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ABSTRACT

Background: Spasticity represents a core clinical feature of Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay 

(ARSACS) patients. Nonetheless, its pathophysiological substrate is poorly investigated. We assessed the microstructural integ-

rity of the corticospinal tract (CST) using diffusion MRI (dMRI) via profilometry analysis to understand its possible role in the 

development of spasticity in ARSACS.
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Materials and Methods: In this multi-center prospective study, data of 37 ARSACS (M/F = 21/16; 33.4 ± 12.4 years) and 29 

controls (M/F = 13/16; 42.1 ± 17.2 years) acquired within the PROSPAX consortium were collected from January 2021 to October 

2022 and analyzed. Differences in terms of global CST microstructural integrity were probed, as well as a possible spatial dis-

tribution of the damage along the tract via profilometry analysis. Possible correlations between clinical severity, including the 

Spastic Paraplegia Rating Scale (SPRS), were also tested.

Results: A significant global involvement of the CST was found in ARSACS compared to controls (all tests with p < 0.001), with 

a spatially defined pattern of more pronounced microstructural integrity loss occurring right below and above the pons, a struc-

ture that was also confirmed to be thickened in these patients (p < 0.001). A bilateral negative correlation emerged between the 

microstructural integrity of the CST and clinical indices of spasticity expressed via SPRS (p = 0.02 for both CSTs).

Conclusion: A clinically meaningful microstructural involvement of CST is present in ARSACS patients, with a spatially de-

fined pattern of damage occurring right below and above a thickened pons. An evaluation of the microstructure of this bundle 

might serve as a possible biomarker in this condition.

1   |   Introduction

Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay 

(ARSACS, MIM 270550) is an early-onset recessive form of 

spastic ataxia (SPAX), caused by mutations in the SACS gene [1]. 

First described in 1978 in French-Canadian families of Quebec, 

with a carrier frequency of 1/22 in the region of Charlevoix-

Saguenay, ARSACS is now known to have a worldwide distri-

bution, with more than a hundred disease-causing mutations 

identified to date [2].

The early onset of lower limbs spasticity with hyperreflexia rep-

resents a specific clinical feature of many ARSACS patients, be-

coming more evident when the patients start walking (usually 

between 12 and 24 months) [3, 4]. From a pathophysiological 

perspective, although being a complex phenomenon, spasticity 

[5] is sustained by an involvement of the upper motor neuron, 

and in turn of the corticospinal tract (CST) [6, 7]. The integrity of 

this structure can be explored in vivo using Magnetic Resonance 

Imaging (MRI), and in particular via diffusion MRI (dMRI), a tech-

nique that allows a non-invasive and accurate evaluation of white 

matter (WM) microstructural integrity [8]. Different metrics can 

be extracted from a single dMRI acquisition, all providing com-

plementary information about tissue microstructure. To date, very 

few dMRI studies have been conducted to explore the presence of 

an involvement of the CST in ARSACS, and none have explored its 

correlation with patient clinical status. These few scattered studies 

have suggested a thinning of the CST in the pontine portion, also 

showing a lateral displacement, along with a possible increased 

number of latero-lateral oriented fibers in the pons [9, 10].

In the light of these evidences, it is therefore possible to hypothe-

size a gradient of damage affecting the CST arising from the pons 

to the cortex as one of the pathophysiological moments responsi-

ble, at least in part, for the development of clinical symptoms ob-

served in these patients. Nonetheless, this hypothesis has never 

been tested to date, for different reasons ranging from the lack of 

relatively large and representative cohorts of patients with stan-

dardized imaging and clinical variables, as well as the lack of an 

appropriate methodology to properly test this hypothesis. In this 

study, we tried to overcome both these limitations by analyzing 

data acquired within an international multicenter collaborative 

research project, namely the PROSPAX consortium [11] and 

probe this possible gradient of microstructural damage of the 

CST using a relatively new data analysis technique called pro-

filometry [12]. Furthermore, we also investigated the presence 

and the possible patterns of damage occurring at the level of the 

pontine fibers, anecdotally reported as thickened in this condi-

tion, as well as investigated the relevance of the microstructural 

CST damage observed in ARSACS patients by correlating dMRI 

metrics with clinical scores.

