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Abstract 

 
In multiple sclerosis (MS), it would be of clinical value to be able to track the progression of 

axonal pathology, especially before the manifestation of clinical disability. However, non-

invasive evaluation of short-term longitudinal progression of white matter integrity is 

challenging. This study aims at assessing longitudinal changes in the restricted (i.e. 

intracellular) diffusion signal fraction (FR) in early-stage MS by using ultra-high gradient 

strength multi-shell diffusion MRI.  

In eleven early MS subjects (disease duration ≤5 years), FR was obtained at two timepoints 

(one year apart) through the Composite Hindered and Restricted Model of Diffusion, along 

with conventional Diffusion Tensor Imaging metrics.  

At follow-up, no statistically significant change was detected in clinical variables, while all 

imaging metrics showed statistically significant longitudinal changes (p<0.01, corrected for 

multiple comparisons) in widespread regions in normal-appearing white matter (NAWM). The 

most extensive longitudinal changes were observed in FR, including areas known to include a 

large fraction of crossing fibers. Furthermore, FR was also the only metric showing significant 

longitudinal changes in lesions that were present at both time points (p=0.007), with no 

significant differences found for conventional diffusion metrics. Finally, FR was the only 

diffusion metric (as compared to Diffusion Tensor Imaging) that revealed pre-lesional changes 

already present at baseline. 

Taken together, our data provide evidence for progressive microstructural damage in the 

NAWM of early MS cases detectable already at 1-year follow-up. Our study highlights the 

value of multi-shell diffusion imaging for sensitive tracking of disease evolution in MS before 

any clinical changes are observed.  
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory and degenerative demyelinating disease of 

the central nervous system as well as the leading cause of non-traumatic neurological disability 

in young adults in Western countries. 

While tracking axonal pathology would be crucial especially in the early stages of the disease 

(i.e. before clinical progression is manifest), in vivo, non-invasive evaluation of short-term 

longitudinal progression of disruption of white matter (WM) integrity (i.e., demyelination and 

axonal damage) in individual MS patients is challenging. Conventional neuroimaging 

approaches like T2-weighted or pre- and post-contrast T1-weighted scans are limited by low 

pathological specificity and low sensitivity to diffuse damage, showing only moderate 

associations with clinical status [1]. More advanced imaging measures, including proton 

magnetic resonance spectroscopy of N-acetylaspartate, show increased specificity to axonal 

damage [2, 3], but their clinical utility is hampered by limited spatial resolution and 

topographical information. 

MS is pathologically characterized by areas of lesioned WM tissue throughout the central 

nervous system, which moderately correlate with neurological disability [4]. This might be due 

to the fact that MS WM lesions are highly heterogeneous in terms of presence and extent of 

inflammation, demyelination, axonal injury, gliosis and remyelination [5], with complex 

patterns of evolution, even at early stages. Similar pathological features are present, albeit to a 

lesser extent, in normal-appearing WM (NAWM) [6]. In efforts to evaluate longitudinal 

changes in WM integrity in MS, Diffusion Tensor Imaging (DTI) [7] has been previously 

employed to provide more sensitive markers of WM tissue damage in the disease [1]. A few 

studies have consistently reported deterioration of WM microstructure in lesions over a 1-2 

year follow-up period [8, 9]. However, mixed results have been obtained with DTI in NAWM 

[10, 11]. This is most likely due to the fact that DTI-derived indices are sensitive to tissue 

alterations but lack specificity (Beaulieu, 2002), and DTI parameters strongly depends on the 

local fibre geometry, posing challenges for the interpretation of the observed changes [12, 13].  

Advanced multi-shell diffusion-weighted imaging methods like the Composite Hindered and 

Restricted Model of Diffusion (CHARMED) [14], address some of these limitations by 

separating different intra- and extracellular compartments and thereby producing metrics like 

the intracellular (restricted) signal fraction (FR), which can be more sensitive and specific to 

morphological changes happening in tissue [15]. A handful of cross-sectional studies have 

looked into the benefits of multi-shell diffusion MRI in MS [16-21]. We recently reported 
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increased sensitivity and specificity to MS changes in NAWM and lesions versus controls, at 

early disease stage, for CHARMED with respect to DTI [22]. To-date, longitudinal studies 

exploiting the potential of multi-shell diffusion imaging in MS are still missing.  

In this study, we employed whole-brain multi-shell diffusion-weighted MRI at high angular 

resolution and ultra-high gradient strength in conjunction with the CHARMED model [14] to 

characterize longitudinal changes in FR in WM lesions and NAWM in early MS between 

baseline and 1-year follow-up. Our aim was to compare DTI and CHARMED metrics in their 

ability to highlight early damage in WM, both in lesions and in normal appearing tissue. We 

hypothesized that the CHARMED model, in view of its intrinsically higher specificity for 

microstructural architecture, would be more sensitive to short-term changes in WM tissue 

integrity in lesions and NAWM as compared to DTI, hence possibly providing a useful 

instrument in both diagnosis and disease monitoring. 

