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ABSTRACT 

Background: Multiple sclerosis (MS) affects both brain and spinal cord. 

However, studies of the neuraxis with advanced MRI are rare because of long 

acquisition times. We investigated neurodegeneration in MS brain and cervical 

spinal cord using neurite orientation dispersion and density imaging (NODDI). 

Objective:  to investigate possible alterations, and their clinical relevance, in 

neurite morphology along the brain and cervical spinal cord of relapsing-

remitting MS patients. 

Methods: 28 relapsing-remitting MS patients and 20 healthy controls underwent 

brain and spinal cord NODDI at 3T. Physical and cognitive disability was 

assessed. Individual maps of orientation dispersion index (ODI) and neurite 

density index (NDI) in brain and spinal cord were obtained. We examined 

differences in NODDI measures between groups and the relationships between 

NODDI metrics and clinical scores using linear regression models adjusted for 

age, sex and brain tissue volumes or cord cross-sectional area. 

Results: Patients showed lower NDI in the brain normal-appearing white matter 

and spinal cord white matter than healthy controls. In patients, a lower NDI in 

the spinal cord white matter was associated with higher disability.   



Conclusions: Reduced neurite density occurs in the neuraxis but, especially 

when affecting the spinal cord, it may represent a mechanism of disability in 

MS. 

 

 

 

 

 

 

 

 

INTRODUCTION 

Neurodegeneration represents a major component of multiple sclerosis (MS) 

pathology and it can affect the whole neuraxis1, brain and spinal cord, from the 

relapsing-remitting stage of MS2. Quantitative magnetic resonance imaging 

(MRI) biomarkers of the brain3 and spinal cord4 may reflect neurodegeneration 

in vivo and, thus, may be used as outcome measures in clinical trials targeting 

neuroprotection in MS5. However, it is unclear whether brain or spinal cord 

pathological alterations are the main correlates of disability in MS6. To address 



this question, studies of the neuraxis with quantitative MRI should be carried 

out, but these are rare because of the long acquisition times.  

Neurite orientation dispersion and density imaging (NODDI) is a multi-

compartmental model of diffusion MRI7 that is more specific than DTI in 

capturing the microstructural substrates possibly underpinning 

neurodegeneration8. Specifically, NODDI provides two indices of neurite 

morphology, the neurite density index (NDI) and the neurite orientation 

dispersion index (ODI). NDI estimates the fraction of axons and dendrites within 

the neural tissue: it is primarily sensitive to axonal loss, and therefore 

neurodegeneration, with other changes, such as demyelination, also 

contributing to its value9. ODI quantifies the variability of neurite orientations: a 

high orientation dispersion occurs when neurites are dispersed in space; 

therefore, it becomes meaningless when measured in voxels corresponding to 

cerebrospinal fluid (CSF). 

A few studies have applied NODDI to the brain of MS patients. They all reported 

a decrease in the NDI in both the white matter (WM) lesions10–12 and normal-

appearing WM10–13 in MS patients compared with healthy controls (HCs). ODI 

was also found to be altered, predominantly in WM lesions, but in different 

directions depending on the study10–12. Alterations in NODDI indices were 



correlated with physical disability, as measured by the Expanded Disability 

Status Scale (EDSS)11,13.  

However, no study has investigated correlations between NODDI alterations 

and cognitive impairment,14 which is associated with neurodegeneration,15 and 

the impact of WM lesions on the observed NODDI abnormalities is unknown. 

Additionally, a previous study11 used a unique 3T scanner with gradient strength 

up to 300 mT/m, a technology not widely available in the clinical setting, whose 

results are difficult to compare and/or to replicate.   

 

Another key question is whether NODDI can be used to investigate in vivo 

neurodegeneration in the spinal cord of MS patients. We have previously 

demonstrated the feasibility of NODDI application to the healthy spinal cord16. A 

preliminary observation in a small number of patients (N=6)17 has suggested 

abnormal ODI and NDI metrics in the spinal cord of MS patients when 

compared with controls.  

 

Thus, a characterization of the neurite density and orientation dispersion in the 

whole neuraxis of MS patients is lacking, although this would contribute to 

understanding if the brain and spinal cord share common pathological 

abnormalities. Therefore, we applied NODDI to the brain and cervical cord of 



relapsing-remitting MS (RRMS) patients and HCs, using a clinical 3T scanner. 

