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ABSTRACT (200/200) 

Background: We assessed the ability of a brain-and-cord-matched quantitative MRI (qMRI) 

protocol to differentiate patients with progressive multiple sclerosis (PMS) from controls, in terms 

of normal-appearing (NA) tissue abnormalities, and explain disability.  

Methods: 27 patients and 16 controls were assessed on the expanded disability status scale 

(EDSS), 25-foot-timed walk (TWT), 9-hole peg (9HPT), and symbol digit modalities (SDMT) tests. 

All underwent 3T brain and (C2-C3) cord structural imaging and qMRI (relaxometry, quantitative 

magnetisation transfer, multi-shell diffusion-weighted imaging), using a fast brain-and-cord-

matched protocol with brain-and-cord-unified imaging readouts. Lesion and NA-tissue volumes 

and qMRI metrics reflecting demyelination and axonal loss were obtained. Random forest 

analyses identified the most relevant volumetric/qMRI measures to clinical outcome. Confounder-

adjusted linear regression estimated the actual MRI-clinical associations.  

Results: Several qMRI/volumetric differences between patients and controls were observed 

(p<0.01). Higher NA-deep grey matter quantitative-T1 (EDSS: beta=7.96, p=0.006; 9HPT: beta=-

0.09, p=0.004), higher NA-white matter orientation dispersion index (TWT: beta=-3.21, p=0.005; 

SDMT: beta=-847.10, p<0.001), lower whole-cord bound pool fraction (9HPT: beta=0.79, 

p=0.001), and higher NA-cortical grey matter quantitative-T1 (SDMT: -94.31, p<0.001) emerged 

as particularly relevant predictors of greater disability.  

Conclusions: Fast brain-and-cord-matched qMRI protocols are feasible and identify 

demyelination –combined with other mechanisms– as key for disability accumulation in PMS.  

 

  



 

 

INTRODUCTION 

In progressive multiple sclerosis (PMS), brain damage affecting both the white matter (WM) and 

the grey matter (GM) contributes to disability.1 Damage often goes beyond the presence of visible 

lesions and affects the normal-appearing neural tissue too, typically in the form of widespread 

demyelination, chronic inflammation, and axonal loss.2 Indeed, models based only on brain 

structural (conventional) magnetic resonance imaging (MRI) measures lack specificity to 

underlying pathological processes that lead to the development of irreversible disability.2 The 

advent of quantitative MRI (qMRI) has enabled the characterisation of disease-specific 

microstructural abnormalities, by exploiting strong biophysical models which have been 

histologically validated in healthy populations and several neurological conditions.2,3  

  

Importantly, disability in PMS is not entirely explained by brain pathology, and the involvement of 

the spinal cord has proved crucial too.4 However, to date, it has been difficult to assess alterations 

of tissue properties in the brain and spinal cord at the same time because the implementation of 

qMRI in both structures has been hampered by methodological constraints, including excessively 

long acquisition times. Several authors have successfully demonstrated that  fast imaging 

protocols in the brain5–8 or the cord9 are possible. However, up to now, there has been no proposal 

of a brain-and-cord matched protocol characterised by a unified MRI signal readout across 

different qMRI contrasts. This protocol should be able to exploit key MRI physical mechanisms 

sensitive to inflammation, demyelination and microstructure properties of tissue (such as 

relaxometry, magnetisation transfer and diffusion MRI). Furthermore, the protocol should be 

designed to speed up data acquisition, provide means of efficient denoising strategies, and 

ultimately make biophysical features directly comparable across different anatomical areas of the 

whole neuroaxis.  

  



 

 

In this study we present a bespoke protocol capable of imaging the brain and the spinal cord as 

similarly as possible, acknowledging the differences in the field-of-view between the brain and the 

region of the cord assessed, through brain-and-cord-matched acquisitions, and in an acceptable 

time for patients (<1hour). In this study, we have focused on metrics which have been typically 

associated with demyelination, such as quantitative longitudinal relaxation time (qT1), bound pool 

fraction, or radial kurtosis; with inflammation and oedema, such as isotropic volume fraction or 

qT1; and with axonal loss or axonal damage, such as fractional anisotropy, neurite density index, 

or, to a lesser extent, axial and radial kurtosis.     

 

Our overall aim was to assess whether pathological processes as detected by qMRI in both the 

brain and spinal cord explain disability better than only-brain or only-spinal cord approaches in 

people with MS, while evaluating the feasibility of the protocol too. More specifically, in this cross-

sectional study, we aimed to assess whether our qMRI metrics measured in the normal-appearing 

(non-lesional) tissue were able to differentiate patients from controls. We also aimed to investigate 

the most relevant brain and cord lesional and non-lesional volumetric and qMRI metrics to 

concurrent clinical outcome. 

 

METHODS 

Participants 

For this study, we included patients with a diagnosis of primary or secondary progressive MS 

according to their neurologist.10 Furthermore, we included relapse-onset MS patients who showed 

progression ≥1 point on the EDSS over the last two years in the absence of relapses, even if they 

had not yet ‘officially’ been diagnosed with secondary progressive stage. We did not impose any 

specific inclusion criteria related to time of last relapse, steroid therapy, or disease-modifying 

treatment (DMT) status. Patients were recruited from the MS clinic at the National Hospital for 

Neurology and Neurosurgery in London between 2017 and 2020.  



 

 

 

Age-matched healthy controls were also recruited. We aimed to include at least 19 patients in our 

study, to be able to find moderate-strong correlations in patients (rho=0.60) between qMRI metrics 

and clinical scores, with a risk of type I error (i.e., alpha)=0.05 and a risk of type II error (i.e., 

beta)=0.20. We assumed that only moderate-strong correlations (rho≥0.60) between clinical and 

qMRI scores are clinically relevant. We also aimed to include a similarly large cohort of healthy 

controls.  

 

All participants underwent a 3T MRI scan and were clinically assessed on the 9-hole peg test 

(9HPT),11 25-foot timed-walk test (TWT),11 and symbol digit modalities test (SDMT).12 Patients 

and controls were assessed in exactly the same way. Additionally, patients, unlike controls, were 

assessed on the expanded disability status scale (EDSS).13 Each participant was clinically 

assessed by a single neurologist, on the same day as the MRI scan. We chose these tests to 

include upper-limb and lower-limb motor function metrics as well as a cognitive test with high 

specificity and sensitivity for MS. Those patients who were unable to perform the TWT task were 

automatically assigned a time of 180 seconds. Those unable to perform the 9HPT task were 

automatically assigned a time of 300 seconds. Please see the Statistical analyses section for 

information on how clinical variables were obtained and handled in the statistical models.   

 

All patients and controls signed an informed consent to participate in the study (UK MS Society 

project reference: 1811). This project was approved by the local Ethics Committee at University 

College London Hospitals (Research Ethics Committee Reference: 19/LO/0649).   

  

MRI acquisition 

All participants underwent structural MRI and qMRI of the brain and the spinal cord (C2-C3 

vertebral level) using a 32-channel receive-only vendor head coil on a 3T Philips Ingenia CX 



 

 

scanner (Best, The Netherlands). We used both product and purposely developed sequences 

(see Supplementary Table 1 for full details).  

