses were carried out using
MATLAB (R2017b, The MathWorks, Natick, MA, USA).

For QSM calculation in each subject, the gradient echo signal
magnitude and phase from multiple channels of the receive coil
were combined using an in-house optimized method.31 Then, the
local field map was calculated by non-linear fitting the complex
gradient echo signal over echo times,32 background magnetic
fields were removed using the Laplacian boundary value method33

and the local field-to-magnetic susceptibility inverse problem was
solved using the L1-Morphology Enabled Dipole Inversion
method.32,34–36 Each QSM image was referenced by subtracting the
average QSM value measured in the posterior limb of the internal
capsule, a region characterized by stable magnetic susceptibility

values.37 The posterior limb of the internal capsule was delineated
by aligning the Eve magnetic susceptibility template38 to the sub-
ject’s QSM image via the corresponding magnitude image.

Each subject’s QSM and neuromelanin-sensitive images
were aligned to an ad hoc symmetrical brain template, enabling
analysis in a common anatomical space.4 Particularly, each QSM
or neuromelanin-sensitive image was first rigidly aligned to the
T1-weighted anatomical image.39 Then, the T1-weighted anatomic-
al image was aligned to the template by concatenating an affine
and a non-rigid registration.40 Then, the same spatial transform-
ation from the T1-weighted image to template was applied to the
neuromelanin-sensitive and QSM images.39,40 To mitigate the
negative effect on the statistical analysis of both potential spatial
misregistration and data dispersion in multiple voxel-wise tests,
before quantitative analysis all coregistered images were spatially
smoothed via convolution with a 1-mm wide 3D Gaussian kernel.
This modest kernel width was chosen to enhance the detection of
small-scale effects in the SN, while mitigating partial volume
effects with the neighbouring CSF.

In template space, signal-to-noise ratios (SNRs) of neuromela-
nin-sensitive MRI were calculated relative to a background region
of interest including the tegmentum and superior cerebellar
peduncles similar to a previous study.4

In each subject, striatal DaT specific binding ratios (SBRs) were
calculated as follows. The DaTScanTM image was rigidly aligned to
the corresponding T1-weighted anatomical MRI via the corre-
sponding computed tomography image. Partial volume artefacts
were corrected using Yang’s iterative method (seven iterations) as
follows.41 Based on structural segmentations of the T1-weighted
image calculated using FSL FIRST,42,43 five masks were calculated
corresponding to five tissue compartments (white matter, CSF,
and three grey matter compartments). These compartments were
defined according to their dopaminergic density level, as meas-
ured post-mortem in humans.44 Particularly, the three grey matter
compartments respectively included regions with high (nucleus
accumbens, caudate nucleus, and putamen), intermediate (globus
pallidus) and low dopaminergic density levels (thalamus and cor-
tex). To normalize the signal intensity of the DaTScanTM image,
thus obtaining SBR values, a reference region of interest was
defined in the occipital lobe by non-linearly aligning the auto-
mated anatomical labelling template45 to the T1-weighted anatom-
ical image. The partial volume corrected DaTScanTM image was
referenced to the average signal intensity in this occipital region of
interest.46

For each subject, in the striatum, the sensorimotor, associative
and limbic putamen, the sensorimotor, associative and limbic
caudate nucleus, and the nucleus accumbens were automatically
segmented by aligning a digital template of the human basal gan-
glia (YeB atlas)47,48 to the subject’s anatomical T1-weighted MRI. In
each striatal region of interest, the average DaT-SBR and iron sen-
sitive QSM signal were calculated. In the midbrain, a region of
interest mostly corresponding to the SNc was used, which was
previously calculated in template space based on neuromelanin-
sensitive MRI of 61 healthy control subjects.4 Further, this SNc re-
gion of interest was manually segmented based on the functional
subdivision of the SN in primates obtaining three subregions:
dorsolateral sensorimotor, dorsomedial limbic and ventral asso-
ciative.49 In each nigral subregion, both the voxel-wise and average
values of the QSM signal and the neuromelanin SNR were
calculated.

Before template alignment, the magnetic resonance images
and DaT-SBR values of Parkinson’s disease patients were lateral-
ized so that the clinically most affected side was aligned with the
left hemisphere. In iRBD, there is no ‘most affected side’, thus
here, to perform lateralization, the brain hemisphere with the
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lowest mean of global striatal DaT-SBR was selected as the poten-
tial side of future appearance of Parkinson’s disease-related motor
symptom. Healthy control subject data were not lateralized.

