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Summary 
Neuromelanin (NM) is a black pigment located in the brain in 
substantia nigra pars compacta (SN) and locus coeruleus. Its loss 
is directly connected to the loss of nerve cells in this part of the 
brain, which plays a role in Parkinson’s Disease. Magnetic 
resonance imaging (MRI) is an ideal tool to monitor the amount 
of NM in the brain in vivo. The aim of the study was the 
development of tools and methodology for the quantification of 
NM in a special neuromelanin-sensitive MRI images. The first 
approach was done by creating regions of interest, corresponding 
to the anatomical position of SN based on an anatomical atlas 
and determining signal intensity threshold. By linking the 
anatomical and signal intensity information, we were able to 
segment the SN. As a second approach, the neural network  
U-Net was used for the segmentation of SN. Subsequently, the 
volume characterizing the amount of NM in the SN region was 
calculated. To verify the method and the assumptions, data 
available from various patient groups were correlated. The main 
benefit of this approach is the observer-independency of 
quantification and facilitation of the image processing process 
and subsequent quantification compared to the manual 
approach. It is ideal for automatic processing many image sets in 
one batch. 
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Introduction 
 

Neuromelanin is a complex black pigment 
composed of melanin, metal ions, lipids, and proteins 
present in dopamine-producing neurons in the substantia 
nigra (SN) (Zucca et al. 2017). In neurodegenerative 
disorders from the synucleinopathy group, neurons 
containing neuromelanin are typically at a higher risk of 
cell death than neurons without pigmentation. The death 
of these neurons leads to the depletion of dopamine in the 
corpus striatum ultimately causing parkinsonian 
symptoms, i.e. akinesia, tremor, and rigidity that are 
typical for Parkinson’s disease (PD) (Zecca et al. 2001, 
Haining and Achat-Mendes 2017). Since there is 
a functional reserve in the number of dopaminergic 
neurons, parkinsonism appears only when approximately 
50 % of neurons are lost. 

Nowadays, synucleinopathy may be diagnosed 
in the prodromal stage, i.e. prior to the development of 
parkinsonism (Berg et al. 2015). The strongest marker of 
prodromal synucleinopathy is REM sleep behaviour 
disorder (RBD) presenting as loss of muscle atonia 
during REM sleep and abnormal behavior during sleep 
(Montplaisir 2004). Long term studies have proven that 
70-90 % of people suffering from RBD develop PD or 
another neurodegenerative disease, such as dementia with 
Lewy bodies or multiple system atrophy, in 12 and more 
years (Postuma et al. 2019, Kim et al. 2017).  

Pigmentation of the substantia nigra (SN) with 
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neuromelanin is a physiological process inasmuch as it is 
a byproduct of oxidative catabolism of catecholamines. 
The volume of pigmented neurons, which is increasing 
during life until approximately the age of 60, typically 
decreases thereafter. The loss of neuromelanin in SN is 
directly connected to the degeneration of dopaminergic 
neurons in SN and suggests PD or other 
neurodegenerative diseases. (Zecca et al. 2001)  

Neuromelanin-sensitive imaging is a promising 
MR technique for the assessment of SN integrity. The 
contrast mechanism of neuromelanin is based on its very 
short T1 relaxation time (Trujillo et al. 2017). This 
approach may be beneficial for detecting and monitoring 
of degeneration in prodromal stages of synucleinopathy, 
e.g. in patients with RBD. Another method used for such 
purposes is dopamine transporter (DAT) imaging using 
scintigraphy. However, these methods are not suitable for 
longitudinal monitoring because they are associated with 
radiation exposure and high costs (Ohtsuka et al. 2014). 

Several approaches are currently used for the 
processing of neuromelanin-sensitive MRI scans. They 
typically involve segmentation based on thresholding 
voxels in the SN regions relative to the surrounding tissue 
(Langley et al. 2015, Castellanos et al. 2015, Schwarz  
et al. 2011). All of them are at least partly done manually. 
This human factor is the biggest problem in case of 
processing big data or creating a reliable, precise and 
unbiased quantification system.  