To determine if the underlying abnormalities in the neurite morphology, as 

captured by NODDI, contribute to disability, we assessed the correlations 

between NODDI indices and physical and cognitive disability.  

 

MATERIALS AND METHODS 

Patients’ characteristics and clinical assessments 

We enrolled 28 consecutive patients who fulfilled the following inclusion criteria: 

diagnosis of RRMS, age between 18 and 65 years, absence of relapses or 

corticosteroid treatment in the three months before imaging and no other known 

medical condition affecting the central nervous system (CNS). Twenty age- and 

sex-matched HCs were also recruited.  

Patients were assessed with the EDSS. All subjects underwent the MS 

functional composite (MSFC) score, which includes the 9-Hole Peg Test, the 

Timed 25-Foot Walk test and the Paced Auditory Serial Addition Test, as well 

as the brief cognitive assessment for MS (BICAMS)18 including Symbol Digit 

Modalities Test (SDMT), California Verbal Learning Test-II (CVLT-II) and Brief 

Visuospatial Memory Test-Revised (BVMT-R). Anxiety and depression were 

tested as possible confounders with the Hospital Anxiety and Depression Scale 

(HADS)19.  



For the MSFC total score, z-scores were calculated according to the National 

Multiple Sclerosis Society Task Force guidelines20.  

Written informed consent, approved by the local research ethics committee, 

was obtained for all participants. 

MRI protocol 

Brain and spinal cord MRI scans were performed in the same session at 3T 

using a Philips Achieva MRI system (Philips Healthcare, Best, the Netherlands) 

with RF multi-transmit technology, Quasar Dual gradient set of 40/80 mT/m and 

with a 32–channel coil for brain acquisition and a 16-channel neurovascular 

receive-only radiofrequency coil for the spinal cord (Table 1). The spinal cord 

protocol was acquired before the brain protocol in all subjects. 

Brain NODDI cardiac-gated diffusion-weighted images were acquired using a 

spin-echo echo-planar imaging sequence. The diffusion protocol consisted of 3 

b-shells and gradient directions isotropically distributed: b-value=300s/mm2 and 

8 directions; b value=1000 s/mm2 and 30 directions; b value=2855s/mm2 and 60 

directions. Eight interleaved non-diffusion-weighted (b=0) images were also 

acquired.  

The cervical cord was imaged in the axial-oblique plane (i.e., slices 

perpendicular to the longitudinal axis of the cord) with the center of the imaging 

volume positioned at the level of C2-3 intervertebral disc. Moreover, to reduce 



motion artifacts during scanning and improve image quality, an MR compatible 

cervical collar was worn by all subjects21. 

For NODDI, the acquisition protocol for all scans relied on a reduced field-of-

view (FOV), cardiac gated PGSE ZOOM-EPI sequence, acquiring two diffusion-

weighted high angular resolution imaging (HARDI)22 b-shells of thirty 

measurements at b=1000s/mm2 and sixty measurements at b=2855s/mm2 and 

3 interleaved b=0 measurement, respectively16. A total of 20 slices were 

acquired with a total acquisition time of approximately 35 min. Simulations, not 

included in this paper, revealed that 3 b=0 measurements suffice to estimate 

the correct b=0 offset level 95% of times, with a precision of 7.8%, against 

precision of 4.9%, with 8 b=0 measurements, with realistic spinal cord SNR 

levels16,23.  

Conventional MRI post-processing 

T2 hyperintense lesions were outlined in each subject using the semi-

automated edge finding tool from JIM v6.0 (Xinapse systems, Aldwincle, UK) 

and the lesion volume (ml) was computed. The lesion masks were co-registered 

to the 3D-T1 images24and then the 3D-T1 images were filled using a non-local 

patch match lesion filling technique25. For brain extraction, tissue segmentation 

and parcellation, we used Geodesic Information Flows (GIF)26.  



The upper cervical cord cross-sectional area (CSA) was measured from the 3D-

FFE scans of the cervical cord: an active surface model was applied using JIM 

v6.0 to obtain the CSA by averaging the area of three contiguous 5mm axial 

slices, centered on C2/3 disc27,28. Spinal cord lesions were identified as 

delineated areas of hyperintensity on the 3D-FFE sequence and counted. 

Diffusion-weighted data processing 

Brain  

Each diffusion-weighted image was corrected for eddy current-induced 

distortions and subject movements using eddy in FSL6.0(FMRIB, Oxford, UK)29. 