For each patient and each striatal region, the DaT-SBR per cent
ratio (%) was calculated as the ratio of the patient’s DaT-SBR to the
average DaT-SBR in healthy control subjects. Similarly, the QSM
and neuromelanin SNR per cent ratios were calculated in each SN
subregion.

For each striatal region, the DaT-SBR per cent ratio of individual
Parkinson’s disease patients was modelled against disease dur-
ation using an exponential fitting curve as, in Parkinson’s disease,
degeneration of the nigrostriatal system has been shown to occur
at a faster rate in the early phases of disease than in later
phases.1,3,4,15 Based on the exponential fitting curve, the pro-
dromal phase of disease and the DaT-SBR loss at the time of diag-
nosis were respectively calculated as the time closest to t = 0
where DaT-SBR = 100%, and the zero-intercept of the curve. Based
on inverse mapping of the exponential fitting, the temporal place-
ment of the average DaT-SBR ratio in iRBDs at visit 1 was esti-
mated. Similar to the striatal DaT-SBR, for each SN subregion, the
QSM and neuromelanin SNR per cent ratios of individual
Parkinson’s disease patients over disease duration were modelled
using exponential fitting functions. Then, the prodromal phase of
disease and the variation in QSM signal or neuromelanin SNR at
the time of disease diagnosis were calculated.

Statistical analysis

Statistical analyses were performed using MATLAB and R
(v3.6.1).50 All statistical tests were two-tailed and P5 0.05 was con-
sidered to determine significance.

At visit 1, adjusted between-group differences in age and clinic-
al scores were estimated using ANOVA and Tukey’s post hoc test
for all-pairwise comparisons. Adjusted sex differences were esti-
mated using Pearson’s chi-square test with Yates’ continuity cor-
rection and the false discovery rate (FDR) procedure.

In all the following analyses, sex and age were included as
covariates of no interest. Indeed, sex and age influence the pheno-
typical expression of Parkinson’s disease51; healthy ageing induces
neuromelanin and iron accumulation in the nigrostriatal sys-
tem52–54 and DaT decrease in the striatum,55 and sex influences
both DaT uptake and neuromelanin accumulation with healthy
ageing.54,56

For each region of interest, visit and hemisphere, intergroup
differences in DaT, iron and neuromelanin were estimated using
linear models plus Tukey’s post hoc test, with the imaging-based
measurement (the average DaT-SBR, neuromelanin SNR or QSM)
as the continuous dependent variable, group and sex as categorical
variables and age as a linear effect. Similarly, for each region of
interest and hemisphere, inter-visit differences in DaT, iron and
neuromelanin were estimated using linear models plus Tukey’s
post hoc test, with the inter-visit difference of the imaging-based
measurement as the continuous dependent variable and the inter-
visit time as a linear effect.

To evaluate spatially specific concomitant changes between
striatal DaT and nigral neuromelanin or iron, Pearson’s correla-
tions were calculated between the average DaT-SBR in each striat-
al region of interest and the voxel-wise values of nigral
neuromelanin SNR or QSM in the SNc, simultaneously adjusting
for multi-voxel (SNc) and multi-region of interest (striatum) com-
parisons using an approximate multivariate permutation
method.57 Similarly, to estimate spatially specific concomitant
changes in nigral neuromelanin and iron, voxel-wise Pearson’s
correlations were calculated between neuromelanin SNR and QSM
in the SNc, adjusting for multi-voxel comparisons using the FDR

procedure. For all correlation analyses, baseline data from iRBD
patients and Parkinson’s disease patients were considered to ex-
plore changes along a pseudo-temporal axis of disease, but visit 2
data were excluded to avoid introducing intra-subject correlation
bias.

Data availability

The data supporting the findings of this study are available from
the corresponding author upon reasonable request.

Results
Demographic and clinical characteristics

Patient characteristics are summarized in Table 1. Between May
2015 and September 2019, 55 healthy control subjects, 43 patients
with iRBD, and 135 patients with idiopathic Parkinson’s disease
were enrolled and underwent MRI at visit 1. Monogenic cases of
Parkinson’s disease were not included in this study. A subset of
these subjects underwent MRI at visit 2, and DaTScanTM at visits 1
and 2 (Table 1). All subjects underwent MRI on the clinical assess-
ment day and DaTScanTM within 6 months of MRI. Only four
patients with iRBD returned within 3 months after clinical assess-
ment due to unavailability of the MRI scanner. No subjects were
entirely excluded following MRI quality control, as they all contrib-
uted at least one measurement to the analysis (Supplementary
material).