 

Materials and Methods 

Subjects 

The local institutional review board approved the study procedures and written informed 

consent was obtained from all participants. We enrolled 13 MS subjects, 2 of which had to be 

excluded due to image artifacts. Our final population comprised 11 MS patients (9 females, 2 

males; mean age 36.3 years, standard deviation 7.8 years) for baseline as well as 1-year follow-

up studies. Eligibility criteria in patients consisted of: age 18-60 years, absence of significant 

medical comorbidities and of MRI contraindications, a diagnosis of relapsing-remitting MS [23, 

24] with a disease duration ≤5 years in line with previous work [25], being on stable disease-

modifying treatment or no treatment for at least 3 months, absence of clinical relapse within 3 

months and absence of corticosteroids use within one month from study enrollment. Disability 

was quantified using the Expanded Disability Status Scale (EDSS) and cognitive abilities were 

quantified using the Symbol Digit Modalities Test (SDMT). No statistically significant 

longitudinal changes were detected in EDSS or SDMT (p=0.27 and p=0.35 respectively, 

Wilcoxon signed-rank test). Demographic and clinical data are shown in Table 1. During the 

study period, 2 patients switched MS therapy, one from Avonex to rituximab, the other from 

Tecfidera to Ocrevus; one patient experienced a relapse.  

A cohort of 35 healthy young adults (age range 25-59 years), whose data were made publicly 

available (db.humanconnectome.org), was also included in the study to separately investigate 

associations between age and microstructural parameters in healthy controls. In addition, scan-
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rescan reproducibility was assessed in four healthy volunteers which underwent the same 

protocol as our MS patients within a short time interval.  

 

Table 1. Demographic and clinical characteristics of the MS cohort.  

 Baseline Follow-up (1-year) 

Mean age at exam (SD), years 36.3 (7.8) 37.3 (7.8) 

Median disease duration 

(minimum-maximum, years) 

 2.5 (0.6-4.9)  

Median EDSS score  

(minimum-maximum) 

1.5 (1.0-2.0) 1.5 (1.0-2.0) 

 

Median SMDT score 

(minimum-maximum) 

0.58 (-1.27-2.67) 1.26 (-1.77-1.31) 

 

Treatment (N) Tecfidera (6), Copaxone 

(1), Rebif (1), Avonex (1), 

no treatment (2) 

 

Tecfidera (5), Copaxone (1), 

Ocrevus (1), Rebif (1), rituximab 

(1), no treatment (2) 

 

Abbreviations: EDSS = expanded disability status scale; SMDT = Symbol Digit Modalities 

Test  

 

Data Acquisition 

All subjects underwent a multi-shell diffusion MRI protocol both at baseline and at 1-year 

follow-up on an ultra-high gradient 3 T scanner (Siemens Healthcare, Erlangen, Germany), 

featuring a novel gradient system equipped with 300 mT/m maximum gradient strength [26] 

and a custom-made 64-channel head coil [27]. Diffusion-weighted imaging was acquired using 

a spin-echo echo-planar sequence with the following parameters: repetition/echo time 8800/57 

ms, δ/Δ 12.9/21.8 ms, field of view 210x210 mm, isotropic voxel size 1.5 mm3, 96 slices. Three 

diffusion weightings (b-values) were applied along non-collinear gradient directions: 1000 (64 

directions), 5000 (128 directions) and 10000 s/mm2 (128 directions). In addition, 28 diffusion 

non-diffusion-weighted scans (b0 images) were acquired, interspersed throughout the 

diffusion-weighted scans to facilitate motion correction. This protocol is suited for both 

conventional DTI and CHARMED analysis [28]. Additional imaging sequences acquired for 

lesion segmentations were a 3D T1-weighted Multi-Echo	 Magnetization-Prepared Rapid 

Gradient Echo [29] with the following parameters: flip angle 7°, repetition time 2530 ms, echo 

times 1.15-3.03-4.89-6.75 ms, inversion time 1100 ms; and a 3D T2-weighted Fluid-Attenuated 
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Inversion Recovery (FLAIR) with the following parameters: variable flip angle, repetition time 

5000 ms, echo time 393 ms, inversion time 1800 ms. Both the T1-weighted and FLAIR scans 

had isotropic voxel size 1 mm3, 176 slices, GRAPPA acceleration factor 2. The cohort of 

healthy young adults was imaged using the same protocol on the same scanner. 

 

Data Processing 

The T1-weighted images were pre-processed for gradient nonlinearity correction, and then used 

for creating anatomical masks of the cortex, WM and CSF in FreeSurfer (v. 5.3.0, 

http://freesurfer.net) [30]. Topological surface reconstruction defects caused by WM and/or 

leukocortical lesions were corrected with semi-automatic lesion in-painting in FreeSurfer. 

Diffusion-weighted data were pre-processed with tools in FreeSurfer and FSL (v. 5.0, 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Diffusion pre-processing included gradient nonlinearity 

correction, motion correction and eddy current correction including b-matrix reorientation. 

Additional details are available at: http://www.humanconnectome.org/documentation/MGH-

diffusion/.  