 

Structural imaging was based on product sequences and consisted of: 

• Brain 3D Fluid Attenuation Inversion Recovery (FLAIR) (1×1×1mm3), acquired in the 

sagittal plane 

• Brain 3D T1 (1×1×1mm3), acquired in the sagittal plane 

• Spinal cord 3D spoiled gradient-echo (0.75×0.75×2.5mm3), acquired in the axial plane 

 

Quantitative imaging was based on a unified single-shot spin-echo echo planar imaging readout 

across contrasts to harmonise signal-to-noise ratio and image distortions for joint multi-contrast 

quantitative analysis, using the reduced-field-of-view zonal oblique multislice (ZOOM) technique14 

for spinal cord acquisitions, as this maximises scan time efficiency and mitigates image 

distortions.  

 

The entire qMRI protocol was acquired in the axial plane and consisted of: 

• Relaxometry (inversion recovery):  

o Brain (2×2×2mm3, 72 slices) 

o Spinal cord (0.89×0.89×5mm3, 16 slices, centred at C2-C3 union) 

• Magnetisation transfer imaging (quantitative MT):  

o Brain (2×2×2mm3, 72 slices)  

o Spinal cord (0.89×0.89×5mm3, 16 slices, centred at C2-C3 union)  

• Multi-shell diffusion-weighted imaging:  

o Brain: b=0 (3 volumes), b=1000 s/mm2 (20 directions), b=2000 s/mm2 (20 

directions), b=2800 s/mm2 (36 directions); (2×2×2mm3, 72 slices) 



 

 

o Spinal cord: b=0 (4 volumes), b=1000 s/mm2 (18 directions), b=2000 s/mm2 (18 

directions), b=2800 s/mm2 (34 directions); (0.89×0.89×5mm3, 16 slices, centred at 

C2-C3 union)  

Additional scans were used to correct for B1 and B0 inhomogeneities in quantitative analyses. 

The total scan time was just below 1 hour. 

  

MRI analysis pipeline 

All brain and cord structural and quantitative images underwent a generalised pre-processing 

pipeline (Figure 1).  

 

Structural images 

In the brain, additional pre-processing steps included: (1) fully automated segmentation of white 

matter lesions using 3D FLAIR images with the NicMS software;15 (2) lesion filling of 3D T1-

weighted images;16 (3) subsequent Geodesic Information Flows (GIF) brain region 

segmentation;17 (4) computation, for each subject, of whole-brain lesion load; (5) computation of 

normal-appearing (NA), i.e., lesion-free, white matter (WM) and grey matter (GM) volumes, 

including cortical and deep GM (i.e., CGM and DGM, respectively) volumes, after subtracting the 

brain lesion masks from the segmented macroscopic brain areas to obtain the segmented normal 

appearing tissue.17 Additionally, we obtained the brain parenchymal fraction, calculated as the 

ratio between whole-brain tissue volume (i.e., lesions, NA-WM, and NA-GM) and total intracranial 

volume. NA-GM (including CGM and DGM) and WM volume fractions were also obtained after 

dividing NA tissue-specific volumes by the total intracranial volume (Figure 1).   

 

In the spinal cord, additional pre-processing steps included: (1) segmentation of the cord over the 

whole field of view using FFE image and then cropped to the area/volume of interest (i.e., C2-

C3); (2) computation of whole cord area using Deepseg from Spinal Cord Toolbox (SCT 4.3.); (3) 



 

 

manual lesion segmentation by an experienced rater, using the 3D spoiled gradient echo 

sequence, with further review by an MS clinician; (4) cord GM and WM segmentation (of a non-

lesion-filled cord image), using the Spinal Cord Toolbox that already includes GM and WM masks 

of each cord level,18 with further review by an expert; (5) computation of C2-C3 spinal cord lesion 

volume, i.e., it only reflects that evaluated at the C2-C3 level; (6) computation of NA cord tissue, 

i.e., NA-cord area, NA-cord GM area, NA-cord WM area (all measured at the C2-C3 vertebral 

level).  

 

The structural images in the brain and spinal cord were also used to extract masks of anatomical 

tissue types used to extract mean values of all the qMRI metrics acquired. In detail, mean and 

standard deviation values were computed for the following masks:  

• In the brain: NA-CGM, NA-DGM, NA-WM, NA-brainstem and cerebellum, and brain 

lesions; 

• In the spinal cord: whole cord, NA-cord, cord NA-GM and NA-WM, and cord lesions. 

 

Quantitative images 

After carrying out the general pre-processing pipeline (Figure 1) the same MRI signal models 

were fitted to both brain and spinal cord pre-processed data to derive the same microstructural 

metrics, thus enabling a direct comparison of the contribution to disability between brain and 

spinal cord.  

 

The analysis pipeline of qMRI data included the following steps: 

• Relaxometry:  

Quantitative longitudinal relaxation time (qT1) maps were obtained from the inversion recovery 

data, by fitting a mono-exponential recovery model as previously described.19,20  



 

 

• Magnetisation transfer imaging: 

Quantitative MT data were analysed using a simplified two-pool model as previously 

described.21,22 A measure of the macromolecular proton pool size, i.e., the bound pool fraction, 

was estimated. 

• Diffusion-weighted imaging: 

We fitted one signal representation and one microstructural model to the diffusion-weighted data: 

Diffusion Kurtosis Imaging (DKI), and Neurite Orientation Dispersion and Density Imaging 

(NODDI), respectively.23 We obtained the following metrics derived from the DKI fitting:24 Diffusion 

Tensor Imaging (DTI) metrics: axial diffusivity, radial diffusivity, mean diffusivity, and fractional 

anisotropy; and kurtosis tensor metrics:25 axial kurtosis, radial kurtosis, and mean kurtosis. We 

obtained metrics derived from NODDI:26 neurite density index, orientation dispersion index, 

isotropic volume fraction. 

 

Table 1 shows a description of the main qMRI metrics together with their biophysical meaning. 

Figure 2 shows examples of the corresponding quantitative maps.  

 

Statistical analyses 

Clinical variables (and their units) were: EDSS score (points); inverse of 9HPT, i.e., mean of the 

reciprocal value of the mean time of the two right-hand attempts and the reciprocal value of the 

mean time of the two left-hand attempts (1/s);27,28 inverse of the TWT, i.e., inverse of the mean of 

two attempts (1/s);27,28 SDMT score (number of correct answers in 90 seconds). All clinical 

variables were considered as continuous.  

 

For all regression models explained below, the assumptions of linear regression were checked 

whenever possible. All analyses were carried out in Stata/SE 14.2 and RStudio 2021.09.0. 

 



 

 

i) Differences between patients and controls  

Non-lesional qMRI metrics were tested to see whether they were differentiating PMS patients 

from healthy controls, through age- and sex-adjusted linear regression models. From these 

models, we estimated the partial effect size (Cohen’s d), a standardised measure reflecting the 

magnitude of the difference (absolute value) in the qMRI metric between the two groups. The 

significance level was set at 0.01 to reduce the risk of type I error.  