For the NODDI fitting, we used the Matlab (The MathWorks, Inc., Natick, 

Massachusetts, USA) NODDI toolbox (http://nitrc.org/projects/noddi_toolbox) 

with the default settings to generate ODI and NDI.  

The segmented tissue masks and lesion masks were then registered to the 

NODDI maps to extract the tissue-specific NODDI values.  

Spinal cord 

Diffusion-weighted data were pre-processed and corrected for motion16
. For 

each subject, the whole cord was segmented on the mean b=0 volume by using 

a semi-automatic active surface method27 implemented in JIM V6.0. The fitting 

cord mask was then eroded slice-by-slice and cropped to the 6 central slices 

creating the whole-cord mask. Subsequently, the spinal cord grey matter (GM) 

http://nitrc.org/projects/noddi_toolbox


and WM, as well as dorsal, lateral and ventral WM sub-regions masks, were 

manually outlined in each subject on the average DW image which was 

obtained by averaging the diffusion-weighted images acquired for gradient 

directions at angle less or equal to 50 degrees with respect to the longitudinal 

axis of the spinal cord, according to the procedure described by Kearney and 

colleagues30 (Supplemental Material). 

The NODDI model was fitted within the whole cord mask (before slice wise 

erosion) by using the NODDI MATLAB toolbox. NODDI indices were then 

calculated within the manually segmented spinal cord tissue masks.  Voxels 

with isotropic volume fraction (i.e. CSF voxels) >0.99 were excluded from the 

analysis. 

All the brain and spinal cord NODDI images underwent quality checks and were 

excluded based on motion artifacts, noticeable signal drifts on the b=0 signal.  

Examples of the brain and spinal cord NODDI maps are given in Figure 1. 

Statistical analysis 

Group differences in demographic characteristics were assessed using the two-

sample t-test for continuous variables and the chi-square test for categorical 

variables. 

 

We applied a linear regression model to investigate the differences between 



patients and HCs in brain tissue volumes (i.e., WM and GM tissue volumes), 

CSAs, clinical tests and NODDI metrics, adjusting for age and sex. When 

looking for differences in NODDI metrics, the models were repeated including 

specific brain tissue volumes (when brain comparisons were tested) or CSA 

(when spinal cord comparisons) to account for the possible influence of atrophy. 

In patients, we used linear regression models to investigate associations 

between NODDI metrics and brain volumes and spinal cord CSA, and disability 

(i.e., MSFC and BICAMS), adjusting for age and sex. Only the NODDI metrics 

and the clinical tests that showed significant differences between patients and 

HCs were entered in these models. In case of significant associations between 

NODDI metrics and disability scores, the regressions were re-run adjusting for 

the brain parenchymal fraction and the spinal cord CSA. 

Since the EDSS score and lesion loads (brain lesion volume and spinal cord 

lesion count) are not normally distributed, we used the Spearman’s rho 

correlation coefficient for the associations between NODDI metrics and these 

parameters.   

Stata v. 14.1 (Stata Corporation, College Station, Texas, USA) was used. 

Results associated with a p<0.05 were considered statistically significant and 

reported. Due to the exploratory nature of the study, the statistical inference of 

multiple comparisons was not performed.  



 

RESULTS 

Out of 28 patients and 20 HCs who underwent the MRI protocol (Table 2), we 

included into the analysis the brain MRI data of 24 patients and 16 HCs and the 

spinal cord data of 27 patients and 18 HCs (the remainder scans were 

discarded after quality checks and/or for incomplete MRI protocol).  

In comparison to HCs, RRMS patients showed brain and spinal cord atrophy 

(Table 2) as well as lower scores on the BICAMS, and MSFC (Table 3). The 

BICAMS and PASAT scores did not correlate with the HADS scores. 

 

Patients showed lower NDI in the brain normal-appearing WM than HCs (B= -

0.021, 95% confidence interval (CIs): -0.041 to -0.002, p=0.032). In the spinal 

cord, patients showed lower NDI in the whole WM (B= -0.07, 95%CIs:-0.11 to -

0.03, p=0.001), particularly in the dorsal and lateral WM sub-regions, and a 

lower ODI in the dorsal WM (B=-0.04, 95%CIs:-0.07 to -0.1) than HCs (Figure 

2). These differences remained significant after adjusting for WM brain tissue 

volume and CSA, respectively (Table 4). NDI was lower in the spinal cord GM 

of RRMS patients than HCs (B= -0.04, 95%CIs:-0.07 to -0.006, p=0.021), but 

this difference became not significant when adjusting for CSA. 