The lower b-value shell (b=1000 s/mm2) along with all b0 images was used to run DTI analysis 

using ExploreDTI (v.4.8.4, http://www.exploredti.com/) [31]. In this analysis, the tensor model 

was fitted using a Robust Estimation of Tensors by Outlier Rejection approach [32], after which 

the following maps were computed for each subject and timepoint: fractional anisotropy (FA), 

mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD). All diffusion shells 

were employed to fit the CHARMED model [14] using in-house software written in MATLAB 

R2015b (The MathWorks, Natick, MA, USA). The CHARMED model separates the 

contribution of the signal originating from the extra-axonal space that undergoes hindered 

diffusion, and the signal originating from the intra-axonal space that undergoes restricted 

diffusion. The fitting routine employs non-linear least square to fit the CHARMED model to 

the data and estimates the total signal fraction of the restricted compartment, the orientation of 

the restricted compartment, the diffusivity of the restricted compartment and the extra-axonal 

tensor (without relying on the tortuosity approximation); the initialization values fed to the 

fitting routine are: FR=0.3, orientation [0 pi/2], diffusivity=1*10-3m2/s for each fiber, and 

diffusion tensor [0.3 0.3 1.2 0 0 0]. By using the CHARMED model, maps of the signal fraction 

of the restricted (i.e. intracellular) diffusion compartment (FR), along with the diffusivity of the 

restricted compartment (DR) and the extra-axonal tensor (Dextra) were extracted for all subjects 

and timepoints. 
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Lesion and white matter masks 

In MS subjects, lesions were segmented on the FLAIR images using a semi-automated method 

in 3D Slicer (v. 4.2.0, https://www.slicer.org/) by an expert radiologist (CAT). In order to 

compare lesions with a topographically homologous region, the corresponding non-lesioned 

contralateral region was segmented by applying a non-linear transform of the 3D T1-weighted 

image and its corresponding right-left flipped mirror image to the MNI152 template. The b0 

images were registered to the FreeSurfer reconstructions using boundary-based registration 

with 12 degrees-of-freedom, and this served as a transformation for the aforementioned 

anatomical masks into diffusion space. Lesions were dichotomized into 1) those who were 

present at both time points ("conserved lesions"), and 2) those which only appeared at follow-

up ("new lesions"). The conserved lesions were 96 in total, with a median volume of 50.6 (inter-

quartile range IQR 50.6) mm3 at baseline and 50.6 (IQR 70.8) mm3 at follow-up. The new 

lesions were 97 in total, with a median volume of 20.2 (IQR 20.2) mm3. Only 2% of the lesions 

had a corresponding lesion in the contralateral hemisphere, hindering a comparison with 

contralateral NAWM; these lesions were excluded from the lesion analysis. 

 

Registration of follow-up scan to baseline scan  

The follow-up scan was registered to the baseline scan using the FA maps to guide the warps 

through an affine transformation (12 degrees-of-freedom). The same transformation was then 

applied to all diffusion maps and lesion masks. Lesions smaller than 12 voxels in volume were 

disregarded in order to forego possible co-registration inaccuracies. When analyzing 

longitudinal changes of conserved lesions, the spatial overlap between baseline and follow-up 

was calculated and only lesions that overlapped >10%, were considered for the analysis.  

 

Statistical Analysis 

Voxel-wise comparison between baseline and follow-up in NAWM. 

FA maps computed from the DTI model at baseline were fed into an in-house modified version 

of the Tract-Based Spatial Statistics (TBSS) routine of FSL [32], in which the normalization to 

MNI standard space is performed using more accurate registration tools (ANTs package, 

http://stnava.github.io/ANTs/) [33]. The registration excludes lesions from the optimization 

procedure that calculates warp fields. The warp fields were then employed to transform all other 

images into a common (MNI) space, in which the skeletonization transform computed above 

was applied to all other maps. After skeleton extraction, skeletonized maps of the difference 
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between follow-up and baseline were obtained for all subjects and parameters, and a general 

linear model (GLM) was used within a voxel-wise, permutation-based (10000 permutations), 

non-parametric statistical framework [32] to test for significant differences between follow-up 

and baseline NAWM, excluding lesion masks while and controlling for age, gender and 

multiple comparisons across clusters using Threshold Free Cluster Enhancement (TFCE). 

 

Voxel-wise association between age and microstructural parameters in healthy controls. 

In the healthy control cohort, the TBSS routine was applied as described in the previous 

paragraph. After skeleton extraction, skeletonized maps were obtained for all subjects and 

parameters, and a general linear model (GLM) was used within a voxel-wise, permutation-

based (10000 permutations), non-parametric statistical framework [32] to test for significant 

correlations between age and microstructural parameters while controlling for gender and 

multiple comparisons across clusters using Threshold Free Cluster Enhancement (TFCE). 

 

Comparison between MS lesions at baseline and follow-up. 