At visit 1, patients with iRBD were older than healthy control
subjects (P = 0.004) and Parkinson’s disease patients (P50.001).
The male/female ratio was higher among iRBD patients compared
to both healthy control subjects (P = 0.002) and Parkinson’s disease
patients (P = 0.005). The three groups differed in Hoehn and Yahr
stage (all P50.001) and MDS-UPDRS-III OFF score (all P5 0.001). All
groups had similar MoCA scores, whereas iRBD patients had a
lower Mattis DRS score than healthy control subjects (P = 0.04).
Parkinson’s disease patients had higher hypodopaminergic ASBPD
than healthy control subjects, and higher hyperdopaminergic
ASBPD scores than both healthy control subjects and iRBD patients
(all P50.001). Dopaminergic medication was administered to 121
Parkinson’s disease patients at visit 1, and to four iRBD patients
and 77 Parkinson’s disease patients at visit 2.

Group differences in DaT, neuromelanin and iron

At visit 1, Parkinson’s disease patients had lower DaT levels than
healthy control subjects and iRBD patients in all striatal regions bi-
laterally (Fig. 1B and C). In the clinically most affected hemisphere,
all territories of the caudate nucleus and putamen were similarly
affected, whereas the limbic striatum was less affected (Fig. 1B). In
the contralateral hemisphere, the putamen was the most affected
with all territories similarly involved, followed by the caudate nu-
cleus and the nucleus accumbens (Fig. 1E and F). In the caudate
nucleus, sensorimotor subregions were more affected, followed, in
order, by the associative and the limbic subregions for both
Parkinson’s disease patients compared to healthy control subjects
(Fig. 1B and E) and Parkinson’s disease patients compared to iRBD
patients (Fig. 1C and F). In iRBD patients compared to healthy con-
trol subjects, DaT loss was significant in the sensorimotor puta-
men bilaterally and less in the associative putamen in the most
affected hemisphere (Fig. 1D and G). In Parkinson’s disease
patients at visit 2, a similar pattern was observed bilaterally
(Fig. 1H and K). At visit 2, DaT loss in iRBD patients compared to
healthy control subjects progressed in all striatal subregions ex-
cept the bilateral nucleus accumbens (Fig. 1J) and the caudate
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nucleus in the least affected hemisphere (Fig. 1M). However, in the
most affected hemisphere, inter-visit DaT loss was only significant
in the sensorimotor and the associative putamen (Fig. 1P). In the
least affected hemisphere, inter-visit DaT loss was only significant
in the associative caudate nucleus of patients with Parkinson’s
disease compared to healthy control subjects (Fig. 1Q). Overall,
similar spatial gradients were found bilaterally, with increased se-
verity in the most affected hemisphere. Conversely, no striatal re-
gion exhibited intergroup differences in iron.

In the most affected hemisphere at visit 1, neuromelanin loss
was significant in the whole SNc of patients with Parkinson’s dis-
ease compared to both healthy control subjects and iRBD patients
(Fig. 2B and C). At visit 2, neuromelanin loss was significant in the
whole SNc of Parkinson’s disease patients compared to healthy
control subjects (Fig. 2F) and in the sensorimotor SNc of patients
with Parkinson’s disease compared to iRBD patients (Fig. 2G). In
the least affected hemisphere, at visit 1 there were no changes. At
visit 2, neuromelanin loss was significant in the sensorimotor and
limbic SNc of patients with Parkinson’s disease compared to
healthy control subjects (Fig. 2H) and in the sensorimotor SNc of
patients with iRBD compared to healthy control subjects (Fig. 2I).
Overall, neuromelanin changes followed the expected gradient:
the dorsolateral sensorimotor SNc was more impacted in
Parkinson’s disease patients in the most affected hemisphere at
visit 1 (Fig. 2B) and the least affected hemisphere at visit 2 (Fig. 2H)
and in iRBD patients in the least affected hemisphere at visit 2
(Fig. 2I). Iron accumulation was only significant in the whole SNc
of patients with Parkinson’s disease compared to healthy control
subjects without gradients in the most affected hemisphere at visit
1 (Fig. 2B) and in the limbic SNc of patients with Parkinson’s dis-
ease compared to healthy control subjects in the least affected
hemisphere at visit 2 (Fig. 2H). There were no inter-visit group dif-
ferences in neuromelanin or iron in the bilateral SNc. Similar to
the striatum, SNc degeneration appeared to begin in the clinically

most affected hemisphere and to progress, albeit less severely,
contralaterally.

Scatter box plots of DaT-SBR measurements in the striatum
and neuromelanin SNR and QSM measurements in the SNc are
shown in Supplementary Figs 1–13.

