N

N

One-Year Longitudinal Assessment of Patients With CMT1A
Using Quantitative MRI
Etienne Fortanier, Marc Adrien Hostin, Constance Michel, Emilien Delmont,

Marc-Emmanuel Bellemare, Maxime Guye, David Bendahan, Shahram Attarian

» To cite this version:

Etienne Fortanier, Marc Adrien Hostin, Constance Michel, Emilien Delmont, Marc-Emmanuel Bellemare, et
al.. One-Year Longitudinal Assessment of Patients With CMT1A Using Quantitative MRI. Neurology, 2024,
102 (9), <10.1212/WNL.0000000000209277). <hal-04592856)

HAL Id: hal-04592856
https://amu.hal.science/hal-04592856v1

Submitted on 16 Apr 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://amu.hal.science/hal-04592856v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

One-year longitudinal assessment of CMT1A patients using Quantitative MRI

Manuscript Number: WNL-2023-005797R2

Authors:
Etienne Fortanierl; Marc Adrien Ho stinz; Constance Michel3; Emilien Delmontl; Marc-Emmanuelle
Bellemare4; Maxime Guyez; David Bendahanz; Shahram Attarian!

1. Reference Center for Neuromuscular Diseases and ALS, La Timone University Hospital, Aix-Marseille
University, Marseille, France; 2. Center for Magnetic Resonance in Biology and Medicine, Aix-Marseille
University, UMR CNRS 7339, Marseille, France; 3. Aix Marseille Univ, CNRS, CRMBM, UMR 7339,
Marseille, France; 4. Aix Marseille University, CNRS, LIS, Marseille, France

Corresponding Author: Etienne Fortanier

Group Authorship: No. There is no study group involved in our research
Group Name:

Contributions:

Etienne Fortanier: Drafting/revision of the manuscript for content, including medical writing for content;
Major role in the acquisition of data; Study concept or design; Analysis or interpretation of data; Marc
Adrien Hostin: Major role in the acquisition of data; Analysis or interpretation of data; Constance Michel:
Major role in the acquisition of data; Emilien Delmont: Major role in the acquisition of data; Study concept
or design; Marc-Emmanuelle Bellemare: Study concept or design; Maxime Guye: Study concept or design;
David Bendahan: Drafting/revision of the manuscript for content, including medical writing for content;
Major role in the acquisition of data; Study concept or design; Analysis or interpretation of data; Shahram
Attarian: Drafting/revision of the manuscript for content, including medical writing for content; Major role
in the acquisition of data; Study concept or design; Analysis or interpretation of data;



Abstract: Background and Objectives: Intramuscular fat fraction (FF) assessed using quantitative MRI
(qMRI) has emerged as one of the few responsive outcome measures in CMT 1 A suitable for future
clinical trials. This study aimed to identify the relevance of multiple gqMRI biomarkers for tracking
longitudinal changes in CMT 1A and to assess correlations between MRI metrics and clinical parameters.
Methods: qMRI was performed in CMT 1A patients at two time points, a year apart and various metrics
were extracted from three-dimensional volumes of interest at thigh and leg levels. A semi-automated
segmentation technique was used, enabling the analysis of central slices as well as a larger 3D muscle
volume. Metrics included: proton density (PD), magnetization transfer ratio (MTR) and intramuscular fat
fraction (FF). The sciatic and tibial nerves were also assessed. Disease severity was gauged using
CMTNSv2, CMTES, ONLS scores, and MRC muscle strength. Results: Twenty-four patients were
included. FF significantly rose in the 3D volume at both thigh (+1.04 {plus minus} 2.19%, p=0.041) and
leg (+1.36 {plus minus} 1.87%, p=0.045) levels. The 3D analyses unveiled a length-dependent gradient in
FF, ranging from 22.61 {plus minus}10.17% to 26.17 {plus minus} 10.79% at leg level. There was
noticeable variance in longitudinal changes between muscles: +3.17 {plus minus} 6.86% (p=0.028) in the
tibialis anterior compared to 0.37 {plus minus}4.97% (p=0.893) in the gastrocnemius medialis. MTR
across the entire thigh volume showed a significant decline between the two time-points: -2.75 {plus
minus} 6.58 (p=0.049), while no significant differences were noted for the 3D muscle volume and PD. No
longitudinal changes were observed in any nerve metric. Potent correlations were identified between FF
and primary clinical measures: CMTNSvV2 (rho=0.656; p=0.001) and MRC in the lower limbs (rho=-0.877;
p<0.001). Discussion: Our results further support that gMRI is a promising tool for following up
longitudinal changes in CMT 1A patients, FF being the paramount MRI metric for both thigh and leg
regions. It's crucial to scrutinize the post-imaging data extraction methods considering that annual changes
are minimal (around +1.5%). Given the varied FF distribution, the existence of a length-dependent
gradient, and the differential fatty involution across muscles, 3D volume analysis appeared more suitable
than single slice analysis.
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ABSTRACT