2   |   Material and Methods

2.1   |   Ethical Standards

Data analyzed in this study were acquired within the multi-center 

project PROSPAX (“An integrated multimodal progression chart 

in spastic ataxias”—Clini​calTr​ials.​gov no:NCT04297891). The 

study was approved by local Ethics Committee of each center and 

written informed consent was obtained from each participant.

2.1.1   |   Participants

In this prospective study, part of the multi-center project 

PROSPAX (“An integrated multimodal progression chart in spas-

tic ataxias”—Clini​calTr​ials.​gov no:NCT04297891), data of 197 

subjects from 8 different world-wide centers from 6 countries were 

acquired from January 2021 to October 2022. These included 120 

genetically confirmed ARSACS patients and 77 healthy controls 

(HC) without history of neurological or psychiatric disorders. 

Subjects with contraindication or unwillingness to undergo a brain 

MRI scan were excluded from the study, as well as subjects with a 

poor quality of the image or without a dMRI sequence and a T1-

weighted volume acquired within the same MR session (Figure 1). 

For each subject, a neurologic examination was performed within 

1 month from the MRI acquisition to assess the disease severity, 

via the Scale for the Assessment and Rating of Ataxia (SARA) [13] 

and the Spastic Paraplegia Rating Scale (SPRS) [14].

2.1.2   |   MRI Data Acquisition

For each site, a standardized protocol on a 3 T scanner was ac-

quired, including a high-resolution 3D-T1-weighted volume 

(voxel size≤ 1mm3) acquired on a sagittal plane (see Supporting 

http://clinicaltrials.gov
http://clinicaltrials.gov
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Information for a detailed list of the parameters) and a harmo-

nized dMRI protocol (TR = 4200 ms; TE = 90 ms; flip angle = 90°; 

72 axial slices; voxel size = 2 × 2 × 2 mm3 with 3 directions at 

b = 300 s/mm2, 6 directions at b = 700 s/mm2, 32 directions at 

b = 1000 s/mm2, 50 directions at b = 2000 s/mm2 in addition to 7 

directions at b = 0 s/mm2; GRAPPA acceleration factor = 2; phase 

encoding = AP; bandwidth = 1780 Hz/pixel), followed by another 

acquisition with an inverse phase encoding direction (PA) and 

3 directions at b = 0 s/mm2 values, used for distortion correction 

purposes.

A complete list of all the scanners used at each site included in 

the analysis is available in Supporting Information.

2.1.3   |   MRI Data Processing

The 3D-T1-weighted images were segmented into five distinct vol-

umes (WM, gray matter-GM-, sub-cortical GM, cerebrospinal fluid, 

and potential pathological tissue) using the MRtrix3 [15] command 

5ttgen [16] and the fsl algorithm, resulting in the creation of a mask 

representing the white matter-gray matter (WM-GM) interface. The 

cortical and subcortical structures were parcellated into 85 regions 

of interest using FreeSurfer 6.0 (https://​frees​urfer.​net) [17] accord-

ing to the Desikan-Killiany atlas [18]. Then, these ROIs were co-

registered, along with the T1-weighted volume, the segmentation 

output of the 5ttgen command, and the corresponding WM-GM 

interface mask, in the subject-specific dMRI space using FMRIB's 

Linear Image Registration Tool (FLIRT) [19], with boundary-based 

cost function and nearest-neighbor interpolation.