Temporal progression of global changes in DaT,
neuromelanin and iron

Similar to the spatial group differences, DaT loss in patients with
Parkinson’s disease progressively involved the sensorimotor, asso-
ciative and limbic putamen, the sensorimotor, associative and lim-
bic caudate nucleus, and the nucleus accumbens bilaterally (Fig. 3
and Supplementary Table 3). The estimated prodromal phase of
DaT loss lasted between 20.7 years (sensorimotor putamen) and
1.1 years (nucleus accumbens) (Supplementary Table 3). At visit 1,
estimated DaT losses in iRBD patients were comparable to those in
patients with Parkinson’s disease 16.5 years before disease diagno-
sis (sensorimotor putamen), whereas values in the nucleus accum-
bens were within normal ranges (Supplementary Table 3).

In the most affected hemisphere of patients with Parkinson’s
disease, estimated SNc iron accumulation began 9.6 years (sensori-
motor), 6.2 years (limbic) or 4.1 years (associative) before diagnosis,
whereas estimated neuromelanin loss began 5.9 years (sensori-
motor) or 3.6 years (limbic) before diagnosis (Fig. 3). In both the as-
sociative and the whole SNc in the least affected hemisphere,
neuromelanin signal changes were minimal.

Spatiotemporal DaT-neuromelanin-iron correlation
patterns

In the most affected hemisphere, DaT-neuromelanin (Fig. 4A–G),
neuromelanin-iron (Fig. 4K) and DaT-iron (Fig. 4L–R) correlated sig-
nificantly in the SNc. Both the neuromelanin-DaT and iron-DaT

Table 1 Demographic and clinical characteristics of the cohort

Healthy control subjects Patients with iRBD Patients with Parkinson’s disease

Visit 1 Visit 2 Visit 1 Visit 2 Visit 1 Visit 2

n 55 28 43 21 135 83
Age, years 62.0 ±9.2 62.3 ±8.9 67.6 ±5.1* 69.2± 5.3 61.6 ± 9.4# 63.9 ± 9.1
Sex, male/female 30/25 9/19 38/5* 17/4 85/50# 52/31
Time from visit 1,

years
n/a 2.0 ±0.1 n/a 2.1 ± 0.2 n/a 1.9 ± 0.4

Disease duration,
years

n/a n/a n/a 1.1 ± 0.5 (4 iRBD) 1.5 ± 1.1 3.7 ± 1.1

Hoehn and Yahr stage 0.1 ± 0.5 0.1 ±0.4 0.7 ± 1.0* 1.2 ± 0.9 2.0 ±0.2 *,# 2.0 ± 0.2
LEDD, mg n/a n/a n/a 210.5 ± 181.7 (4 iRBD) 350.6 ±252.6 (121 PD) 490.8 ±267.5 (77 PD)
MDS-UPDRS III OFF 5.5 ± 5.2 6.8 ±5.4 11.5 ±6.3* 19.0± 8.3 30.3 ±7.8 *,# 33.9 ± 7.8
MoCA 28.0 ± 1.7 28.6 ±1.8 27.3 ± 2.3 26.7± 3.2 27.4 ±2.2 27.2 ± 3.6
Mattis DRS 139.6 ± 3.9 141.3 ± 3.0 137.3 ±6.2* 139.5 ±4.5 138.9 ±4.4 136.7± 15.8
ASBPD

hypodopaminergic
0.8 ± 1.0 0.7 ±1.2 1.7 ± 2.5 2.4 ±3.1 2.0 ± 1.9* 2.1 ± 1.9

ASBPD
hyperdopaminergic

0.1 ± 0.4 0.2 ±0.5 0.3 ± 0.7 0.4 ± 1.0 1.1 ± 1.5*,# 1.3 ± 1.8

Laterality of first motor
symptoms in the
body, right/left

n/a n/a n/a n/a 78/57 46/37

DaTScanTM delay rela-
tive to MRI, years

0.2 ± 0.2 0.2 ±0.3 0.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.2 0.1 ± 0.2

Values are presented as mean ± SD. ASBPD = Ardouin’s Scale Of Behaviour In Parkinson’s Disease; LEDD = levodopa equivalent daily dose; Mattis DRS = Mattis dementia rat-

ing scale; MoCA = Montréal Cognitive Assessment Score; n/a = not available.

