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Summary 

Background. Multiple system atrophy (MSA) is a rare, sporadic disease characterized by 

autonomic failure and a various combination of parkinsonism and cerebellar dysfunction. 

Currently, development of new treatment strategies in MSA is hampered by the lack of 

reliable diagnostic and disease-progression biomarkers.  The aim of this study was to 

investigate brain microstructural abnormalities in MSA through diffusion and neuromelanin-

sensitive magnetic resonance imaging (MRI) and their relationship with clinical 

manifestations. 

Methods. Clinical evaluation and MRI were performed on 11 MSA patients, 19 Parkinson’s 

Disease (PD) and 18 healthy controls (HC). MRI scans included structural, diffusion (dMRI) 

and neuromelanin-sensitive sequences. dMRI was applied through a novel technique, neurite 

orientation dispersion and density imaging (NODDI). Compared to previous dMRI 

techniques, NODDI allows the simultaneous evaluation of the integrity of the intracellular 

and extracellular compartments, while gathering information on the orientation of axons and 

dendrites. Neuromelanin-sensitive MRI was used to quantitively investigate the integrity of 

substantia nigra (SN) and locus coeruleus (LC). 

Results. Median duration of symptoms in MSA patients was 3 years (range 1-6). Age was 

not significantly different across subgroups. Compared to PD, MSA patients had reduced 

neurite density index (NDI) in the middle cerebellar peduncle (MCP) and in the pons (Mann-

Whitney U=44.0, p=0.019 and U=52.0, p=0.050), indicating white matter degeneration in 

these locations, and increased free water fraction (FWF), indicating grey matter loss, in the 

putamen, caudate and cerebellar lobule VI grey matter (U=146.0, p=0.019; U=145.0, 

p=0.021; U=154.0, p=0.006 respectively). Neuromelanin content was not different in SN and 

LC between PD and MSA, although this was reduced in the posterior SN and intermediate 

part of LC compared to HCs (Kruskal Wallis H=11.363, p=0.003 and H=13.788, p=0.001), 
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indicating similar, significant degeneration of these nuclei in both conditions. No significant 

correlations were found between motor scores and MRI parameters in the SN, putamen, and 

MCP and pons. LC neuromelanin loss in the rostral and/or intermediate sections was 

significantly associated with greater cognitive, depressive and REM sleep behaviour disorder 

(RBD) symptoms scores in MSA. Symptoms of dysautonomia were not associated with 

diffusion or neuromelanin content measures. 

Conclusion. Multimodal MRI with diffusion and neuromelanin evaluation may help define 

structural abnormalities in the early stages of MSA. NODDI seems a promising technique to 

simultaneously evaluate multiple microstructural parameters in critical locations of MSA 

pathology, such as the basal ganglia, cerebellum, and pons. Neuromelanin content evaluation 

is useful for defining SN and LC degeneration, although this occurs similarly in MSA and 

PD. In MSA, LC degeneration is associated with greater depressive, cognitive and RBD 

symptoms. Longitudinal investigations are needed to establish whether these MRI parameters 

may serve as disease-progression biomarkers. 
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Introduction 

Multiple system atrophy (MSA) is a neurodegenerative disorder characterized by autonomic 

failure and a variable combination of ataxia, parkinsonism and pyramidal signs.1 Depending 

on the predominant phenotype, either ataxic or parkinsonian, MSA can be further subdivided 

into cerebellar (MSA-C) and parkinsonian (MSA-P). The neuropathological hallmark of 

MSA is argirophilic oligodendro-glial cytoplasmic inclusions (GCIs)2 containing aggregates 

of insoluble α-synuclein.3 Oligodendroglial pathology is in turn associated with myelin pallor 

and degeneration, and neuronal loss; microglial activation and astrogliosis also occur.4,5 GCIs 

can be found throughout the brain. Their highest density has been reported in the basal 

ganglia and especially in the highly myelinated striatopallidal fibers (Wilson pencil fibers) of 

the putamen,6 and the density of CGIs is associated with neuronal loss.4 The areas affected by 

prominent demyelination and neuronal loss are the central autonomic nuclei (e.g. 

hypothalamus, rostral ventrolateral medulla, intermediolateral column of the spinal cord) the 

basal ganglia (putamen, pallidus, substantia nigra) and the olivo-ponto-cerebellar system 

(inferior olivary nucleus, pontine fibers, middle cerebellar penducles and cerebellum)7. The 

severity of pathologic abnormalities in each system is associated with autonomic, 

parkinsonian and cerebellar symptoms.8 Neuronal cytoplasmic and intranuclear inclusions 

and dystrophic neurites are also found in grey matter (e.g. substantia nigra, basal ganglia, 

inferior olivary nucleus, limbic cortex, hypotahalamus), although their clinical significance is 

unclear.9 

In the early stages, MSA can be clinically indistinguishable from Parkinson’s Disease (PD), 

especially when presenting with prominent parkinsonian features. PD is a neurodegenerative 

alpha-synucleinopathy with different pathological and progression characteristics. Indeed, the 

pathological hallmark of PD is alpha-synuclein accumulation in Lewy bodies (LB) inside the 

neuronal cytoplasm and neurites (dystrophic Lewy neurites).10 While the progression of MSA 
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to significant degrees of disability is rapid, that of PD is variable but usually slower. While 

PD patients usually maintain their functional independence for more than 10 years with 

appropriate management, MSA patients have an estimated average 6.7 years from disease 

onset to wheelchair dependency.11,12 Furthermore, treatment strategies in MSA are currently 

limited to management of symptoms with many shortcomings.13 Therefore, the detection of 

early biomarkers is critical in MSA for the development of symptomatic and disease-

modifying strategies.  

In this thesis project, magnetic resonance imaging (MRI) was used to investigate early 

microstructural abnormalities in MSA as possible disease and pathophysiological biomarkers. 

 

MRI brain microstructural abnormalities in MSA 

In this section, imaging modalities relevant to this project, i.e. diffusion MRI (dMRI) and 

neuromelanin-sensitive MRI, will be reviewed. 

 

General principles of diffusion MRI  

Diffusion MRI describes the physiological characteristics of water molecules random 

movements (Brownian motion). Since brain tissue is inhomogeneous and water separated in 

different compartments, diffusion MRI can infer brain structure characteristics based on the 

diffusion properties of water molecules. In brain imaging, the first application of these 

principles was diffusion-weighted imaging (DWI), an MRI technique capable of generating 

images with signal intensities sensitized to water random motion.14 From a series of DW 

images (e.g. two series acquired with different diffusion weighting, i.e. b-values) it is possible 

to calculate an apparent diffusion coefficient (ADC) of water molecules. The ADC at each 

pixel can be mapped to create an ADC image. The ADC is derived from an acquisition 
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technique that allows measuring the displacement of water molecules in one axis only. 

Therefore, measuring diffusion along 3 orthogonal axes (e.g. x, y, z) will produce three 

images with different contrasts; the contrast of these three images is therefore orientation-

dependent.15 This property constitutes a significant limitation in the study of the human brain, 

where neighbouring fibre bundles may be oriented in different directions. The orientation-

dependent effect is generated by the preferential directionality of water diffusion in the 

human brain, a phenomenon called diffusion anisotropy.16 Diffusion anisotropy is a 

consequence of the strict water compartmentalization in living systems. A stark example of 

this phenomenon is water inside axons, where it diffuses preferentially along its main axis, 

while its movement is highly restricted transversally by cell membranes and myelin sheaths. 

