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Abstract

Our aim is to characterize the nature and extent of pathological changes in the normal-appearing 

white matter (NAWM) of patients with multiple sclerosis (MS) using novel diffusion kurtosis 

imaging-derived white matter tract integrity (WMTI) metrics, and to investigate the association 

between these WMTI metrics and clinical parameters. 32 patients with relapsing-remitting MS and 

19 age- and gender-matched healthy controls underwent MRI and neurological examination. Maps 

of mean diffusivity, fractional anisotropy and WMTI metrics (intra-axonal diffusivity, axonal 

water fraction, tortuosity and axial and radial extra-axonal diffusivity) were created. Tract-based 

spatial statistics analysis was performed to assess for differences in the NAWM between patients 

and controls. A region of interest analysis of the corpus callosum was also performed to assess for 

group differences and to evaluate correlations between WMTI metrics and measures of disease 

severity. Mean diffusivity and radial extra-axonal diffusivity were significantly increased while 

fractional anisotropy, axonal water fraction, intra-axonal diffusivity and tortuosity were decreased 

in MS patients compared with controls (p values ranging from <0.001 to < 0.05). Axonal water 

fraction in the corpus callosum was significantly associated with the expanded disability status 

scale score (ρ = −0.39, p = 0.035). With the exception of the axial extra-axonal diffusivity, all 

metrics were correlated with the symbol digits modality test score (p values ranging from 0.001 to 
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< 0.05). WMTI metrics are thus sensitive to changes in the NAWM of MS patients and might 

provide a more pathologically specific, clinically meaningful and practical complement to 

standard diffusion tensor imaging-derived metrics.
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Introduction

Multiple Sclerosis (MS) is the most common cause of non-traumatic disability in young 

adults and is characterized by white matter (WM) degeneration involving a spectrum of 

pathological processes, such as inflammation, demyelination, axonal loss, edema and 

remyelination [1–4]. This pathological heterogeneity is associated with substantial 

interpatient variability in disease burden and progression, and likely contributes to the 

absence of rigorous clinical markers of prognosis [5]. Although conventional MRI plays an 

important role in the diagnosis of MS, it has a low pathological specificity and correlates 

poorly with disease burden [6]. The successful management of MS and monitoring of 

treatment response thus call for new markers with an increased sensitivity and specificity for 

the disease’s various pathological processes. Unlike conventional MRI, diffusion MRI 

techniques, including diffusion tensor imaging (DTI) and diffusional kurtosis imaging (DKI) 

[7], are sensitive to diffuse microscopic injury in the normal-appearing white matter 

(NAWM) and gray matter of MS patients [8–10]. Both DTI and DKI metrics, however, are 

empirical diffusion measures and lack microstructural and pathological specificity [7]. We 

have previously introduced a diffusion model of WM [11] (Fig. 1) that is suitable for DKI 

analysis and allows for the quantification of the intra- (Daxon) and extra-axonal diffusivities 

(both radial and axial De,radial and De,axial, respectively), the axonal water fraction (AWF) 

and the tortuosity of the extra-axonal space. These WM tract integrity (WMTI) metrics may 

be more specific than standard DTI- and DKI-parameters to the different pathological 

processes involved in MS. The aims of this study were to determine the presence and extent 

of changes in WMTI metrics in the NAWM of patients with relapsing-remitting MS 

(RRMS) and to investigate the association between WMTI metrics, disease duration and 

clinical disability.

Methods

Subjects

Thirty-two patients with clinically definite MS [12] (8 males and 24 females) were 

prospectively enrolled from the MS center of the New York University (NYU) medical 

center (Table 1). Inclusion criteria consisted of a relapsing-remitting course [13] and a 

relapse- and steroid treatment-free period of at least three months prior to study entry. 

Patients with other relevant diseases or contraindications to performing MRI were excluded. 

Neurological assessment included the expanded disability status scale (EDSS) [14] and 

symbol digit modality test (SDMT) [15]. Patients had a mean age of 37.0 ± 9.3 years; a 

mean disease duration (from the date of diagnosis to MRI acquisition) of 3.6 ± 3.9 years and 
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a median EDSS score of 2.0 (range 0–6). All but three patients were on a disease modifying 

agent at the time of this study: Eleven on interferon beta-1a, five on interferon beta-1b, six 

on glatiramer aceatate, six on natalizumab, and one on rituximab. For comparison, nineteen 

age and sex-matched healthy controls (HC; 6 males and 13 females; mean age 36.2 ± 11.4) 

with no known brain abnormalities and no neurological symptoms were recruited. Approval 

for this study was received from the local Institutional Board of Research Associates and 

written informed consent was obtained from all subjects.