*P5 0.05 denote significant differences between patients with Parkinson’s disease (PD) or patients with iRBD and healthy control subjects at visit 1.
#P50.05 denote significant differences between patients with Parkinson’s disease and patients with iRBD and healthy control subjects at visit 1.
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correlation patterns appeared as longitudinal bands extending
through the SNc full anteroposterior length and occupying large
fractions of the SNc width (Fig. 4A–G and L–R). In the SNc, the neu-
romelanin-DaT correlation patterns of all putaminal territories
overlapped considerably (Fig. 4H). In the most affected hemi-
sphere, neuromelanin-DaT correlations always extended over a
larger SNc area than in the least affected hemisphere (Fig. 4A–G).
Despite the considerable overlap in the SNc, the territories of the
caudate nucleus exhibited an anterolateral-to-posteromedial gra-
dient extending from the sensorimotor to the limbic caudate nu-
cleus with the associative caudate nucleus in between (Fig. 4I).
Similar gradients were found for the limbic putamen (anterolat-
eral), the limbic caudate nucleus (intermediate) and the nucleus
accumbens (posteromedial) (Fig. 4J). The iron-DaT correlations
overlapped considerably for all striatal regions (Fig. 4L–R). Unlike
the neuromelanin-DaT correlations, the iron-DaT correlations
involved the bilateral SNc for all striatal regions except the nucleus
accumbens (Fig. 4L–R). In patients, neuromelanin-iron correlations
appeared in the bilateral anterior SNc, corresponding to associa-
tive and limbic areas (Fig. 4K).

Discussion
This study reveals that changes in neuromelanin and iron in the
SNc and DaT in the striatum followed similar spatial and time-
shifted temporal patterns along the sensorimotor, associative and
limbic territories. First, synaptic dopaminergic dysfunction
occurred in the striatum, then iron changes and neuromelanin
loss occurred in the SNc. Changes correlated in the SNc. These
results suggest an interrelationship between dopaminergic striatal
dysfunction, nigral cell loss and increased nigral iron content.

Topography of changes

Parkinson’s disease patients exhibited the expected gradient of
DaT loss, progressively involving the sensorimotor, anterodorsal
associative and limbic ventral striatal regions,58 and greater neuro-
melanin loss in the posterolateral sensorimotor SNc than in the
anteromedial associative and limbic SNc.4 Nigral iron was evenly
increased in the SNc, as previously reported using iron-sensitive
MRI in Parkinson’s disease,59,60 but unlike previous findings sug-
gesting higher iron in the lateral SN.13 A recent meta-analysis

Figure 1 Group differences in striatal DaT levels. (A) Functional subregions in the striatum. (B–S) Left and right panels show the results of the statistic-
al comparison between groups in the clinically most and least affected brain hemispheres, respectively. Each panel has three columns, representing
the intergroup comparison between Parkinson’s disease patients (PD) and healthy control subjects (HCs) (left), Parkinson’s disease patients and iRBD
patients (middle) or iRBD patients and healthy control subjects (right). Rows correspond to the group differences at (B–G) visit 1 (V1); (H–M) visit 2 (V2);
and (N–S) the inter-visit differences in longitudinal subjects. Results were adjusted for age and sex and corrected for multiple comparisons using
Tukey’s test at the P5 0.05 level. For improved clarity in the visual representation of statistical differences, P-values were converted into z-scores. Cd
= caudate nucleus; NAc = nucleus accumbens; Pu = putamen
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showed greater iron increase in the lateral SNc than in the medial
SNc when using iron-sensitive R2* measurements but not when
using QSM.60 Others found that QSM changes spanned larger areas
of the bilateral SNc than R2* changes,61 or were restricted to ventral
SN regions not isolated here.16 Thus, spatial gradients of iron de-
position need further investigation.

In iRBD patients, striatal DaT loss exhibited the same spatial gradi-
ent but with a lower magnitude than in Parkinson’s disease patients,
consistent with observations in larger striatal areas.5 Moreover, the
presence of significant DaT loss without significant neuromelanin
loss reflected the known earlier degeneration of striatal terminals in
Parkinson’s disease.62 Patients with iRBD had no significant changes
in nigral neuromelanin SNR at visit 1,4 but only in the sensorimotor
SNc at visit 2.4 Similarly, iRBD patients had no significant nigral iron
changes as in a study using R2*,

63 but in contrast with another study
using QSM (which measured iron in the whole SN).64 Inter-visit
changes in neuromelanin and iron accumulation were not significant.
On neuromelanin-sensitive MRI, neuromelanin SNR was less sensi-
tive than SNc volume measurements (as used here) for detecting
changes early in the disease,65 suggesting that, in early Parkinson’s

disease, measurements of neuromelanin residual volume and SNc
neuromelanin SNR offer complementary information on Parkinson’s
disease-induced temporal changes in neuromelanin.