 



In patients, a lower NDI in the whole WM and dorsal sub-region of the spinal 

cord correlated with higher EDSS score (rs=-0.46 p=0.015 and rs=-0.48, p=0.012, 

respectively) (Figure 3), while there was a weak correlation between lower ODI 

in the dorsal column and higher EDSS (rs=-0.39 p=0.045). 

 

In patients, lower NDI in the brain normal-appearing WM was associated with a 

higher brain lesion load (rs=-0.52, p=0.009)(Table 5-6).  

 

DISCUSSION 

Using a clinical scanner, we found evidence of neurite integrity loss, as 

captured by NDI, in both the spinal cord and the brain of patients with MS when 

compared to HCs.  

In the cervical cord of MS patients, a reduced density of nerve fibers (NDI) was 

detected in the whole cord, especially in the lateral and dorsal WM columns. We 

also found a lower dispersion of neurites (ODI) in the dorsal columns of patients 

when compared to controls, as opposed to the finding of a different research 

group, which studied only six MS patients17. A low ODI value may be related to 

a reduction in the angular variations of axons, possibly caused by 

demyelination, as well as to the contribution of WM lesions, not excluded in our 



analysis, that have shown low ODI values in previous studies from our 

group10,31 and are often present in the dorsal columns of MS patients32.  

 

The results of the brain NODDI comparisons between groups mirrored the 

spinal cord findings, with a lower NDI in the brain normal-appearing WM of 

patients when compared to HCs. In the brain, we found a relationship between 

lower NDI and higher lesion load, thus extending the findings of previous 

studies11,13. As alterations in the normal-appearing WM of MS patients can be 

characterized by diffuse axonal injury33, our results may support the hypothesis 

that this axonal damage is due to the degeneration of axons transected in focal 

lesions34.  

 

The most interesting result of our study is that lower NDI in the spinal cord WM 

was associated with greater disability, as measured by EDSS. This suggests 

that a reduced neurite density, which is a known component of 

neurodegeneration, may contribute to neurological impairment in MS. When 

reflecting on the absence of a significant correlation between low neurite 

density and increased disability in the brain, it is important to consider that long 

axons are highly compacted in the WM columns of the spinal cord, where they 

mediate neurological functions. Therefore, the alterations in the axon 



microstructure detected by NODDI in the spinal cord WM are more likely to 

correlate with the EDSS, which is heavily weighted towards walking ability, than 

the global reduced NDI observed in the brain normal-appearing WM. This 

interpretation is supported by a previous study carried out in MS which reported 

that the EDSS was related to reduced NDI only in specific brain WM regions, 

such as the corpus callosum and internal capsule, where long-tract axons are 

found13.  

 

Finally, for the first time, we investigated possible correlations between 

cognitive performance and NODDI metrics. However, measures of cognition did 

not correlate with abnormal NODDI parameters. Since patterns of orientation 

abnormalities detected by diffusion imaging in the cortex seem to be related to 

cognitive functions35, further studies analyzing NODDI in specific cortical 

regions and linking them with the corresponding cognitive domains are needed.  

 

Limitations 

A possible limitation of our analysis is that we could not exclude MS lesions 

from the spinal cord NODDI maps; therefore, it is expected that NDI from the 

lesional tissue contributes to the observed reduced NDI. However, the 

relationship between spinal cord NDI and disability was independent of spinal 



cord lesion load, suggesting that NODDI may reflect clinically meaningful 

alterations in the WM independently of visible lesions.  

Secondly, the length of the protocol does not allow the use of NODDI in routine 

clinical practice. However, changes in scanner hardware and acquisition 

protocols may lead to faster acquisition time, with the possibility of translating 

this technique from research centres to the clinical setting.  

Finally, in the spinal cord, our relatively coarse resolution may have led to high 

levels of within-voxel partial volume effects, and the presence of highly 

anisotropic voxels may increase partial volume along the superior-inferior 

direction, thereby leading to higher values of ODI, as compared to brain WM 

areas with similar fibre organization.  