Conversely, freely diffusing water is characterized by isotropic movements, i.e. no 

preferential directionality. To overcome the limitations of the ADC parameter, a new 

modelling of diffusion imaging was proposed, named diffusion tensor imaging (DTI). In each 

voxel, DTI represents anisotropic diffusion through an ellipsoid that can be mathematically 

modelled by a 3x3 matrix, named tensor, as opposed to the ADC that represents diffusion in a 

voxel with a single value.17 This model allows representing the diffusion of water molecules 

in three-dimensional space, describing the different directions and “strengths” of the 

movement. DTI analysis enables to infer the molecular diffusion rate with parameters such as 

mean diffusivity (MD) or, again, ADC; the diffusion rate along the main axis and transverse 

axis of diffusion, axial diffusivity (AD) and radial diffusivity (RD) respectively; the 

preferential directionality of diffusion, fractional anisotropy (FA). Anisotropy is expressed as 

a relative fractional value between 0 and 1. As a reference example, diffusion in white matter 

is preferential along the axons and therefore highly anisotropic, in grey matter diffusion is 

less anisotropic, and in the cerebrospinal fluid (CSF) water movement is unrestricted, i.e. 

isotropic.18 
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Table 1 shows a selection of concepts related to diffusion imaging that will allow a deeper 

understanding of the results of the studies reported.19–22  

 

Neurite orientation dispersion and density imaging (NODDI)  

NODDI investigates tissue microstructure through diffusion MRI. As opposed to 

conventional DTI, NODDI is based on acquisition of diffusion gradients of different 

strengths to provide more specific indices of tissue microstructure.22 NODDI models brain 

tissue using a biophysical model that identifies three types of microstructural environments: 

intra-neurite, extra-neurite, and cerebrospinal fluid (CSF) compartments. This is achieved by 

applying a two-level approach to separate the volume fraction of Gaussian isotropic diffusion 

(isotropic volume fraction, ISOvf, or free water fraction, FWF), representing freely diffusing 

water (i.e. CSF), from the remaining brain tissue. The remaining signal is compartmentalised 

into non-exchanging intra and extra-neurite water. This model provides important markers: 

the neurite density index (NDI, or intracellular volume fraction, ICvf), i.e. the fraction of 

diffusing water compartmentalised inside neurites (axons and possibly dendrites); the 

orientation dispersion index (ODI) which reflects the spatial configuration of the neurites; 

and the free water fraction (FWF, or isotropic volume fraction, ISOvf) representing the 

portion of extracellular, freely diffusing water. A schematic representation of the NODDI 

tissue modelling is shown in Figure 1.23 

According to this orientation-dispersed cylindric model, the isotropic diffusion fraction is 

highly represented only within CSF, whereas within brain parenchyma, the diffusion signal 

can be either hindered (Gaussian displacement pattern) or restricted (non-Gaussian 

displacement pattern). The restricted signal is attributed to intraneurite spaces and is 

corresponds to the neurite density index (NDI). The hindered signal is attributed to the extra-
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neurite compartment, which encompasses everything except neurites and free water, such as 

microglia, astrocytes, oligodendrocytes, neuronal cell bodies (somas), ependymal cells, extra- 

cellular matrices, and vascular structures. A Watson distribution is then used to compute the 

orientation distribution of the cylinders, quantified from 0 to 1 by the orientation dispersion 

index (ODI).22 Thus, large ODI values correspond to highly dispersed neurites (e.g. grey 

matter) and small values to highly aligned axons (e.g. white matter tracts). 

 

Diffusion MRI in MSA 

Diffusion MRI has been used in MSA to investigate brain microstructural abnormalities and 

to establish diagnostic and disease progression biomarkers. Diffusion abnormalities have 

been found in MSA critical regions such as the middle cerebellar peduncle (MCP), pontine 

white matter and putamen24–27. However, microstructural abnormalities have been described 

diffusely in white matter: along the pyramidal tract (to a similar extent of patients with 

amyotrophic lateral sclerosis28), in the left premotor cortex29, periputaminal white matter30, 

anterior thalamic radiation31, corpus callosum32, afferent and efferent cerebellar white 

matter.33 One study showed that whole-brain white-matter mean diffusivity was significantly 

increased in MSA compared to PD, indicating widespread white matter degeneration 

throughout the brain.34 A recent study assessed white matter integrity in MSA-C and sporadic 

adult-onset ataxia (SAOA), two entities that pose significant challenges in terms of 

differential diagnosis, especially early in the disease course. It was shown that MSA-C have 

reduced fractional anisotropy in the pons and cerebellum and along the cortico-spinal tract 

compared to SAOA35.  

Grey matter has also been assessed in MSA through DTI. Putamen mean diffusivity is 

increased in MSA compared to PD36,37 and this is inversely correlated with glucose 
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metabolism detected with 18-flurodeoxyglucose (18FDG) positron emission tomography 

(PET)36. One study employed free water as a measure of the degree of grey matter 

neurodegeneration in multiple brain locations.38 Free water is estimated from dMRI using a 

bicompartmental model of water diffusion, i.e. a compartment with restricted diffusion and a 

compartment with unrestricted diffusion (isotropic compartment).20 It has been shown that an 

increase in the free water compartment in critical grey matter regions may be related to 

neurodegeneration.39–41 In MSA, an increase in free water compared to PD was shown in 

putamen, caudate, red nucleus, thalamus and several other regions.38  

Diffusion MRI has also been used to investigate its possible diagnostic applications. 

Putaminal regional apparent diffusion coefficient (rADC), a measure of microstructural 

abnormalities, was found increased in MSA-P compared to PD and provided optimal 

accuracy in discriminating between the two groups.24–26,42,43 MCP, cerebellar and pontine 

white matter also showed increased rADC, in both MSA-C44 and MSA-P26,45, indicating the 

presence of white matter structural abnormalities in both subtypes. Trace(D) values, a more 

accurate index of water diffusion, was also increased in putamen and middle cerebellar 

peduncles of MSA-P compared to PD patients46,47. Interestingly, Trace(D) values were 

increased in the posterior putamen compared to the anterior putamen27,46, a finding that is in 

agreement with the pathological observation of a greater degree of neuronal degeneration in 

the posterior putamen48. Furthermore, Trace(D) also demonstrated the potential as 

longitudinal biomarker, since values were shown to increase significantly in the putamen49, 

cerebellar white matter, and frontal white matter over time.50 Regional ADC and Trace(D) 

values of putamen and MCP were also compared against single photon emission tomography 

(SPECT) measures in terms of diagnostic accuracy. One study found that striatal rADC 

values performed better than post-synaptic D2 receptor imaging with 123iodobenzamide 

(123IBZM) SPECT42 in distinguishing MSA-P from PD; another study showed that putaminal 
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Trace(D) values were more accurate than 123I-metaiodobenzylguanidine (mIBG) cardiac 

SPECT.47 A similar study in patients with a shorter disease duration (<3 years) revealed 

comparable specificity and lower sensitivity for mIBG cardiac scintigraphy (48% vs 75%).51  

More recently, machine learning algorithms based on sets of regions of interest were used to 

classify PD, MSA and progressive supranuclear palsy patients with high accuracies.52–54 

 

Neuromelanin-sensitive MRI 

Neuromelanin (NM) is an insoluble dark pigment that consists of melanin, proteins, lipids, 

and metal ions.55 It is synthesized by iron-dependent oxidation of catecholamines such as 

dopamine and norepinephrine56 and it accumulates in specific organelles together with iron 

and lipids.57 These organelles increase with aging and are thought to have a very slow 

turnover.55 The neuromelanin-iron complexes have paramagnetic properties and may 

therefore be visualized through MRI.58 Neuromelanin produces hyperintense signal in 

neuromelanin-rich nuclei such as the substantia nigra (SN) or the locus coeruleus (LC); this 

effect is due to the short longitudinal relaxation time (T1) of the neuromelanin complexes and 

the magnetization effect of the surroundings59, which can be boosted by a magnetization 

pulse that enhances the visualization contrast of neuromelanin-containing neurons.60 The 

trajectory of neuromelanin concentration with age has been shown with MRI, displaying a 

strong increase from childhood to adolescence, a plateau through middle age and a decline in 

older age; a higher concentration in females over 47 years of age was also shown compared 

to males.61 Furthermore, neuromelanin content estimated through MRI has been shown to 

have the potential to represent variations in SN dopaminergic function, not only in 

neurodegeneration, but also in normal individuals and patients with psychosis.62 Another 

study showed that the post-mortem number of SN neuromelanin containing cells was highly 
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correlated with previous in vivo measurement of DAT availability in a small sample of 

heterogeneous parkinsonian patients (PD, MSA, DLB, CBD).63  

In PD, in vivo neuromelanin content is reduced in both the SN (posterior > anterior) and in 

the LC compared to controls.58,64 Nigral neuromelanin content has also shown an inverse 

association with motor impairment.64,65 Similar reductions have also been found in MSA.66–69 

The diagnostic value of this technique is however still debated, since these studies showed 

variable degree of overlapping values between MSA and PD. Instead, a recent visual and 

quantitative analysis of showed that most MSA-P patients had normal SN size and signal 

intensity and normal LC signal, a pattern substantially different from idiopathic PD.70  