At baseline, in the clinically least affected hemisphere,
Parkinson’s disease patients presented no significant neuromela-
nin loss or iron accumulation in the SNc. Given that the disease is
probably present bilaterally by the time it manifests unilaterally,
these results could have a biological explanation. After dopamin-
ergic neuron death, neuromelanin granules can remain in the
extracellular space for long periods of time due to their insolubil-
ity,66 as has been observed in patients with Parkinson’s disease,67

normally ageing subjects,68 and in the first rodent model of age-
dependent human-like neuromelanin production in the SNc.69

Thus, extracellular neuromelanin could still be MRI visible for
some time after neuron death, before it is phagocytosed. As neuro-
melanin loss and iron accumulation in the SNc are tightly linked,
the delayed degradation of extracellular neuromelanin could also
explain the delayed observation of iron accumulation on iron-sen-
sitive MRI. Alternatively, we cannot rule out that the MRI methods
employed in the present study might have insufficient sensitivity

Figure 2 Group differences in nigral neuromelanin and nigral iron levels. (A) Functional subregions in the substantia nigra. (B–I) Left and right panels
show the results of the statistical comparison between groups in the clinically most and least affected brain hemispheres, respectively. Rows corres-
pond to the group differences at (B–E) visit 1 (V1), and (F–I) at visit 2 (V2). Non-significant between-group comparisons were omitted. Results were
adjusted for age and sex and corrected for multiple comparisons using Tukey’s test at the P5 0.05 level. For improved clarity in the visual representa-
tion of statistical differences, P-values were converted into z-scores. HCs = healthy control subjects; NM = neuromelanin; PDs = patients with
Parkinson’s disease.
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to detect smaller-scale changes at this stage of the disease (for fur-
ther discussion on methodological limitations, see the ‘Limitations
and considerations’ section).

Temporal ordering of changes

In the most affected hemisphere, striatal dopaminergic dysfunc-
tion was estimated to begin decades before disease diagnosis de-
pending on the striatal territory: longer in the sensorimotor
putamen (–20.7 years) than in the associative striatum (–12.7 to
–4.4 years) and shorter in the limbic striatum (–6.1 to –1.1 years).
Previous PET studies reported a 6–17-year prodromal range in the
entire most affected putamen.3 In our cohort, the estimated pro-
dromal phase in the most affected putamen lasted 13 years, as for
methylphenidate PET tracers.3

In the most affected hemisphere, nigral iron accumulation pre-
ceded neuromelanin loss by 2–3 years in the sensorimotor and limbic
territories. In the associative SNc, the prodromal phase appeared lon-
ger, probably because of imprecise estimations due to minimal neuro-
melanin changes in this region. For neuromelanin loss, the average
onset of the prodromal phase in the sensorimotor SNc (4.8 years)
agreed with our previous study (5.3 years).4

Spatial relationships between dopaminergic and
iron changes

DaT loss in all striatal areas correlated with both SNc neuromela-
nin loss and iron accumulation. In the most affected hemisphere,

the significant DaT-neuromelanin correlation was congruent with
previous findings in Parkinson’s disease,9–12 using dopaminergic
tracers in the whole striatum,10,11 in the whole caudate nucleus
and putamen,12 between specific striatal and nigral territories9

and between striatal DaT and post-mortem SNc cell counts.70

Conversely, DaT and neuromelanin were uncorrelated in more
advanced Parkinson’s disease, suggesting that DaTScanTM is lin-
early related to nigral cell losses up to 50%.71 In the SNc, DaT loss
correlated with neuromelanin loss in large overlapping areas par-
ticularly for the putamen. However, correlations with regions of
the caudate nucleus from limbic to associative to sensorimotor
progressively extended further posteriorly and medially in the
SNc. The limbic putamen, limbic caudate nucleus and nucleus
accumbens exhibited the same rostrolateral-to-caudomedial pat-
tern. Thus, the shape and location of the DaT-neuromelanin cor-
relation patterns partially reflected the functional organization of
striatonigral projections reported in non-human primates, al-
though with a larger overlap,49 potentially caused by: greater over-
lap in humans than in primates; loss of neuronal specificity as
reported in Parkinson’s disease72; or technical issues deriving from
the coarser resolution of DaTScanTM and neuromelanin-sensitive
MRI compared with histological methods. In the SNc, DaT-neuro-
melanin correlations were mainly lateralized in the most affected
hemisphere, as previously shown.9–11 Probably, the least affected
hemisphere was progressively affected along the same time-
shifted spatial gradient as the most affected hemisphere.
Alternatively, this marked lateralization could indicate different

