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See Vaillancourt and Mitchell (doi:10.1093/brain/awaa252) for a scientific commentary on this article.

This study aimed to investigate the spatiotemporal changes in neuromelanin-sensitive MRI signal in the substantia nigra and their

relation to clinical scores of disease severity in patients with early or progressing Parkinson’s disease and patients with idiopathic

rapid eye movement sleep behaviour disorder (iRBD) exempt of Parkinsonian signs compared to healthy control subjects.

Longitudinal T1-weighted anatomical and neuromelanin-sensitive MRI was performed in two cohorts, including patients with

iRBD, patients with early or progressing Parkinson’s disease, and control subjects. Based on the aligned substantia nigra segmenta-

tions using a study-specific brain anatomical template, parametric maps of the probability of a voxel belonging to the substantia

nigra were calculated for patients with various degrees of disease severity and controls. For each voxel in the substantia nigra,

probability map of controls, correlations between signal-to-noise ratios on neuromelanin-sensitive MRI in patients with iRBD and

Parkinson’s disease and clinical scores of motor disability, cognition and mood/behaviour were calculated. Our results showed that

in patients, compared to the healthy control subjects, the volume of the substantia nigra was progressively reduced for increasing

disease severity. The neuromelanin signal changes appeared to start in the posterolateral motor areas of the substantia nigra and

then progressed to more medial areas of this region. The ratio between the volume of the substantia nigra in patients with

Parkinson’s disease relative to the controls was best fitted by a mono-exponential decay. Based on this model, the pre-symptomatic

phase of the disease started at 5.3 years before disease diagnosis, and 23.1% of the substantia nigra volume was lost at the time of

diagnosis, which was in line with previous findings using post-mortem histology of the human substantia nigra and radiotracer

studies of the human striatum. Voxel-wise patterns of correlation between neuromelanin-sensitive MRI signal-to-noise ratio and

motor, cognitive and mood/behavioural clinical scores were localized in distinct regions of the substantia nigra. This localization

reflected the functional organization of the nigrostriatal system observed in histological and electrophysiological studies in non-

human primates (motor, cognitive and mood/behavioural domains). In conclusion, neuromelanin-sensitive MRI enabled us to as-

sess voxel-wise modifications of substantia nigra’s morphology in vivo in humans, including healthy controls, patients with iRBD

and patients with Parkinson’s disease, and identify their correlation with nigral function across all motor, cognitive and behaviour-

al domains. This insight could help assess disease progression in drug trials of disease modification.
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Introduction
Parkinson’s disease is characterized by the progressive de-

generation of the dopaminergic nigrostriatal system, involv-

ing the loss of neuromelanin-containing neurons in the

substantia nigra (SN). Parkinson’s disease can be heralded

by prodromal symptoms, e.g. idiopathic rapid eye movement

sleep behaviour disorder (iRBD), but is currently diagnosed

after 30–50% of dopaminergic neurons in the SN are lost

(Greffard et al., 2006; Cheng et al., 2010). By binding iron,

the neuromelanin pigments in the SN dopamine neurons

form paramagnetic neuromelanin-iron complexes (Sulzer

et al., 2018), thus enabling neuromelanin-sensitive MRI.

This technique exploits the magnetization transfer effect to

produce magnetic resonance images on which the SN

appears hyperintense (Sulzer et al., 2018). Previous studies

(Sasaki et al., 2006; Schwarz et al., 2011; Kitao et al., 2013;

Ohtsuka et al., 2013; Castellanos et al., 2015; Langley et al.,

2015, 2016; Reimao et al., 2015, 2016; Isaias et al., 2016;

Kuya et al., 2016; Matsuura et al., 2016; Huddleston et al.,

2017; Schwarz et al., 2017; Ariz et al., 2019; Pyatigorskaya

et al., 2018; Takahashi et al., 2018a, b; Taniguchi et al.,

2018; Wang et al., 2018, 2019; Xing et al., 2018; Matsusue

et al., 2019) have used this technique to assess SN neuron

density by measuring the signal intensity on neuromelanin-

sensitive MRI in the visible SN relative to a background re-

gion of interest (Sasaki et al., 2006; Schwarz et al., 2011;

Kitao et al., 2013; Ohtsuka et al., 2013; Langley et al.,

2015; Isaias et al., 2016; Matsuura et al., 2016; Huddleston

et al., 2017; Ariz et al., 2019; Pyatigorskaya et al., 2018;

Takahashi et al., 2018b; Wang et al., 2018, 2019; Xing

et al., 2018; Matsusue et al., 2019); and SN morphology by

measuring the area or volume of the visible SN (Schwarz

et al., 2011, 2017; Castellanos et al., 2015; Langley et al.,

2015, 2016; Reimao et al., 2015, 2016; Isaias et al., 2016;

Kuya et al., 2016; Matsuura et al., 2016; Pyatigorskaya

et al., 2018; Takahashi et al., 2018a; Taniguchi et al., 2018;

Wang et al., 2018, 2019; Xing et al., 2018; Matsusue et al.,

2019). Both the SN average signal intensity and size were

significantly reduced in Parkinson’s disease compared to

healthy control subjects (Sasaki et al., 2006; Schwarz et al.,

2011, 2017; Kitao et al., 2013; Ohtsuka et al., 2013;

Castellanos et al., 2015; Reimao et al., 2015; Isaias et al.,

2016; Matsuura et al., 2016; Huddleston et al., 2017; Ariz

et al., 2019; Pyatigorskaya et al., 2018; Takahashi et al.,

2018a, b; Taniguchi et al., 2018; Wang et al., 2018, 2019;

Matsusue et al., 2019). However, previous studies have only

analysed global or regional changes (e.g. in the medial, cen-

tral and lateral SN) in SN neuron density and morphology.

Here, we performed a voxel-wise analysis of longitudinal

neuromelanin-sensitive MRI data from patients with iRBD

and Parkinson’s disease by aligning each subject with a

study-specific brain template. First, we aimed to evaluate the

local spatiotemporal variations in the SN volume. Second,

because distinct areas of the SN project to distinct regions of

the nigrostriatal system (Haber, 2003), we aimed to evaluate

correlations between voxel-wise signal-to-noise ratios

(SNRs) and motor, cognitive and behavioural clinical scores.