Background and Objectives: Intramuscular fat fraction (FF) assessed using quantitative MRI
(qgMRI) has emerged as one of the few responsive outcome measures in CMT1A suitable for
future clinical trials. This study aimed to identify the relevance of multiple gMRI biomarkers
for tracking longitudinal changes in CMT1A and to assess correlations between MRI metrics
and clinical parameters.

Methods: qMRI was performed in CMT1A patients at two time points, a year apart and
various metrics were extracted from three-dimensional volumes of interest at thigh and leg
levels. A semi-automated segmentation technique was used, enabling the analysis of central
slices as well as a larger 3D muscle volume. Metrics included: proton density (PD),
magnetization transfer ratio (MTR) and intramuscular fat fraction (FF). The sciatic and tibial
nerves were also assessed. Disease severity was gauged using CMTNSv2, CMTES, ONLS
scores, and MRC muscle strength.

Results: Twenty-four patients were included. FF significantly rose in the 3D volume at both
thigh (+1.04 + 2.19%, p=0.041) and leg (+1.36 + 1.87%, p=0.045) levels. The 3D analyses
unveiled a length-dependent gradient in FF, ranging from 22.61 £10.17% to 26.17 + 10.79%
at leg level. There was noticeable variance in longitudinal changes between muscles: +3.17 +
6.86% (p=0.028) in the tibialis anterior compared to 0.37 £4.97% (p=0.893) in the
gastrocnemius medialis. MTR across the entire thigh volume showed a significant decline
between the two time-points: -2.75 £ 6.58 (p=0.049), while no significant differences were
noted for the 3D muscle volume and PD. No longitudinal changes were observed in any nerve
metric. Potent correlations were identified between FF and primary clinical measures:
CMTNSV2 (rho=0.656; p=0.001) and MRC in the lower limbs (rtho=-0.877; p<0.001).

Discussion: Our results further support that qMRI is a promising tool for following up
longitudinal changes in CMT1A patients, FF being the paramount MRI metric for both thigh
and leg regions. It's crucial to scrutinize the post-imaging data extraction methods considering
that annual changes are minimal (around +1.5%). Given the varied FF distribution, the
existence of a length-dependent gradient, and the differential fatty involution across muscles,
3D volume analysis appeared more suitable than single slice analysis.
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INTRODUCTION

Charcot-Marie-Tooth disease (CMT), also referred to as hereditary motor sensory neuropathy
(HMSN) is an inherited neuromuscular disorder with an estimated prevalence of 1 in 2500
(1). The predominant variant, CMTI1A, is associated with PMP22 duplication, which
represent over half of all CMT diagnoses (2).

As new clinical trials are emerging for inherited neuropathies (3), the significant challenge is
related to the identification of sensitive biomarkers for effective longitudinal evaluation. In
slowly progressive conditions such as CMT neuropathies, there is a notable gap in the
discovery of biomarkers capable of gauging therapeutic impacts (4). Consequently,
identifying and assessing sensitive outcome metrics is vital for the success of upcoming
clinical trials (5).