Figure 3 Temporal changes in striatal DaT, nigral neuromelanin and nigral iron in patients relative to healthy controls. (A–C and F–H) For all Parkinson’s
disease patients relative to healthy control subjects (HCs), in each striatal region and each brain hemisphere, panels shows the mono-exponential func-
tions fitting the regional DaT-SBR per cent change against disease duration. (D and E) For each nigral region in the most affected hemisphere, the figure
also shows the mono-exponential functions fitting iron (QSM) or neuromelanin (NM SNR) per cent changes against disease duration. Cd = caudate nu-
cleus; NAc = nucleus accumbens; NM = neuromelanin; Pu = putamen; QSM = quantitative susceptibility mapping.
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trajectories of dopaminergic neuron dysfunction and neuromela-
nin-containing neuron loss in early disease stages.9

Striatal DaT loss and nigral iron accumulation correlated in the
bilateral SNc contradicting previous negative results,12 potentially
because of different nigral region of interest delineations (SNc here
as opposed to the entire SN in previous studies), the larger sample
size examined here, or different mean disease durations (1.5 years
here as opposed to 6 years in previous studies).12

Lastly, neuromelanin and iron only correlated in the anterome-
dial SNc as shown recently,14 suggesting a correspondence of this
SNc region with nigrosome-2. Contrary to previous findings, we
could not identify a second cluster corresponding to nigrosome-
1.14 As nigrosome-1 is affected earlier in Parkinson’s disease,
possibly, neuromelanin loss and iron accumulation in this region
followed different trajectories in our patient cohorts compared
with the one investigated by Langley et al.14

The specific relationship between changes in SNc iron and
those in the nigrostriatal dopaminergic pathway, spatiotemporally
consistent (same temporal pattern in the three nigrostriatal terri-
tories beginning with striatal dopaminergic dysfunction, followed
by SNc iron accumulation preceding SNc neuromelanin loss and,
hence, dopaminergic cell loss) suggested interdependent dopa-
minergic and iron changes. This suggests that DaT changes
occurred first without dopaminergic neuron loss, congruent with
recent findings in a Parkinson’s disease animal model.69 Iron de-
position was not detected in early prodromal Parkinson’s disease
or in Parkinson’s disease at visit 2 but was estimated to occur be-
fore the onset of neuromelanin changes. Possible explanations in-
clude insufficient QSM sensitivity for detecting small increases in
iron or a non-linear iron accumulation over time. Moreover, iron

and neuromelanin correlated in the anterior but not the postero-
lateral SNc, which had greater neuromelanin loss. Possibly, the
significant DaT-iron loss reflected different aspects of Parkinson’s
disease progression.2 In the anteromedial SNc with no or minimal
neuromelanin loss, significant neuromelanin-iron correlations
could reflect a redox-active iron overload in neuromelanin organ-
elles preceding neuronal death.2 In the posterolateral SNc with
greater neuromelanin loss, absent neuromelanin-iron correlations
could additionally reflect activated microglia and perivascular
macrophage contents.2

Limitations and considerations

Patients with iRBD had a relatively high MDS-UPDRS-III OFF score
(i.e. 11.5 ±6.3; Table 1). This aspect, as already discussed in a previ-
ous study on the ICEBERG cohort,4 could result from most patients
being close to phenoconversion. Approaching phenoconversion
was also suggested by the fact that four iRBDs had started receiv-
ing dopaminergic medication by the time of visit 2 (Table 1). In the
presence of phenoconversion, previous studies on iRBD have
reported relatively high MDS-UPDRS-III scores73 (i.e. 44) and shown
a faster progression of motor examination signs 1–2 years before
phenoconversion.74 Moreover, a study stratifying iRBD patients
based on the outcome of DaTScanTM has reported that, iRBD with
or without dopaminergic denervation, had MDS-UPDRS-III scores
respectively equal to 10.5 ± 7.5 (indicative of prodromal Parkinson’s
disease) and 6.0 ± 4.8, whereas healthy control subjects had a score
equal to 3.2 ± 3.2.75

The present study had a methodological limitation, as reverse
extrapolating DaT-SBR values in the iRBD group based on the