MRI acquisition

All subjects underwent MRI on a Siemens Tim Trio MRI scanner (Siemens, Erlangen. 

Germany) with a 12-channel head coil. MS patients received a standard-dose (0.1 mmol/kg) 

bolus of gadopentetatedimeglumine (Gd; Magnevist; Berlex Laboratories, Wayne, NJ) 

injection after acquisition of the DKI sequences. The MRI protocol included (1) axial T2-

weighted dual-echo turbo spin-echo (TSE) sequence (repetition time (TR): 6570 ms, echo 

time (TE): 101 ms, 50 contiguous 3-mm thick slices); (2) a sagittal T1-weighted 3D 

MPRAGE sequence pre - and post-Gd injection (TR/TE: 1360/2.6 ms, inversion time (TI): 

800 ms, spatial resolution: 1×1×1 mm3); (3) an axial T2 fluid-attenuated inversion recovery 

(FLAIR) sequence (TR/TE/TI: 9000/87/2500 ms, 50 3-mm thick slices); (4) a twice-

refocused spin echo EPI sequence for DKI with b-values of 1000 and 2000 s/mm2 and 30 

directions each (repeated twice), in addition to 11 b = 0 images (TR/TE: 3700/96 ms, FOV 

of 222×222 mm2, matrix 82×82, 28 axial 2.7-mm thick slices).

Lesion count and volume assessment

Quantification of Gd contrast enhancing lesion number (CE), T2-hyperintense and T1-

hypointense lesion volume (T2LV and T1LV, respectively) was performed in each patient by 

a single experienced observer unaware of subject identity, employing a segmentation 

technique based on user-supervised local thresholding (Jim 3.0, Xinapse System, Leicester, 

UK) [16].

Image processing and white matter tract integrity metrics

Diffusion MRI data was transferred to an offline workstation and processed using in-house 

developed software in Matlab (R2015a, Math Works, Inc, Natick, MA) to derive parametric 

maps of the conventional DTI metrics of mean diffusivity (MD), and fractional anisotropy 

(FA) [17]. We have previously introduced a WM diffusion model that allows for a direct 

interpretation of DKI metrics in terms of WM microstructure. The model assumes that axons 

are relatively parallel impermeable sticks (cylinders with effective zero radius), thereby 

dividing the WM microstructure into myelin and two non-exchanging water compartments

—the intra- and extra-axonal spaces (Fig. 1). Based on previously published mathematical 

derivations [11], the following WM tract integrity metrics were derived from DKI for a 

coherently aligned single fiber bundle:

• The axonal water fraction (AWF), which represent the ratio of water within the 

intra-axonal space over the total amount of water (i.e. water in the intra- and 

extra-axonal space). It should be noted that water inside the myelin is not 
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detected with a typical diffusion acquisition, and hence not included in the 

model. This metric is thought to be a potential marker of axonal loss [18];

• The intra-axonal diffusivity (Daxon), which corresponds to the diffusivity of 

water inside of axons, and is assumed to be entirely restricted to the direction of 

axonal tracts (i.e. in the axial direction only). It is a potential marker of intra-

axonal injury [19];

• The axial and radial extra-axonal diffusivities (De,axial and De,radial, respectively), 

which quantify diffusivity in the extracellular space parallel (i.e. axial) to and 

perpendicular (i.e. radial) to axonal tracts. Unlike Daxon, these metrics are 

specific for extra-axonal processes and represent potential markers of 

extracellular inflammation, gliosis, and demyelination;

• Lastly, the tortuosity of the extra-axonal space, which is defined as the ratio of 

intrinsic diffusivity in the extra-axonal space (which we approximate as the axial 

extra-axonal diffusivity) over diffusivity in the extra-axonal space perpendicular 

to axonal tracts (i.e. De,axial over De,radial,). It is a potential marker of 

demyelination [18].