In recent years, quantitative Magnetic Resonance Imaging (qMRI) has emerged as a technique
of choice to monitor changes in the muscle and nerve tissues in patients with neuromuscular
disorders. Various imaging metrics such as the intramuscular fat fraction (FF), muscle
volume, and magnetization transfer ratio (MTR), have found applications (6). One particular
study in CMTI1A patients highlighted a modest (1.7%) yet significant progression in FF
within calf muscles over a year. This led to the proposition of FF as a potential biomarker for
tracking patient progress. It is noteworthy that this assessment was based on the analysis of a
singular central slice (7, 8). Given the known length-dependence characteristic of the disease
(9), a comprehensive 3D series might offer richer insights. This trait, combined with the
subtle FF changes, prompts a reconsideration: should MRI evaluations for follow-up be based
on a 3D analysis or a single slice in the lower limbs? A significant obstacle for 3D analysis is
sourcing a dependable automated segmentation technique for individual muscles (10, 11).
Expanding the scope of analysis, one might wonder the potential role of quantitative
neurography in identifying biomarkers indicative of disease progression. Notably, metrics
such as nerve volume, proton density (PD), and magnetization transfer ratio (MTR) at the
sciatic and tibial nerve levels have been observed to deviate significantly in CMT1A patients
when compared to healthy controls (12,13). However, the specific longitudinal variations of
these metrics remain largely unexplored.

This study intends to meld qMRI with a dedicated muscle segmentation method so as to
evaluate 3D longitudinal changes in lower limb muscles and the sciatic and tibial nerves over
a year. The overarching goal is to discern the most pertinent MRI biomarker for tracking
disease progression in CMT1A patients and to weight the merits of 3D volume against single
slice analyses.
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PATIENTS AND METHODS

Patients and Clinical assessment
Adult patients with genetically confirmed CMT1A (PMP22 duplication) from the Reference

Center for Neuromuscular Disease and ALS (Marseille-France) volunteered to participate in
this study from May 2016 to March 2019.

All participants had no history of other neuromuscular disorders and biological tests were
performed to exclude any other conditions responsible for peripheral neuropathy.

Patients were clinically assessed twice within a 12-month interval, at baseline (TO) and one
year later (T1), using demographic data, neurological examination and medical history. The
Medical Research Council (MRC) scale (14) was used to assess muscle strength in the lower
limbs. The MRC total score in the lower limbs (/60) was calculated taking into account six
muscle groups on both sides i.e., quadriceps, ilio-psoas, gluteus maximus, hamstrings
muscles, tibialis anterior and gastrocnemius muscle for the lower limbs.

Disease severity was assessed using several scores namely the Charcot Marie Tooth
neurological score (CMTNSv2) (15), the Charcot Marie Tooth examination score (CMTES)
and the overall neuropathy limitation scale (ONLS) (16). CMTNSv2 score is a composite
score combining symptoms, signs and electrophysiological assessment. CMTES is another
clinical score that does not take into account the electrophysiological testing. The ONLS was
used to assess the functional disability in daily life. Two additional subscores were used i.e.
CMTES LL and CMTES motor LL representing the lower limbs subscore and the lower limbs
subscore motor items. ONLS LL refers to the lower limbs ONLS.

MRI protocol
Patients were positioned supine while the leg and thigh of the non-dominant limb were

imaged using a combination of flexible coils on the top and spine coils integrated into the
scanner bed.

After a localizer, sets of images were recorded in the axial plane at 1.5T (MAGNETOM
Avanto, Siemens Healthineers, Erlangen, Germany) during approximately 45 minutes.
Anatomical and quantitative imaging sequences were used in order to compute Fat Fraction
(FF), Magnetisation Transfer Ratio and T2 maps. The corresponding parameters are
summarized in Appendix 1.