Nonetheless, previous works7,12 have demonstrated that the echo times used in 

this study suffices to obtain an image quality suitable for group comparisons at 

the relatively low resolution employed here. Future work aiming at clinical 

translation is warranted to improve signal-to-noise and hence achieve a better 

resolution and mitigate partial volume effects. 

 

In conclusion, the neurite integrity loss, which is a crucial element of 

neurodegeneration, occurs in both the brain and spinal cord WM in MS, but 

mainly when affecting the cervical cord, it may contribute to physical disability. 



This raises the potential of using spinal cord NDI metric as a marker of disability 

in MS so that it can be used to assess the efficacy of neuroprotective 

treatments and to provide insights into the mechanisms of disability in MS.   
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Table 1. MRI protocol  

 FOV 

(mm2) 

Voxel size 

(mm3) 

TR 

(ms) 

TE 

(ms) 

Inversion 

time (ms) 

BRAIN  

3D-T1 256x256 1.0x1.0x1.0 6.9 3.1 836.46 

PD/T2 240x180 1.0x1.0x3.0 4900 15/85  

DWIa 192x222 2.5x2.5x2.5 12000 91  

SPINE  

3D-FFE 240x240x50b 0.5x0.5x5.0 23 5  

DWIc 64x64 1.0x1.0x5.0 12000 65.50  

 

a b-values 300/1000/2855s/mm2 with 6/30/60 isotropically distributed gradient 
directions; TR is approximate being the sequence cardiac gated (TR=12 heart 
beats) 
b mm3 

c b-values 1000/2855s/mm2. TR is approximate being the sequence cardiac 
gated (TR=12 heart beats). 
Abbreviations: DWI: diffusion-weighted image; FFE: fast field echo; FOV: field-
of-view; TR: repetition time; TE: echo time 
 
 

 

 

 



 

Table 2: Demographic and clinical characteristics of relapsing-remitting 
multiple sclerosis patients and healthy controls. 
 
 

 RRMS patients 

(N=28) 

Healthy 

controls 

(N=20) 

p-values 

Age (years) 39.4 ± 6.6 36.6 ± 12.5 

 

0.21 

Gender 

(female:male; % 

female) 

23:5 (82) 13:7 (65) 0.17 

Disease duration 

(years) 

8 ± 5.6 - - 

DMDs (N, %) 

 

15 (54) - - 

Brain GM volume 

(ml) 

624.7 ± 41.1 705.6 ± 80.8 0.001a 

Brain WM 

volume (ml) 

422 ± 33.9 482.7± 80.7 0.012a 

BPF 0.7 ± 0.02 0.8 ± 0.01 <0.0001a 



Spinal cord CSA 

(mm2) 

75.8 ± 6.7 83.6 ± 8.7 0.009a 

Brain WM T2 

lesion volume 

(ml) (median, 

range) 

11.3 (0.3-41.3) -  

WM spinal cord 

lesion count 

(median, range) 

2 (0-8)   

 
a linear regression model correcting for age and gender. 

Note. Data are means  standard deviation, unless otherwise indicated. 
Abbreviations: RRMS: relapsing-remitting multiple sclerosis; DMDs: disease 
modifying drugs; GM: grey matter; BPF brain parenchymal fraction; CSA: cross-
sectional area; WM: white matter 
 
 

 

 

 

 

 

 



 

Table 3: Disability scales and cognitive tests in relapsing-remitting 
multiple sclerosis patients and healthy controls.  
 
 

 RRMS patients 

(N=28) 

Healthy controls 

(N=20) 

p-valuea 

EDSS (median, 

range) 

2.5 (1-6.5)   

HADS Anxiety 

(median, range) 

4 (0-21)   

HADS 

Depression 

(median, range) 

3 (0-10)   

Mean 9-HPT 

(sec.) 

23  5.3 18.4  5.1 0.006 

T25FW (sec.) 5.8 ± 3.1 3.9 ± 0.5 0.03 

PASAT  38.8 ± 16 48.6 ± 9.4 0.053 

MSFC (z-scoreb) 0.03 ± 0.6 0.42 ± 0.4 0.016 

SDMT  

 

54.56 ± 11.2 62.13 ± 10.2 0.027 

BVMT-R 

 

22.28 ± 7.5 28.29 ± 39 0.002 

CVLT-II  57.80 ± 11.3 63.27 ± 8.2 0.016 

 
a A linear regression model was used adjusting for age and sex. 



b Z-scores were computed according to the National MS Society’s Clinical 
Outcomes Assessment Task Force indications using as a reference population 
our healthy control cohort.  