 

ii) Most relevant brain and cord tissue-specific qMRI metrics explaining clinical outcome 

First, for each one of the clinical variables (one at a time) and each one of the specific tissue 

masks in the brain (i.e., NA-CGM, NA-DGM, NA-WM, NA-brainstem-cerebellum, brain lesions) 

and the spinal cord (i.e., whole cord, NA-cord, cord NA-GM, cord NA-WM, cord lesions), we built 

univariable regression models to explain the clinical measure (dependent variable) with each one 

of the tissue-specific qMRI measures. Afterwards, we built four random forest models, one for 

each clinical measure, to identify the most relevant variables to clinical outcome. To reduce the 

risk of multiplicity, only those variables which showed an association at 0.05 level with the 

dependent variable (one at a time) in univariable regression models were entered in the random 

forest models. Each random forest was made of 1000 trees. We used the default settings 

specified in the randomForest package in R. Variable importance was assessed through ‘% 

increase in mean squared error (MSE)’. The greater the value of % increase in MSE, the greater 

the relevance of the volumetric/qMRI measure.29 Finally, for each clinical variable, multiple linear 

regression models assessed the associations between the five most relevant volumetric/qMRI 

measures (explanatory variable), according to the % increase in MSE, and clincial outcome 

(dependent variable). Significance level was set at 0.01. For all statistical models, brain lesion 

load, disease duration, age, and sex were explored as covariates and only retained in the model 

if significant (p<0.01).  

 



 

 

RESULTS 

Twenty-seven patients with PMS, i.e., 22 with secondary PMS and 5 with primary PMS, and 16 

healthy controls were recruited. Of all patients, only one had had a clinical relapse and received 

steroid treatment over the last years. Ten patients (out of 27) were on DMTs, including intravenous 

ocrelizumab (2 patients), intravenous natalizumab (1 patient), and platform treatments (7 

patients). All participants tolerated the MRI scan without any major problems. The main clinical 

and demographic characteristics are detailed in Table 2. 

 

Differences between patients and controls  

After adjusting for age and sex, patients showed significantly smaller brain and cord parenchymal 

volumes than controls, especially NA-DGM and NA-WM volume fractions (p=0.002 and p=0.001, 

respectively), whole-cord cross-sectional area (p=0.003), and cord NA-GM cross-sectional area 

(p<0.001). A number of other significant differences were also found between patients and 

controls in terms of qMRI measures obtained in NA tissue after adjusting for age and sex (Table 

3). Considering all MRI metrics (qMRI and volumetric measures), the highest partial effect sizes 

were observed for qT1, radial diffusivity and mean diffusivity, whose values were greater in 

patients than controls, especially if obtained in the spinal cord. See Table 3 for more details. 

 

Most relevant tissue-specific volumetric and qMRI metrics to clinical outcome 

For the EDSS, TWT, and SDMT, the random forest regression models were only built with brain 

volumetric and qMRI measures, since none of the spinal cord measures was significantly 

associated with the clinical measures in univariable regression models. Instead, for the 9HPT, 

both brain and cord measures were entered in the random forest regression model (Figures 3-6, 

Supplementary Figure 1).  

 



 

 

For the EDSS and the TWT, the most relevant predictors included a combination of volumetric 

and qMRI measures of damage in NA and lesional brain tissue (Table 4 and Figures 3 and 4). 

More specifically, for the EDSS, greater qT1 measured in the NA-DGM (beta=7.955, p=0.006) or 

within lesions (beta=4.346, p=0.001), lower mean kurtosis in the NA-WM (beta=-10.935, 

p=0.004), and lower bound pool fraction also within lesions (beta=-63.641; p<0.001) were 

significant predictors of greater EDSS scores. Furthermore, there was some borderline evidence 

of greater lesion load being also associated with higher EDSS scores (beta=0.031; p=0.010) 

(Figure 3, Table 4).  

 

For the (inverse of the) TWT, the most relevant metrics included mainly measures of damage in 

the NA-WM, i.e., mean kurtosis, radial kurtosis, orientation dispersion index, and qT1, although 

only higher orientation dispersion index (beta=-3.206, p=0.005) and higher qT1 (beta=-0.616, 

p=0.003) emerged as statistically significant predictors of greater disability. Higher brain lesion 

volume (beta=-0.002, p=0.007) also emerged as a relevant predictor of worse outcome (Table 4, 

Figure 4). 

 

For the (inverse of the) 9HPT, the most relevant predictors included measures of damage in the 

spinal cord and NA brain tissue. In particular, lower values of NA-cord fractional anisotropy 

(beta=0.078, p=0.006) and whole-cord bound pool fraction (beta=0.792, p=0.001) significantly 

predicted worse 9HPT performance. Higher NA-DGM qT1 (beta=-0.088, p=0.004) and lower NA-

WM radial kurtosis (beta=0.073, p=0.003) also predicted greater disability (Table 4, Figure 5). 

 

Finally, for the SDMT, the most relevant predictors included measures of damage to the NA brain 

tissue, including damage to the NA-CGM, and within lesions (Table 4, Figure 6). In particular, 

higher NA-WM orientation dispersion index (beta=-847.103, p<0.001), higher NA-DGM axial 

diffusivity (beta=-90629.8, p<0.001), and higher NA-CGM qT1 (beta=-94.306, p<0.001) were 



 

 

associated with worse SDMT scores. Furthermore, lower mean kurtosis within lesions 

(beta=119.864, p=0.001) was associated with worse cognitive disability too (Table 4).       

 

DISCUSSION 

In this study we assessed the importance of the joint evaluation of damage to the brain and the 

spinal cord in PMS, testing different biophysical properties of tissue (e.g., myelin, neuronal density 

and morphology, inflammation) thanks to an ultra-fast and rich qMRI protocol. Not only was our 

protocol feasible, i.e., well tolerated by all patients, but it also provided valuable information about 

the underlying pathology of PMS across the entire neuroaxis. In general, brain qMRI metrics 

explained clinical outcome better than cord metrics, except for the upper limb motor function, 

which was strongly associated with both brain and cord qMRI metrics. Importantly, predictive 

models of clinical disability included metrics reflecting mainly demyelination but also 

inflammation/oedema, and axonal loss/neurodegeneration, highlighting the pathological 

complexity underlying disability accumulation in MS.  

 

In our study, those qMRI metrics which have been associated with demyelination, such as qT1,20 

radial diffusivity, or mean diffusivity,30 especially if measured in the spinal cord, showed the 

highest ability to discriminate between patients and controls, implying high partial effect sizes 

(Table 3), advocating for their use in clinical trials. Instead, the effect sizes of brain volumes were 

relatively small, despite being significant at 0.01 after adjusting for age and sex. This may be 

explained by the fact that our patient population was quite old at the time of the study. That is, it 

has been suggested that brain volumes in people with MS who grow older may reflect mainly 

aging-related changes rather than MS-related pathology,31 and we could be observing precisely 

this phenomenon.  

 



 

 

Furthermore, when we assessed the most relevant MRI measures to clinical outcome through 

random forest regression analyses, again those qMRI measures mainly denoting demyelination 

emerged as the most important ones. Instead, no atrophy measures played such a prominent 

role. The only volumetric measure that emerged as a relevant predictor was brain lesion load, 

especially for the prediction of EDSS and (inverse of) TWT. This suggests that qMRI metrics, and 

especially those reflecting demyelination, might have a greater power to explain clinical outcome 

than more conventional atrophy measures. Interestingly, though, some of the metrics that in our 

study best explained disability measures, such as the qT1, could also be reflecting, apart from 

demyelination, inflammation/oedema and neurodegenerative processes such as axonal loss. On 

the other hand, a recent study using 7T MRI has shown that long T1 times mainly reflect 

demyelination rather than axonal loss,32 which would reinforce the message of demyelination 

playing a predominant role in disability accumulation in PMS.    