Materials and methods

Participants

Two cohorts were prospectively investigated, including healthy
control subjects, patients with iRBD and patients with
Parkinson’s disease. For inclusion, patients had to be clinically
diagnosed with iRBD or Parkinson’s disease by a movement dis-
order specialist, have an age between 18 and 75 years, and have
minimal or no cognitive disturbances (i.e. a Mini-Mental State
Examination score 424) (Folstein et al., 1975). Patients with
Parkinson’s disease met the UK Parkinson’s Disease Society
Brain Bank criteria (Hughes et al., 1992). Patients with iRBD
met the international diagnostic criteria for RBD, including a
history of dream enactment with injurious or potentially injuri-
ous movements and the presence of enhanced tonic chin muscle
tone during REM sleep (American Academy of Sleep Medicine,
2014). Idiopathic RBD was defined after a complete interview
and neurological and cognitive examinations conducted by sleep
neurologists due to the absence of definite criteria for parkinson-
ism (Hughes et al., 1992).

The ‘early’ cohort included 38 control subjects, 42 patients
with iRBD and 99 patients with early Parkinson’s disease, i.e.
with a disease duration 54 years, recruited between May 2015
and January 2019. In addition to the baseline examination
(V1), 16 iRBD patients and 51 patients with Parkinson’s disease
in the early cohort underwent a follow-up examination (V2).
The ‘progressing’ cohort included 27 controls and 30 patients
with more advanced Parkinson’s disease recruited between April
2010 and September 2012. In the progressing cohort, 27
Parkinson’s disease patients also underwent V2.

The institutional ethical standard committee reviewed and
approved both studies (CPP Paris VI/RCB: 2009-A00922-55
and RCB: 2014-A00725-42). All participants gave written
informed consent.
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Clinical, neurological and
neuropsychological examination

All participants underwent clinical, neurological and neuro-
psychological examinations. In all patients and the early
cohort’s healthy control subjects, the severity of symptoms asso-
ciated with Parkinson’s disease was assessed using the Hoehn
and Yahr staging scale (Hoehn and Yahr, 1967). As two distinct
raters (M.V. and G.M.) had initially assessed the Hoehn and

Yahr scores in the two cohorts, they then jointly performed a
post hoc revision agreeing on the score values reported in this
study. Motor disability was assessed using the Movement
Disorder Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) (Goetz et al., 2008) part III (early cohort) or the
UPDRS (Fahn and Elton, 1987) part III (progressing cohort).

Both these tests were performed 12 h after dopaminergic treat-
ment withdrawal (OFF condition) (Goetz et al., 2008). In the
progressing cohort, the UPDRS-III scores were converted into
MDS-UPDRS-III (Goetz et al., 2012). In the early cohort, rigid-
ity, bradykinesia and tremor subscores were also calculated
(Supplementary material).

For all subjects, global cognition was assessed using the
Mattis Dementia Rating Scale (DRS) (Mattis et al., 1976;
Mattis, 1988) including five subscores in the areas of attention,
initiation, construction, conceptualization, and memory. In the
early cohort, cognitive impairment was also assessed using the

Montréal Cognitive Assessment (MoCA) score (Nasreddine
et al., 2005). Behaviour and mood were assessed using the
Ardouin Scale of Behaviour in Parkinson’s Disease (ASBPD)
(Ardouin et al., 2009; Rieu et al., 2015) including 21 subscores
evaluating: (i) general psychic aspects (i.e. depressive mood,
hypomanic mood, anxiety, irritability and aggressiveness); (ii)

apathy in behavioural terms (i.e. activity, cognitive and emotion-
al); (iii) non-motor fluctuations, i.e. the psychological state asso-
ciated with the motor symptoms in the OFF and ON states in
fluctuating patients; and (iv) hyperdopaminergic behavioural
disorders induced by dopaminergic treatment (i.e. nocturnal
hyperactivity, diurnal somnolence, eating behaviour, creativity,
hobbyism, punding, risk-taking behaviour, compulsive shop-

ping, pathological gambling, hypersexuality, dopaminergic ad-
diction and excess in motivation).

MRI data acquisition

All subjects were scanned on Siemens 3 T MRI systems
(Siemens Healthineers): a Prisma system using a 64-channel
head coil (early cohort) or a Trio system using a 32-channel

head coil (progressing cohort). The MRI experiment included: a
whole-brain T1-weighted 3D acquisition for anatomical refer-
ence acquired using a magnetization-prepared two rapid gradi-
ent echo protocol (MP2RAGE in the early cohort) (Marques
et al., 2010) or a magnetization-prepared rapid acquisition gra-
dient echo protocol (MPRAGE in the progressing cohort)

(Mugler and Brookeman, 1991); and a T1-weighted 2D turbo
spin-echo (TSE) protocol for neuromelanin-sensitive imaging
(Sulzer et al., 2018) with a field of view restricted to the mid-
brain. For the TSE acquisition, the transverse slices were ori-
ented perpendicular to the long axis of the brainstem, and the
field of view included both the SN and the locus coeruleus. The

parameters of the MRI protocols are reported in Supplementary
Table 1.

Image analysis

All analyses were carried out using MATLAB (R2017b, The
MathWorks, Natick, MA, USA). Image co-registrations were
performed using NiftyReg (v1.5.58). Region of interest segmen-
tations were delineated using the FreeSurfer image viewer
(v5.3.0).

For each subject, brain extraction and three-class (grey mat-
ter, white matter and CSF) tissue segmentation of the combined
MP2RAGE (Marques et al., 2010) (early cohort) or MPRAGE
image (progressing cohort) were performed using the
Computational Anatomy Toolbox (CAT12.1) for the Statistical
Parametric Mapping software for MATLAB (SPM12).
Moreover, the TSE image was aligned to the MP2RAGE/
MPRAGE image using a block-matching affine registration al-
gorithm (Ourselin et al., 2001).