LC integrity has been associated with better cognitive performances in older adults71 and LC 

signal loss has been associated with worse cognitive performances in  PD patients.65,72 It is 

currently unknown whether motor and non-motor symptoms are associated with loss of 

neuromelanin signal in the SN and LC in MSA. 
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Aim of the study 

The aims of this study are: i) to investigate differences in diffusion and neuromelanin 

parameters between MSA patients, PD patients and healthy controls in critical cerebral 

regions such as the basal ganglia, the pontine and cerebellar regions; ii) to investigate the 

presence of any association between diffusion and neuromelanin parameters related to 

neurodegeneration in the substantia nigra; iii) to establish clinical correlates of 

microstructural abnormalities investigated through diffusion and neuromelanin MRI. 
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Methods 

Participants 

Participants enrolled in this study were recruited from the Newcastle upon Tyne NHS Clinics 

for Research and Service in Themed Assessment (CRESTA, Campus for Ageing and Vitality, 

Westgate Road, Newcastle Upon Tyne, Tyne And Wear, NE4 6BE) among patients attending 

the Movement Disorders clinics and their healthy non-first-degree relatives. Age between 45 

and 80 was an inclusion criterion for all participants. Additionally, healthy controls (HC)  

were required to show no clinical neurological dysfunction or MRI structural brain 

abnormalities; MSA patients had to have a diagnosis of MSA according to current consensus 

criteria1; PD patients were required to have a diagnosis of PD according to UK Brain Bank 

Criteria.73 Eleven patients with a probable or possible diagnosis of MSA (7 with predominant 

parkinsonian features and 4 with predominant cerebellar features), 19 patients with PD and 

18 healthy controls concluded the study. Exclusion criteria for all participants were: a 

diagnosis of other forms of atypical parkinsonism, significant memory impairment 

(MMSE<24 at screening visit) or meeting DSM V criteria for major neurocognitive disorder, 

contraindications to MRI or PET scan, people with severe comorbid illness as judged by the 

investigator. 

 

Clinical Assessments 

All participants underwent the following clinical assessment on the day of the MRI scan: 

Mini Mental State Examination (MMSE) and REM Sleep Behaviour Disorder Questionnaire 

(RBDSQ). Both MSA and PD patients underwent: Movement Disorders Society – Unified 

Parkinson’s Disease Rating Scale (MDS-UPDRS) sections I and II, Montreal Cognitive 

Assessment (MoCA), Hospital Anxiety and Depression Scale (HADS), Scales Related to 
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Outcomes in Parkinson’s disease (SCOPA): autonomic dysfunction (SCOPA-AUT), sleep 

(SCOPA-SLEEP), psychosocial functioning (SCOPA-PS); and the Non-Motor Symptoms 

Questionnaire (NMSQ). MSA patients only were evaluated with the Unified Multiple System 

Atrophy Rating Scale (UMSARS) parts I, II and III, while in PD patients motor signs were 

evaluated with the MDS-UPDRS part III.  

 

MRI acquisition 

All images were acquired on a 3T PET-MR System (Signa, GE Healthcare, Milwaukee, WI).  

A T1 weighted 3D was acquired through a sagittal fast spoiled gradient recall (FSPGR) 

sequence with inversion time 400ms, echo time = 3 ms, TR flip angle = 11° voxel size 1x1x1 

mm and parallel acceleration factor = 2. 

Axial T2 weighted images were acquired through a spin echo sequence, with TR 4375 ms, 

TE 78 ms, echo train length = 12. 48 slices (3 mm) were acquired with a field of view 240 x 

240 and an acquisition matrix 256 x 256.  

 

Diffusion MRI 

Multi-shell diffusion weighted Echo Planar Imaging (EPI) was performed with repetition 

time (TR) 5500 ms, echo time (TE) 102. Multi-shell diffusion weighting was achieved with 

b-values = 0 (n = 10), 300 (n = 8), 700 (n = 30) and 2000 s/mm2 (n = 60). 74 slices of 2.2 

mm were acquired, with field of view 220 x 220 mm and acquisition matrix 100x100. 

Parallel acceleration factor = 2 and multiband acceleration factor = 3 were used. One volume 

with b-value=0 and reverse phase encoding direction was also collected. 

 



 

 
17 

Neuromelanin MRI 

Two types of neuromelanin-sensitive acquisitions were performed. The decision to use two 

different sequences for the identification of SN and LC was based on previous studies 

indicating better contrast for either one (e.g. the SN74) and previous experience with the PET-

MR scanner used for this study.  

An axial magnetisation-transfer prepared (MT) 2D gradient echo-based (GRE) sequence, as 

in Langley et al.75, was performed through with TR = 500 ms, TE = 4.2 ms, flip angle = 50°;  

magnetisation frequency offset = 1200 Hz, flip angle = 300°. 13 slices (2.5 mm + 0.3mm 

gap) were acquired with field of view 220 x 165 mm and acquisition matrix 512 x 384. Two 

acquisitions were performed.  

The second type of acquisition was based on a fast spin echo (FSE) T1-weighted sequence, as 

described by Sasaki et al.76, with TR=600, TE=12, flip angle 111°, two echo trains. 13 slices 

(2.5 mm and 0.3-mm gaps) were acquired, with field of view 220 x 165 mm and matrix size 

512 × 384. Three acquisitions were performed. 

In both acquisition types, slices were acquired perpendicularly to the posterior aspect of 

fourth ventricle. 

 

MRI data processing 

Diffusion MRI 

Diffusion MRI data were processed using Functional MRI of the Brain (FMRIB) Software 

Library (FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The “topup” program was used to 

estimate and correct susceptibility-induced off-resonance field using the two b=0 s/mm2 

images with opposite phase encoding.77,78 The eddy “package” was then used to correct 

images for eddy current distortion, movement, and motion induced signal dropout.79 The 



 

 
18 

Accelerated Microstructure Imaging via Convex Optimization (AMICO) package 

(https://github.com/daducci/AMICO) was used to fit the neurite orientation dispersion and 

density imaging (NODDI) model to the diffusion MRI data.80 

A voxel-based analysis approach was used to register the diffusion images from all 

participants to a study specific template with the DTI-TK software (http://dti-

tk.sourceforge.net/pmwiki/pmwiki.php).81 The diffusion parameter images from NODDI 

along with the structural scans were all transformed into the template space. Regions of 

interest were drawn on the template and mean values of neurite density index (NDI), 

orientation dispersion index (ODI) and free water fraction (FWF or ISOvf) were extracted 

from each region. Regions of interest (ROIs) were placed bilaterally in the basal ganglia 

(anterior and posterior substantia nigra, putamen, pallidum, caudate) and in the pontine-

cerebellar region (ventral pons, middle cerebellar peduncles, cerebellar white matter, and 

cortical cerebellar grey matter of lobule VI). ROIs covered (unilaterally) 168 voxels for the 

putamen, 22 voxels for the caudate, 72 voxels for the pallidum, 8 voxels for the anterior SN 

and 8 voxels for the posterior SN; all other ROIs covered 64 voxels. Two control regions 

were put on the occipital and parietal cortices. Anterior and posterior substantia nigra ROIs 

were placed after co-registering the diffusion MRI template to a template obtained from the 

magnetisation-transfer prepared GRE (neuromelanin-sensitive) scans, showing hyperintensity 

in the substantia nigra. This procedure ensured correct placement of SN ROIs while avoiding 

highly anisotropic cortico-spinal tracts. ROIs are shown in Figure 2. 

 

Neuromelanin MRI 

SN neuromelanin content was evaluated as follows. The two acquired MT GRE images of 

each participant were co-registered with SPM (https://www.fil.ion.ucl.ac.uk/spm/). 

https://www.fil.ion.ucl.ac.uk/spm/
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Neuromelanin content was estimated following Schwarz et al.64 In brief, this methods 

estimates a hyperintense volume in the SN region exceeding a predefined background 

threshold, corresponding to voxels containing neuromelanin. Regions were manually drawn 

using ITK-SNAP (http://www.itksnap.org/)82 on 3 consecutive slices best displaying the 

hyperintensity typical of substantia nigra in MT GRE scans. ROIs were drawn to cover 

anterior and posterior SN, cerebral peduncles and the central midbrain area. Using 

FSLUTILS in FSL, the mean and standard deviation (SD) of the intensity in the cerebral 

peduncles was determined, and then the volume of voxels in the SN exceeding the 

mean+3.25 SD intensity was calculated. The total volume of voxels containing neuromelanin 

was calculated for the anterior and posterior parts of the SN bilaterally. 