All dMRI images underwent denoising [20, 21] and pre-

processing using the FMRIB Software Library (FSL version 6.0) 

toolbox (http://​www.​fmrib.​ox.​ac.​uk/​fsl), incorporating the eddy 

and topup distortion correction commands [22–24]. The fiber ori-

entation distribution (FOD) functions were determined through 

multi-shell multi-tissue constrained spherical deconvolution 

[25]. Then, the probabilistic algorithm iFOD2 [26] was used to 

generate 1 million streamlines interrupting as they crossed the 

GM-WM interface mask, using the Anatomically Constrained 

Tractography (ACT) during tracking [16] with the following set-

tings: cutoff value = 0.05, maximum and minimum length of the 

tracks = 250 and 5, respectively, maximum angle in degrees be-

tween successive steps = 30.

For each subject, the diffusion tensor model was fitted using 

b ≤ 1000 s/mm2 data  [27]. Fractional Anisotropy (FA), Mean 

Diffusivity (MD), and Radial Diffusivity (RD) maps were 

computed from this model [28]. Since the direction of Axial 

Diffusivity (AD) may not be preserved in the presence of patho-

logical tissue, potentially causing it to deviate from the un-

derlying tissue structure, as can be seen in regions with low 

anisotropy, in voxels affected by partial volume, and in areas 

where crossed fibers are present, AD was excluded from the 

FIGURE 1    |    Study flowchart. Flowchart showing how the final number of subjects analyzed in this study was reached after the application of 

inclusion and exclusion criteria. ARSACS = Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay, HC = healthy controls.

TABLE 1    |    Demographic and clinical data of the subjects included 

in this study.

ARSACS (n = 37) HC (n = 29) p

Age 34 [16–63] 41 [17–77] 0.04

Sex (M/F) 21/16 13/16 0.47

AAO 6.9 ± 7.9 n.a. n.a.

SARA 16 [4–33] 0 [0–4] < 0.001

SPRS 24 [6–39] 0 [0–5] < 0.001

Note: Age at onset is reported as mean and standard deviation, while age and 
clinical scores are reported as median values, with corresponding ranges in 
brackets.
Abbreviations: AAO = Age at onset, ARSACS = Autosomal Recessive Spastic 
Ataxia of Charlevoix-Saguenay, HC = healthy controls, SARA = Scale for the 
Assessment and Rating of Ataxia, SPRS = Spastic Paraplegia Rating Scale.

https://freesurfer.net
http://www.fmrib.ox.ac.uk/fsl
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analyses [29–31]. Additionally, a Neurite Orientation Dispersion 

and Density Imaging (NODDI) model [32] was also fitted using 

AMICO (Accelerated Microstructure Imaging via Convex 

Optimization [33]). From this analysis, the corresponding neu-

rite density index (NDIw) maps, weighted by the tissue fraction 

[34], were obtained as a putative marker of neurites.

Finally, although all images were acquired using the same stan-

dardized acquisition protocol, to remove any possible residual 

variance caused by scanner and site differences, the ComBat data 

harmonization method (https://​github.​com/​Jfort​in1/​ComBa​

tHarm​oniza​tion [35]) was applied to the derived microstruc-

tural maps.

2.1.4   |   MRI Data Analysis

To retrieve the pontine fibers volume, first we used the seg-

mentation output of FreeSurfer [36] to identify the regions, and 

then the corresponding fibers were extracted using MRtrix3. 

FIGURE 2    |    Differences between groups in terms of mean microstructure of the CST. Violin plots showing the differences between ARSACS 

(orange) and HC (green) in terms of CST mean microstructural metrics. ARSACS = Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay, 

CST = corticospinal tract, FA = fractional anisotropy, HC = healthy controls, MD = mean diffusivity, RD = radial diffusivity, NDIw = neurite density 

index.

https://github.com/Jfortin1/ComBatHarmonization
https://github.com/Jfortin1/ComBatHarmonization
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Then, to extract the transverse pontine fibers (TPF) portion 

from the other fibers that are part of the pons, the following 

procedure was performed. Using a WM atlas [37] we divided 

the pons into two portions: a first one including fibers encom-

passing the middle cerebellar peduncles (MCP) and a second 

one representing the remaining fibers, and therefore the TPF. 