For each MS patient, the mean value (within the region defined by the overlap of the lesion at 

baseline and at follow-up) for each parameter K = {FA, MD, RD, AD, FR, DR, Dextra} was 

calculated in native space within each lesion which appeared both at baseline and at follow-up 

(i.e. "conserved lesions"). To render differences comparable across regions, we then defined a 

normalized index of asymmetry (NIA) as follows: 

 (1) NIA FOLLOW UP	vs. BASELINE  

where KFOLLOW-UP is the average of parameter K within each lesion at follow-up and KBASELINE 

is the average of parameter K in the same lesion at follow-up. The null hypothesis of no 

asymmetry (i.e. NIA = 0) was then tested across patients through a nonparametric signed-rank 

test, followed by Bonferroni correction for multiple comparisons across indices. Also, the 

asymmetry between lesion and contralateral NAWM was tested across all indices for index-

wise differences using a one-way ANOVA (factor: index). 

 

Comparison between regions defined by "new" MS lesions and contralateral NAWM at 

baseline and follow-up.  

In this analysis, we aimed to examine tissue that appeared healthy at baseline but exhibited a 

lesion at follow-up. We therefore only included lesions which were present at follow-up but not 

at baseline (i.e. "new" lesions). For each MS patient and for each timepoint, the mean value for 
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each parameter K = {FA, MD, RD, AD, FR, DR, Dextra} was calculated in native space within 

the region of interest (ROI) defined by each lesion visible only at follow-up and within the 

corresponding contralateral NAWM (CLNAWM) region at both timepoints. In order to render 

differences between hemispheres comparable across regions, as above we defined a NIA as 

follows:  

(1) NIA LESION	vs. CLNAWM  

 

To test if the diffusion parameters are able to detect tissue alterations before the lesion becomes 

visible, we employed a signed rank test to test if the asymmetry at baseline between the area 

defined by the new lesion (appearing at 1-year follow-up) and contralateral tissue was different 

from 0. We then used a Wilcoxon signed-rank test for repeated measurements to test if this 

asymmetry (lesion vs contralateral) was statistically different from the same asymmetry at 

follow-up. 

 

Scan-rescan reproducibility of diffusion metrics. 

For each subject, the coefficient of variations (CoV) was estimated voxel-wise as the ratio 

between the standard deviation and the mean of each pair (Scan 1, Scan 2) of measurements. 

 

Results 

Voxel-wise comparison between baseline and follow-up in NAWM: 
 
We found significant reductions in FR in NAWM in the longitudinal MS cohort (Figure 1). The 

differences were symmetrical across hemispheres. We also found significant reductions in FA, 

and increases in MD and RD (Figure 1), which were less widespread as compared to the 

reductions in FR and asymmetrical across hemispheres as compared to FR. No statistically 

significant differences were found for DR and Dextra; therefore, these parameters were not 

included in further analyses.  
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Figure 1. Evolution of microstructural indices in NAWM in early MS at 1-year follow-up. 
Regions in which TBSS found significantly lower FA (top left), higher RD (top right), higher 
MD (bottom left) and lower FR (bottom right) in MS NAWM compared to baseline. Thick tracts, 
obtained using the routine tbss_fill, show areas in which P<0.01; thin tracts represent voxels 
where 0.01<p<0.05. No other statistically significant differences were found in TBSS analysis. 
Abbreviations: FA= Fractional Anisotropy, FR = restricted fraction, MD=Mean Diffusivity, 
NAWM = normal-appearing white matter, RD = Radial Diffusivity. 
	
Also, in TBSS analysis, FR revealed a more extensive involvement of WM in detecting disease 

progression as compared to any other DTI indices (the percentages of voxels where significant 

differences as a function of threshold were detected are reported in Table 2). 	

	
 P<0.05 P<0.01
FA 60.3% 49.7% 

MD 20.2% 0.0% 

AD 0.0% 0.0% 

RD 44.1% 28.1% 

FR 65.7% 58.2% 
Table 2. Percentage of white matter skeleton voxels where significant differences were found 
at follow-up compared to baseline in TBSS analysis for two cluster-wise corrected statistical 
thresholds (P<0.05 and P<0.01). Abbreviations: AD= Axial Diffusivity, FA= Fractional 
Anisotropy, FR = restricted fraction, MD=Mean Diffusivity, NAWM = normal-appearing white 
matter, RD = Radial Diffusivity. 
 

Voxel-wise association between age and microstructural parameters in healthy controls: 

no significant associations were found in TBSS analysis (data not shown). 

 

Comparison between baseline and follow-up in "conserved" lesions: In conserved lesions, the 

largest asymmetry between follow-up and baseline was seen in FR. Also, this asymmetry was 



	

	 11

different from 0 in a statistically significant manner only in FR (at p=0.007 uncorrected, 

p=0.033 corrected for multiple comparisons across indices) (Figure 2).  