Tract-Based Spatial Statistics Analysis

Voxelwise statistical analysis of the FA data was carried out using TBSS (Tract-Based 

Spatial Statistics[20], part of FSL (FMRIB Software Library)[21]. All subjects’ FA maps 

were registered to FMRIB58 FA template with the nonlinear registration tool FNIRT[22] 

and resampled to 1×1×1mm3 Montreal Neurological Institute152 space. All other parametric 

maps underwent the same transformations for subsequent processing. Next, a mean FA 

image was created and thinned to create a mean FA skeleton representing the centers of all 

tracts common to the group. The FA skeleton was thresholded to FA ≥ 0.4 to restrict further 

analysis to WM regions consisting of single-fiber bundles. All parametric maps of each 

subject were then projected onto this FA skeleton for further skeletonized voxelwise 

statistical analysis. TBSS analysis was performed across all voxels on the skeleton by using 

a permutation-based interference tool for nonparametric statistical thresholding 

(Randomise;FSL). Between-group comparisons of all parameters within the skeleton were 

tested by using t tests, with subject age and gender as a covariate. The number of 

permutations was set to 10,000. The resulting statistical maps were thresholded (two-sided P 

< 0.05), with correction for multiple comparisons included by using the threshold-free 

cluster enhancement option [23]. Additionally, lesion masks were created for each patient on 

axial FLAIR images, transformed in standard space and averaged to create a mean lesion 

mask across all patients. This was then thresholded to include only voxels in which at least 

10% of patients had a lesion.

Regions of Interest Analysis

Regions of Interest (ROI) analysis was performed to investigate group differences and 

correlations between DKI-derived metrics and measures of disease burden and severity. ROI 

analysis was restricted to the corpus callosum (CC), whose well-ordered axonal tracts best 

correspond to the WM model used to derive our WMTI metrics. ROIs for the genu, body 
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and splenium of the CC were selected from the ICBM-DTI-81 white-matter labels atlas. For 

every subject, mean values and standard deviations of MD, FA, AWF, Daxon, De,axial, 

De,radial, and tortuosity were calculated in each ROI (voxels corresponding to a T2-

hyperintense lesion were excluded from patients’ ROIs). Analysis of covariance was 

performed (using Matlab’s “aoctool” function) to identify statistically significant group 

differences between HC and RRMS after correcting for age (two-sided P < 0.05). Pearson 

linear correlation coefficients between mean ROIs metric values and SDMT, DD, T2LV, 

T1LV and CE were derived using Matlab’s “partialcorr” function. Correlations with SDMT, 

T2LV, T1LV and CE were corrected for age, gender and disease duration. One patient with 

significantly higher T2LV and T1LV was identified as an outlier and removed from the 

correlation analyses. Correlations with EDSS, which is an ordinal measure, were evaluated 

in each ROI using Spearman rank correlation after correcting for age, gender and disease 

duration. Given the exploratory nature of this study, statistical significance was defined as P 

< 0.05, and adjustments for multiple comparisons were not performed. Lastly, a receiver 

operating characteristics (ROC) curve analysis was performed to assess the performance of 

each DTI and WMTI metrics in discriminating between RRMS patients and HC. Mean 

values of all seven metrics were obtained for each ROI, excluding any voxels corresponding 

to a T2-hyperintense lesion. For each metrics, Matalab’s “perfcurve” function was used to 

plot an ROC curve and to calculate the area under the curve (AUC) as well as the sensitivity 

and specificity of the optimal operating point of the ROC curve.

Results

TBSS Analysis

TBSS analysis revealed widespread differences in the NAWM skeleton of RRMS patients 

compared to that of HC (Fig. 2). With the exception of De,axial, changes in WMTI metrics 

were observed throughout the NAWM, including the CC, internal capsules, cerebral 

peduncles and posterior thalamic radiations (Fig. 2, c–f). Values of MD, as well as the 

WMTI metric of De,radial were increased in RRMS patients compared to HC, with 

statistically significant differences in 82.4 and 43.3% of NAWM-skeleton voxels, 

respectively. On the other hand FA and the WMTI metrics of Daxon, AWF and tortuosity 

were decreased in RRMS patients, with statistically significant differences in 66.8, 4.0, 79.4 

and 46.1% of NAWM-skeleton voxels, respectively. 78% of NAWM-skeleton voxels had a 

concomitant change in MD one of the five WMTI metrics, while only 65% had a change in 

both FA and one of the WMTI metrics. We observed a significant overlap between changes 

in MD and AWF (changes in both metrics were observed in 74% of all voxels), with diffuse 

involvement of the NAWM and relative sparing of the anterior limbs of the internal capsule. 

Changes in AWF and De,radial were more likely to be associated with a concomitant change 

in MD, while changes in tortuosity and Daxon tended to overlap more with a change in FA. 