For each subject, the SN was manually segmented on the neu-
romelanin-sensitive image as the hyperintense area dorsal to the
cerebral peduncle and ventral to the red nucleus (Pyatigorskaya
et al., 2017). SN segmentation was performed by two trained
raters (R.G. and S.L.) blind to each subject’s clinical status. For
longitudinal data, SN segmentation was performed by compar-
ing side-by-side the baseline and follow-up images. A back-
ground region of interest was drawn, including the tegmentum
and superior cerebellar peduncles, to enable calculating SNRs
on the TSE images.

A template of the average brain was calculated, to enable ana-
tomical alignment of all TSE images and SN segmentations for
voxel-wise analysis. Other studies on Parkinson’s disease
(Langley et al., 2015, 2016; Huddleston et al., 2017; Schwarz
et al., 2017) have used a similar approach by aligning individual
neuromelanin-sensitive magnetic resonance images with the
Montréal Neurological Institute 152 (MNI152) template, which
is based on the images of a normative young adult population
with an 18–90 years age range (Mazziotta et al., 1995, 2001a,
b). However, in a population of iRBD or Parkinson’s disease
patients characterized by progressive SN atrophy, the MNI152
might not best represent the average brain. Indeed, MNI152’s
authors suggested the need for additional templates representa-
tive of disease state, e.g. in Alzheimer’s disease, traumatic brain
injury, or multiple sclerosis (Mazziotta et al., 2001a).

All subject populations were equally represented in the tem-
plate with the same number of subjects as in the smallest group
(i.e. controls), to avoid introducing a bias towards controls or
patients in the TSE-to-template alignment step (Douaud et al.,
2007). To avoid representing twice in the template the brain
anatomy of subjects scanned at both V1 and V2, longitudinal
data were excluded from the template calculation. Following
these considerations and because iRBD patients were only part
of the early cohort, the template was calculated based on the
skull stripped MP2RAGE images of 38 controls, 38 iRBD
patients and 38 patients with early Parkinson’s disease in the
early cohort at baseline. A left-right symmetric brain template
was calculated using NiftyReg and 5 affine (Ourselin et al.,
2001) plus 10 non-linear registration steps (Modat et al., 2010)
on the original and right-left flipped anatomical images. The
subjects used for the template calculation were inherently co-reg-
istered to the final brain template. For all of the other subjects,
the MP2RAGE/MPRAGE image was aligned to the brain tem-
plate using NiftyReg and the concatenation of one affine
(Ourselin et al., 2001) and one non-linear transformation
(Modat et al., 2010).
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For each subject, both the SN and background regions of inter-
est were aligned to the corresponding MP2RAGE/MPRAGE

image by applying the previously calculated TSE-to-MP2RAGE/
MPRAGE transformation. To mitigate potential CSF partial vol-
ume effects caused by the different resolutions of the TSE and
MP2RAGE/MPRAGE images (Supplementary Table 1), all vox-
els in the co-registered regions of interest and having a probabil-
ity of being CSF 5 0.05 were removed from the regions of
interest. The partial volume-corrected regions of interest were
then co-registered to the brain template by applying the previous-
ly calculated MP2RAGE/MPRAGE-to-template transformation.

As the controls in the two cohorts shared similar demographic
and clinical characteristics (Tables 1 and 2), they were grouped

to obtain a larger sample size of controls for enhanced statistical
power in the following analyses. For each group of controls and
patients, the average SN region of interest was calculated, which
corresponded to a probability map of each voxel belonging to
the SN. Then, the average SN volume of control subjects was
calculated to provide a reference value against which to com-
pare the SN volume of individual patients. To this aim, the SN
probability map of controls was thresholded at a minimum
value empirically set to 0.3, as the cumulative distribution func-
tion of the SN probability map of controls was approximately
linear for values in the 0.3–1 range (Supplementary Fig. 1). This
suggests that, for values in this range, the SN probability map
reflected the true variability of the SN anatomy in controls

(assumed to have a uniform histogram, as no variation in SN
volume is expected) while minimizing the variability induced by
inaccuracies in the manual segmentation or image co-registra-
tion steps. For each patient, the SN volume (in mm3) was calcu-
lated as the number of voxels in the manual SN segmentation
aligned with the brain template (1-mm isotropic resolution). In
each patient, the per cent SN volume ratio relative to controls
was calculated as the ratio of the SN volume to the average SN
volume in controls multiplied by 100. The per cent ratio in SN
volume of individual Parkinson’s disease patients was then mod-
elled against disease duration, with yðxÞ denoting the SN vol-
ume ratio and x the disease duration. The pre-symptomatic
phase of disease was calculated by extrapolating the value of
the exponential fitting curve at the point of no loss in SN vol-

ume [i.e. yðxÞ ¼ 100%]. The loss in SN volume at the time of
disease diagnosis was calculated as the zero-intercept (i.e. x ¼ 0)
of the exponential fitting curve.

For each voxel, the relationship between the SNR measured

on neuromelanin-sensitive MRI and each clinical score was eval-

uated. For this analysis, to avoid introducing a bias linked to

intra-subject correlation, only the images acquired at V1 were
considered. The thresholded and binarized SN region of interest

calculated from the individual SN region of interest of all con-

trols served as the reference SN volume where to calculate the

voxel-wise SNR of neuromelanin-sensitive MRI. To obtain a
reference background region of interest for SNR calculation,

first, the background regions of interest of all controls were

averaged. Then, because it was expected that the background

region of interest had a similar shape and a similar signal inten-
sity distribution across subjects, the average background region

of interest was thresholded at 0.5 (i.e. the highest-uncertainty

probability value, corresponding to a lack of assumptions) and

binarized. For each subject at V1, the voxel-wise SNR of neuro-
melanin-sensitive MRI was calculated as the ratio between the

neuromelanin-sensitive MRI signal intensity in the voxel and the

average signal intensity in the reference background region of

interest.

Statistical analysis

Statistical analyses of demographic and clinical characteristics

were performed using R (v3.6.1, R Core Team, 2017) and

MATLAB. All between-group comparisons of clinical and
demographic variables were performed using the parametric

Student’s t-test except for intergroup differences in gender distri-

bution, which were assessed using Pearson’s v2 test with Yates’

continuity correction.