LC neuromelanin content was evaluated as follows. The three FSE T1-weighted images of 

each participant were also co-registered and averaged. A slice-to-slice correction for intensity 

variation was performed so that each slice would match the brain mean intensity. This 

procedure was necessary to correct for intensity inhomogeneities in contiguous slices without 

compromising LC neuromelanin-associated hyperintensity. LC neuromelanin content was 

calculated following the method described in Doppler et al.83 In brief, a “search ROI” was 

drawn on a MNI template following the LC coordinates described in Keren et al.84 In order to 

investigate subregional LC differences, the search ROI was also divided with two axial 

planes in three parts: rostral, intermediate and caudal. A background volume of interest was 

centred in the pons matching the extension of the LC search ROIs. The MNI LC “search 

ROIs” were transformed to the individual FSE images for each subject using combined 

inverse transformations from MNI atlas space to anatomical T1 (derived from spatial 

normalisation of each subject’s T1 image to MNI space) and from anatomical T1 to the FSE 

image (derived from a rigid transformation of the FSE to the T1 image). This allowed to 

estimate LC neuromelanin-associated hyperintensity in native space. Then, the 12 brightest 

http://www.itksnap.org/
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connected voxels in the entire LC “search ROI” and the five brightest connected voxels in 

each rostro-caudal subsection were identified. This procedure was carried out with a custom 

MATLAB (MathWorks, Natick, MS, USA) script employing SPM functions. The LC 

neuromelanin specific signal intensity for the entire LC and for each subsection was 

calculated as follows: 

𝐿𝐶 𝑀𝑅𝐼 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =
𝑚𝑒𝑎𝑛 𝑅𝑂𝐼 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑚𝑒𝑎𝑛 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑅𝑂𝐼 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑚𝑒𝑎𝑛 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑅𝑂𝐼 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
 

For the entire LC the mean intensity was derived from 12 brightest connected voxels. For 

each LC subdivision (rostral, intermediate, caudal) the mean intensity was derived from the 5 

brightest connected voxels. 

 

Statistical analysis 

Median, interquartile range and values’ range were used to describe demographics and 

general clinical characteristics. Given the relatively small number of patients present in each 

subgroup and the non-normal distribution of some clinical and neuroimaging measures, non-

parametric tests were employed to carry out significance testing. Mann-Whitney U test was 

used to test differences in a variable between two independent groups (e.g. diffusion 

measures in PD and MSA patients). Kruskal-Wallis H test was used to test differences 

between two or more groups (e.g. neuromelanin content and diffusion measures between PD, 

MSA and controls); in this instance Dunn’s test with Bonferroni correction was used for post-

hoc significance testing. Associations between two variables were assessed with Spearman’s 

rho correlation (e.g. association between LC integrity and MoCA scores).  

Given the relatively small number of cases, especially in the MSA group, significance testing 

was restricted at independent-groups comparisons and correlations with potential biological 

meaning. As an example, comparisons were targeted at diffusion metrics in brain locations 
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known to be pathologically more affected in MSA patients, such as the putamen and the 

middle cerebellar peduncle. The same approach was used for correlations, e.g. in studying the 

association between LC, SN and cognitive scores. Given the exploratory nature of the 

NODDI and neuromelanin measures studied, and the restriction of multiple testing for each 

statistical test on a given set of variables in the same subset of subjects, p-values adjustment 

(e.g. family-wise error rate or false discovery rate) was not applied. This caveat will be 

considered in the interpretation of the results and analysed in the “Discussion” section. 

Significance testing was two-tailed and the threshold for statistical significance was < 0.05. 

Statistical analyses were carried out with IBM Statistical Package for the Social Sciences 

(SPSS) Statistics version 27.  
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Results 

Demographics and general clinical characteristics are shown in Table 2. No significant age or 

sex differences were present between the three groups. 

 

Neuroimaging findings 

Neuroimaging analysis was based on a region of interest (ROI) analysis.  

 

Substantia nigra 

PD and MSA showed significantly reduced neuromelanin content and increased free water 

fraction in the posterior (SN) compared to healthy controls (HC) (Kruskal-Wallis H = 11.363 

p = 0.003 and H = 8.784, p = 0.013, respectively); neuromelanin content was also reduced in 

anterior SN (H = 8.784, p = 0.013). However, no significant differences could be identified 

between PD and MSA patients. No differences between patients and controls were identified 

in SN neurite density index (NDI) and orientation dispersion index (ODI). A trend for 

increased NDI in the posterior SN was present in PD and MSA patients (H = 5.314, p = 

0.070) (Table 3). Interestingly, the average SN NDI of the substantia nigra, indicative of the 

intraneurite fraction, showed a direct association with free water fraction and an inverse 

association with neuromelanin content (Figure 3).  

 

Diffusion metrics in extranigral locations 

Diffusion metrics in extranigral locations were compared between MSA and PD patients, 

since these two entities represent the most compelling clinical diagnostic challenge. 

Differences in orientation dispersion index (ODI) and free water fraction (FWF, or isotropic 
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volume fraction) were investigated in grey matter ROIs, while differences in neurite 

dispersion index (NDI) were restricted to white matter ROIs. This approach was followed to 

restrict multiple comparisons to a minimum. The rationale for testing FWF and ODI in grey 

matter locations and NDI in white matter locations was based on the theoretical framework of 

what these parameters should represent in neuronal tissue, and on one previous NODDI study 

in parkinsonism.52 Significantly increased free water fraction (FWF), indicative of neuronal 

loss, were identified in the putamen, caudate and cortical cerebellar grey matter of MSA 

patients compared to PD. Additionally, a non-significant trend for an increase of the 

orientation dispersion index (ODI) was present in the putamen and cerebellar grey matter of 

lobule VI in MSA. Significantly decreased neurite density index (NDI) in white matter 

locations, indicative of axonal loss, were identified in the MCP and ventral pons (Table 4). 

 

Locus coeruleus neuromelanin 

The MRI contrast of the entire LC, indicative of its neuromelanin content, was significantly 

reduced in MSA patients compared to HC (H = 6.996, p = 0.030; pairwise comparison MSA 

vs HC: Bonferroni adjusted p = 0.026). No significant differences between PD and HC or 

between PD and MSA were observed. Although the mean LC signal was lower in MSA than 

HC and PD patients in all LC subregions, significant differences were shown only in the 

intermediate portion (H = 13.788, p = 0.001; pairwise comparisons showing Bonferroni 

corrected p-values: PD vs HC p = 0.039; MSA vs HC = 0.001, PD vs MSA p = 0.477). No 

significant differences were present in the rostral and caudal subregions. Figure 4 illustrates 

the distribution of LC MRI contrast in MSA, PD and HC. 

 

Clinical correlates of neuroimaging findings 
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Motor symptoms 

No significant correlations were identified between clinical severity in MSA patients as 

measured with UMSARS-I and UMSARS-II and microstructural abnormalities in the basal 

ganglia or in the ponto-cerebellar region.  

 

Non-motor symptoms 

Based on previous studies on the pathophysiology of specific non-motor symptoms in PD, we 

analysed whether depression, cognitive, RBD and dysautonomic scales scores were 

associated with degeneration in specific brain regions in the entire cohort of PD and MSA, 

and separately in MSA.  

In the combined cohort of MSA and PD patients, depressive symptoms scores measured with 

the HADS-D scale were associated with increased caudate free water fraction (indicative of 

grey matter degeneration) (rho = 0.521, p = 0.004) and with locus coeruleus neuromelanin 

loss (entire LC: rho = -0.400, p=0.035; rostral LC: rho = -0.526, p=0.004; intermediate LC: 

rho = -0.389, p = 0.041; caudal LC: rho = 0.003, p = 0.988). No association was found 

between depression scores and SN microstructural abnormalities indices. In MSA patients, 

only the rostral LC remained significantly associated with depression scores (rho = -0.664, p 

= 0.026).  