As previously described (17, 18) the 3D gradient echo multi- echo dataset was used to
generate FF maps, while the MTR map was computed from the normalized ratio of an image
acquired with and without saturation and after correction for B1 field inhomogeneities (19).

Muscles and Nerves segmentation

Individual muscles segmentation was performed using a semi-automated propagation method
based on a combination of diffeomorphic registration methods as previously described (11),
(Figure 1). Briefly, individual muscles were manually segmented in 20% of the T1-weigthed
axial slices and the corresponding masks were used for an automatic propagation along the
muscle volume. The corresponding ROIs are described in Figure 2. Nerves delineation was
performed entirely manually from GRE images, as shown in Figure 1. ROIls included both
branches of the sciatic nerve (peroneal and tibial) in the distal part of the thigh. Manual
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segmentations were performed in a blinded situation by two operators (E.F., C.P.M.) with
more than 5 years of experience and double-checked by another experienced observer (M.-
A.H). All slices were re-read together by the three operators in a single session after semi-
automated propagation and a consensus was reached on corrections before extracting the
quantitative metrics.

For anatomical standardization purposes among individuals, 18 slices were selected at the
thigh level for the FF and MTR maps. The proximal limit selected for the thigh was the
appearance of the short head of the biceps femoris. At the leg level, 20 slices were selected so
that the distal limit of the region of interest was the disappearance of the gastrocnemius
medialis. Quantitative measurements were computed for each muscle and averaged for each
slice over the same area of interest for each subject.

Segmented masks were then resampled and registered to the quantitative MRI maps (FF,
MTR, T2) and the mean values within each ROI and each slice were computed.

Two main analyses were performed to assess the most relevant ROI: one regarding the 3
central slices of the leg and the thigh, and one including the whole 3D volume. The human
time required for each step was calculated to assess the cost-effectiveness of the two
techniques.

Statistical analyses

Statistical analyses were performed using RStudio (19). Given the non-Gaussian distribution
of the data, comparative analyses were performed using nonparametric Wilcoxon tests. The
Spearman rank correlation (r) was used in order to assess the correlations between metrics.
Differences were considered as statistically significant for p values lower than 0.05. Results
are presented as means =+ SD.

Data Availability Statement
All anonymized datasets and related documentation from this study are available upon request
to qualified investigators, subject to a standard data sharing agreement.

Standard Protocol Approvals, Registrations, and Patient Consents

This research received no specific grant from any funding agency. Informed consent was
obtained from all participants and the study was approved by the local ethics committee (IRB
#2015-A00799-40).
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RESULTS

Demographic and clinical data

Twenty-four CMT1A patients with PMP22 confirmed genetic diagnosis (mean age 51.9 +
12.2 years; 7 females) were included in this study. Two patients were excluded due to
incomplete data or technical problems. Follow-up and complete data extraction were therefore
possible in twenty-two patients.

Initial clinical and demographic data of the remaining 22 CMT1A patients are presented in
Table 1, along with the follow-up clinical evaluation. The mean follow-up interval was 12.3
months. CMT1A patients presented the classical phenotype with a length-dependent
sensorimotor neuropathy, distal muscle weakness and predominant deformities in the lower
limbs. Over a one-year period, none of the clinical scores did significantly change while
muscle testing also remained unchanged (Table 1).

MRI muscle metrics at baseline (TO) and follow-up (T1)

MRI metrics included PD, FF, MTR, and muscle volume.

The 3D volume analysis showed that overall thigh muscles FF (T-All) was 7.13 + 3.60%
while the overall leg muscles FF (L-All) was much higher i.e. 20.06 + 10.13 %.

At the thigh level, FF ranged from 5.62 + 3.57% in the Rectus Femoris (RF) to 12.99 + 7.7%
in the Sartorius (Sa). At the leg level, FF ranged from 15.6 + 12.93% in the deep posterior
compartment to 29.85 + 11.05% in the Gastrocnemius Medialis (GM). (Table 2B). 3D mean
FF values computed at baseline for each muscle are displayed in Figure 2.