Voxel-wise Pearson’s correlation coefficients were calculated

between the SNR of neuromelanin-sensitive MRI and each
motor, cognitive and behavioural clinical score and subscore

(Table 2), to investigate the relationship between the spatial pat-

tern of dopaminergic neuron loss in the SN and motor, cogni-

tive, and behavioural patient status. Because both biological sex
and age influence the phenotypical expression of Parkinson’s

disease (Prange et al., 2019) and neuromelanin accumulates in

the SN with healthy ageing (Zecca et al., 2004), patient sex and

age were included as covariates of no interest in the correlation
analysis. Based on a preliminary investigation on control sub-

jects, considering the type of MRI scanner as a covariate of no

interest was unnecessary (Supplementary material). The P-values

Table 1 Demographic and clinical characteristics of the cohorts

Early cohort Progressing cohort

Healthy

controls

iRBD Parkinson’s disease HCs Parkinson’s disease

V1 V1 V2 V1 V2 V1 V1 V2

Subjects, n 38 42 16 99 53 23 41 26

Age, years 59.9 ± 9.3 67.7 ± 5.2# 69.3 ± 4.9 61.8 ± 9.4 63.7 ± 9.1 59.7 ± 8.3 61.1 ± 9.4 63.1 ± 10.0

Sex, M/F 17/21 37/5# 13/3 66/33 31/22 12/11 27/14 16/10

Time from V1, years – – 2.1 ± 0.1 – 2.1 ± 0.1 – – 2.3 ± 0.5

Disease duration, years – – 0.7 ± 0.1 (2 iRBDs) 1.5 ± 1.1 3.7 ± 1.1 – 9.9 ± 3.9 12.0 ± 3.3 (n/a = 2)

Hoehn and Yahr Stage 0.1 ± 0.6 0.8 ± 1.0* 1.2 ± 1.0 2.0 ± 0.2# 2.0 ± 0.2 n/a 2.0 ± 0.6 (n/a = 1) 2.2 ± 0.4

Values are means ± standard deviations. HCs = healthy controls; n/a = number of subjects for which the information was unavailable.

*P5 0.05 and
#P5 0.001 denote significant differences between iRBDs or PDs at V1 and the corresponding healthy controls at V1.
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of the correlation analysis were adjusted for comparisons

across multiple voxels and multiple clinical scores using an ap-

proximate multivariate permutation test (Nichols and Holmes,

2002).

Data availability

The data supporting the findings of this study are available

from the corresponding author upon reasonable request.

Results

Demographic and clinical

characteristics

Tables 1 and 2 summarize the demographic and clinical

characteristics of all subjects. The clinical score measure-

ments are only reported at baseline, as the follow-up visit

was excluded from the SNR versus clinical score correlation

analysis. In all subjects, the clinical scores were measured on

the same day as neuroimaging. Because of the unavailability

of the MRI scanner on the day of the medical examination,

four iRBD patients and nine patients with early Parkinson’s

disease underwent MRI within 3 months after clinical score

measurement.

No significant differences in age and gender were observed

between patients and controls except for the iRBD patients

at baseline (Table 1).

In the early cohort, both patient groups at baseline had a

higher MDS-UPDRS-III OFF score compared to controls

(Table 2). In the progressing cohort, Parkinson’s disease

patients had a significantly higher UPDRS-III OFF score

(30.3± 9.1) than controls (0.7± 1.0, P5 0.001).

In the early cohort, both patient groups had significantly

lower MoCA scores than controls (Table 2).

In the early cohort, iRBD patients had a significantly

lower Mattis DRS total score than controls due to the sig-

nificant decrease in the initiation and memory subscores

(Table 2), and Parkinson’s disease patients had a significant-

ly lower Mattis DRS memory subscore than controls

(Table 2). In the progressing cohort, patients had a signifi-

cantly lower Mattis DRS total score than controls, with a

significant decrease in the attention and memory subscores

(Table 2).

In the early cohort, both patient groups had significantly

higher total ASBPD hypodopaminergic scores than controls

due to the significant increase in the apathy subscore

(Table 2). Moreover, the increased ASBPD hypodopaminer-

gic score of early Parkinson’s disease patients was also asso-

ciated with the significant increase in the depressive mood,

irritability and aggressiveness, hyperemotivity and psychotic

symptoms subscores (Table 2). Additionally, early

Figure 1 SN probability maps for each group of subjects. For each group of subjects, the figure shows the same three transverse slices

(A–U) and the same two coronal slices (V–I1) of the SN probability map overlaid on the brain template. In each image, the brain template is dis-

played using the same intensity range in arbitrary units. The side panels show the location of each slice (J1–K1) and the anatomical coordinates

relative to the transverse slice orientation (L1). All images are displayed using the radiological convention, i.e. with the subject’s right side on the

left side of the image. For improved image visualization quality, the SN probability maps were spatially upsampled by a factor of 4 using nearest-

neighbour interpolation.
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Parkinson’s disease patients had a significantly higher total

ASBPD hypodopaminergic score than controls with a signifi-

cant increase in the daytime sleepiness and eating behaviour

subscores (Table 2).

Substantia nigra probability maps

and volume analysis

Unlike previous studies on non-human primates (Mogenson

et al., 1980; Haber et al., 2000; Haber, 2003, 2014;

Bjorklund and Dunnett, 2007; Cavalcanti et al., 2016) that

refer to the dorsal/ventral medial/lateral SN in the coronal

plane, we will refer to the anterior/posterior medial/lateral

SN in the transverse plane (Fig. 1). Differences arising in the

levels of sampling within the SN when considering coronal

or transverse planes of reference will be explained in the

‘Discussion’ section.

In all patients, the probabilities in the SN took values in a

smaller range compared to controls, reflecting the less consist-

ent segmentation as SN of these areas (Fig. 1). Particularly, in

iRBD and early Parkinson’s disease, clusters of low probabil-

ity were localized in the posterolateral SN (Fig. 1). In pro-

gressing Parkinson’s disease, clusters of low probability

extended to medial and anterior areas of the SN, and differ-

ences compared to the other groups were easier to appreciate

on visual inspection (Fig. 1). These results suggest a spatial

pattern of neurodegeneration extending from the posterolat-

eral to the anteromedial SN over the course of disease.