Reconstructed fibers were then mapped into the correspond-

ing images, and the three fiber volumes (total pontine fibers 

volume, and the corresponding TFP and MCP portions) were 

extracted and divided by the total WM volume for normaliza-

tion procedure.

Using The White Matter Query Language (WMQL) technique 

[38], left and right CST were identified from the whole brain 

tractograms, with the RecoBundles approach that was used to 

improve their quality [39]. To minimize possible errors in fas-

cicle identification due to their physiological decussation, CST 

bundles lower limit was defined right above the medullary pyra-

mids. The streamlines were clustered using QuickBundles [40], 

choosing as statistics the average point-wise Euclidean metric 

from FA, MD, and RD volumes. Finally, left and right CST pro-

files were extracted using the DiPy pipeline (https://​dipy.​org/​

index.​html) and resampled within 100 points for the profilome-

try analysis.

All procedure steps were revised case by case and step by step 

by an expert reader to ensure a good quality of the processing 

outcomes.

2.2   |   Statistical Analysis

Unless otherwise specified, all analyses were performed using 

the RStudio software (R Core Team 2022- https://​www.​R-​proje​

ct.​org/​), with a significance level set for p < 0.05.

2.2.1   |   Between Group Differences—Demographics

Possible differences between patients and controls in terms of 

sex and age were tested via a Pearson's Chi-squared test and a 

Wilcoxon rank sum test, respectively.

2.2.2   |   Between Group Differences—Pontine 

and Tractometry-Based Data

Between-groups differences in terms of global pontine volume, 

as well as the sub-analysis evaluating possible differences in 

TPF and corresponding MCP portion of the pons, were carried 

out via a robust linear regression model, considering age and sex 

as covariates.

Between-groups differences in terms of global CST microstruc-

tural integrity were tested via a tractometry-based technique, 

sampling the values of the microstructural images along the 

tracks, and retrieving their mean using MRtrix3. Similarly to 

the pontine analysis, this possible difference between ARSACS 

and HC was also probed via a robust linear regression model age 

and sex corrected.

2.2.3   |   Between Group Differences—

Profilometry Analysis

Between-group microstructural differences along the CST were 

tested using TractSeg [41], with age and sex added in the analy-

sis as covariates.

2.2.4   |   Correlation With Clinical Data

Possible correlation between the clinical scores (SARA and SPRS 

scores, as indices of the ataxic and the spastic components of the 

disease, respectively) and the FA values (as index of CST's mi-

crostructural involvement [42, 43]) was tested by evaluating the 

possible relation with the mean FA value along the entire tract 

(via robust linear regression model, considering age and sex as 

covariates) and using a profilometry approach via TractSeg and 

its “target” option [41, 44, 45], with both analyses corrected for 

age and sex.

3   |   Results

After applying the exclusion criteria, a final number of 66 sub-

jects from 5 sites were included in this study (Figure 1), with MRI 

data of 37 ARSACS patients (M/F = 21/16, 33.4 ± 12.4) and 29 

HC (M/F = 13/16, 42.1 ± 17.2) that were analyzed. Demographic 

and clinical data of the subjects involved in this study are shown 

in Table 1.

When evaluating possible differences in terms of pontine volumes 

between ARSACS and HC, an increased volume of the pons was 

found in ARSACS subjects (0.017 ± 0.002 vs. 0.014 ± 0.002 mm3, 

p < 0.001). Interestingly, when the pontine volume was divided 

into the TPF component and the corresponding MCP portions, 

the observed increase in volume was mainly due to the latter 

component (0.017 ± 0.002 vs. 0.014 ± 0.002, p < 0.001), with 

a reduction of the TPF (0.00218 ± 0.0007 vs. 0.0031 ± 0.0008, 

p < 0.001).