Note. Data are means  standard deviation, unless otherwise indicated.  
Abbreviations: RRMS: Relapsing-Remitting Multiple Sclerosis; 9-HPT: 9-hole 
Peg Test; T25FW: timed 25-foot walk; PASAT: Paced Auditory Serial Addition 
Test; MSFC: Multiple Sclerosis Functional Composite; SDMT: Symbol Digit 
Modality Test; BVMT-R: Brief Visuospatial Memory Test-Revised; CVLT-II 
Californian Verbal Learning Test II.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4: NODDI measures in relapsing-remitting multiple sclerosis 

patients and healthy controls. 

 

NODDI 

metric  

 

RRMS 

patients 

Healthy 

controls 

Standardize

d B 

coefficient 

()  

P-valuea 

Brain  

N of subjects 24 16   

NDI WM 0.57 ± 0.03 0.60 ± 0.03 -0.35 0.032 

ODI WM 0.27± 0.02 0.27 ± 0.02 0.02 0.60 

NDI GM 0.44 ± 0.02 0.44 ± 0.01 -0.25 0.24 

ODI GM 0.47 ± 0.01 0.47 ± 0.01 0.22 0.73 

Spinal cord  

N of subjects 27 18   

NDI Whole 

WM 

0.52 ± 0.07 0.58 ± 0.06 -0.45 0.015 

NDI Lateral 

WM 

0.53 ± 0.07  0.58 ±0.06 -0.38 0.021 



(N voxels in 

the mask 

134±47)  

NDI Dorsal 

WM 

(N voxels in 

the mask 

106±28) 

0.52 ±0.09 0.59 ±0.06 -0.38 0.020 

NDI Ventral 

WM 

(N voxels in 

the mask 

47±19) 

0.48 ±0.09 0.55 ±0.07 -0.27 0.095 

ODI Whole 

WM 

0.16 ±0.05 0.19 ±0.04 -0.28 0.12 

ODI Lateral 

WM 

(N voxels in 

the mask 

134±47) 

0.16±0.06 0.18 ±0.04 -0.15 0.4 



ODI Dorsal 

WM 

(N voxels in 

the mask 

106±28) 

0.14 ±0.05 0.18 ±0.04 -0.39 0.024 

ODI Ventral 

WM 

(N voxels in 

the mask 

47±19) 

0.19±0.07 0.21±0.05 -0.21 0.23 

NDI GM 

(N voxels in 

the mask 

190±26) 

0.46 ± 0.06 0.49 ± 0.04  -0.20 0.20 

ODI GM 

(N voxels in 

the mask 

190±26) 

0.09 ±0.04 0.1 ±0.03 -0.07 0.97 

 

a A linear regression model was used adjusting for age, sex and specific tissue 
volumes (brain) or cervical cord cross-sectional area (spinal cord). 



Note. Data are means  standard deviations. Abbreviations: RRMS: relapsing-
remitting multiple sclerosis; NDI: neurite dispersion index; ODI: orientation 
dispersion index; WM: white matter; GM: grey matter. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5. Associations of NODDI metrics with clinical outcomes (a) and 

Expanded Disability Status Scale (b) 

a) 

Dependent 
variable 

Independent 
variable 

Standardized B 
coefficient 

p-value 

BRAIN 

MSFC NDI WM -0.09 0.56 

CVLT-II NDI WM -0.12 0.51 

BVMT-R NDI WM -0.1 0.56 

SDMT NDI WM 0.04 0.82 

MSFC Brain lesion 
volume 

-0.42 0.06 

CVLT-II Brain lesion 
volume 

-0.1 0.6 

BVMT-R Brain lesion 
volume 

-0.09 0.68 

SDMT Brain lesion 
volume 

-0.17 0.4 

MSFC BPF 0.53 0.034 

CVLT-II BPF 0.28 0.49 

BVMT-R BPF 0.33 0.28 

SDMT BPF 0.28 0.25 

SPINAL CORD 

MSFC NDI Whole WM 0.26 0.25 

MSFC NDI Lateral WM 0.17 0.46 

MSFC NDI Dorsal WM 0.23 0.30 

MSFC NDI Dorsal WM 0.23 0.27 

MSFC CSA 0.20 0.39 
 
b) 