In the combined MSA and PD group, MoCA scores, reflecting general cognitive 

performances, were associated with neuromelanin content of the anterior SN (rho = 0.381, p 

= 0.041), but not of the posterior SN, and with rostral and intermediate LC subregions (rostral 

LC: rho = 0.470, p = 0.010; intermediate LC: rho = 0.554, p = 0.002). In MSA patients, only 

the association between rostral LC neuromelanin and MoCA scores remained significant (rho 
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= 0.770, p = 0.006; intermediate LC: rho = 0.567, p = 0.069). The relationship between 

MoCA scores, rostral LC and anterior SN is depicted in Figure 5.  

RBDSQ scores, reflecting reported symptoms of REM sleep behaviour disorder, were not 

associated with LC neuromelanin content in the whole PD-MSA group. In MSA patients, 

RBD symptoms showed moderate inverse correlations with rostral and intermediate LC 

neuromelanin content (rho = -0.606, p = 0.048, rho = -0.592, p = 0.055, respectively), but not 

with the entire or caudal LC signal. Thus, greater neuromelanin loss in the rostral and 

intermediate parts of the LC are associated with more severe manifestations of RBD 

symptoms in MSA patients. Conversely, no associations were present between LC 

neuromelanin content and SCOPA sleep, a general scale that assesses mostly nocturnal 

insomnia and diurnal excessive daytime sleepiness. Table 5 shows the relationship between 

LC subportions neuromelanin content and non-motor symptoms. 

Since MoCA, HADS-D and RBDSQ scores correlated significantly with LC neuromelanin 

content, a correlation between these scores could be hypothesised. However, no significant 

correlations were found.  

SCOPA-AUT scores, representing severity of autonomic symptoms, were not associated with 

diffusion measures in the cerebellar and basal ganglia regions, nor with neuromelanin content 

of LC and SN regions.  
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Discussion 

In this study, a multimodal MRI approach, including diffusion MRI and neuromelanin-

sensitive MRI, was used to investigate microstructural brain changes in the early stages of 

MSA and their association with motor and non-motor symptoms. One cohort of HC and one 

of established PD patients were also included. 

The main findings may be summarised as follows. Neuromelanin and NODDI parameters in 

the SN and LC neuromelanin of MSA patients are significantly altered compared to healthy 

controls but are similar to PD patients. In extranigral grey matter locations, significant 

increases in free water fraction, indicative of more profound grey matter degeneration, were 

found in the putamen, caudate and cortical cerebellar grey matter in MSA compared to PD. In 

the putamen of MSA patients, the orientation dispersion index (ODI) was also decreased 

compared to PD, indicating alterations of the spatial organization of neurites, such as 

dendritic thinning.22 In MSA, severity of cognitive, depressive and RBD symptoms were 

associated with LC neuromelanin loss, while motor and autonomic symptoms were not 

associated with NODDI and neuromelanin parameters. 

These findings will be discussed in the following subsections. 

 

Substantia nigra 

Similarities in neurodegeneration as measured with dMRI and neuromelanin-sensitive MRI in 

the SN of PD and MSA patients are not surprising. Neuromelanin content was shown to be 

reduced similarly in the SN of PD and MSA patients in several studies.66–69 This is also in 

keeping with similar striatal DaT availability in both conditions.85 Recent evidence showed 

that greater SN neuromelanin content is associated with greater striatal dopamine release 

capacity as measured with 11C-raclopride PET, 62 a D2/D3 receptor ligand. This seems to 
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point towards a rationale for using neuromelanin-sensitive MRI as a proxy measure of 

nigrostriatal dopaminergic function. Assessment of SN microstructural abnormalities with 

NODDI in MSA has been carried out by only two studies to date, both in patients with MSA-

P.52,86 Our cohort was predominantly composed of MSA-P patients but MSA-C were also 

included. Both studies identified increases in free water fraction and NDI in the SN of PD 

and MSA-P patients. While increases in free water can be interpreted with the increased 

presence of freely diffusing water, possibly due to atrophy and neuroinflammation, the 

increase in NDI has a non-trivial interpretation. Indeed, NDI (also referred to as intraneurite 

volume fraction) is a measure that corresponds to the water fraction with restricted diffusivity 

inside neurites and is calculated as a ratio between intraneurite and extraneurite water 

fractions.22 Since extraneurite water fraction represents hindered water diffusivity typical of 

cell bodies (neurons’ soma and glia), vasculature and extracellular matrices, a reduction of 

these, especially neuron cell bodies, could be responsible for this parameter’s abnormality. 

Other cellular and tissue structural reorganization cannot be excluded. However, since 

pathological correlates of these MRI alterations are lacking, the interpretation of the specific 

tissue alteration in vivo is largely speculative. Interestingly, this parameter shows a direct 

association with free water fraction (greater values indicative of greater degeneration) and, 

most importantly, and inverse association with neuromelanin content (lower values indicative 

of greater dopaminergic neuron loss). Since the latter parameter is derived from a separate 

scanning sequence, it is tempting to think that progressive loss of neuromelanin in the SN is 

paralleled by tissue-level alterations that are captured by the NDI parameter yielded by 

NODDI. Pathological correlates of NODDI alterations are needed to elucidate these aspects, 

as well as further investigation on their sensitivity to longitudinal progression.  

 

Locus coeruleus 
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In this study, LC neuromelanin content was found to be similarly reduced in PD and MSA 

compared to controls. This finding is corroborated by previous pathological evidence 

showing LC degeneration87–90 and by a few previous neuroimaging studies investigating 

MSA patients with neuromelanin-sensitive MRI67–69 or 18F-DOPA PET.91 Compared to those 

MRI studies, a different and possibly more detailed approach was taken here. First, the 

hyperintense signal of the locus coeruleus in the specific sequence was extracted in an 

automated fashion after delineating a “search ROI” on a standard template following 

previously described LC coordinates in MNI space.84 This ensured that the maximum signal 

intensity was extracted from the correct location for each patient. Second, the search ROI was 

subdivided in three equal portions rostro-caudally to investigate subregional characteristics. 

Recently, Doppler et al. showed that the middle portion of the LC may be the most 

compromised LC location in PD compared to controls.83 Subregional degeneration patterns of 

the LC have been shown pathologically, with greater degeneration in the caudal sections in 

PD and greater degeneration of the rostral sections in Alzheimer’s Disease (AD).92 The 

results of this study show that MSA patients in the early stages of the disease have a degree 

and subregional pattern of LC degeneration similar to PD. Significant differences compared 

to controls could only be identified in the intermediate section of the LC, possibly due to the 

small sample sizes of each cohort. In Doppler et al., the mean contrast of the caudal LC in PD 

patients was only slightly reduced, while differences were more evident in the middle 

portion.83  

The branched projections of the LC reach almost all central nervous system locations: 

neocortex, hippocampus, amygdala, thalamus, cerebellum (reviewed extensively by Berridge 

and Waterhouse93).94–96 In physiological conditions, LC noradrenaline release modulates 

cognition processes such as attention, learning memory and perception97–100, but also stress 

responses, pain and autonomic functions.101,102 Therefore, LC degeneration and its 
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subregional pattern might influence clinical manifestations such as cognitive functioning. It 

has been shown that post-mortem LC integrity is associated with late-life attenuation of 

cognitive decline, even when adjusting for other neurochemical systems integrity and 

comorbid pathology.103 Another study used in vivo neuromelanin MRI to show that better 

memory performances in healthy young and older adults are associated with rostral LC 

integrity.71 Thus, the association between MoCA scores and rostral LC neuromelanin found 

in MSA in this study adds to previous evidence in healthy subjects and AD patients.71,104 The 

lack of association in PD patients may be due to the small sample size and a related small 

dispersion of MoCA values, a less strong association in this group, or both. It is interesting to 

note that in PD a moderate correlation (Spearman’s rho = 0.394) between intermediate LC, 

where the greatest LC neuromelanin reduction is found, and MoCA scores exist. It is also 

worth noting that the MoCA is a general screening tool for cognitive impairment and 

therefore no clear association can be established with cognitive subdomains. Two recent 

studies in PD have shown an association between overall LC neuromelanin content and 

several cognitive subdomains, such as attention, executive functions, spatial orientation and 

verbal learning.65,72 The authors hypothesize that this wide range of associations may be due 

to the widespread nature of the LC cortical projections and their degeneration in PD. To 

interpret these findings, it is also worth mentioning that Doppler et al. showed that 

noradrenergic terminal loss in remote locations exceeds on average 10-20% LC neuromelanin 

loss and the two measures are not correlated at the group level.83 

A recent study by Prasuhn et al. showed moderate correlations in 45 PD patients between 

both SN and LC neuromelanin and Beck Depression Inventory (BDI) scale scores in PD.65 In 

the current study, HADS-D scores, representing depressive symptoms, were significantly 

associated rostral LC neuromelanin loss in MSA only. This association is not surprising, 

given that LC dysfunction has been linked with depressive symptoms in major depression in 
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pathological105, preclinical106 and in vivo neuroimaging studies.107,108 In light of the study by 