Our work was therefore focused on 
automatization of data processing and elimination of the 
human factor during the evaluation of the data acquired 
from neuromelanin-sensitive MRI. This should help to 
process more data in a shorter time and increase the 
precision and reliability of obtained results. To maintain 
the possibility to process even non-standard data the 
intervention of reading physician to the whole automatic 
process was kept. 

 
Patients and Methods 
 
Participants 

In total, there were 122 subjects involved in the 
study. 36 (8F, 28M) with PD, mean age 60.1 ± 9.4 yrs, 47 
(5F, 42M) with RBD, mean age 67.9 ± 4.4 yrs, and 39 
(5F, 34M) healthy controls (HC), mean age 65.0 ±  
6.7 yrs. All PD patients were treatment-naïve and 
diagnosed in accordance with the MDS clinical 
diagnostic criteria. The RBD diagnosis was confirmed by 
video-polysomnography according to the International 

Classification of Sleep Disorders, third edition (ICSD-3) 
(American Academy of Sleep Medicine, 2014). For 
inclusion, RBD patients had to be >49 years, and to be 
without overt parkinsonism, dementia, as well as factors 
indicative of secondary RBD such as narcolepsy, drug-
induced RBD (i.e. RBD originating shortly after initiation 
of antidepressants), or focal brainstem lesions on MRI. 
Control subjects were recruited from the general 
community through advertisements. To be eligible for the 
study, controls had to be free of major neurologic 
disorders, active oncologic illness, and abuse of 
psychoactive substances. In all control subjects, RBD 
was excluded by thorough history and video-
polysomnography. 

 
MRI scanning protocol 

Patients were examined on a 3T whole-body 
MRI system (Skyra, Siemens Healthcare, Erlangen, 
Germany) equipped with 32-channel head coil. The 
neuroimaging protocol included: 3D-Magnetization 
Prepared - Rapid Gradient Echo: (MPRAGE; 176 axial 
slices covering entire brain, repetition time [TR]=2000 
ms, echo time [TE]=2.4 ms, inversion time [TI]=900 ms, 
spatial resolution=1x1x1 mm) and neuromelanin-
sensitive (NM) 2D-gradient echo with magnetization 
transfer (MT) preparation prepulse (14 axial slices 
perpendicular to dorsal margin of the brainstem covering 
entire SN, TR= 394 ms, TE=2.7 ms, spatial 
resolution=0.5x0.5x3 mm, number of measurements=7) 
sequences. 

 
Software 

For processing of MRI images and for deep 
learning implementation, we used MATLAB. In addition,  
we used SPM 12 (Statistical Parametric Mapping) 
(Friston 2007) for image preprocessing and LeadDBS 
toolbox (Horn and Kühn 2015) for acquiring probability 
maps.  

 
Data processing 

All patient data obtained from the Department of 
Neurology were anonymized. Imaging data were acquired 
from Na Homolce Hospital. 

 
Pre-processing of images 

First, NM images acquired by seven 
measurements were realigned and averaged for each 
patient. 

The second step of processing was co-
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registration of MPRAGE images to the NM image using 
SPM12. Mutual registration of sequences enabled us to 
localize anatomical information contained in NM images 
in topographical MPRAGE images of the entire brain. 
The output was a transformation matrix, which would be 
applied to images in the last step of the process.  

The next step was brain tissue segmentation and 
the spatial normalization to the standard MNI space. The 
segmentation was done on the MPRAGE image based on 
TPM_Lorio_Draganski.nii template (Lorio et al. 2016) 
from LeadDBS.  