 

Notably, brain qMRI metrics correlated with clinical outcome better than cord metrics, which may 

be explained at least partly by the higher signal-to-noise ratio obtained with brain metrics. An 

important exception was observed when explaining the upper limb motor function, which was 

strongly associated with both brain and cord qMRI metrics. These results suggest that getting 

granular information on the microstructural alterations present in different tissue types, i.e., 

cervical cord, brain NA-WM and NA-DGM, may be important to predicting 9HPT performance, 

while highlighting the leading role of cervical cord pathology in upper limb function.  

 

In relation to the EDSS, the most relevant measures to clinical outcome included those denoting 

damage to the NA-DGM (qT1) and NA-WM (mean kurtosis). Furthermore, the integrity of the brain 

tissue underlying visible lesional damage (qT1 and bound protein fraction) and the actual volume 

of visible brain lesions were also key. For the TWT, instead, measures of damage to the NA-WM 

were clearly predominant, apart from brain lesion volume. This stresses the pathological 



 

 

complexity underlying that accumulation of disability so strongly related to the inability to walk, 

highlighting the role of lesional and non-lesional brain WM integrity, as suggested by other 

authors.33  

 

Finally, the prediction of cognitive performance, as assessed by the SDMT, seemed to depend 

on the integrity of brain NA-WM (orientation dispersion index), the tissue underlying brain lesions 

(mean kurtosis), brain NA-DGM (axial diffusivity), and NA-CGM (qT1). Therefore, SDMT was the 

only clinical measure whose prediction strongly relied on measures of damage to the NA-CGM, 

in line with the requirement of higher order systems to perform cognitive tasks.36  

 

Study considerations and limitations 

From the image processing point of view, we should acknowledge that the class tissue 

segmentation in the spinal cord, unlike that in the brain, was carried out using non-lesion-filled 

images, using the Spinal Cord Toolbox.18 Thus, we cannot rule out a possible effect of focal and 

diffuse lesions on such segmentation, even if all our tissue masks were reviewed and corrected 

(if needed) by an expert, which is a clear limitation of the study.  

 

A further limitation stems from the fact that NA-cord and, to a lesser extent, brain tissue volumes 

may have been affected by the actual volume of cord and brain lesions, respectively, and not only 

by the presence of atrophy in those locations. Whereas this methodological choice allowed us to 

focus on the effects of the NA tissue, it made it difficult to assess the effects of brain and cord 

volumes on disability outcomes, which are known to be key in progressive MS.37,38 So, future 

studies looking at GM and WM tissue volumes in the spinal cord as potential predictors of 

concurrent disability are definitely needed. Additionally, since our study focused on a relatively 

small spinal cord region, we might have underestimated the contribution of spinal cord pathology 



 

 

to disability accrual. Therefore, further research focused on larger cord regions is needed to better 

understand the role of cord pathology in disability accumulation in progressive MS.      

 

The sample size of this study is relatively small but was powered to detect moderate-strong 

correlations between clinical and qMRI variables, which we expected from previous analyses.39 

On the other hand, the very rich imaging protocol, which is extremely innovative per se, provided 

us with uniquely valuable information for each participant, allowing us to generate novel insights 

reliably. The fact that many qMRI metrics with a similar biophysical meaning but obtained with 

independent contrasts went in the same direction (e.g., qT1 and F) contributed to strengthening 

our results as we have independent confirmation of tissue microstructural changes.  

 

Of note, in this study, although a number of statistical tests are reported, a number of separate 

null hypotheses were examined, rather than one single null hypothesis, whose error rate is 

affected by every reported test. Therefore, in line with previous recommendations,40,41 we did not 

adjust for multiple comparisons, although we set our statistical level at 0.01 to reduce the risk of 

type I error. Finally, we must acknowledge that some of our clinical measures, especially the 

EDSS, may have been subject to high levels of inter-rater34,35 and/or intra-rater35 variability, 

implying that the results may be taken with caution and deserving further research.  

 

Conclusions 

Our data shows that it is important to study MS progression jointly across the brain and the spinal 

cord in the same MRI session and with a rich qMRI protocol, since characterising damage beyond 

focal lesions in both areas is key to explaining disability in terms of different clinical domains. 

Indeed, the model for explaining cognitive or upper-limb motor function were very different, the 

latter involving the spinal cord. Our results also reveal the predominant role of qMRI metrics 

particularly sensitive – although not exclusively – to tissue demyelination measured mainly in non-



 

 

lesional areas for prediction of concurrent disability. Of note, metrics sensitive to inflammation, 

oedema, and axonal loss also played an important role in explaining clinical scores, reflecting the 

pathological complexity underlying disability accumulation in MS. This study demonstrates that 

qMRI can be obtained with fast advanced sampling and post-processing strategies like those 

employed here, supporting their implementation in clinical and research settings.  
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FIGURE LEGENDS 

Figure 1. MRI protocol pipeline 

Figure 1 (legend). Schematic representation of the image analysis pipeline implemented for both 

brain and spinal cord imaging. The general pre-processing part included the following steps: joint 

denoising (across MRI modalities, for brain and cord regions separately), through the Marchenko-

Pastur Principal Component Analysis (MPPCA) method, which allows a 4D image denoising and 

noise map estimation by exploiting data redundancy in the Principal Component Analysis (PCA) 

domain using universal properties of the eigenspectrum of random covariance matrices, i.e. 

Marchenko-Pastur distribution; joint Gibbs ringing artifact removal or un-ringing (across MRI 

modalities, for brain and cord regions separately); joint distortion correction (across MRI 

modalities, for brain MRI data only), carried out with FSL topup; joint Eddy current correction 

(across MRI modalities, for brain MRI data only), carried out with FSL Eddy; joint motion correction 

(across MRI modalities, for brain and cord regions separately). Please also note that the rFOV 

that was used was the ZOOM technique (please see Methods’ section for more details). 

Abbreviations: EPI: Echo-Planar Imaging; FSL: FMRIB Software Library; MPPCA: Marchenko-

Pastur Principal Component Analysis; NiftyReg: NiftyReg is an open-source software for efficient 

medical image registration developed by members of the Centre for Medical Image Computing at 

University College London, UK (http://cmictig.cs.ucl.ac.uk/wiki/index.php/NiftyReg); rFOV: 

reduced field of view; ZOOM: zonal oblique multislice.   

 

Figure 2. Examples of qMRI maps  

Figure 2 (legend). Examples of qMRI metrics in both brain and spinal cord in a representative 

healthy control and patient with MS, both chosen randomly, alongside tissue segmentations. 

Abbreviations: F: bound pool fraction; ODI: orientation dispersion index; qT1: quantitative T1 

relaxation time. 

 

http://cmictig.cs.ucl.ac.uk/wiki/index.php/NiftyReg


 

 

Figure 3. Variable importance for the prediction of EDSS 

Figure 3 (legend). Variable importance plot reflecting the relevance of the different MRI 

measures to the prediction of EDSS. See main text for full details. Abbreviations: AD: axial 

diffusivity; AK: axial kurtosis; BSC: brainstem and cerebellum; CGM: cortical grey matter; DGM: 

deep grey matter; EDSS: expanded disability status scale; F: bound pool fraction; FA: fractional 

anisotropy; GM: grey matter; IVF: isotropic volume fraction; MD: mean diffusivity; MK: mean 

kurtosis; NA: normal-appearing; NDI: neurite density index; ODI: orientation dispersion index; 

qT1: quantitative T1 relaxation time; RD: radial diffusivity; RK: radial kurtosis; WM: white matter. 