Prasuhn et al., non-significant associations in our PD group are probably due to its small 

sample size. It must also be acknowledged that in PD other determinants of depressive 

symptoms, such as striatal dopaminergic denervation109 and cortical cholinergic 

denervation110, should be considered. While striatal dopaminergic denervation is thought to 

drive depressive symptoms in PD109, this pathophysiological link in MSA can only be 

speculative due to a lack of evidence. One study found acute levodopa administration 

ineffective in improving blunted affect characterizing MSA-P patients; the authors 

hypothesised that this trait could be due to caudate and ventral striatum degeneration and 

subsequent dysfunction of their connections with the orbitofrontal and limbic circuits.111 In a 

18FDG-PET study, MSA depressive symptoms have been linked to reduced prefrontal 

metabolism112, although this provides little information about the underlying neurochemical 

basis. Further studies on the neurochemical determinants of depression in MSA should be 

conducted as these would enable targeted pharmacological approaches. 

In MSA patients, rostral LC neuromelanin loss also showed a significant association with 

RBD symptoms measured through the RBDSQ. The LC is thought to be part of a complex 

circuit responsible for the generation of REM sleep. However, the exact REM sleep generator 

nucleus in humans is still unclear and thought to reside in a group of neurons just rostral of 

the LC. These neurons are thought to be the analogous in humans of the peri-locus coeruleus 

alpha nucleus (or “subcoeruleus”) in cat and sublaterodorsal nucleus in rat, and are 

glutammatergic.113–115 Some naming confusion arises from the fact that in primates and 

human studies, the “subcoeruleus” is a caudal extension of the LC containing noradrenergic 

cells; the entire group is usually referred to as coeruleus-subcoeruleus complex.116–118 It 

should be noted that in humans the REM sleep generator is also thought to be glutamatergic 

and to lie rostrally to the LC.114 In previous studies, LC signal intensity has been shown to 
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correlate with the amount of REM sleep without atonia in a combined group of RBD patients 

and healthy controls119, and to be reduced in PD patients with RBD compared to those 

without RBD.120,121 In patients with RBD, greater REM sleep without atonia was correlated 

with greater LC neuromelanin loss121, although this finding was not confirmed by others.120 

In this study, RBDSQ was not correlated with LC signal intensity in PD. However, it should 

be considered that no selection was made in terms of RBD symptoms. The moderate-strong 

correlation found between RBDSQ and rostral LC signal intensity in MSA could be caused 

by a greater contribution of LC dysfunction to RBD generation in MSA compared to PD (in 

which other mechanisms such as pedunculopontine cholinergic dysfunction may also 

contribute), but also by a greater severity of pathology in pontine neighbouring structures 

controlling REM sleep. In either case, LC degeneration as measured by neuromelanin-

sensitive MRI in MSA could provide pathophysiological information regarding RBD 

symptoms and be used as a proxy measure of damage to adjacent tegmental pontine 

structures. 

No associations were found between LC neuromelanin loss and severity of autonomic 

symptoms as measured by SCOPA-AUT scores. One study showed lower 18F-DOPA uptake 

in the LC in MSA patients with orthostatic hypotension compared to those without.91 Since 

LC is thought to be implicated in central autonomic regulation of cardiovascular 

function102,122, a more clinically detailed approach could uncover meaningful associations. 

Finally, the overall topography of LC degeneration and its association with scales scores 

should be discussed. Indeed, the MRI contrast is greatest in the LC rostral section and 

decreases caudally. This implies that differences between subgroups and associations with 

clinical scores may be more detectable rostrally. Therefore, the pattern of LC degeneration 

seen in both PD and MSA, with variable rostral neuromelanin reductions and more consistent 

reductions in the intermediate part, seem to reflect pathological reports describing a caudo-
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rostral gradient of degeneration. The lack of significant differences in the most caudal part 

may be due insufficient signal-to-noise ratio (SNR). In MSA, moderate or strong correlation 

coefficients between rostral and intermediate LC and scales scores of cognitive impairment, 

depression and RBD symptoms were found. These could be indicative of a true 

pathophysiological link with rostral LC dysfunction, or could be partly due to a better SNR in 

this section. In the latter case, the association would not be invalidated, rather this would 

imply that the group distribution of rostral LC degeneration severity would serve as a proxy 

for the entire LC, given the profound signal loss in the more caudal parts. 

 

Diffusion MRI parameters in extranigral locations 

Diffusion MRI parameters have been used to investigate typical pathological alterations in 

white and grey matter in MSA, with most studies using the DTI model.25–27,32,37,123,124 More 

recently, automatized image processing and data classification algorithms have shown that 

multiple parameters from multiple locations may be useful in distinguishing PD and MSA 

(and atypical parkinsonism in general) with good accuracy.52–54,125 In the current study, 

NODDI was used to study critical brain locations in MSA and PD. Compared to PD, MSA 

patients showed increased free water fraction, indicative of grey matter loss, in putamen, 

caudate and cerebellar grey matter of lobule VI. Reductions in NDI were identified in the 

MCP and ventral pons (p=0.50), indicative of white matter degeneration. NODDI application 

in MSA could be particularly valuable since it simultaneously provides meaningful multiple 

information about grey and white matter structure. Only two recent studies have applied 

NODDI in parkinsonism, both in MSA-P patients.52,86 The NODDI parameters found in 

nigral and extranigral locations in the present study parallel those found in such studies, 

likely indicating high repeatability of this technique across studies and sites.  
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Limitations of the study 

Some limitations should be addressed. Although MSA is a rare condition, the number of 

MSA patients included in this study is rather small. Therefore, results should be interpreted 

with caution. However, findings from both NODDI and neuromelanin MRI and their 

associations with clinical scores seem to reflect and expand previous knowledge and retain 

pathophysiological significance, as discussed in the previous paragraphs. It is likely that 

larger studies will provide a greater degree of certainty.  

Given the low number of patients included in the study, hypothesis testing was limited and 

targeted to test a priori plausible differences and associations. Therefore, some unexpected 

but meaningful results could have been missed. Furthermore, a p-value correction for 

multiple testing was not applied. This decision was driven by the exploratory nature of this 

study and the small number of MSA patients included, as statistical power could have been 

hampered. The lack of correction for multiple tests could have inflated the type I error (i.e. a 

number of falsely significant results may have been reported). However, at p < 0.05 the 

probability of a false positive is one in 20, meaning that every 20 statistical tests conducted, 

one will be falsely significant. The overall number of statistical tests involving significance 

testing carried out in this study was kept to a minimum and should have produced less than 

five false positives. Keeping this in mind, the overall interpretation of the results will not 

change. Rather, this reinstates the need to interpret results with caution, especially where 

small effects were reported.  

The lack of detailed neuropsychological assessments, a more detailed assessment of 

depressive symptoms and polysomnography represent intrinsic limitations of this study. 

Since this was primarily a neuroimaging analysis, the decision to rapidly screen for more 
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symptoms prevailed over the detailed assessment of only one or two symptoms, which would 

have needed far greater time, resources and patients’ compliance. 

 

Future directions and other biomarkers 

Neuroimaging biomarkers now provide optimal diagnostic accuracy for MSA and PD, 

although their implementation in clinical practice is largely incomplete. The next major goal 

will be to achieve the earliest possible diagnosis in order to provide the possibility of early 

symptomatic treatment and the inclusion of these patients in clinical trials. Neuroimaging 

biomarkers also provide important information about the pathophysiological mechanisms of 

symptoms. This information may be used to target specific dysfunctions with 

pharmacological and non-pharmacological approaches.  