The final step of image pre-processing was 
definition of the SN region of interest (ROI) in the 
standard space and its transformation to individual NM 
space of each subject. Previously, spatial normalization 
provided forward and back transformation matrices. SN 
area defined in MNI PD25 atlas (Xiao et al. 2017) was 
chosen and transformed into the NM images using the 
inverse transformation matrix.  

 
Substantia nigra segmentation 

Because of the inter-individual differences in SN 
shape and the number of slices displaying SN, three 
inferior slices with neuromelanin signal were chosen for 
analysis.  

 
Threshold segmentation 

After applying the spatial prior based on the 
probability SN mask, NM volume was calculated by 
implementing the threshold of MRI signal in the area. For 
every patient, a reference region (circle with 4 mm 
diameter) was placed in the brainstem tissue of the 
inferior slice, outside of the SN signal. The mean signal 
value from this reference region multiplied by 1.2 was 
implemented as a signal threshold (Fig. 1). The constant 
1.2 was defined empirically from images by the 
neurologist. Voxels with signal values above this 
threshold in the SN spatial prior were segmented. Voxels 
with signal above the threshold, which apparently did not 
belong to SN, were manually cleaned using the 
MatrixUser v2.2 software. The resulting binary map of 
SN constituted the NM volume. 

 
Implementation of U-Net 

The segmented volume of NM from all subjects 
was used as an output for the training of the artificial 
convolutional neural network U-Net (Ronneberger et al. 
2015). This neural network is optimized for use in the 
segmentation of biomedical images, so it does not need as 

many learning and training data as a standard 
convolutional neural networks.  

For training of the neural network, a set of 
middle NM slices and corresponding segmented binary 
maps were used. We employed the “adam” method to 
train the models. The global learning rate was set to 0.001 
and the batch size was set to 10. In our pilot experiment, 
we arbitrarily tested several hyperparameters and then 
fixed it to 0.001 as it ensures the training could converge. 
We also performed a grid search afterward and tested as 
0.01, 0.005, 0.003, 0.001, 0.0005. We found that changes 
in this parameter did not alter the main conclusions in this 
paper. After 1000 epochs the precision of signal 
segmentation was approximately 99 %. Model learnt on 
the middle slice was used also for the segmentation of the 
superior and inferior slices. As a result of this process,  
a set of segmented maps of the NM signal was obtained 
(Fig. 2).  

 
Neuromelanin volume calculation and statistics 

We calculated the volume of NM from the 
threshold-segmented binary map of the SN area and from 
the automatically obtained probability map of SN area 
from U-net. We assumed that all labelled voxels in binary 
maps had a 100 % probability. From the voxel size 
multiplied by the probability we obtained the volume for 
each slice and the total volume for all three slices of the 
SN area in mm3. 

The NM volumes were computed for RBD, PD 
and HC groups. Normal distribution was confirmed by 
the Shapiro-Wilk test. HC was compared with PD and 
RBD using the t-test.  

 
 
Fig. 1. Signal intensity above threshold (blue) in neuromelanin-
sensitive MRI image in the SN area and reference region (red 
circle). 
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Results 
 
Calculated volumes of neuromelanin were subjected to 
statistical analysis to compare the ability of both 
segmentation methods to distinguish between PD, RBD 
and HC (see Table 1). It turned out that for signal 
threshold-segmentation there was only a significant 
difference between RBD group and HC in the superior 
slice (p=0.04). 

 
 

 
 
Fig. 2. Results of segmentation. Neuromelanin-sensitive MRI 
image (A), corresponding segmentation image using anatomical 
localisation and signal intensity threshold (B) and using artificial 
convolutional neural network U-Net (C).  

 

On the other hand, segmentation using U-Net 
distinguished between HC and RBD patient groups in 
superior slices (p=0.027) and HC and PD patients in 
superior (p=0.001), middle slices (p=0.017) and in the 
whole volume (p=0.013). 
 
 
Table 1. Differences in the RBD and PD groups compared to 
healthy controls (HC), SN volumes segmented by threshing and 
U-net segmentation. 