 

Figure 4. Variable importance for the prediction of TWT 

Figure 4 (legend). Variable importance plot reflecting the relevance of the different MRI 

measures to the prediction of TWT. See main text for full details. Abbreviations: AD: axial 

diffusivity; AK: axial kurtosis; BSC: brainstem and cerebellum; CGM: cortical grey matter; DGM: 

deep grey matter; F: bound pool fraction; FA: fractional anisotropy; GM: grey matter; IVF: isotropic 

volume fraction; MD: mean diffusivity; MK: mean kurtosis; NA: normal-appearing; NDI: neurite 

density index; ODI: orientation dispersion index; qT1: quantitative T1 relaxation time; RD: radial 

diffusivity; RK: radial kurtosis; TWT: 25-foot timed walk test; WM: white matter. 

 

Figure 5. Variable importance for the prediction of 9HPT 

Figure 5 (legend). Variable importance plot reflecting the relevance of the different MRI 

measures to the prediction of 9HPT. See main text for full details. Abbreviations: 9HPT: 9-hole 

peg test; AD: axial diffusivity; AK: axial kurtosis; BSC: brainstem and cerebellum; CGM: cortical 

grey matter; DGM: deep grey matter; F: bound pool fraction; FA: fractional anisotropy; GM: grey 



 

 

matter; IVF: isotropic volume fraction; MD: mean diffusivity; MK: mean kurtosis; NA: normal-

appearing; NDI: neurite density index; ODI: orientation dispersion index; qT1: quantitative T1 

relaxation time; RD: radial diffusivity; RK: radial kurtosis; WM: white matter. 

 

Figure 6. Variable importance for the prediction of SDMT 

Figure 6 (legend). Variable importance plot reflecting the relevance of the different MRI 

measures to the prediction of SDMT. See main text for full details. Abbreviations: AD: axial 

diffusivity; AK: axial kurtosis; BSC: brainstem and cerebellum; CGM: cortical grey matter; DGM: 

deep grey matter; F: bound pool fraction; FA: fractional anisotropy; IVF: isotropic volume fraction; 

MD: mean diffusivity; MK: mean kurtosis; NA: normal-appearing; NDI: neurite density index; ODI: 

orientation dispersion index; qT1: quantitative T1 relaxation time; RD: radial diffusivity; RK: radial 

kurtosis; SDMT: symbol digit modalities test; WM: white matter. 

 

 

  



 

 

TABLES  
 
Table 1. Description of the qMRI metrics 

MRI 
sequence 

qMRI metric Biophysical meaning 

Inversion 
recovery  

qT1 

Spin-lattice relaxation time, providing a measure of the time required by the 
longitudinal component of the magnetisation (i.e., parallel to the static B0 
field) to return to equilibrium following radiofrequency excitation. It is 
sensitive to the presence of macromolecules, so it increases in 
demyelinated tissue. It also increases in oedema, inflammation, and 
atrophy processes.  

Magnetisation 
transfer 
imaging  

Bound pool fraction 
Fraction of protons bound to macromolecules, as for example myelin in the 
brain; it decreases in demyelinated tissue. 

Diffusion-
weighted 
imaging  

Signal 
representation: 
Diffusion 
Kurtosis 
Imaging   

Axial 
Diffusivity 

Diffusion tensor index parallel to the principal diffusion direction, which, in 
single white matter bundles, is aligned with the dominant neural fibre 
orientation. It is sensitive to both myelination and axonal integrity. It can 
increase or decrease in demyelinated tissue. 

Radial 
Diffusivity 

Diffusion tensor index perpendicular to the principal diffusion direction, 
which, in single white matter bundles, is aligned with the dominant neural 
fibre orientation. It is sensitive to myelination and axonal density. Generally, 
it increases in demyelination. 

Mean 
Diffusivity 

Mean diffusion coefficient from diffusion tensor fitting, averaged across all 
3D spatial directions. It is a measure of overall diffusivity; generally, it 
increases in demyelinated tissue. 

Fractional 
Anisotropy 

Normalised measure of the orientation dependence of the diffusivity from 
diffusion tensor eigenvalues. It is close to zero where diffusion is isotropic, 
while approaches 1 in anisotropic areas, where the diffusivity parallel to the 
principal diffusion direction is much larger than orthogonal to it. It is 
sensitive to a variety of microstructural properties (e.g., axonal density, 
axonal orientation), and can exhibit complex patterns of variation in 
demyelinated tissue.    

Axial 
Kurtosis 

Index quantifying the departure of the water diffusion behaviour from the 
ideal Gaussian diffusion (i.e., diffusion in pure water) along the principal 
diffusion direction, which, in single white matter bundles, is aligned with the 
dominant neural fibre orientation. It is usually reduced in demyelinated 
tissue and, to a lesser extent, axonal loss. 

Radial 
Kurtosis 

Index quantifying the departure of the water diffusion behaviour from the 
ideal Gaussian diffusion (i.e., diffusion in pure water) orthogonally to the 
principal diffusion direction, which, in single white matter bundles, is 
perpendicular to the dominant neural fibre orientation. It is usually reduced 
in demyelinated tissue and, to a lesser extent, axonal loss. 

Mean 
Kurtosis 

Average departure from Gaussian diffusion along all 3D spatial directions.     

Microstructural 
model: Neurite 
Orientation 
Dispersion and 
Density 
Imaging  

Neurite 
Density 
Index 

Signal fraction of the neurite compartment, modelling diffusion within axons 
and dendrites. It is sensitive to myelin-weighted axonal density in white 
matter; it is decreased in axonal loss and demyelination. 

Orientation 
Dispersion 
Index 

Variability of the orientation of neurites, i.e., amount of neurite dispersion, 
such that dispersion increases as ODI value increases. It is altered (usually 
increased) in demyelinated tissue. 

Isotropic 
Volume 
Fraction 

Free water signal fraction; it is usually increased in heavily demyelinated 
tissue. It also captures partial volume with the CSF and may be sensitive to 
inflammation and/or oedema. 

 
Table 1 (footnote). Abbreviations: qT1: Quantitative longitudinal relaxation time.  