In Parkinson’s disease patients, a mono-exponential func-

tion best fitted the SN volume ratios relative to controls

Table 2 Clinical characteristics of the cohorts at baseline

Early cohort Progressing cohort

Healthy controls iRBD

patients

PD patients Healthy

controls

PD patients

MDS-UPDRS-III OFF total /subscores: 5.8 ± 5.9 (n/a = 1) 11.9 ± 6.3# 30.5 ± 7.9# n/a 38.8 ± 10.8 (n/a = 1)

Rigidity 0.6 ± 0.9 1.9 ± 1.7# 6.3 ± 2.4# – n/a

Bradykinesia 2.7 ± 3.3 5.2 ± 3.5* 13.0 ± 4.4# – n/a

Tremor 1.3 ± 1.9 2.6 ± 1.9* 6.1 ± 3.2# – n/a

MoCA total 28.2 ± 1.4 27.3 ± 2.2* 27.4 ± 2.3* n/a n/a

Mattis DRS total/subscores: 140.4 ± 3.1 137.7 ± 5.8* 139.0 ± 4.4 (n/a = 2) 140.0 ± 2.6 137.3 ± 4.5*

Attention 36.3 ± 0.9 36.3 ± 1.0 36.0 ± 1.0 36 ± 1.2 35.4 ± 1.2*

Initiation 35.8 ± 2.3 34.5 ± 3.4* 35.6 ± 2.8 36.3 ± 1.7 35.4 ± 3.0

Construction 6.0 ± 0.0 6.0 ± 0.0 6.0 ± 0.2 6.0 ± 0.0 6.0 ± 0.0

Conceptualization 38.2 ± 1.3 37.5 ± 2.6 38.0 ± 1.7 37.1 ± 1.8 37.3 ± 1.8

Memory 24.1 ± 1.0 23.4 ± 1.5* 23.5 ± 1.7* 24.4 ± 0.8 23.0 ± 1.8*

ASBPD hypodopaminergic total/subscores: 0.6 ± 0.9 1.9 ± 2.6* 2.0 ± 2.0# (n/a = 1) n/a 5.2 ± 3.3

Depressive mood 0.1 ± 0.3 0.4 ± 0.8 0.3 ± 0.6* – 0.9 ± 0.9

(Hypo)maniac mood 0.3 ± 0.5 0.4 ± 0.7 0.5 ± 0.8 – 0.2 ± 0.4

Anxiety 0.0 ± 0.2 0.0 ± 0.2 0.0 ± 0.1 – 0.9 ± 1.0

Irritability and aggressiveness 0.0 ± 0.2 0.2 ± 0.5 0.2 ± 0.4* – 0.7 ± 0.9

Hyperemotivity 0.2 ± 0.4 0.6 ± 0.6 0.6 ± 0.7* – 0.6 ± 0.9

Psychotic symptoms 0.0 ± 0.0 0.1 ± 0.3 0.2 ± 0.4* – 0.4 ± 0.6

Apathy 0.0 ± 0.2 0.4 ± 0.7* 0.3 ± 0.5* – 0.5 ± 0.7

Non-motor fluctuations OFF 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 – 0.9 ± 0.9

ASBPD hyperdopaminergic total/subscores: 0.0 ± 0.2 0.2 ± 0.6 1.0 ± 1.5# (n/a = 1) n/a 2.6 ± 2.7

Non-motor fluctuations ON 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 – 0.2 ± 0.5

Nocturnal hyperactivity 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.2 – 0.4 ± 0.8

Daytime sleepiness 0.0 ± 0.0 0.2 ± 0.6 0.5 ± 0.7# – 0.7 ± 0.7

Eating behaviour 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.4* – 0.5 ± 0.7

Creativity 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 – 0.2 ± 0.7

Hobbyism 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.2 – 0.1 ± 0.3

Punding 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.2 – 0.1 ± 0.5

Risky behaviour 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 – 0.1 ± 0.3

Compulsive shopping 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3 – 0.2 ± 0.6

Pathological gambling 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3 – 0.1 ± 0.3

Hypersexuality 0.0 ± 0.2 0.0 ± 0.0 0.0 ± 0.2 – 0.1 ± 0.4

Dopaminergic addiction 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3 – 0.0 ± 0.0

Appetitive mode 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 – 0.4 ± 0.7

Values are means ± standard deviations. ASBPD = Ardouin Scale of Behaviour in Parkinson’s Disease; n/a = number of subjects for which the information was unavailable; PD =

Parkinson’s disease.

*P5 0.05 denotes significant differences between iRBDs or Parkinson’s disease and the corresponding healthy controls.
#P5 0.001 denotes significant differences between iRBDs or Parkinson’s disease and the corresponding healthy controls.
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versus the mean disease duration (adjusted R2 = 0.99,

Fig. 2). Based on this model, the pre-symptomatic phase of

disease [i.e. the value of disease duration at y(x) = 100% in

Fig. 2] started 5.3 years before disease diagnosis, and 23.1%

of the SN was lost at the time of disease diagnosis (i.e. the

value of SN volume ratio at x = 0 in Fig. 2). In agreement

with this estimation, the SN volume ratio in the iRBD

patients at both baseline (76.8±14.4%) and follow-up

(76.6± 15.0%) was equal to or higher than the SN volume

ratio in the early Parkinson’s disease patients at baseline

(71.5± 15.0%).

Correlation between clinical scores
and the signal-to-noise ratio of
neuromelanin-sensitive MRI

In the motor domain, in the bilateral posterolateral SN there

was a significant negative correlation between the MDS-

UPDRS-III OFF score and the neuromelanin SNR both

when considering all subjects and those in the early cohort

only (arrowheads in Figs 3 and 4 and Supplementary Fig.

2). In the early cohort, there was also a significant negative

correlation between all three aggregated motor subscores

and the neuromelanin SNR. In particular, the bradykinesia

subscore had the largest correlation pattern located in the bi-

lateral SN, the tremor subscore had the second-largest cor-

relation pattern mostly located in the left posterolateral SN,

and the rigidity subscore was only weakly correlated

(Supplementary Fig. 2).