TABLE 2    |    Results of the mean microstructural analysis of the CST.

ARSACS HC p

FA–Left CST 0.45 ± 0.02 0.50 ± 0.02 < 0.001

FA–Right CST 0.45 ± 0.02 0.50 ± 0.02 < 0.001

MD–Left CST 0.82 ± 0.030 0.78 ± 0.030 < 0.001

MD–Right CST 0.82 ± 0.028 0.79 ± 0.033 < 0.001

RD–Left CST 0.61 ± 0.034 0.54 ± 0.036 < 0.001

RD–Right CST 0.61 ± 0.031 0.55 ± 0.035 < 0.001

NDIw–Left CST 0.54 ± 0.03 0.59 ± 0.03 < 0.001

NDIw–Right CST 0.54 ± 0.03 0.59 ± 0.03 < 0.001

Note: MD and RD maps' values are reported in 10−3 mm2/s, while FA and NDIw 
are adimensional. All values are expressed as mean and standard deviation.
Abbreviations: ARSACS = Autosomal Recessive Spastic Ataxia of Charlevoix-
Saguenay, CST = corticospinal tract, FA = fractional anisotropy, HC = healthy 
controls, MD = mean diffusivity, NDIw = neurite density index, RD = radial 
diffusivity.

https://dipy.org/index.html
https://dipy.org/index.html
https://www.r-project.org/
https://www.r-project.org/
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When assessing potential differences between the two groups 

in terms of mean microstructure of the CST, ARSACS patients 

showed a significant involvement of this bundle compared to 

controls, depicted by a global reduction in FA and NDIw values 

for both left and right CST bundles, coupled with an increase 

in MD and RD (all with p < 0.001). A graphical representation 

of these results is available in Figure 2, with the corresponding 

values that are reported in Table 2.

FIGURE 3    |    Results of the profilometry analysis. Results of the profilometry analysis showing the spatial distribution of microstructural damage 

along the CST (x-axis, ranging from 0-pyramids- to 100-cortex) in ARSACS (orange lines) and HC (blue lines). Red lines indicate where, along the CST, 

significant differences between groups occurs. ARSACS = Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay, CST = corticospinal tract, 

FA = fractional anisotropy, HC = healthy controls, MD = mean diffusivity, RD = radial diffusivity, NDIw = neurite density index.
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The spatial distribution of this widespread damage along the 

CST was then probed via profilometry analysis, showing the oc-

currence of a gradient of microstructural damage (depicted via 

the evaluation of FA) with a more pronounced reduction of this 

metric affecting the CST right above and below the pons, and 

in particular at the level of midbrain, the cerebral peduncles, 

and the posterior limb of internal capsule (PLIC), with less sig-

nificant changes affecting the bundle portion closer to the cor-

tex. A similar, although more extended, pattern of damage was 

found when RD was evaluated, while MD and NDIw changes 

were more pronounced in the final portion of the tract compared 

to the findings observed in FA and RD. Plots showing the re-

sults of the profilometry analysis are shown in Figure 3, while 

a graphical representation of the localization and the degree of 

CST microstructural damage (expressed by FA) according to the 

Cohen-d values is shown in Figure 4.

Finally, the analysis probing the possible clinical counterpart of 

the observed microstructural changes showed that, when evalu-

ating the mean microstructural status of the CST, no significant 

correlation with either the left or right CST with SARA (ρ = 0.10, 

p = 0.35, Figure  5A) and SPRS (ρ = 0.65, p = 0.68, Figure  5A) 

was found. Interestingly, when the profilometry approach was 

performed, a spatially defined bilateral negative correlation 

emerged between the microstructural integrity of the CST por-

tion above the pons and clinical indices of spasticity expressed 

by SPRS score (p = 0.023 and p = 0.021 for left and right CST 

respectively, Figure  5B), while a significant correlation with 

SARA was found only for the left CST (p = 0.002, Figure  5B), 

approaching but not reaching the significance threshold on the 

right bundle (p = 0.07, Figure 5B).