 
 

Figure 2: Asymmetry index in lesions at follow-up vs baseline 
Box-whisker plots depicting the asymmetry index NIA between MS at follow-up and baseline 
for lesions (1: maximum asymmetry towards the follow-up, -1: maximum asymmetry towards 
baseline) across patients. (**=p<0.01). Boxes represent quartiles, whiskers represent extremes, 
dots represent outliers. Abbreviations: AD= Axial Diffusivity, FA= Fractional Anisotropy, FR 
= restricted fraction, MD=Mean Diffusivity, NAWM = normal-appearing white matter, NIA = 
normalized index of asymmetry, RD = Radial Diffusivity. 
	
One-way ANOVA (factor: index) returned a p-value<0.0001, indicating that the mean 

asymmetry is significantly different across indices. Post-hoc testing with Bonferroni correction 

for multiple comparisons indicated that FR asymmetry is indeed different (FR vs FA: P= 

0.01275, FR vs L1: P=0.00048, FR vs MD: P=0.00037, FR vs RD: P=0.00018) from all other 

asymmetries, while no other pairwise differences were found. 

 
Comparison between regions defined by "new" MS lesions and contralateral NAWM at 
baseline and follow-up: 
 
The only asymmetry which was found to be significantly different from 0 at baseline in pre-

lesional regions was the one for FR (p=0.037), and this asymmetry remained unchanged at 
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followup (p=0.33), suggesting that the tissue alteration disclosed by FR at baseline (before 

lesions become visible) already have the same approximate magnitude as at 1-year follow-up. 

	

 
Figure 3. Asymmetry at baseline in regions defined by new lesions. Box-whisker plots depicting 
the asymmetry index NIA between ROIs defined by each lesion visible only at follow-up, but 
not at baseline (1: maximum asymmetry towards the lesion, -1: maximum asymmetry towards 
contralateral NAWM) across patients. (*=p<0.05). Boxes represent quartiles, whiskers 
represent extremes, dots represent outliers. Abbreviations: FR = restricted fraction; NAWM = 
normal-appearing white matter; NIA = normalized index of asymmetry. 
 

Interestingly, the follow-up versus baseline asymmetry in FR appeared more marked in new 

lesions (-0.105 +- 0.028) as opposed to conserved lesions (-0.082 +- 0.017). However, these 

results did not reach statistical significance (p=0.16, Mann-Whitney U-test), possibly indicating 

that at baseline, the evolution in restricted signal fraction in pre-lesional tissue is similar to the 

evolution in lesioned tissue. 

 

Scan-rescan reproducibility of diffusion metrics 
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The average coefficient of variation for each diffusion metric was: fractional anisotropy: 8.8 %, 

mean diffusivity: 6.0 %, axial diffusivity: 6.2 %, radial diffusivity, RD 10.4 %, FR: 8.9 %. 

 

Discussion 

In this study, the use of advanced multi-shell diffusion MRI with a compartment-specific 

modeling approach allowed us to perform a targeted, non-invasive, whole-brain in vivo 

investigation of longitudinal WM alterations in early MS. We found, in early MS, evidence for 

progression of WM disease burden at 1-year follow-up, and uncovered a widespread reduction 

in FR both in lesions and in NAWM. Additionally, we showed that FR is the only index 

showing statistically significant changes between baseline and 1-year follow-up in lesions 

already present at baseline. Finally, we studied newly-appeared lesions at follow-up, 

demonstrating that FR is the only index whose asymmetry with contralateral NAWM is already 

altered at baseline, when no lesion is yet visible at conventional MRI. Interestingly, this is in 

accordance with a magnetic resonance spectroscopy study that was able to detect pre-lesional 

changes in NAWM in MS [33]. It is also important to note that scan-rescan reproducibility 

analysis showed that the intracellular FR is as reproducible as DTI indexes.  

Recent DTI findings reported significant axial diffusivity changes, which may be compatible 

with severe demyelination and axonal loss in WM lesions, but not in NAWM, of patients with 

MS over a longer observation period (4 years) as compared to the follow-up period in our study 

[11]. However, DTI radial and axial diffusivity are influenced by the underlying fiber 

architecture and specifically by the amount of crossing fibers present in the voxel [13, 34], 

whereas the CHARMED model is specifically designed to explicitly model multiple fibers 

populations in a voxel. Also, we demonstrate the increased sensitivity of CHARMED-derived 

estimates, relative to DTI, in detecting significant voxel-wise progression of MS pathology in 

NAWM (58.2% vs 49.7% of significant voxels at p<0.01 in the TBSS analysis) as well as in 

conserved lesions as mentioned above. In lesions, FR was also associated with the largest effect 

size (i.e. asymmetry, see Figure 2) and was the only index which showed statistically significant 

differences between timepoints. The smaller effect observed in DTI indices is in agreement 

with existing literature, which suggests that DTI lacks sensitivity in detecting subtle changes in 

the early disease stages [35] and that much larger sample sizes are needed to detect a significant 

effect [36]. Interestingly, we observed significant longitudinal group-wise FR differences in all 

major infra- and supratentorial WM tracts, including areas known to include a large fraction of 

crossing fibers, such as the uncinate fasciculus, where DTI is known to provide limited 
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sensitivity. Interestingly, microstructural changes were evident and widespread at 1-year 

follow-up in the absence of clinical evidence of disease progression, as it would be expected 

within such a short time period of observation. This latter finding could involve compensatory 

mechanisms, in accordance with functional MRI studies in MS which show that a different 

recruitment of neural resources arises in response to disease-mediated disconnection [37]. The 

same finding also highlights the value of multi-shell diffusion imaging in tracking disease 

progression in the early stages of MS. Finally, when examining the areas in which lesions 

formed only at follow-up, FR was the only index that already showed significant asymmetry at 

baseline, i.e. when the lesions were not detectable by conventional radiology. 