In recent years, fluid biomarkers derived from cerebrospinal fluid (CSF) and plasma have 

also provided a great amount of information about the CNS ongoing pathological process. 

Plasma norepinephrine levels have been shown to be a promising tool in distinguishing MSA 

from PD. In MSA, autonomic dysfunction is due to the degeneration of the central autonomic 

nuclei, while in PD it is due to degeneration of autonomic nerve fibres in the peripheral 

nervous system (PNS). Elevated levels of plasma NE have also been shown in patients with 

prodromal autonomic dysfunction who later converted to MSA.126,127 One CSF and plasma 

marker of neuronal injury, neurofilament light chain (NFL) is elevated in atypical 

parkinsonism compared to PD.128,129 In a meta-analysis of 8 studies, the pooled sensitivity in 

differentiating MSA from PD was 82% (95% confidence interval, CI: 71%–93%) and 

specificity was 87% (95% CI: 80%–90%).130 Another marker of neuronal injury, the total and 

phosphorylated tau protein, does not show differences in MSA compared to PD and HC, 

although a higher total tau / beta amyloid 42 (Aβ42) ratio in MSA compared to PD was shown 
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to have acceptable sensitivity and specificity in differentiating the two conditions (78.6% 

sensitivity, 80% specificity).131 Finally, CSF alpha-synuclein levels are similarly reduced in 

PD and MSA compared to controls132, but more recent techniques may exploit different 

molecular characteristics of alpha-synuclein in these conditions. Protein misfolding cyclic 

amplification (PMCA) and real-time quacking-induced conversion (RT QuIC) are protein 

aggregation assays that can be used to amplify and detect alpha-synuclein oligomers, soluble 

misfolded aggregates that can be found in CSF.133,134 In MSA these assays have shown 

different biochemical and biophysical characteristics compared to PD, due to molecular 

structural differences134, that allow very high discrimination between MSA, PD and 

controls.135–137  

Overall, it is possible that in the near future a combination of biomarkers from different 

sources (e.g. neuroimaging, CSF, plasma) may be available to assist the clinical diagnosis, to 

formulate prognostic predictions and to observe disease-modifying effects in clinical trials. 

 

Conclusion 

In this study, a detailed neuroimaging analysis including NODDI, a novel diffusion MRI 

technique, and neuromelanin were carried out in early stage MSA and compared to PD 

patients and healthy controls. MSA patients showed neuromelanin reductions and diffusion 

parameter alterations in SN and LC similar to PD, but greater degeneration in the putamen, 

caudate, cerebellar cortex and MCP. These in vivo findings closely resemble known 

pathological findings and could be used in the future as diagnostic and progression 

biomarkers. Furthermore, it was shown that LC degeneration seems a strong driver, even 

more than in PD, of cognitive impairment, depressive symptoms and RBD symptoms. These 
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associations should be further explored to identify new possible treatment approaches, largely 

lacking in MSA. 
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Tables 

Table 1. Common terms and parameters used in diffusion magnetic resonance imaging. 

DWI Diffusion-Weighted imaging. Please refer to text. 

DTI Diffusion Tensor Imaging. Please refer to text. 

DKI Diffusion Kurtosis Imaging. Diffusion MRI technique that allows to quantify the 

non-Gaussian diffusion (i.e. diffusional kurtosis) of water molecules. This is 

opposed to classical diffusion imaging, in which water diffusion is estimated 

through a Gaussian function (i.e. Gaussian diffusion). This modelling is conceived 

to take into account the presence of tissue barriers and compartments that alter the 

Gaussian diffusion of water. Mean, radial and axial kurtosis (MK, RK, AK) are 

specific parameters extracted from this imaging technique. At least two shells (non-

zero b-values) are required during scan acquisition.  

ADC Apparent Diffusion Coefficient. Numerical value expressing the degree of diffusion 

along one axis in a voxel. The coefficient is a function of signal intensity at b=0 

and b>0 and of the two b-values. The ADC map is the image resulting from the 

ADC values in each voxel. Regional ADC (rADC) values can be used to estimate 

the average ADC in a brain region. 

Trace(D) Trace of the tensor (the tensor is indicated by the letter D). Parameter obtained by 

the sum of ADC parameters in three orthogonal directions (x, y, z); the trace image 

contrast is insensitive to the orientation-effect, as opposed to the ADC obtained by 

scanning with a gradient applied in only one direction.  

The term “trace” comes from matrix algebra (since the tensor D is a 3x3 matrix) 

and indicates the sum of the diagonal elements of the matrix (in this case the 

diffusion rates along x, y and z). Of note, the average trace of a voxel, i.e. the sum 

of the water molecular diffusion rates along x, y and z divided by 3, is equal to the 

Mean Diffusivity (MD). 

FA Fractional anisotropy. Measure of the degree of diffusion anisotropy (propensity of 

water molecules to diffuse along a preferential axis). This value ranges between 0 

(isotropic diffusion) and 1 (anisotropic diffusion). 

MD, AD, 

RD 

Mean Diffusivity: overall measure of diffusion in a voxel or region. 

Axial Diffusivity: measure of diffusion along the main axis of diffusion. 

Radial Diffusivity: average measure of diffusion along the two minor axes of 

diffusion. 

FW Free Water: this measure aims to provide an accurate description of brain tissue 

where more than one diffusion compartment is present. This is conceptually based 

on a two-compartment model and calculation of this parameter requires a bi-tensor 

model, as opposed to single-tensor model (and single-compartment) used for 

estimating FA and diffusivity. Free-water-corrected diffusion parameters (FA) may 

also be calculated.  

NODDI Neurite Orientation Dispersion and Density Imaging. Diffusion MRI technique 

based on a three-compartment tissue model. The tissue is conceptually divided in 

an intra-neurite, an extra-neurite and a freely-diffusing water compartments. 

Resulting parameters are the orientation dispersion index (ODI, an index of 

orientation coherence of neurites), the neurite density index or intracellular volume 

fraction (NDI or ICvf, an index that quantifies the packing density of axons and 

dendrites), and isotropic volume fraction (ISOvf, or free water fraction, which 

estimates the degree of CSF contamination). At least two shells (i.e. non-zero b-

values) are required for this imaging technique.  

TBSS Tract-Based Spatial Statistics, an automated, observer-independent approach for 

assessing fractional anisotropy in white matter tracts on a voxel-wise basis across 

groups, overcoming common issues in FA comparison between subjects (i.e. 
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registration to a common space and spatial smoothing).  
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Table 2. Demographics and general clinical characteristics of the study population. 

 Healthy 

controls (HC) 

Parkinson’s 

Disease (PD) 

Multiple system 

atrophy (MSA) 

Number of patients, n 18 19 11 (7 P, 4 C) 

Age, median (IQR, range) 59 (19, 46-79) 64 (12, 47-79) 64 (11, 56-79) 

Sex (M/F) 7/11 12/7 6/5 

Duration of symptoms, median  - 7 (7, 1-11) 3 (2, 1-6) 

MDS-UPDRS I, median (IQR, range) - 10 (9, 0-22) 15 (12, 7-25) 

MDS-UPDRS II, median (IQR, range) - 7 (8, 1-21) 20 (8, 11-41) 

MDS-UPDRS III, median (IQR, 

range) 

- 32 (21, 15-64) - 

UMSARS I, median (IQR, range) - - 18 (7, 13-36) 

UMSARS II, median (IQR, range) - - 27 (12, 19-38) 

Hoehn and Yahr, median (IQR, 

range) 

- 2 (0, 1-4) - 

RBDSQ, median (IQR, range) 1 (3, 0-4) 4 (7, 1-13) 6 (10, 1-11) 

MoCA, median (IQR, range) - 27 (4, 24-30) 25 (3, 21-29) 

MMSE, median (IQR, range) 30 (2, 26-30) 29 (2, 26-30) 29 (2, 24-30) 

HADS total, median (IQR, range) - 6 (10, 1-20) 16 (10, 8-34) 

SCOPA-AUT, median (IQR, range) - 11 (12, 0-22) 25 (16, 11-52) 

NMS-QUEST, median (IQR, range) - 8 (9, 0-19) 15 (6, 6-19) 

SCOPA-PS, median (IQR, range) - 4 (7, 0-23) 19 (11, 5-28) 

Abbreviations. HADS: Hospital Anxiety and Depression Scale; IQR: interquartile range; MDS-

UPDRS: Movement Disorders Society – Unified Parkinson’s Disease Rating Scale; MoCA: Montreal 

Cognitive Assessment; MMSE: Mini Mental State Examination; n: number of patients; NMS-

QUEST: Non-Motor Symptoms Questionnaire; RBDSQ: Rapid Eye Movement Sleep Disorder 

Questionnaire; SCOPA-AUT: Scales for Outcomes in Parkinson’s Disease – Autonomic; SCOPA-

psych: Scales for Outcomes in Parkinson’s Disease – Psychosocial functioning; UMSARS: Unified 

Multiple System Atrophy Rating Scale. 
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Table 3. Neuromelanin and NODDI parameters in anterior and posterior substantia nigra (SN). 