Detailed results for the FF, PD, MTR and volume analyses are shown in Table 2 and Table 3
respectively for the 3D volume and the central slices analyses.

MRI muscle metrics longitudinal changes (T1-T0)

- 3D Volume analysis (Table 2)
At the thigh level, a smaller but significant FF increase was also measured for the overall
thigh muscles analysis: +1.04 £ 2.19% (p=0.041). Five muscles showed a slight but
significant FF increase i.e. +1.28 + 2.41% for the Biceps Femoris (BF) (p=0.021), +1.08 £
2.62% for the Gracilis (Gr) (p=0.033), +1.45 + 2.81% for the Rectus Femoris (RF) (p=0.037),
+ 0.39 £ 1.94% for the Semi Tendinosus (ST) (p=0.018) and +0.13 * 2.61% for the Vastus
Lateralis (VL) (p=0.046). At the leg level, a significant increase was found for the L-All FF:
+1.36 £ 1.87% (p=0.045) while the tibialis anterior (TA) was the only muscle showing a
significant FF increase i.e. +3.17 + 3.86% (p=0.028).
Regarding the other metrics, there was a significant decrease in the overall thigh muscle
analysis (MTR T-All): -2.75 + 4.58 (p=0.049), with a significant MTR decrease in two
muscles i.e RF (-3.6 £ 6.4 (p=0.004)) and the VL (-2.86 = 6.27 (p=0.042)). MTR in the TA
also showed a significant decrease over one year (-1.55 + 3.32 (p=0.049)).
With respect to the thigh muscle volume, only the VL showed a significant longitudinal
volume waste: -1.81 + 5.41cm3 (p=0.042). No significant change was found for the PD
metric.
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- Central slices analysis (Table 3)
As compared to the 3D volume analysis, similar results were observed, and slight longitudinal
differences were identified. More specifically, at the thigh level, the whole muscle analysis
indicated a significant increase i.e. +1.11 + 1.87% (p=0.041). Four muscles showed a FF
increase ie. +1.09 £ 2.07% for the Biceps Femoris (BF) (p=0.011), Gr (+2.44 = 3.72%
(p=0.031)), ST (+ 0.96 + 1.34% (p=0.038)) and VL (+1.78 + 3.17% (p=0.007)).
At the leg level, a significant FF increase was also found for the overall leg muscles:.+1.54 +
2.12% (p=0.032). Only the TA showed individual significant changes in FF +3.77 £ 3.09%
(p=0.027).
Regarding the other metrics, there was a significant decrease in MTR in two muscles i.e. TA
(-2.18 £ 4.65% (p=0.049)) and VL (-2.25 £ 5.04 % (p=0.041)) while MTR T-All did not
change significantly (2.47 £+ 6.93 (p=0.125).
No changes were found for PD and VVolume analyses.

Cost-effectiveness of manual and semi-automated technigues

Segmentation of a single slice by a trained operator took around 10 minutes. For 3D volume
analysis, five slices had to be segmented before the semi-automated propagation (50
minutes/patient). The propagation step was done in a single session for all patients. The
process was automated and took around 15 minutes per patient. Although this process was
automatic, a manual supervision (10 minutes/patient) was needed afterwards to correct the
eventual errors brought by the propagation. Quantitative metrics were then extracted in a
single time for the whole dataset (5 minutes).

Total processing time for 3D analysis of one patient was therefore estimated at 65 minutes.
Considering only the 3 central slices instead of the entire volume, the processing would still
have needed around 35 minutes. In comparison, analysis of the whole 3D volume with a fully
manual segmentation approach would have taken around 200 minutes for each patient. The
whole process was repeated twice (TO and T1).

FF gradient
In order to identify whether longitudinal differences in FF were similar across the whole

muscle volume, we divided the 3D muscle volume into 5 regions, each corresponding to 3
segmented slices as shown in Figure 4. Along the 3D volume at baseline, we observed a
progressive increase in FF in the lower limbs ranging from 8.16 + 3.86% to 9.0 + 3.87% at the
thigh level, and from 22.61 + 10.17% to 26.17 + 10.79% at the leg level.