Compared to MD, AWF and FA, significant changes in De,radial and tortuosity were mostly 

confined to the posterior NAWM tracts, which also corresponded to the areas with the 

highest lesion load in our patient cohort. The observed decrease in Daxon was limited to the 

body and splenium of the CC, the left retrolenticular part of the internal capsule and the left 

posterior thalamic radiation (Fig. 2, b). All of the voxels with a significant decrease in Daxon 
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corresponded to voxels with a concomitant decrease in AWF and FA. No significant 

differences were found in the axial extra-axonal diffusivity (Fig. 3).

ROI Analysis: Group Differences and ROC Curves

Mean values and standard deviations for MD, FA and the five WMTI metrics in the genu, 

body and splenium of the CC of HC and RRMS subjects are summarized in table 2. P-values 

from the analysis of covariance (correcting for age) are also included. The standard 

deviation for both conventional DTI and WMTI metrics ranges from 3% to 15% of the mean 

ROI value. In accordance with the results of our TBSS analysis, analysis of the CC yielded 

statistically significant group differences in MD, FA, AWF, De,radial and tortuosity: Mean 

values of MD and De,radial were increased in RRMS patients (with p-values ranging from 

0.002–0.016 and 0.008–0.030, respectively), while FA, AWF and tortuosity were decreased 

when compared to HC (p-values ranging from 0.014–0.048, <0.001–0.004, and 0.002–

0.012, respectively). No statistically significant difference was observed in mean Daxon and 

De,axial across the two groups. The area under the ROC curve (AUC) for each metric in the 

genu, body and splenium of the CC is reported in table 2. Of the conventional DTI metrics, 

MD showed the highest performance, with an AUC of 0.79 in the splenium of the CC and a 

sensitivity and specificity (at the optimal operating point of the ROC curve) of 91% and 

58%, respectively. Of the five WMTI metrics, AWF in the body of the CC was best at 

differentiating RRMS patients from HC with an AUC of 0.85, a lower sensitivity of 79% and 

a higher specificity of 78% at the optimal point of the ROC curve.

ROI Analysis: Correlations with disease burden and severity

A statistically significant Spearman rank correlation between AWF and EDSS was found in 

the body of the CC, with a coefficient of −0.39 (p = 0.035; Fig. 4). Additionally, correlations 

between EDSS and MD and FA in the body approached statistical significance (ρ = 0.36, p = 

0.055 and ρ = −0.36, p = 0.052, respectively). With the exception of De,axial, all metrics 

correlated with cognitive impairment as measured by SDMT score. MD and De,radial in the 

CC were negatively correlated with SDMT, with coefficients ranging from −0.45 (p = 0.015) 

to −0.51 (p = 0.005) and −0.44 (p = 0.017) to −0.51 (p = 0.005), respectively. FA, AWF, 

Daxon and tortuosity were all positively correlated with SDMT. DD was negatively 

correlated to FA, AWF and tortuosity across all regions of the CC (p < 0.001, < 0.001 and < 

0.03, respectively), while MD, De,axial and De,radial increased with increasing DD (p < 

0.003). No correlation was found between DD and Daxon. T2LV and T1LV were positively 

correlated with MD and De,radial in the splenium, and negatively correlated with FA, AWF 

and Daxon in the splenium. Additionally, both were negatively correlated with AWF in the 

body. With the exception of Daxon in the genu (ρ = −0.38, p = 0.041), no significant 

correlations were found between any of the metrics and CE (Online Resource 1).

Discussion

In this study, we sought to demonstrate the utility of recently proposed DKI-derived WM 

tract integrity metrics [24] in characterizing the various pathological changes occurring in 

the NAWM of patients with RRMS. We thereby hypothesized an increased pathological 

specificity of WMTI metrics in MS, including an increased specificity to the clinically 
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significant processes that underlie disease burden and disability. While histological 

confirmation in MS pathology is lacking, several recent animal validation and pilot patient 

studies have suggested that WMTI metrics potentially can disentangle intra-, and extra-

axonal processes and higher specificity to underlying disease mechanisms. Indeed, recent 

studies of cuprizone-induced demyelination in mice have shown very good correlations 

between WMTI metrics and histological measurements [25–27]. Most notably, mean AWF 

in the corpus callosum of mice fed a cuprizone diet is strongly correlated with tissue axonal 

water fraction (as measured by electron microscopy) but not with the g-ratio (the ratio of the 

inner axonal diameter to the total outer diameter, a marker of demyelination). On the other 

hand, mean De,radial increases with increasing g-ratio, but is not correlated to tissue axonal 

water fraction [27]. Furthermore, an in vivo study of patients with mild traumatic brain 

injury has also shown that levels of N-acetyl-aspartate—a “gold standard” metric for 

neuroaxonal damage—are associated with the WMTI metrics of intra- and extra-axonal 

damage (AWF, Daxon, De,radial and tortuosity) [28]. In normal early human development, we 

have previously demonstrated a non-linear increase in AWF and tortuosity that is consistent 

with expected behavior related to myelination and asynchrony of fiber development [29]. 