  



 

 

Table 2. Clinical, demographic and basic MRI features of study participants 
Measure, in units 
Mean (SD)& 

Patients 
N=27 

Controls 
N=16 

p-value# 

Age at study baseline, in years 56.77 (7.58) 56.82 (9.03) 0.278 

Sex, number of males (%) 13 (48%) 5 (31%) 0.986 

Disease duration, in years 20.68 (11.30) - - 

Duration of progressive phase, in years 8.41 (6.60) - - 

EDSS score, median (range) 6 (3.5 to 7.5) - - 

Inverse of TWT, in 1/s 0.09 (0.06) 0.22 (0.03) <0.001 

Inverse of 9HPT, in 1/s 0.03 (0.01) 0.05 (0.004) <0.001 

SDMT score, number of correct answers 46.17 (11.39) 52.63 (7.99) 0.053 

Brain lesion load, in mL 19.36 (16.14) 0.31 (1.23) - 

NA CGM volume, in mL 585.13 (54.33) 591.88 (52.90) 0.693 

NA DGM volume, in mL 34.00 (4.24) 36.02 (3.79) 0.124 

NA WM volume, in mL 431.82 (54.72) 451.67 (43.88) 0.224 

Cord CSA*, in mm2 63.67 (8.89) 70.82 (6.05) 0.009 

Cord NA GM CSA*, in mm2 11.18 (2.30) 13.95 (0.91) <0.001 

Cord NA WM CSA*, in mm2 52.54 (7.57) 56.89 (5.39) 0.061 

Cord lesions, in mL 0.17 (0.15) - - 

  
Table 2 (footnote). &: unless otherwise specified; #: unadjusted p-value; : a few controls had minimal lesion load, 
which corresponded to chronic vascular disease; *: averaged between C2 and C3; : computed in C2 and C3. 
Abbreviations: 9HPT: nine-hole peg test; CGM: cortical grey matter; CSA: cross-sectional area (of the cord); DGM: 
deep grey matter; EDSS: expanded disability status scale; GM: grey matter; GM-CSA: grey matter cross-sectional area 
averaged between C2 and C3; NA: normal appearing; SD: standard deviation; SDMT: symbol digit modalities test; 
TWT: 25-foot timed walk test; WM: white matter; WM-CSA: spinal cord white matter cross-sectional area averaged 
between C2 and C3. 
  
  



 

 

New) Table 3. Description of all MRI metrics and age- and sex-adjusted partial effect sizes  

   Mean (SD)     

    Patients Controls p 
Partial (age- and 

sex-adjusted) effect 
size (95%CI) 

Volumetric measures, 
in units indicated 

below 
         

Brain 

NA GM 
volume, in 
mL 

619.130 (58.226) 627.899 (55.782) 0.168 0.048 (0; 0.218) 

NA CGM 
volume, in 
mL 

585.127 (54.328) 591.877 (52.903) 0.209 0.040 (0; 0.205) 

NA DGM 
volume, in 
mL 

34.002 (4.238) 36.021 (3.789) 0.008 0.169 (0.013; 0.365) 

NA WM 
volume, in 
mL 

431.819 (54.721) 451.674 (43.881) 0.033 0.112 (0; 0.303) 

NA GMF 0.433 (0.010) 0.436 (0.008) 0.375 0.020 (0; 0.166) 

NA CGMF 0.409 (0.010) 0.411 (0.008) 0.678 0.004 (0; 0.117) 

NA DGMF 0.024 (0.001) 0.025 (0.002) 0.002 0.213 (0.031; 0.408) 

NA WMF 0.301 (0.013) 0.313 (0.011) 0.001 0.253 (0.052; 0.445) 

Brain 
parenchymal 
fraction 

0.733 (0.016) 0.749 (0.009) <0.001 0.283 (0.070; 0.713) 

Brain lesion 
volume, in 
mL 

19.358 (16.141) 0.308 (1.230) <0.001 0.357 (0.124; 0.533) 

Spinal cord 

CSA, in mm2 63.666 (8.890) 70.815 (6.053) 0.003 0.229 (0.032; 0.432) 

NA GM-CSA, 
in mm2 11.183 (2.303) 13.948 (0.911) <0.001 0.344 (0.103; 0.530) 

NA WM-CSA, 
in mm2 52.536 (7.569) 56.887 (5.394) 0.017 0.152 (0.004; 0.357) 

Cord lesions, 
in mL 

0.166 (0.151) - - - 

F, in dimensionless 
units (fraction) 

          

Brain 

NA CGM 0.056 (0.005) 0.058 (0.005) 0.161 0.057 (0; 0.244) 

NA DGM 0.069 (0.007) 0.070 (0.006) 0.512 0.013 (0; 0.160) 

NA WM 0.102 (0.009) 0.106 (0.008) 0.159 0.057 (0; 0.245) 

Brainstem 0.080 (0.006) 0.080 (0.008) 0.876 0.001 (0; 0.082) 

Brain lesions 0.065 (0.012) - - - 

Spinal cord 

Whole cord 0.055 (0.008) 0.065 (0.006) <0.001 0.318 (0.081; 0.511) 

NA cord 0.055 (0.008) 0.065 (0.006) <0.001 0.314 (0.079; 0.508) 

NA GM cord 0.063 (0.010) 0.071 (0.005) 0.013 0.168 (0.007; 0.376) 

NA WM cord 0.056 (0.008) 0.067 (0.007) <0.001 0.313 (0.078; 0.507) 

Cord lesions 0.047 (0.016) -  - - 

qT1, in s           

Brain 

NA CGM 1.529 (0.085) 1.452 (0.056) 0.007 0.198 (0.017; 0.406) 

NA DGM 1.306 (0.074) 1.245 (0.043) 0.012 0.172 (0.009; 0.380) 

NA WM 0.993 (0.055) 0.949 (0.034) 0.012 0.173 (0.009; 0.381) 

Brainstem 1.261 (0.067) 1.218 (0.061) 0.059 0.101 (0; 0.303) 

Brain lesions 1.360 (0.157)   - - 

Spinal cord 

Whole cord 1.498 (0.114) 1.322 (0.064) <0.001 0.418 (0.165; 0.588) 

NA cord 1.488 (0.110) 1.322 (0.064) <0.001 0.408 (0.156; 0.580) 

NA GM cord 1.286 (0.101) 1.187 (0.032) 0.002 0.235 (0.035; 0.437) 

NA WM cord 1.443 (0.122) 1.284 (0.068) <0.001 0.350 (0.107; 0.535) 

Cord lesions 1.795 (0.412)   - - 

NDI, in dimensionless 
units 

          

Brain 
NA CGM 0.352 (0.022) 0.375 (0.019) 0.006 0.196 (0.018; 0.401) 

NA DGM 0.387 (0.020) 0.396 (0.019) 0.068 0.089 (0; 0.283) 



 

 

NA WM 0.492 (0.028) 0.511 (0.018) 0.064 0.094 (0; 0.292) 

Brainstem 0.488 (0.032) 0.516 (0.026) 0.009 0.178 (0.012; 0.384) 

Brain lesions 0.276 (0.042) - - - 

Spinal cord 

Whole cord 0.386 (0.058) 0.445 (0.040) 0.001 0.281 (0.060; 0.478) 

NA cord 0.390 (0.057) 0.445 (0.040) 0.001 0.259 (0.047; 0.459) 

NA GM cord 0.428 (0.058) 0.467 (0.036) 0.010 0.173 (0.010; 0.379) 

NA WM cord 0.400 (0.061) 0.459 (0.041) 0.001 0.261 (0.048; 0.460) 

Cord lesions 0.306 (0.114) - - - 

ODI, in dimensionless 
units 

          

Brain 

NA CGM 0.486 (0.008) 0.487 (0.007) 0.779 0.002 (0; 0.108) 

NA DGM 0.391 (0.020) 0.404 (0.017) 0.064 0.095 (0; 0.292) 

NA WM 0.261 (0.010) 0.254 (0.006) 0.021 0.143 (0.002; 0.348) 

Brainstem 0.249 (0.012) 0.250 (0.007) 0.700 0.004 (0; 0.124) 