Analysis by regions showed that the difference in overall FF was more pronounced in the
central parts of both the leg and the thigh (Region 2, corresponding to the central slices
analysis). At this level, a maximum significant difference was observed i.e. +1.37 + 3.25%
(p=0.038) for the thigh and +1.69 + 3.07% (p=0.026) for the leg.

Longitudinal assessment of nerves metrics

Sciatic nerve at the thigh level and tibial nerve at the leg level were clearly identified in the
3D-GRE images so that segmentation of such small structures was possible and longitudinal
progression of multiple metrics i.e. PD, MTR, T2 and nerve Volume was performed.
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Detailed results are available in the Appendix 2 and showed no significant longitudinal
difference for any nerve metric between baseline and follow-up evaluation.

Clinical correlations

Clinical correlations with MRI metrics are reported in the heatmap (Figure 4A). Strong
correlations were found between FF and the most relevant clinical scores.

Central slices FF was correlated with CMTNSv2 (rho=0,656; p=0,001) and inversely
correlated with MRC testing in the lower limb (rho=-0.877; p<0,001).

FF in the TA was also correlated with CMTNSv2 (rho=0,605; p=0,004).

Among the other analyzed metrics, MTR in the whole thigh was inversely correlated with
CMTNSV2 (rho=-0,608; p=0,002).

DISCUSSION

In the present study, we quantitatively and longitudinally investigated different lower limbs
muscles and nerves MRI metrics in CMT1A patients over a year period. We used a
quantitative imaging pipeline already developed in previous studies (10, 18, 21) for which
quantitative MRI was combined to a semi-automated segmentation method of individual
muscles, allowing us to analyses both the central slices and a global 3D volume. We mainly
found a significant increase in overall FF of the leg for the 3D volume analysis: +1.36 +
1.87% (p=0.045) and confirmed a similar increase (+1.54 + 2.12%, p=0.032) in the central
region of the leg. Our results confirm in an independent cohort the main findings previously
published by Morrow et al., i.e a progression of around 1.5% of FF in the leg over 1 year in
CMT1A patients, detected in a single central slice analysis (7,8).

Of interest, 3D volume and central slices analyses also indicated in our cohort a FF increase at
the thigh level respectively +1.04 £ 2.19% p=0.041 and +1.11 + 1.87% (p=0.041) which has
not been described in previous studies.

As FF progression was roughly similar between central slices and 3D volume analyses, the
usefulness of a 3D approach can be questioned and one might suggest that a central region
analysis should be preferred for clinical trials due to the time consumption and the complexity
of the 3D volume analysis. In fact, segmentation of the 3D volume of interest was made
possible thanks to a semi-automated propagation segmentation tool (10) that allowed us to
analyze a larger muscle volume without a massive increase in work time while providing
more robust statistical results thanks to a larger amount of analyzed data. Moreover, this 3D
analysis showed important additional informations regarding the fatty replacement. We
showed here that longitudinal FF changes were not exactly homogeneous along the whole
muscle volume and confirmed the length-dependent gradient of FF we previously reported in
the lower limbs of CMTA patients (9). This FF gradient and the heterogeneity of FF
infiltration across different muscles have to be taken into account in quantitative muscle MRI
studies of CMT patients. As a matter of example, the tibialis anterior would be the most
interesting muscle to follow up given its larger FF progression i.e. 3%. This non-uniformity in
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fat replacement is not specific to CMT1A patients and has been described in other
neuromuscular pathologies such as the Duchenne muscular dystrophy (22).