Neuromelanin content was estimated as volume of voxels exceeding +3.25 standard deviations of the 

mean background intensity (cerebral peduncles). 

Site Parameter HC (n=18) 

Mean (SD) 

PD (n=19)  

Mean (SD) 

MSA (n=11) 

Mean (SD) 

Anterior SN Neuromelanin 83.03 (31.11) 61.90 (33.81) 52.94 (30.77) 

NDI 0.7978 (0.0836) 0.8281 (0.0667) 0.8648 (0.0742) 

FWF 0.0803 (0.0687) 0.0705 (0.0563) 0.1305 (0.1109) 

ODI 0.2602 (0.0572) 0.2878 (0.0505) 0.2783 (0.0591) 

Posterior SN Neuromelanin 28.86 (12.41) 15.85 (13.13) 16.00 (9.72) 

NDI 0.7200 (0.0856) 0.7703 (0.1044) 0.8081 (0.0705) 

FWF 0.0719 (0.0649) 0.1426 (0.1136) 0.1858 (0.1209) 

ODI 0.2494 (0.0472) 0.2718 (0.0287) 0.2766 (0.0455) 

Abbreviations. FWF: free water fraction; HC: healthy controls; MSA: multiple system atrophy; NDI: 

neurite density index; ODI: orientation dispersion index; PD: Parkinson’s disease. 
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Table 4. Diffusion MRI values extracted from the neurite orientation and dispersion density imaging 

(NODDI) from selected locations in Parkinson’s Disease and Multiple System Atrophy. 

 PD (n=19) 

Mean (SD) 

MSA, (n=11) 

Mean (SD) 

Mann 

Whitney U 

p-value 

Putamen FWF 0.04409 (0.03455) 0.11250 (0.09533) 145.0 0.021 

ODI 0.52987 (0.03129) 0.53129 (0.03551) 49.0 0.035 

Caudate FWF 0.00619 (0.00663) 0.01399 (0.00741) 154.0 0.006 

ODI 0.47377 (0.04186) 0.49552 (0.03979) 121.0 0.247 

Pallidum FWF 0.11717 (0.10180) 0.16917 (0.14369) 125.0 0.179 

ODI 0.45482 (0.03196) 0.44650 (0.03252) 85.0 0.668 

Cerebellar 

grey matter 

(lobule VI) 

FWF 0.02823 (0.03323) 0.11247 (0.11051) 146.0 0.019 

ODI 0.47289 (0.03430) 0.49726 (0.02991) 135.0 0.069 

MCP  NDI 0.79654 (0.04182) 0.70095 (0.12417) 44.0 0.019 

Cerebellar 

WM 

NDI 0.82437 (0.04995) 0.73620 (0.16104) 57.0 0.085 

Ventral 

pons (WM) 

NDI 0.75503 (0.05571) 

 

0.69647 (0.05979) 52.0 0.050 

Abbreviations. FWF: free water fraction; MCP: middle cerebellar peduncle; MSA: Multiple system 

atrophy; NDI: neurite density index; ODI: orientation dispersion index; PD: Parkinson’s Disease; 

WM: white matter. 
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Table 5. Relationships between locus coeruleus (LC) neuromelanin MRI contrast and non-motor 

symptoms scores in Multiple System Atrophy (MSA) and Parkinson’s Disease (PD). Numbers 

indicate Spearman’s rho correlation coefficients. Asterisks (*) flag significant correlations with p < 

0.05, uncorrected (p-values are reported in the main text). 

 Rostral LC  Intermediate LC Caudal LC 

MSA PD MSA PD MSA PD 

MoCA 0.770* 0.105 0.567 0.394 0.161 -0.192 

HADS-D -0.664* -0.372 -0.389 -0.215 0.334 -0.056 

RBDSQ -0.606* -0.006 -0.592 -0.137 0.321 0.129 

SCOPA-

sleep 

0.393 0.109 0.142 -0.004 0.005 -0.191 

Abbreviations. HADS-D: Hospital Anxiety and Depression Scale – Depression subscore; MoCA: 

Montreal Cognitive Assessment; RBDSQ: Rapid Eye Movement Sleep Disorder Questionnaire; 

SCOPA-sleep: Scales for Outcomes in Parkinson’s Disease – sleep. 
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Figures 

Figure 1. Schematic representation of the Neurite Orientation Dispersion and Density 

Imaging (NODDI) tissue modelling, and how it differs from diffusion tensor imaging (DTI). 

DTI models tissue with a diffusion tensor (a 3x3 matrix geometrically resembling an ellipsoid 

in space), through which mean diffusivity (MD) and fractional anisotropy (FA) can be 

estimated. NODDI models brain tissue in three compartments: intra-neurite, extra-neurite, 

and cerebrospinal fluid (CSF) compartments. This is achieved by applying a two-level 

approach to separate the volume fraction of Gaussian isotropic diffusion (free water fraction, 

FWF), representing freely diffusing water (i.e. CSF), from the neural tissue. The remaining 

signal is compartmentalised into non-exchanging intra and extra-neurite water. Parameter 

maps of neurite density index (NDI), representing mainly the intracellular compartment, free 

water fraction (FWF), representing freely diffusing water, and orientation dispersion index 

(ODI), representing neurites orientation dispersion in space, can be estimated. Yellow circles 

highlight a region containing all three tissue components, i.e. CSF, grey matter and white 

matter, and how it would be interpreted by the different models. Reproduced with permission 

from Rae et al., 2017.138 
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Figure 2. Regions of interest (ROIs) placed on the diffusion MRI template. ROIs were placed 

onto: middle cerebellar peduncles (MCPs), ventral pons white matter tracts, cerebellar white 

matter and cerebellar lobule VI grey matter (not shown) (first row); putamen, pallidum, 

caudate (second row); anterior and posterior substantia nigra (SN) (third row). To ensure 

correct placing of the SN ROIs a template image from the gradient echo magnetization 

transfer (neuromelanin-sensitive) images was created and transformed to diffusion template 

space; the third row shows the midbrain from the diffusion template with superimposed SN 

hyperintensity derived from the neuromelanin image template.  
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Figure 3. (A) shows the relationship between substantia nigra (SN) neurite density index 

(NDI) and free water fraction (FWF) is shown. (B) shows the relationship between SN NDI 

and neuromelanin content. Linear fit lines for each subgroup and total linear fit lines are also 

shown. 
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Figure 4. Mean MRI contrast and 95% confidence interval (CI) in the entire locus coeruleus 

(LC) and in its rostral, intermediate and caudal subportions in Healthy Controls (HC), 

Parkinson’s Disease (PD) and Multiple System Atrophy (MSA) patients. 
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Figure 5. 3D scatterplot representing the relationship between Montreal Cognitive 

Assessment (MoCA) scores, rostral locus coeruleus (LC) neuromelanin (NM) content and 

anterior substantia nigra (SN) neuromelanin content in Parkinson’s Disease (PD) and 

Multiple System Atrophy (MSA) patients. The regression plane highlights a direct 

association between MoCA scores and both rostral LC and anterior SN. The plane was 

modelled through a linear model as y ~ x + z. The dotted line along the yz plane represents 

the relationship between MoCA scores and average rostral LC neuromelanin content; the 

dotted line along the xy plane represents the relationship between MoCA scores and average 

anterior SN neuromelanin content. 

Abbreviations: Avg.: average; LC: Locus coeruleus; MoCA: Montreal Cognitive Assessment; 

MSA: Multiple System Atrophy; NM: neuromelanin; PD: Parkinson’s Disease. 
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