Taken together, these findings suggest that CHARMED outperforms conventional DTI as a 

marker to track microstructural changes also in lesions, with the potential ability to outline early 

changes before they are visible to radiological examination. Compartmental models like 

CHARMED therefore hold promise as a novel imaging marker for monitoring disease evolution 

and may help improving our understanding of the pathophysiology of the disease.  

This study has potential limitations. While the longitudinal design minimizes biological inter-

subject variability, the lack of significant DTI differences between baseline and follow-up in 

lesions can partially be attributed to the limited sample size investigated in this study. In 

addition, while the results obtained are very promising in the search of novel imaging markers 

of MS progression, FR is yet to be evaluated as a potential quantitative biomarker, according 

to the guidelines defined by the quantitative imaging biomarker alliance [38]. 

The potential pitfalls in estimating water fractions and diffusion coefficients by using a multi-

compartments model for diffusion MRI data have recently been discussed [39], and it cannot 

be excluded that in the future, a more accurate biophysical model will be introduced to better 

capture WM microstructural properties. Moreover, it should be noted that the CHARMED 

model was originally designed to mainly capture variation in the size of the restricted water 

pool, hence providing a surrogate marker for the axonal density. However, since the fraction is 

normalized with respect to the total water content (both extra- and intracellular) it is possible 

that changes in myelination or variations in the total water content, which may occur in MS, 

could also affect the CHARMED restricted fraction. Another limitation is that the CHARMED 

model, while accounting for crossing fibers, does not explicitly account for an orientation 

dispersion factor around the principal directions. Specifically, fiber dispersion appears to be 

important in areas characterized by mainly one orientation [40, 41] while the commonly 

employed Watson distribution around a single principal orientation seems to be unsuitable to 

capture true fiber arrangement in areas of fiber crossing [41]. It is likely that both fiber crossing 
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and dispersion should be included in a more sophisticated model in order to better describe the 

variability in diffusion signal observed in vivo. Further technical limitations are mostly related 

to the fact that the CHARMED model was developed and tested on healthy volunteers; this 

means that, for example, the contributions of demyelination and microinflammatory processes 

to CHARMED estimates of intracellular FR have not been fully investigated yet. However, this 

framework is designed for these factors to mostly impact the extra-axonal space, hence 

preserving the accuracy of intracellular FR estimates. 

Another limitation of this study is the lack of a matched longitudinal control cohort. However, 

given the fact that the effect size of the observed changes at 1 year is much larger than expected 

microstructural changes due to aging [42], and that data from a healthy cohort scanned using 

the same protocol on the same scanner showed no significant association between age and 

microstructural parameters in the investigated age range, we can hypothesize that the larger part 

of the measured effect is most likely due to MS pathology.  

 

Acknowledgements 

We would like to thank Dr. Qiuyun Fan for her expert advice on data analysis. 

 

Funding 

This study was supported by a grant of the National Institute of Health (NIH R01NS07832201 

A1), and partly by the Human Connectome Project, MGH-USC Consortium (NIH 

U01MH093765) and by NIH P41EB015896 and the Instrumentation Grants S10RR023043, 

1S10RR023401, 1S10RR019307. Dr. De Santis is supported by a NARSAD Young 

Investigator Grant (Grant #25104) and by the European Research Council through a Marie 

Skłodowska-Curie Individual Fellowship. Dr. Granberg was supported by the Stockholm City 

Council and Karolinska Institutet (ALF grants 20120213 and 20150166) and the Swedish 

Society for Medical Research (post-doctoral fellowship). Dr. Herranz was supported by the 

National Multiple Sclerosis Society (fellowship FG-1507-05459).  

  



	

	 16

 

References 

	
	
	
1.	 Inglese,	M.	and	M.	Bester,	Diffusion	imaging	in	multiple	sclerosis:	research	and	

clinical	implications.	NMR	Biomed,	2010.	23(7):	p.	865‐72.	
2.	 De	Stefano,	N.,	et	al.,	Axonal	damage	correlates	with	disability	in	patients	with	

relapsing‐remitting	multiple	sclerosis.	Results	of	a	longitudinal	magnetic	resonance	
spectroscopy	study.	Brain,	1998.	121	(	Pt	8)(8):	p.	1469‐77.	

3.	 Sajja,	B.R.,	J.S.	Wolinsky,	and	P.A.	Narayana,	Proton	magnetic	resonance	
spectroscopy	in	multiple	sclerosis.	Neuroimaging	Clin	N	Am,	2009.	19(1):	p.	45‐58.	