Figure 4 Spatial correlation patterns between nigral neuromelanin or nigral iron and striatal DaT in the SNc. For each striatal region (putamen, caud-
ate nucleus and nucleus accumbens) and each functional territory (sensorimotor, associative and limbic), the DaT-neuromelanin correlation patterns
(A–G), the neuromelanin-iron correlation patterns (K) and the DaT-iron correlation patterns (L–R) in the SNc are shown overlaid on the brain tem-
plate. The DaT-neuromelanin regional overlaps are shown for the putamen, caudate and limbic areas (H–J) along with Dice scores quantifying the
relative overlap between pairs of correlation patterns. In each image, the brain template is displayed using the same intensity range in arbitrary
units. All images are displayed showing the most affected brain hemisphere on the left side of the image. For improved image visualization quality,
the correlation patterns (A–G, K and L–R) were spatially upsampled by a factor of four using nearest-neighbour interpolation. AS = associative; Cd =
caudate nucleus; LI = limbic; NAc = nucleus accumbens; Pu = putamen; SM = sensorimotor.
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exponential fitting performed in the Parkinson’s disease group
assumed that iRBDs had a similar temporal trajectory as patients
with Parkinson’s disease although this assumption may not apply
across all individuals of either cohort. Moreover, this assumption
has limited accuracy as some patients with iRBD appear to have
normal striatal dopaminergic function on DaT-SPECT5,76 or 18F-
DOPA PET.77,78 Thus, the results of reverse extrapolation should be
interpreted with caution as they reflect a potentially heteroge-
neous iRBD group, as also suggested by the larger standard devia-
tions in the DaT-SBR scatter box plots in this group compared to
the Parkinson’s disease group (Supplementary Figs 1–7).

There were also some technical limitations in the present study.
First, the sensitivity of the imaging methods employed here, name-
ly, 3 T MRI and DaTScanTM, intrinsically limited the maximum spa-
tial resolution achievable and, in turn, the accuracy of
spatiotemporal variations in dopamine, neuromelanin and iron that
could be detected. Based on the results of the present study,
DaTScanTM had a higher sensitivity in detecting earlier and more
subtle denervation changes in the striatum than neuromelanin-sen-
sitive or iron-sensitive 3 T MRI in the SNc. However, it is possible
that more subtle spatiotemporal variations in nigral iron or neuro-
melanin could be detected by performing MRI at higher field
strengths (e.g. 7 T). MRI at 7 T could outperform MRI at 3 T, because
of both the known shortening of tissue relaxation times and higher
image resolution achievable by increasing the static magnetic field
which, combined, could help detect more subtle changes in the SNc.
Alternatively, increased sensitivity to neuromelanin changes in the
SNc could be achieved using 18F-AV-1451 PET instead of neuromela-
nin-sensitive MRI.79 Finally, even higher sensitivity to striatal
changes could be attained by using PET with DaT tracers instead of
DaTScanTM because of the higher spatial resolution achievable with
PET. However, both 7 T MRI and PET are technically more challeng-
ing to use because of the stronger magnetic field inhomogeneities
induced in the brain at higher fields (MRI) or because a cyclotron is
needed to produce the radiotracer on site (PET).

A second technical limitation was represented by the
DaTScanTM measurements, which, in addition to being sensitive to
striatal dopaminergic uptake, could also reflect changes in
pharmacological compensation mechanisms occurring in
Parkinson’s disease, such as downregulation of DaT, especially in
the early phases of disease.80 Thus, further large scale longitudinal
studies using different tracers to monitor striatal presynaptic
dopamine function (e.g. PET with VMAT2, DaT or 18F-fluorodopa)
and MRI are needed to assess the potentially varying spatiotempo-
ral relationship between dopamine function, neuromelanin loss
and iron deposition in the nigrostriatal system.

In general, further studies are needed to indicate which imag-
ing-based biomarker or combination of biomarkers could provide
comprehensive information on longitudinal changes in the nigros-
triatal system linked to Parkinson’s disease. In particular, longitu-
dinal data spanning longer periods of time could enable the curves
described in Fig. 3 to be updated to reflect potential plateaus in
striatal DaT loss and nigral iron accumulation or neuromelanin
loss. Notably, the cohort investigated here was enrolled in a pro-
spective 5-year longitudinal study with imaging data collected at
three time points (Year 1, Year 3, and Year 5). Only data from the
first two time points were considered in the present study, as data
collection is ongoing. Thus, future work will involve updating the
present analyses by also incorporating data from Year 5.

In conclusion, the temporal evolution of changes in the nigros-
triatal dopaminergic system was characterised, which progressed
following the known spatial pattern from sensorimotor to associa-
tive and limbic striatal regions. Striatal dopaminergic dysfunction
evaluated using DaTScanTM occurred first, subsequently associ-
ated with abnormal iron metabolism and finally with a reduction

in nigral neuromelanin both assessed using MRI. Neuromelanin
changes followed the same (time-shifted) spatiotemporal gradient
as in the striatum. Correlations between the three measures in the
SNc suggested a relationship between dopaminergic changes and
iron deposition in Parkinson’s disease.
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