4   |   Discussion

In this study, we investigated the microstructural integrity of the 

CST to assess a possible specific gradient of its damage in a large 

sample of ARSACS patients, hypothesizing the occurrence of 

greater damage of these fibers at the level of the pons, showing a 

gradient of reduction moving towards the cortex.

The rationale behind this study derives from the clinical ob-

servation of spasticity, an undoubted core feature of this con-

dition linked to the integrity of the CST, as well as from the 

few dMRI reports on small groups of patients suggesting an al-

teration of this bundle at the level of the pons. In particular, an 

apparent increased number of pontocerebellar fibers, as well 

as a thickening of the TPF, have been reported in ARSACS, 

possibly resulting in a CST compression at its pontine level 

[9, 10, 46]. In line with these previous studies, we found that 

ARSACS patients show indeed an overall increase in pon-

tine fibers. Nonetheless, the major contributor to this pontine 

thickening proved to be, rather than a “pure” hypertrophy of 

the TPF (which were reduced in our sample compared to HC), 

a greater representation of the MCP fibers contributing to the 

pons. Previous studies have proposed a neurodevelopmental 

hypothesis in ARSACS patients to explain the finding of a 

thickened pons in this condition, suggesting a primary devel-

opmental alteration of the pontocerebellar fibers, followed by 

a secondary degenerative process of the superior vermis cortex 

sustained by a glutamate excitotoxicity [9, 46]. Our results do 

not allow us to exclude this hypothesis, which seems reason-

able although worthy of confirmation with studies including 

pediatric patients and/or pre-clinical models. Furthermore, 

they also expand the current knowledge by showing that if 

a neurodevelopmental change would occur, this might be at 

the level of the main cerebellar afferences (namely, the MCP) 

rather than the intra-pontine fibers.

Along with changes in pontine structure, previous studies ei-

ther qualitatively evaluated the damage affecting the CST or 

used a voxel-wise approach that, although providing insightful 

information, shows an intrinsic limited anatomical specificity 

[47]. Here we tried to overcome these limitations by applying a 

profilometry approach, a technique particularly suited for the 

hypothesis here tested, given that it allows studying the spatial 

distribution of microstructural damage along a specific tract 

[48]. Our results showed that indeed in ARSACS patients is 

present not only a global involvement of this bundle, but a gradi-

ent of microstructural damage affecting the CST, with the most 

affected regions being located just below and above the pons, 

with a reducing gradient of damage closer to the cortex. The ad-

vantage of this approach was also proven by the results of the 

correlation with clinical data, where a “conventional” correla-

tion between mean microstructural integrity and clinical scores 

hindered significant associations, which were found to be spa-

tially localized in specific portions of the CST via profilometry 

analysis.

Interestingly, while we found significant microstructural 

changes affecting the CST in its medulla oblongata portion, as 

well as at the level of midbrain, cerebral peduncles, and PLIC, 

we failed to find significant differences at the level of the pontine 

portion of the CST. This result, counterintuitive and apparently 

advising against our hypothesis, can nonetheless be explained 

by a methodological reason intrinsic to the dMRI technique it-

self. In particular, it is possible to hypothesize that the lack of 

difference between HC and ARSACS for CST microstructural 

FIGURE 4    |    Localization and the degree of CST microstructural 

damage. Representation of the spatial profile and magnitude of micro-

structural damage affecting the CST using a color-coded scale weighted 

by Cohen-d values. CST = corticospinal tract.
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variables (i.e., FA) could be the result of a simultaneous expected 

reduction of this metric (i.e., following the neuronal changes oc-

curring in ARSACS) coupled to an apparent increase. This lat-

ter phenomenon can indeed be observed in those cases where 

crossing fibers are present, and a disproportionate damage of 

one bundle (i.e., the CST in this case) over the remaining fi-

bers could lead to a paradoxical increase in FA, despite an ac-

tual net decrease in local fiber density and/or myelination [49]. 