Brain lesions 0.209 (0.026) - - - 

Spinal cord 

Whole cord 0.117 (0.061) 0.071 (0.018) 0.025 0.136 (0.0002; 0.340) 

NA cord 0.117 (0.062) 0.071 (0.018) 0.027 0.132 (0; 0.336) 

NA GM cord 0.122 (0.059) 0.104 (0.021) 0.457 0.0159 (0; 0.166) 

NA WM cord 0.101 (0.062) 0.052 (0.019) 0.019 0.148 (0.003; 0.353) 

Cord lesions 0.151 (0.091) - - - 

IVF, in dimensionless 
units (fraction) 

          

Brain 

NA CGM 0.520 (0.024) 0.526 (0.013) 0.657 0.006 (0; 0.131) 

NA DGM 0.471 (0.037) 0.487 (0.022) 0.530 0.011 (0; 0.153) 

NA WM 0.392 (0.038) 0.365 (0.019) 0.050 0.105 (0; 0.305) 

Brainstem 0.320 (0.024) 0.313 (0.020) 0.187 0.049 (0; 0.230) 

Brain lesions 0.536 (0.052) - - - 

Spinal cord 

Whole cord 0.310 (0.094) 0.310 (0.040) 0.551 0.010 (0; 0.149) 

NA cord 0.307 (0.093) 0.310 (0.040) 0.596 0.008 (0; 0.142) 

NA GM cord 0.425 (0.126) 0.403 (0.048) 0.227 0.041 (0; 0.217) 

NA WM cord 0.307 (0.093) 0.307 (0.044) 0.577 0.009 (0; 0.145) 

Cord lesions 0.306 (0.114) - - - 

FA, in dimensionless 
units 

          

  
  

Brain  
  
  

NA CGM 0.188 (0.013) 0.193 (0.014) 0.219 0.043 (0; 0.219) 

NA DGM 0.285 (0.023) 0.272 (0.016) 0.133 0.063 (0; 0.251) 

NA WM 0.427 (0.021) 0.442 (0.016) 0.034 0.122 (0; 0.325) 

Brainstem 0.468 (0.023) 0.480 (0.024) 0.078 0.086 (0; 0.282) 

Brain lesions 0.325 (0.030) - - - 

Spinal cord 

Whole cord 0.641 (0.067) 0.720 (0.027) <0.001 0.310 (0.078; 0.502) 

NA cord 0.643 (0.068) 0.720 (0.027) <0.001 0.298 (0.070; 0.492) 

NA GM cord 0.667 (0.056) 0.691 (0.042) 0.127 0.065 (0; 0.254) 

NA WM cord 0.672 (0.075) 0.759 (0.027) <0.001 0.308 (0.077; 0.500) 

Cord lesions 0.571 (0.150) - - - 

RD, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.00103 (0.00009) 
0.00096 

 (0.00006) 
0.013 0.159 (0.007; 0.362) 

NA DGM 0.00095 (0.00006) 0.00091 (0.00005) 0.051 0.101 (0; 0.298) 

NA WM 0.00070 (0.00003) 0.00068 (0.00004) 0.102 0.072 (0; 0.261) 

Brainstem 0.00078 (0.00006) 0.00072 (0.00005) 0.013 0.159 (0.007; 0.362) 

Brain lesions 0.00113 (0.00010) - - - 

Spinal cord 

Whole cord 0.00087 (0.00016) 0.00064 (0.00007) <0.001 0.398 (0.147; 0.573) 

NA cord 0.00086 (0.00016) 0.00064 (0.00007) <0.001 0.384 (0.135; 0.562) 

NA GM cord 0.00063 (0.00011) 0.00055 (0.00007) 0.030 0.127 (0; 0.330) 

NA WM cord 0.00079 (0.00017) 0.00056 (0.00007) <0.001 0.376 (0.128; 0.556) 

Cord lesions 0.00120 (0.00058) - - - 

MD, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.00113 (0.00009) 0.00105 (0.00006) 0.013 0.161 (0.007; 0.364) 

NA DGM 0.00111 (0.00007) 0.00106 (0.00005) 0.030 0.124 (0; 0.325) 

NA WM 0.00093 (0.00003) 0.00092 (0.00004) 0.259 0.035 (0; 0.204) 

Brainstem 0.00105 (0.00006) 0.00099 (0.00005) 0.017 0.148 (0.004; 0.350) 

Brain lesions 0.00137 (0.00010) - - - 

Spinal cord Whole cord 0.00144 (0.00011) 0.00127 (0.00009) <0.001 0.383 (0.134; 0.561) 



 

 

NA cord 0.00143 (0.00011) 0.00127 (0.00009) <0.001 0.363 (0.118; 0.546) 

NA GM cord 0.00113 (0.00009) 0.00106 (0.00009) 0.050 0.105 (0; 0.305) 

NA WM cord 0.00139 (0.00012) 0.00123 (0.00008) <0.001 0.345 (0.104; 0.531) 

Cord lesions 0.00173 (0.00050) - - - 

AD, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.00132 (0.00009) 0.00124 (0.00007) 0.015 0.153 (0.005; 0.356) 

NA DGM 0.00142 (0.00009) 0.00135 (0.00006) 0.026 0.131 (0; 0.332) 

NA WM 0.00139 (0.00004) 0.00139 (0.00004) 0.867 0.001 (0; 0.082) 

Brainstem 0.00159 (0.00007) 0.00154 (0.00005) 0.040 0.112 (0; 0.311) 

Brain lesions 0.00184 (0.00011) - - - 

Spinal cord 

Whole cord 0.00253 (0.00011) 0.00248 (0.00012) 0.236 0.040 (0; 0.214) 

NA cord 0.00252 (0.00011) 0.00248 (0.00012) 0.355 0.025 (0; 0.185) 

NA GM cord 0.00213 (0.00013) 0.00205 (0.00017) 0.245 0.038 (0; 0.212) 

NA WM cord 0.00256 (0.00013) 0.00255 (0.00012) 0.769 0.002 (0; 0.110) 

Cord lesions 0.00274 (0.00033) - - - 

AK, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.648 (0.016) 0.661 (0.017) 0.040 0.112 (0; 0.310) 

NA DGM 0.717 (0.026) 0.724 (0.029) 0.169 0.0519 (0; 0.231) 

NA WM 0.706 (0.021) 0.722 (0.014) 0.025 0.131 (0; 0.333) 

Brainstem 0.748 (0.031) 0.766 (0.024) 0.021 0.140 (0.002; 0.342) 

Brain lesions 0.547 (0.040) - - - 

Spinal cord 

Whole cord 0.601 (0.048) 0.612 (0.025) 0.232 0.041 (0; 0.216) 

NA cord 0.604 (0.048) 0.612 (0.025) 0.326 0.028 (0; 0.192) 

NA GM cord 0.659 (0.051) 0.677 (0.036) 0.117 0.069 (0; 0.259) 

NA WM cord 0.603 (0.049) 0.604 (0.022) 0.602 0.008 (0; 0.141) 

Cord lesions 0.541 (0.089) - - - 

MK, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.628 (0.020) 0.642 (0.015) 0.098 0.074 (0; 0.263) 

NA DGM 0.727 (0.032) 0.741 (0.030) 0.041 0.111 (0; 0.310) 