Dependent 
variable 

Independent 
variable 

rs coefficient p-value 

BRAIN 

EDSS NDI WM -0.14 0.51  

SPINAL CORD 



EDSS NDI Whole WM -0.46 0.015 

EDSS NDI Lateral WM -0.30 0.13 

EDSS NDI Dorsal WM -0.48 0.012 

EDSS ODI Dorsal WM -0.39 0.045 

EDSS CSA -0.19 0.4 

EDSS SC lesion count 0.48 0.018 

MSFC SC lesion count -0.27 0.17 

 
a) Results are from linear regression models adjusted for age and sex. 
Abbreviations: MSFC: Multiple Sclerosis Functional Composite; CVLT-II: 
California Verbal Learning Test-II; BVMT-R: Brief Visuospatial Memory Test-
Revised; SDMT: Symbol Digit Modality Test; NDI: Neurite Density Index; WM: 
White Matter; BPF: brain parenchymal fraction; CSA: cervical cord cross-
sectional area; SC: spinal cord. 
b) Results are from Spearman’s correlation test. As EDSS was correlated with 
the NDI in the spinal cord, associations between EDSS and measure of spinal 
cord atrophy and lesion load were assessed.  
Abbreviations: EDSS: Expanded Disability Status Scale; NDI: Neurite Density 
Index; WM: White Matter. 
 
 
 

 

 

 

 

 

 

 

 



 

Table 6. Associations between NODDI metrics in the brain and spinal cord 

and associations with atrophy measures (a) and lesion load (b) 

a) 

Dependent 
variable 

Independent 
variable 

Standardized B 
coefficient 

p-value 

NDI WM Brain BPF 0.32 0.26 

NDI WM Spine CSA 0.30 0.19 

NDI WM Brain NDI WM Spine 0.04 0.84 

 
b) 

Dependent 
variable 

Independent 
variable 

rs coefficient p-value 

NDI WM Brain Brain lesion 
volume 

-0.52 0.009 

NDI WM Spine SC lesion count -0.33 0.10 

 
a) Results are from linear regression models adjusted for age and gender. 
Abbreviations: NDI: Neurite Density Index; WM: White Matter; BPF: brain 
parenchymal fraction; CSA: cervical cord cross-sectional area. 
b) Results are from Spearman’s correlation test.  
Abbreviations: NDI: Neurite Density Index; WM: White Matter; SC: spinal cord. 
 
 

 

 

 

 

 



Figure 1. Example of NODDI maps 

A) Example of brain NODDI maps from one healthy control (top row) and two 

patients: patient 1 (age 51, EDSS 3) and patient 2 (age 42, EDSS 3.5). 

The first column shows the corresponding T2 weighed images and the lesion 

masks drawn for the two patients. The right panel shows the NODDI metrics: 

neurite density index (NDI) and orientation dispersion index (ODI). Visually, 

there is a reduction in NDI in MS lesions compared to the normal-appearing 

white matter in the two patients, and there are evident reduced NDI in the 

normal-appearing white matter of the two patients when compared to the 

healthy control.  

B) Example of spine NODDI maps obtained from the same subjects. The first 

column shows the non-diffusion weighted image derived from the DWI. The 

right panel shows the NODDI metrics. Visually, there is a reduction in NDI in the 

white matter of  the two patients when compared to the healthy control.  

 

Figure 2. Boxplots of the NODDI metrics showing differences between patients 

and healthy controls. 

Top: Neurite density index (NDI) values in the brain normal-appearing white 

matter of multiple sclerosis patients compared to healthy controls. 

*p-value<0.05 



Bottom:  Neurite density index (NDI) values in the spinal cord white matter of 

multiple sclerosis patients compared to healthy controls. *p-values<0.05 

Abbreviations: NDI: neurite density index; WM: white matter; MS: multiple 

sclerosis 

 

 

Figure 3. Relationship between the EDSS and the neurite density index (NDI) 

in the spinal cord white matter in relapsing-remitting MS patients (scatterplot). 

 

Data are shown with confidence intervals computed the standard error of 

forecast due to the non-parametric variable. In relapsing-remitting MS patients 

the EDSS score was correlated a lower neurite density (NDI) in the spinal cord 

white matter (rs=-0.46 p=0.015).  

Abbreviations: EDSS: Expanded Disability Status Scale; NDI: neurite density 

index; WM: white matter. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 



 