Furthermore, the paradoxical absence of FA changes in the pons 

area has also been described in subjects with Wallerian degen-

eration of the CST following vascular damage at the level of the 

PLIC, as fibers are more coherently oriented within the voxel 

following the damage of this WM tract [50].

Along with changes in FA, we also found modifications of the 

other investigated microstructural maps (namely, MD, RD 

and NDIw) in ARSACS compared to HC. Of particular inter-

est are the results obtained by RD maps, as this metric has 

been long hypothesized to be a putative marker of demyelin-

ation. The occurrence of myelin changes along the axons of 

ARSACS patients is getting increasing interest in the scien-

tific community, with the very recent evidence of a possible 

pattern of peripheral demyelination [51] that is in line with 

older neuropathological data, showing a demyelination along 

the CST in the medulla and spinal cord of these patients [52]. 

It is noteworthy to mention that these latter changes were 

significantly marked in the upper cervical cord, a region re-

ported to be affected by a prominent reduction in volume at a 

qualitative evaluation of brain images [53]. Although the CST 

damage below the level of the pons was only partly analyzed 

in this study, we can only speculate on the occurrence also of a 

gradient of anterograde damage directed to the cervical cord. 

FIGURE 5    |    Results of the correlation analyses between microstructural changes and clinical scores in ARSACS. In (A), scatterplots of the cor-

relation analyses between mean FA value along the entire CST (y-axes) and SARA (left) and SPRS (right) scores (x-axes) showing the absence of a 

significant correlation when this approach was used. In (B) results of the correlation analyses using a profilometry approach between FA values along 

the CST of ARSACS subjects and SARA (upper row) and SPRS scores (lower row) showing the occurrence of a significant and spatially distributed 

correlation between CST microstructure and clinical scores. Red lines indicate significant correlations between the microstructural damage and the 

corresponding clinical variable along the CST (x-axis, ranging from 0-pyramids- to 100-cortex). ARSACS = Autosomal Recessive Spastic Ataxia of 

Charlevoix-Saguenay, CST = corticospinal tract, FA = fractional anisotropy, SARA = Scale for the Assessment and Rating of Ataxia, SPRS = Spastic 

Paraplegia Rating Scale.
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For this reason, future studies evaluating spinal cord micro-

structure are warranted to evaluate a possible downward gra-

dient of the damage affecting the CST, and further understand 

the exact degree of involvement of this region.

Additional limitations of this study should be mentioned. In 

particular, although being widely recognized as one of (if not 

the) techniques to evaluate microstructure, dMRI shows dif-

ferent limitations, some of which have been previously de-

scribed. Other techniques (such as Myelin Water Fraction or 

Magnetization Transfer Ratio) can be used to evaluate micro-

structure, possibly providing additional information that might 

be only partly obtained via dMRI. Another limitation lies in 

the cross-sectional nature of this study, which does not allow 

us to obtain information about possible changes over time of 

both pontine thickening and CST microstructural changes. 

Nonetheless, these limitations are balanced by the evaluation of 

a large group of patients, with a high-quality standardized MRI 

and clinical protocol.

In conclusion, in this study we were able to confirm the occur-

rence of a thickened pons in ARSACS, mainly attributable to an 

increase of the MCP and the corresponding pontine projections 

rather than a “pure” thickening of the TPF. Furthermore, and 

most importantly, we demonstrated the occurrence of a clini-

cally meaningful ascending gradient of microstructural damage 

affecting the CST that might explain the observed spastic pheno-

type in these patients and might serve as a potential biomarker 

to evaluate disease progression and, in future, possible thera-

peutic interventions.
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