 
 Threshold 

segmentation 
U-net 

segmentation 
mean 
± sd 

[mm3] 

t-test 
p 

mean 
± sd 

[mm3] 

t-test 
p 

Superior slice 

HC 336 ± 67  71 ± 45  
RBD 300 ± 72 0.040 52 ± 34 0.027 
PD 300 ± 95 0.060 40 ± 36 0.001 

Middle slice 

HC 234 ± 46  123 ± 53  
RBD 227 ± 46 0.449 117 ± 48 0.551 
PD 218 ± 67 0.213 94 ± 50 0.017 

Inferior slice 

HC 45 ± 39  31 ± 26  
RBD 57 ± 39 0.178 38 ± 28 0.284 
   52 ± 39 0.477 32 ± 24 0.859 

All slices 

HC 615 ± 136  225 ± 113  
RBD 584 ± 133 0.289 207 ± 88 0.410 
PD 570 ± 229 0.299 166 ± 86 0.013 

 
Discussion 
 

In this study we have shown superior 
performance of U-net compared to manual thresholded-
segmentation in discriminating controls from patients 
with prodromal and manifest synucleinopathy.  

Overall, the results of the quantification were not 
as promising as we hoped for. We assumed the biggest 
difference between control and PD patients in the caudate 
slice since SN neurodegeneration begins in its inferior 
part; this was, however, not confirmed. On the contrary, 
superior slices segmented by the neural network U-Net 
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showed the best discriminative power for differentiation 
of HC, RBD and PD groups. Results in the superior slice 
correspond to previously published values in RBD and 
PD in the literature (Schwarz et al. 2011, Castellanos  
et al. 2015, Isaias et al. 2016, Trujillo et al. 2017). The 
pattern of mean NM volumes in this slice, i.e. 
HC>RBD>PD correspond with the theory that the 
volume of neuromelanin gradually decreases from 
prodromal to manifest synucleinopathy.  

The variance of calculated values was quite 
large, especially in threshold-segmentation, PD group, 
and in the inferior slice. This could be caused by the 
relatively large slice thickness that was 3 mm. In the 
inferior slices, SN could be not present in the entire slice 
volume leading to partial volume effect. This is the main 
limit of the pipeline that warrants further technical 
refinement in the future. The variance could be also 
contributed by the large age dispersion in patient groups, 
various stages of the disease and less precise 
segmentation. Results from U-Net, on the other hand, 
showed a smaller standard deviation and appeared to be 
more stable and accurate. A larger set of patients would 
be needed to prove the functionality of this method with 
at least 100 patients in every group.  

Our biggest neuroscience engineering 
contribution lies in the usage of the U-Net segmentation, 
that opens up possibilities in segmenting of the 
neuromelanin in the brain. Secondly, the whole pipeline 
allows applying a broad spectrum of analytical steps to 
neuromelanin-sensitive data in a fully automated, large-
scale fashion, which brings significant research value to 
the consumer compared to other approaches used for 

neuromelanin quantification, which require manual input 
(Schwarz et al. 2011, Castellanos et al. 2015, Isaias et al. 
2016, Trujillo et al. 2017). 

 
Conclusion 
 

In this project, we created the pipeline 
processing raw image datasets from clinical MRI. This 
pipeline can localize substantia nigra, perform 
segmentation and calculate the volume of neuromelanin 
in neuromelanin- sensitive MRI images. This process 
uses two different approaches in neuromelanin signal 
segmentation. The first one is more traditional, with 
anatomical atlas-based localization combined with signal 
intensity threshold. The results of this method were not 
perfectly accurate but could be used as training data for 
the artificial convolutional neural networks.  

The second approach in signal segmentation is 
artificial convolutional neural network U-Net. Using this 
neural network, segmentation results are more accurate 
and better correspond to the theoretical assumptions 
about the volume of neuromelanin in the brain in 
different stages of synucleinopathies. 
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