NA WM 0.891 (0.052) 0.939 (0.023) 0.007 0.185 (0.015; 0.388) 

Brainstem 0.846 (0.045) 0.875 (0.031) 0.024 0.133 (0.0003; 0.335) 

Brain lesions 0.679 (0.059) - - - 

Spinal cord 

Whole cord 0.705 (0.093) 0.785 (0.066) 0.003 0.229 (0.032; 0.432) 

NA cord 0.708 (0.095) 0.785 (0.066) 0.004 0.214 (0.025; 0.418) 

NA GM cord 0.701 (0.119) 0.772 (0.072) 0.025 
0.136 (0.00005; 

0.340) 

NA WM cord 0.719 (0.100) 0.802 (0.077) 0.004 0.209 (0.023; 0.413) 

Cord lesions 0.641 (0.151) - - - 

RK, in μm2/ms           

  
  

Brain  
  
  

NA CGM 0.631 (0.028) 0.649 (0.023) 0.151 0.057 (0; 0.238) 

NA DGM 0.744 (0.040) 0.765 (0.033) 0.017 0.149 (0.004; 0.351) 

NA WM 1.139 (0.087) 1.220 (0.039) 0.006 0.192 (0.018; 0.394) 

Brainstem 1.055 (0.072) 1.102 (0.048) 0.044 0.108 (0; 0.306) 

Brain lesions 0.835 (0.084) - - - 

Spinal cord 

Whole cord 1.004 (0.206) 1.283 (0.199) <0.001 0.311 (0.079; 0.503) 

NA cord 1.011 (0.207) 1.283 (0.199) <0.001 0.299 (0.071; 0.493) 

NA GM cord 0.950 (0.210) 1.134 (0.189) 0.010 0.176 (0.011; 0.382) 

NA WM cord 1.066 (0.243) 1.375 (0.233) 0.001 0.285 (0.062; 0.481) 

Cord lesions 0.883 (0.351) - - - 

 

(New) Table 3 (footnote). This table shows partial effect sizes, defined as the proportion of variability of qMRI metric 

explained by ‘patient status’, i.e., by the fact of being a patient or a control. Significant results (at 0.01 significance level) 

are highlighted in bold. Abbreviations: AD: axial diffusivity; AK: axial kurtosis; BPF: bound proton fraction; CGM: cortical 

grey matter; CGMF: cortical grey matter fraction; CSA: cross-sectional area; DGM: deep grey matter; F: bound pool 

fraction; FA: fractional anisotropy; GM: grey matter; GMF: grey matter fraction; IVF: isotropic volume fraction; MD: mean 

diffusivity; MK: mean kurtosis; NA: normal-appearing; NDI: neurite density index; NP: not possible; ODI: orientation 

dispersion index; qT1: quantitative T1 relaxation time; RD: radial diffusivity; RK: radial kurtosis; WM: white matter. 

 
  



 

 

(New) Table 4. Most relevant volumetric and qMRI measures to clinical outcome 

according to random forest analyses 

 

Rank 

(a) 

EDSS, in score points Inverse of TWT, in s-1 Inverse of 9HPT, in s-1 SDMT, in number of correct answers 

Metric Tissue 

RC 

(95%CI),  

p-value (b) 

Metric Tissue 

RC  

(95%CI),  

p-value (b) 

Metric Tissue 

RC  

(95%CI),  

p-value 

(b) 

Metric Tissue 

RC  

(95%CI),  

p-value (b) 

1 qT1, in s 

Brain 

NA-

DGM 

7.96  

(2.52; 

13.39), 

p=0.006 

MK, in 

μm2/ms 

Brain 

NA-WM 

0.45  

(0.02; 

0.88), 

p=0.040 

RK, in 

μm2/ms 

Whole 

cord 

0.02  

(0.01; 

0.04), 

p=0.014 

ODI, in 

dimen-

sionless 

units 

Brain NA-

WM 

-847.10 

(-1197.52;  

-496.69),  

p<0.001 

2 
MK, in 

μm2/ms 

Brain 

NA-WM 

-10.94 

(-17.94; 

-3.93), 

p=0.004 

RK, in 

μm2/ms 

Brain 

NA-WM 

0.29  

(0.03; 

0.54), 

p=0.030 

qT1 

Brain 

NA-

DGM 

-0.09 

(-0.15;  

-0.03), 

p=0.004 

MK, in 

μm2/ms 

Brain le-

sions 

119.86  

(54.26;  

185.47),  

p=0.001 

3 qT1, in s 
Brain le-

sions 

4.35  

(1.97; 

6.72), 

p=0.001 

ODI, in 

dimen-

sionless 

units 

Brain 

NA-WM 

-3.21  

(-5.37;  

-1.05), 

p=0.005 

RK, in 

μm2/ms 

Brain 

NA-WM 

0.07  

(0.03; 

0.12), 

p=0.003 

AD, in 

μm2/ms 

Brain NA-

DGM 

-90.63 x103 

(-130.93 x103; 

-50.34 x103), 

p<0.001 

4 
Volume, in 

mL 

Brain le-

sions 

0.031  

(0.01; 

0.05), 

p=0.010 

Volume, 

in mL 

Brain le-

sions 

-0.002 

(-0.003;  

-0.001), 

p=0.007 

FA NA cord 

0.08  

(0.02; 

0.13), 

p=0.006 

MK, in 

μm2/ms 

Brain NA-

CGM 

129.06 

(-67.89; 

326.01), 

p=0.188     

(c) 

5 

F, in dimen-

sionless 

units (frac-

tion) 

Brain le-

sions 

-63.64 

(-91.88; 

-35.40), 

p<0.001 

qT1 
Brain 

NA-WM 

-0.62 

(-1.00; -

0.23), 

p=0.003 

F, in di-

mension-

less units 

(fraction) 

Whole 

cord 

0.79  

(0.36; 

1.23), 

p=0.001 

qT1, in s 
Brain NA-

CGM 

-94.31 

(-138.78;  

-49.84),  

p<0.001 

 

(New) Table 4 (footnote). (a): Rank according to random forest regression models; (b): multiple linear regression 

models using as dependent variable the clinical measure and, as explanatory, the qMRI or volumetric measure. Age, 

sex, disease duration, and brain lesion load are explored as covariates and only included in the models if p<0.01. Only 

significant results at 0.01 significance level are highlighted in bold. (c): model adjusted for lesion load (in mL), which 

was significant: beta=-0.396 (-0.643; -0.150), p=0.003. Abbreviations: 9HPT: nine-hole peg test; AD: axial diffusivity; 

AK: axial kurtosis; BPF: bound proton fraction; CGM: cortical grey matter; CGMF: cortical grey matter fraction; CSA: 

cross-sectional area; DGM: deep grey matter; EDSS: expanded disability status scale; F: bound pool fraction; FA: 

fractional anisotropy; GM: grey matter; GMF: grey matter fraction; IVF: isotropic volume fraction; MD: mean diffusivity; 

MK: mean kurtosis; NA: normal-appearing; NDI: neurite density index; NP: not possible; ODI: orientation dispersion 

index; qT1: quantitative T1 relaxation time; RC: regression coefficient; RD: radial diffusivity; RK: radial kurtosis; SDMT: 

symbol digit modalities test; TWT: 25-foot-timed walk test; WM: white matter. 

 

 