In the cognitive domain, there was a significant positive

correlation between the neuromelanin SNR and the Mattis

DRS attention subscore in the anteromedial and superior SN

(arrowheads in Figs 3 and 4) whereas no significant correl-

ation was found between the neuromelanin SNR and the

other Mattis DRS subscores. There was also a weak positive

correlation with the total Mattis DRS score. In the early co-

hort, there was no significant correlation with the MoCA

score.

In the mood/behaviour domain, there was a significant

negative correlation between the neuromelanin SNR and

both the aggregated hypodopaminergic and hyperdopami-

nergic scores of the ASBPD scale (Fig. 3). The neuromelanin

SNR was negatively correlated with all the ASBPD subscores

(Fig. 3 shows representative apathy and creativity sub-

scores)—except pathological gambling, hypersexuality and

dopaminergic addiction—in the medial areas of the SN

(arrowheads in Fig. 3).

All three domains partially overlapped (Fig. 4).

Discussion
Based on neuromelanin-sensitive MRI of healthy control

subjects at baseline and longitudinal neuromelanin-sensitive

MRI of patients with iRBD or idiopathic Parkinson’s dis-

ease, this study investigated the spatiotemporal changes in

the SN in prodromal and clinical Parkinson’s disease. First,

the 3D voxel-based pattern of progression for SN neurode-

generation was demonstrated (Fig. 1). Then, by fitting the

SN volume ratio of Parkinson’s disease patients relative to

controls, the SN volume ratio was shown to exponentially

decrease with advancing disease duration with a pre-symp-

tomatic phase starting 5.3 years before disease diagnosis and

an estimated 23.1% loss in SN volume at the time of diag-

nosis (Fig. 2). Finally, by calculating voxel-wise correlations

between the SNR of neuromelanin-sensitive MRI and clinic-

al scores evaluating motor, cognitive and behavioural im-

pairment, three territories were identified: sensorimotor in

the posterolateral SN, limbic in the anteromedial SN and as-

sociative in the superior and anterior SN (Figs 3 and 4) with

a significant overlap between the three territories.

A decrease in the SN volume was observed in Parkinson’s

disease patients relative to controls (Figs 1 and 2). At 2-year

median disease duration, one study has reported a 53%

average decrease in the SN volume of patients relative to

controls (Schwarz et al., 2017). At 6-year median disease

duration, previous studies have reported an average decrease

in the SN volume of �38% (Castellanos et al., 2015), 27%

(Isaias et al., 2016) or 6% (Takahashi et al., 2018a) in

patients relative to controls. The discrepancy between SN

Figure 2 The temporal decrease in SN volume ratio in

patients relative to controls. For all Parkinson’s disease patients

relative to control subjects, the individual per cent ratios of SN vol-

ume and the mono-exponential fitting function are plotted against

the mean disease duration. The filled and empty markers denote

the subjects with and without V2, respectively.
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volume losses previously reported at 6-year disease duration

could be due to the different methods used for SN segmenta-

tion: morphology-based using manual SN delineations in 16

healthy subjects and a majority voting approach for voxel

classification (Castellanos et al., 2015), intensity-based

thresholding (Isaias et al., 2016; Schwarz et al., 2017), or

SNR-based thresholding (Takahashi et al., 2018a).

Moreover, in the study analysing 30 healthy control subjects

versus 39 Parkinson’s disease patients at 2 years from diag-

nosis (Schwarz et al., 2017), the variance of the SN volume

measured in controls was more than double the one

measured in patients. As was suggested by the authors

Figure 3 Voxel-wise correlations between clinical scores and the SNR of neuromelanin-sensitive MRI. For each functional domain

(motor, cognitive and mood/behavioural), the same two transverse (A–N) and two coronal slices (O–B1) of the most representative correlation

patterns between neuromelanin SNR and clinical scores are shown overlaid on the brain template. The side panels show the location of the

transverse (C1) and coronal slices (D1), respectively on the brain template. Similar to Fig. 1, all images are displayed using the radiological con-

vention and, for improved visualization quality, the correlation maps were spatially upsampled by a factor of four using nearest-neighbour inter-

polation. In H–J, L and G, the yellow arrowheads point at patterns of correlation discussed in the main text.

Figure 4 Three-dimensional rendering of the SN functional territories. Three-dimensional front (A) and back-top views (B) of the

average SN region of interest of healthy controls and three representative SNR-clinical correlation patterns are shown against coronal (A) and

axial slicing planes (B) of the brain template. For display in the figure, all patterns of correlation were thresholded at 5 0.01 (absolute value) and

binarized. The transparency of all patterns was set to 60%, to enable visualizing potential overlaps between correlation patterns.
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(Schwarz et al., 2017), the low precision of current neurome-

lanin-sensitive imaging methods could explain this large

intergroup discrepancy in the variability of SN volume meas-

urements. Thus, further work is needed to develop neurome-

lanin-sensitive MRI protocols improving measurement

precision of neuromelanin signal intensity in the SN and,

thus, SN volume.

Based on all groups of Parkinson’s disease patients, a

negative mono-exponential function best fitted the SN vol-

ume loss against mean disease duration (Fig. 2). Negative

mono-exponential curves describing the temporal degener-

ation of the nigrostriatal system have also been reported by

studies using histology for the count of pigmented cell bodies

in the SN (Fearnley and Lees, 1991; Greffard et al., 2006),

studies using dopamine transporter (DAT) single-photon

emission computed tomography (SPECT) for the assessment

of striatal presynaptic dopamine neuronal function (Staffen

et al., 2000; Pirker et al., 2003; Schwarz et al., 2004;

Nandhagopal et al., 2009; Jakobson Mo et al., 2013;

Simuni et al., 2018; Ikeda et al., 2019), and studies using

PET for the assessment of dopamine content in the striatal

terminals (Hilker et al., 2005; Nandhagopal et al., 2009; de

la Fuente-Fernandez et al., 2011). These results suggest that

degeneration of the nigrostriatal system in Parkinson’s dis-

ease as a whole occurs at a faster rate in the early phases of

disease than in later phases. In apparent contrast with this

hypothesis, some studies using DAT-SPECT have reported a

linear decrease in dopamine function with advancing disease

duration (Chouker et al., 2001; Marek et al., 2001;