WMTI metrics have also been applied to the study of other neurodegenerative disorders such 

as stroke [19] and Alzheimer’s disease, where they have shown sensitivity to different stages 

in the disease course [30] and have been used to highlight the vulnerability of late-

myelinating versus early-myelinating tracts in Alzheimer’s Disease [31].

Here, we report widespread decreased FA and increased MD in the NAWM of MS patients, 

which confirm previous studies [32,33] and extend these by demonstrating the presence, 

extent and clinical impact of abnormal values of the intra-axonal diffusivity (Daxon), axial 

and radial extra-axonal diffusivities (De,axial and De,radial), axonal water fraction (AWF), and 

tortuosity of the extra-axonal space.

There is extensive histopathological and MRI evidence that NAWM is affected, albeit to a 

lesser extent, by the same pathological processes that characterize WM lesions—

inflammation, demyelination, axonal injury, macrophages infiltration and gliosis [34,2–4]. 

Quantitative in vivo MR techniques, including measures of magnetization transfer, diffusion, 

relaxation times and spectroscopic metabolite concentrations, have revealed that NAWM 

abnormalities are present from clinical onset and become more pronounced with clinical 

progression and increase of lesion load and disability [35]. The widespread NAWM increase 

of radial extra-axonal diffusivity and decrease of tortuosity and AWF observed both in the 

TBSS and the ROI analysis of the patients’ CC may reflect these various processes, such as 

demyelination (increased De,radial and decreased tortuosity) and chronic axonal degeneration 

and loss (decreased AWF). Finally, the presence of significant correlations between the 

SDMT score—a measure of processing speed, attention and working memory—and WMTI 

metrics specific for demyelination and axonal damage supports the concept that, at least in 

part, the clinical-radiological paradox is due to the lack of pathological specificity of 

conventional MRI measures.

It has been demonstrated that NAWM abnormalities develop, to an extent, as a consequence 

of Wallerian degeneration of axons transected by focal demyelination within near or distant 

WM lesions [36]. This is supported by the significant association between WMTI metrics 
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(particularly AWF) and T2- and T1-lesion loads found in our study. However, in line with 

previous findings in the literature, the association with lesion load is far from perfect and 

suggests that NAWM abnormalities are partly independent of lesions. Indeed, NAWM 

pathology may develop for many weeks, months and even years prior to focal lesion 

development suggesting the presence of pre-existing processes such as microglial activation 

and/or low-grade blood brain barrier inflammation that can predispose to lesion formation 

[37]. Due to the cross-sectional nature of our study, we cannot support the presence of pre-

lesional damage; however, the use of WMTI metrics in longitudinal studies will help clarify 

the pathological background of pre-lesional WM tissue changes.

The intra-axonal diffusivity Daxon has been advanced as a potential marker of acute intra-

axonal injury, and has been observed to decrease following stroke [19] and mild traumatic 

brain injury [28]. In a recent temporal study of WMTI metrics, Daxon was found to be 

significantly decreased in the body and splenium of the CC of mice after a 3-week period of 

cuprizone diet (during the acute inflammatory response to cuprizone), while no change was 

observed after a 6-week period of cuprizone diet or a 6-week period of cuprizone diet 

followed by 6 weeks of recovery [26]. AWF on the other hand did not decrease until 6 weeks 

of cuprizone exposure, and remained low throughout the recovery period. In our present 

study, unlike AWF, De,radial and tortuosity, Daxon did not show any association with disease 

duration. Interestingly, Daxon was decreased in a small percentage of NAWM voxels in our 

TBSS analysis as well as in our ROI analysis of the CC (although the later failed to reach 

statistical significance when compared to HC). This decrease in Daxon may reflect ongoing 

subclinical disease activity in a subset of patients, as evidenced by the presence of contrast 

enhancing lesions in 12 out of the 32 enrolled patients, as well as the modest negative 

correlation observed between Daxon and CE (ρ = −0.38, p = 0.041).