4.	 Ciccarelli,	O.,	et	al.,	Disability	and	lesion	load	in	MS:	a	reassessment	with	MS	
functional	composite	score	and	3D	fast	FLAIR.	J	Neurol,	2002.	249(1):	p.	18‐24.	

5.	 Lassmann,	H.,	W.	Bruck,	and	C.	Lucchinetti,	Heterogeneity	of	multiple	sclerosis	
pathogenesis:	implications	for	diagnosis	and	therapy.	Trends	Mol	Med,	2001.	7(3):	
p.	115‐21.	

6.	 Allen,	I.V.	and	S.R.	McKeown,	A	histological,	histochemical	and	biochemical	study	of	
the	macroscopically	normal	white	matter	in	multiple	sclerosis.	J	Neurol	Sci,	1979.	
41(1):	p.	81‐91.	

7.	 Basser,	P.J.,	J.	Mattiello,	and	D.	LeBihan,	Estimation	of	the	effective	self‐diffusion	
tensor	from	the	NMR	spin	echo.	J	Magn	Reson	B,	1994.	103(3):	p.	247‐54.	

8.	 Goodkin,	D.E.,	et	al.,	A	serial	study	of	new	MS	lesions	and	the	white	matter	from	
which	they	arise.	Neurology,	1998.	51(6):	p.	1689‐1697.	

9.	 Werring,	D.J.,	et	al.,	The	pathogenesis	of	lesions	and	normal‐appearing	white	
matter	changes	in	multiple	sclerosis:	a	serial	diffusion	MRI	study.	Brain,	2000.	123	
(	Pt	8)(8):	p.	1667‐76.	

10.	 Harrison,	D.M.,	et	al.,	Longitudinal	changes	in	diffusion	tensor‐based	quantitative	
MRI	in	multiple	sclerosis.	Neurology,	2011.	76(2):	p.	179‐86.	

11.	 Ontaneda,	D.,	et	al.,	Measuring	Brain	Tissue	Integrity	during	4	Years	Using	
Diffusion	Tensor	Imaging.	AJNR	Am	J	Neuroradiol,	2017.	38(1):	p.	31‐38.	

12.	 Beaulieu,	C.,	The	basis	of	anisotropic	water	diffusion	in	the	nervous	system	‐	a	
technical	review.	NMR	Biomed,	2002.	15(7‐8):	p.	435‐55.	

13.	 De	Santis,	S.,	et	al.,	Why	diffusion	tensor	MRI	does	well	only	some	of	the	time:	
variance	and	covariance	of	white	matter	tissue	microstructure	attributes	in	the	
living	human	brain.	Neuroimage,	2014.	89:	p.	35‐44.	

14.	 Assaf,	Y.	and	P.J.	Basser,	Composite	hindered	and	restricted	model	of	diffusion	
(CHARMED)	MR	imaging	of	the	human	brain.	Neuroimage,	2005.	27(1):	p.	48‐58.	

15.	 Tavor,	I.,	S.	Hofstetter,	and	Y.	Assaf,	Micro‐structural	assessment	of	short	term	
plasticity	dynamics.	Neuroimage,	2013.	81:	p.	1‐7.	

16.	 Assaf,	Y.,	et	al.,	High	b‐value	q‐space	analyzed	diffusion‐weighted	MRI:	application	
to	multiple	sclerosis.	Magn	Reson	Med,	2002.	47(1):	p.	115‐26.	

17.	 Cross,	A.H.	and	S.K.	Song,	"A	new	imaging	modality	to	non‐invasively	assess	
multiple	sclerosis	pathology".	J	Neuroimmunol,	2017.	304:	p.	81‐85.	

18.	 Kipp,	L.,	et	al.,	Neurite	orientation	dispersion	and	density	imaging	(NODDI)	in	
RRMS	(P4.	159).	Neurology,	2016.	86(16	Supplement):	p.	P4.	159.	

19.	 By,	S.,	et	al.,	Application	and	evaluation	of	NODDI	in	the	cervical	spinal	cord	of	
multiple	sclerosis	patients.	Neuroimage	Clin,	2017.	15:	p.	333‐342.	



	

	 17

20.	 Granberg,	T.,	et	al.,	In	vivo	characterization	of	cortical	and	white	matter	
neuroaxonal	pathology	in	early	multiple	sclerosis.	Brain,	2017.	140(11):	p.	2912‐
2926.	

21.	 Schneider,	T.,	et	al.,	Sensitivity	of	multi‐shell	NODDI	to	multiple	sclerosis	white	
matter	changes:	a	pilot	study.	Funct	Neurol,	2017.	32(2):	p.	97‐101.	

22.	 De	Santis,	S.,	et	al.,	Early	axonal	damage	in	normal	appearing	white	matter	in	
multiple	sclerosis:	Novel	insights	from	multi‐shell	diffusion	MRI.	Conf	Proc	IEEE	
Eng	Med	Biol	Soc,	2017.	2017:	p.	3024‐3027.	