Parkinson Study Group, 2002; Ikeda et al., 2019). The dis-

crepancy observed in these studies and the DAT-SPECT

studies reporting exponential degeneration patterns could be

explained by differences in the age of patients at inclusion,

the number of DAT-SPECT scans performed (ranging from

two to four) and the time interval between consecutive scans

(ranging from 1.0 to 5.5 years). Notably, the one study

using DAT-SPECT (Schwarz et al., 2004) that followed

patients for the longest time performing the highest number

of scans (i.e. at baseline and at 1.0, 2.0 and 7.5 years from

baseline) reported an exponential decline in dopamine neur-

onal function in agreement with our results (Fig. 2). Because

a large subset of patients in the early cohort also underwent

longitudinal DAT-SPECT imaging, future work will involve

comparing the decline in SN volume calculated using neuro-

melanin-sensitive MRI with the decline in DAT binding in

the striatum.

Based on the mono-exponential model of SN loss in

Parkinson’s disease, at the time of diagnosis, there was a

23.1% decrease in melanized neurons (Fig. 2). Here, the

measured loss in SN at diagnosis was lower than the 30–

50% calculated using histology-based neuronal counts

(Fearnley and Lees, 1991; Greffard et al., 2006; Cheng

et al., 2010) and slightly lower than the 30–34% reported

by measuring striatal presynaptic dopamine function in

patients with approximately the same age (Hilker et al.,
2005; Nandhagopal et al., 2009; de la Fuente-Fernandez

et al., 2011). This discrepancy could be motivated by the

presence of extraneuronal neuromelanin deposits, which

would be visible on neuromelanin-sensitive MRI, even after

dopaminergic neuron death. Indeed, due to their insolubility,

neuromelanin granules can remain in the extracellular space

for long periods of time (Sulzer et al., 2018). This phenom-

enon has been observed in both patients with Parkinson’s

disease (McGeer et al., 1988) and normally ageing

subjects (Beach et al., 2007), and in the first rodent model of

age-dependent human-like neuromelanin production in the

SN pars compacta (Carballo-Carbajal et al., 2019). In all

these studies, the observed spatial pattern of extraneuronal

neuromelanin resembled the distribution of the neuromela-

nin pigments when the neurons were intact. Moreover, it

has recently been suggested that a progressive increase in

neuromelanin in the dopaminergic neurons of the SN pars

compacta could first result in neuronal dysfunction (once

some threshold level in the quantity of intraneuronal neuro-

melanin is reached) and only trigger neuronal death at a

later stage (Carballo-Carbajal et al., 2019). Finally, even if

manual drawing is the gold-standard method for region of

interest delineation, calculating the SN volume based on

manual segmentations cannot account for the potential loss

of pigmented neurons within the boundaries of the hyperin-

tense neuromelanin. Indeed, concomitant to a slight decrease

in the overall delineated SN volume, there could be a de-

crease in the neuronal content within the boundaries of this

volume. These two factors taken together could account for

a 30% loss in dopaminergic neurons. However, alternative

intensity-based (Isaias et al., 2016; Schwarz et al., 2017) or

SNR-based methods (Takahashi et al., 2018a) for the semi-

automated segmentation of the SN require carefully choos-

ing a segmentation threshold for the neuromelanin-sensitive

image. For neuromelanin-sensitive MRI several protocols are

available, some of which (including our TSE protocols) are

not purely quantitative. As the choice of MRI protocol

affects the SN-to-background intensity in the neuromelanin-

sensitive images, making intensity-based or SNR-based seg-

mentation approaches less easily reproducible between stud-

ies or sites, future work is needed to compare the accuracy,

precision and multi-site reproducibility of such protocols.

The SN volume loss in iRBD was always equal to or lower

than in Parkinson’s disease, and the prodromal phase of

Parkinson’s disease was estimated to start 5.3 years before

disease diagnosis (Fig. 2). This result was in line with the

findings of a recent multicentre study on 1280 iRBD patients

(Postuma et al., 2019). Here, after an average follow-up

time of 4.6± 3.5 years, 28% of patients converted to a neu-

rodegenerative syndrome, which was parkinsonism in

56.5% of the cases. The estimated duration of the pre-symp-

tomatic phase was also in line with histology studies report-

ing values of 4.7 (Fearnley and Lees, 1991) and 5.0 years

(Greffard et al., 2006). Notably, PET studies have reported

longer pre-symptomatic phases ranging from 5.6 (Hilker

et al., 2005) to 10.0 years (de la Fuente-Fernandez et al.,

2011) supporting the hypothesis that damage to dopamin-

ergic axons precedes cell death in the SN (Zou et al., 2016).
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Spatial patterns of correlation between the SNR of neuro-

melanin-sensitive MRI and distinct clinical scores of disease

severity were localized in distinct areas of the SN (Figs 3, 4

and Supplementary Fig. 2). The localization of these correl-

ation patterns reflected the functional organization of the

nigrostriatal connections in primates (Mogenson et al.,

1980; Haber et al., 2000; Haber, 2003, 2014; Bjorklund

and Dunnett, 2007; Cavalcanti et al., 2016) and rodents

(Nauta et al., 1978; Mogenson et al., 1980; Bjorklund and

Dunnett, 2007). Comparing histology-based and imaging-

based results is challenging because, to section the midbrain,

histology-based studies use coronally oriented planes, where-

as imaging-based studies most frequently use axially oriented

planes. In human studies, the SN was commonly divided

into three tiers from dorsal to ventral (dorsal tier and ventral

tier of pars compacta and pars reticulata) (Fearnley and

Lees, 1991). In primate studies, the dorsal tier included the

ventral tegmental area and the dorsal SN pars compacta,

and the ventral tier included a densocellular region and cell

columns extending into the SN pars reticulata (Haber et al.,

2000). Because of the parallel arrangement of cells in the SN

and the SN oblique orientation, there was little difference in

the cross-sectional configuration of the neuronal groups be-

tween the two planes (Fearnley and Lees, 1991). However,

in the axial versus coronal plane, the medial groups and dor-

sal tier were located at a higher rostral level and the lateral

groups and ventral tier at a lower caudal level (Fearnley and

Lees, 1991). Here, the correlation pattern between the SNR

and the MDS-UPDRS-III-OFF score of motor disability was

located in the posterolateral SN at lower levels (Figs 3, 4

and Supplementary Fig. 2). This location was in agreement

with the disease-related loss of cell columns receiving input

from the motor and premotor cortex via the sensorimotor

areas of the striatum (Haber et al., 2000; Haber, 2003).