Although MD, FA and AWF all showed widespread differences in the NAWM skeleton of 

patients with RRMS, AWF was the only metric associated with clinical disability as 

measured by EDSS score. Thus while all three metrics were altered in the NAWM, AWF 

may be more specific and therefore more sensitive to the underlying pathological processes 

responsible for clinical disability in RRMS. Indeed, AWF has been suggested to be uniquely 

sensitive to chronic axonal degeneration and loss [18,38]. Hence, our finding supports the 

role for WMTI metrics as a more specific set of markers of WM pathology. This study is not 

without limitations. The image acquisition protocol used in this study only provided partial 

coverage of the brain, excluding portions of the cerebral peduncles. It is an exploratory study 

with a relatively small number of subjects, and is inherently limited by the cross-sectional 

nature of its design. Although a growing body of literature suggests an increased specificity 

of WMTI metrics to various pathological processes, many such processes are likely taking 

place at once in the NAWM of patients with MS. Longitudinal data would be needed to 

explore the relationship between the changes observed in various metrics, such as Daxon, 

tortuosity and AWF, and disease progression. Similarly, histopathological correlation would 

ultimately be needed to fully interpret changes in WMTI metrics. Lastly, it is important to 

note that the WM model used to derive our WMTI metrics relies on several, albeit common 

assumptions regarding the WM microstructure. In particular, it assumes that Daxon< De,axial, 

and that axonal fibers are organized in a relatively parallel fashion along a single direction. 

In order to maximally respect this latter assumption, the NAWM skeleton used for our TBSS 
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analysis was thresholded to exclude voxels with low FA, and our ROI analysis was limited to 

the CC after excluding all T2-intense lesions. Still, these measures do not guarantee that all 

axonal fibers are perfectly aligned within a single voxel. The tortuosity of the extra-axonal 

space, which we derive by equating the intrinsic extra-axonal diffusivity to De,axial, is most 

susceptible to this assumption.

Nevertheless, there remains a huge need for pathologically specific metrics able to predict 

the course of the disease and the response to available and experimental therapies. Here, we 

present the first reported study of WMTI metrics in the NAWM of patients with MS. Our 

findings suggest that these novel metrics might provide a more pathologically specific 

complement to standard diffusion tensor imaging derived metrics. By better differentiating 

between acute axonal injury, chronic axonal degeneration and demyelination, these metrics 

may allow for a better characterization and understanding of disease progression and 

pathological variation among different MS subtypes. Further longitudinal study is also 

warranted to explore the role of WMTI metrics in predicting individual disease course and 

symptom progression.
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Fig. 1. 
Schematic representation of the white matter as extra-axonal space and impermeable axons 

surrounded by myelin (a). Parallel view of an axonal fiber bundle with intra-axonal 

diffusivity and axial extra-axonal diffusivity along axonal tracts (b). Transverse view of an 

axonal fiber bundle showing the radial extra-axonal diffusivity perpendicular to axonal tracts 

(c)
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Fig. 2. 
TBSS results showing statistically significant differences between RRMS and HC for the 

WMTI metrics of FA (a), MD (b), AWF (c), Daxon (d), De,radial (e), and tortuosity (f). 

Clusters of voxels with significantly increased values (two-sided P < .05) in RRMS 

compared to HC (red), and significantly decreased values (blue) are overlaid on the FMRIB 

FA template together with the mean NAWM skeleton (green) and the lesion probability map 

(thresholded at > .1; pink)
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Fig. 3. 
Bar graph representation of the percentage of NAWM skeleton voxels in RRMS patients 

with a statistically significant increase (black) or decrease (gray) in FA, MD, and WMTI 

metrics compared to HC
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Fig. 4. 
Mean axonal water fraction and tortuosity in the body of the corpus callosum as a function 

of EDSS (a and c, respectively) and SDMT (b and d, respectively) score, with best fit lines 

and corresponding Spearman rank (a and c) and Pearson (b and d) correlation coefficients
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Table 1

Demographic, clinical and radiological characteristics of the study groups

HC (n = 19)a RRMS (n = 32)a

Females, n 13 24

Age, yrs 36.2 ±11.4 37.0 ±9.3

DD, yrs - 3.6 ±3.9

EDSS, median score (range) - 2 (0–6)

SDMT (Z score) −0.73 ±1.36

T2LV, mL - 3.10 ±7.93

T1LV, mL - 0.90 ±2.27

CE, n - 0.6 ±1.0

a
All measures are reported as mean ± standard deviation (SD) unless otherwise specified.
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