23.	 Polman,	C.H.,	et	al.,	Diagnostic	criteria	for	multiple	sclerosis:	2010	revisions	to	the	
McDonald	criteria.	Ann	Neurol,	2011.	69(2):	p.	292‐302.	

24.	 Lublin,	F.D.,	et	al.,	Defining	the	clinical	course	of	multiple	sclerosis:	the	2013	
revisions.	Neurology,	2014:	p.	10.1212/WNL.	0000000000000560.	

25.	 Chard,	D.	and	D.	Miller,	Grey	matter	pathology	in	clinically	early	multiple	sclerosis:	
evidence	from	magnetic	resonance	imaging.	J	Neurol	Sci,	2009.	282(1‐2):	p.	5‐11.	

26.	 Fan,	Q.,	et	al.,	MGH‐USC	Human	Connectome	Project	datasets	with	ultra‐high	b‐
value	diffusion	MRI.	Neuroimage,	2016.	124(Pt	B):	p.	1108‐14.	

27.	 Keil,	B.,	et	al.,	A	64‐channel	3T	array	coil	for	accelerated	brain	MRI.	Magn	Reson	
Med,	2013.	70(1):	p.	248‐58.	

28.	 De	Santis,	S.,	Diffusion	MR	imaging:	How	to	get	the	maximum	from	the	
experimental	time.	Translational	Neuroscience,	2013.	4(1).	

29.	 van	der	Kouwe,	A.J.W.,	et	al.,	Brain	morphometry	with	multiecho	MPRAGE.	
Neuroimage,	2008.	40(2):	p.	559‐569.	

30.	 Fischl,	B.,	FreeSurfer.	Neuroimage,	2012.	62(2):	p.	774‐81.	
31.	 Leemans,	A.,	et	al.	ExploreDTI:	a	graphical	toolbox	for	processing,	analyzing,	and	

visualizing	diffusion	MR	data.	in	17th	annual	meeting	of	intl	soc	mag	reson	med.	
2009.	International	Society	for	Magnetic	Resonance	in	Medicine	Berkeley,	CA,	
USA.	

32.	 Chang,	L.C.,	D.K.	Jones,	and	C.	Pierpaoli,	RESTORE:	robust	estimation	of	tensors	by	
outlier	rejection.	Magn	Reson	Med,	2005.	53(5):	p.	1088‐95.	

33.	 Tartaglia,	M.C.,	et	al.,	Choline	is	increased	in	pre‐lesional	normal	appearing	white	
matter	in	multiple	sclerosis.	J	Neurol,	2002.	249(10):	p.	1382‐90.	

34.	 Wheeler‐Kingshott,	C.A.	and	M.	Cercignani,	About	"axial"	and	"radial"	diffusivities.	
Magn	Reson	Med,	2009.	61(5):	p.	1255‐60.	

35.	 Griffin,	C.M.,	et	al.,	Diffusion	tensor	imaging	in	early	relapsing‐remitting	multiple	
sclerosis.	Mult	Scler,	2001.	7(5):	p.	290‐7.	

36.	 Deppe,	M.,	et	al.,	Evidence	for	early,	non‐lesional	cerebellar	damage	in	patients	
with	multiple	sclerosis:	DTI	measures	correlate	with	disability,	atrophy,	and	disease	
duration.	Mult	Scler,	2016.	22(1):	p.	73‐84.	

37.	 Labbe,	T.,	et	al.,	Functional	magnetic	resonance	imaging	in	the	study	of	multiple	
sclerosis.	Rev	Neurol,	2018.	67(3):	p.	91‐98.	

38.	 Kessler,	L.G.,	et	al.,	The	emerging	science	of	quantitative	imaging	biomarkers	
terminology	and	definitions	for	scientific	studies	and	regulatory	submissions.	Stat	
Methods	Med	Res,	2015.	24(1):	p.	9‐26.	

39.	 Novikov,	D.S.,	V.G.	Kiselev,	and	S.N.	Jespersen,	On	modeling.	Magn	Reson	Med,	
2018.	79(6):	p.	3172‐3193.	

40.	 Ronen,	I.,	et	al.,	Microstructural	organization	of	axons	in	the	human	corpus	
callosum	quantified	by	diffusion‐weighted	magnetic	resonance	spectroscopy	of	N‐
acetylaspartate	and	post‐mortem	histology.	Brain	Struct	Funct,	2014.	219(5):	p.	
1773‐85.	



	

	 18

41.	 Mollink,	J.,	et	al.,	Evaluating	fibre	orientation	dispersion	in	white	matter:	
Comparison	of	diffusion	MRI,	histology	and	polarized	light	imaging.	Neuroimage,	
2017.	157:	p.	561‐574.	

42.	 Teipel,	S.J.,	et	al.,	Longitudinal	changes	in	fiber	tract	integrity	in	healthy	aging	and	
mild	cognitive	impairment:	a	DTI	follow‐up	study.	J	Alzheimers	Dis,	2010.	22(2):	p.	
507‐22.	

	