This topography also corresponded to the area where dopa-

minergic neuronal loss was most pronounced in Parkinson’s

disease, i.e. in the posterolateral tier including the nigro-

some-1 area, the anterior tier being the most preserved

(Fearnley and Lees, 1991; Damier et al., 1999; Jellinger,

2012). Several studies have reported correlations between

the UPDRS/MDS-UPDRS-III or Hoehn and Yahr scores and

changes, within the SN, in neuromelanin (Isaias et al., 2016;

Kawaguchi et al., 2016; Matsuura et al., 2016; Schwarz

et al., 2017; Prasad et al., 2018; Taniguchi et al., 2018;

Wang et al., 2018), iron content measured based on the tis-

sue apparent transverse relaxation rate R2* (Martin et al.,
2008; Langkammer et al., 2016) or magnetic susceptibility

(He et al., 2015; Langkammer et al., 2016; An et al., 2018;

Cheng et al., 2019) and water diffusion metrics (Ofori et al.,
2015; Langley et al., 2016; Burciu et al., 2017;

Pyatigorskaya et al., 2018). Notably, in agreement with our

observed large pattern of correlation between the neuromela-

nin SNR and the bradykinesia subscore (Supplementary Fig.

2), one study found the highest correlation between baseline

free water values and longitudinal changes in the bradykine-

sia subscore of the MDS-UPDRS scale (Ofori et al., 2015).

In the early cohort, the left-lateralized correlation between

the neuromelanin SNR and the tremor subscore

(Supplementary Fig. 2) could be explained by the predomin-

ance (i.e. 56%) of right-sided motor symptoms in our early

Parkinson’s disease cohort (Scherfler et al., 2012). The nov-

elty of our study is that it provides a 3D localization of the

affected region within the SN, which corresponded to the

sensorimotor territory of the SN.

The correlation patterns between the SNR and the ASBPD

subscores of mood/behaviour were located in the anterome-

dial SN (Figs 3 and 4) in agreement with the disease-related

loss of retrorubral cell groups receiving input from the orbit-

al and medial prefrontal cortex via the limbic system (Haber

et al., 2000; Haber, 2003). In animals, this region is

involved in processing dopamine-based reward prediction

error signals and reinforcement learning (Montague et al.,

1996; Schultz et al., 1997). In humans, blood oxygen level-

dependent functional MRI studies (D’Ardenne et al., 2008;

Boehler et al., 2011; Pauli et al., 2015) have also reported

that the ventral tegmental area encodes positive reward pre-

diction error signals (D’Ardenne et al., 2008; Pauli et al.,

2015) even in the absence of external motivating factors dur-

ing tasks that require to recruit processing resources needed

to meet enhanced task demands (Boehler et al., 2011).

Finally, the correlation pattern between the SNR and the

Mattis DRS score of cognitive impairment was located in

the anteromedial SN more lateral to the ASBPD and anterior

to the MDS-UPDRS-III (Figs 3 and 4) in agreement with the

disease-related loss of cells in the anteromedial tier of the SN

receiving input from the dorsolateral prefrontal cortex via

the associative striatum in non-human primates (Haber,

2003) and in agreement with electrophysiology measure-

ments during cognitive tasks in humans (Zaghloul et al.,

2009). This location was in agreement with the location of

terminations from the associative striatum more lateral to

the ones from the limbic system and more medial to the

ones from the motor striatum (Haber, 2003).

One limitation of this study was that the early and pro-

gressing cohorts included different Parkinson’s disease

patients. However, as the early cohort is enrolled in an on-

going longitudinal study, future work could involve updat-

ing our results after a 5-year follow-up. A further limitation

was that, in the two cohorts, images were acquired using dif-

ferent MRI systems from the same vendor. However, the

TSE protocols for neuromelanin-sensitive MRI were only

slightly different (Supplementary Table 1) and no significant

effect of the scanner on the voxel-wise SNR values of neuro-

melanin-sensitive measurements was detected in controls

(Supplementary material). Finally, the MDS-UPDRS-III OFF

score of iRBD patients at baseline (i.e. 11.9± 6.3) could ap-

pear high for patients in a pre-parkinsonian phase.

However, in the presence of phenoconversion, previous stud-

ies on iRBD have reported relatively high (i.e. 44) MDS-

UPDRS-III scores (Postuma et al., 2019) and have shown

that motor examination signs have a faster progression 1–2

years before phenoconversion (Fereshtehnejad et al., 2019).

Moreover, a study stratifying iRBD patients based on the

outcome of DAT-SPECT has reported that, in iRBD with or
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without dopaminergic denervation, MDS-UPDRS-III scores

were equal to 10.5±7.5 (indicative of prodromal

Parkinson’s disease) and 6.0± 4.8, respectively, whereas in

healthy control subjects the score was equal to 3.2±3.2

(Dusek et al., 2019). Thus, in our iRBD cohort, the relatively

high MDS-UPDRS-III score could result from most patients

being close to phenoconversion.

Conclusions
Based on a voxel-based analysis of neuromelanin-sensitive

MRI in a group-specific brain template, this study demon-

strated that there was a progressive loss of neuromelanin in

the substantia nigra from prodromal to early and progress-

ing clinical Parkinson’s disease over time. This process trans-

lated into a loss of the global volume of the substantia nigra

and a voxel-specific loss in the signal-to-noise ratio measured

on neuromelanin-sensitive MRI. Particularly, the loss in sig-

nal-to-noise ratio correlated with the severity of clinical

symptoms in an anatomically localized fashion reflecting the

functional organization of the nigrostriatal system into

motor, associative and limbic-emotional areas. In clinical tri-

als, these findings could help to develop disease-modifying

therapies.
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