Our results are also supportive of the fact that FF would be the most relevant biomarker for
the follow-up of the disease progression in CMT1A. We also identified the overall muscle
MTR computed from the 3D dataset at the thigh level as another metric of interest for the
longitudinal analysis. A muscle MTR decrease has been previously reported in several
muscular pathologies (21, 23, 24) and could reflect changes in muscle molecular composition
that may precede fatty muscle involution. This result will have to be confirmed in further
studies and a better understanding of the histological counterpart of MTR changes is
warranted.

Regarding the nerve analyzes, no significant difference was observed over a year period. Of
interest, in CMT1A patients, multiple biomarkers abnormalities have been identified as
compared to healthy controls. Morphological changes regarding nerve volume (12) or cross-
sectional diameter (25) have been described in line with the anatomical long-term
demyelination and remyelination process leading to a thickening of peripheral nerves. An
increased PD (12) and a decrease in MTR (12, 13) of the sciatic nerve have also been
reported. So far, changes of these abnormalities over time were unknown in CMT1A patients.
Our results clearly indicate that none of the gMRI metrics selected (PD, MTR, T2 and
volume) is changing over a 1-year period of time in our cohort. This lack of variation could be
partly explained by the technical difficulties associated with the very small nerve ROI,
corresponding to just a few pixels. The extraction of quantitative metrics in such small ROIs
is always difficult inasmuch as for longitudinal studies registration between images recorded
at different time-points should be perfect. Further studies with higher images resolution might
be of interest (26). On the contrary to the gMRI metrics, the clinical scores analyzed in our
study did not change significantly over this short period of time. These scores suffer from the
ceiling or floor effects described in clinical trials in CMT1A patients (4, 5, 27). Interestingly,
as previously described (7, 8, 22), FF was well correlated with the main clinical scores or with
lower limb testing further supporting FF as a relevant biomarker for assessing disease severity
in CMT1A patients.

One has to keep in mind that qMRI results strongly rely on sophisticated acquisition and post-
processing methods which must be scrutinized in terms of robustness. One of the difficulties
in implementing large volume analyses is the time needed to manually annotate a large
number of images. In the present study, we were able to spare time using a semi-automated
segmentation method enabling to conduct a larger 3D muscle volume analysis. Therefore, in a
fully manual approach, if automated or semi-automated propagation tools are not available,
the analysis of the central slices can be preferred to spare some time on manual segmentation.
However, with the help of these tools, already deployed in other centers (28), the time
required for 3D analysis is only slightly longer than the one necessary for single slice
analysis, and enables us to study a more representative muscle volume. In that context,
artificial intelligence-based segmentation methods will definitely be an important step
towards standardizing and optimizing these techniques, as well as their implementation in
therapeutic trials (11, 29, 30).

In conclusion, this study highlights quantitative MRI as a technique of interest for assessing
disease severity and progression in CMT1A patients. More specifically, FF, which reflects the



368
369
370
371
372
373
374
375
376
377
378

fibro-adipotic process occurring in neuropathies appears as the most interesting metric for
longitudinal studies with a yearly progression rate of +1.5%. A particular attention must be
paid to the post-processing pipelines used for data extraction, especially in this pathology
where changes over a one-year period are very small. The heterogeneity of FF distribution,
the presence of a length-dependent gradient and the variability of fatty involution from one
muscle to another, argue in favor of a 3D volume analysis which will definitely be possible
with currently developed segmentation methods based on artificial intelligence. Such a
progress should be of high interest for coming clinical trials.
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382

383 Table 1: Demographic and clinical data at baseline and follow-up evaluation in CMT1A

384  patients

8

. CMT1A baseline CMT1A follow-up p
Sex (F/M) 22 (15/7) 22 (15/7) /
Age 46.5+15.8 47.6 £15.8 /
Disease duration 27.2+18.6 28.2+18.7 /
CMTNSv2 15.2+5.9 15.7+£6.0 0.88
CMTES 10.4+4.2 10.5+4.1 0.85
CMTES LL 7.5+34 8.04+3.0 0.57
CMTES motor LL 3.7+x1.7 3.7+17 0.65
ONLS LL 1.7+0.9 1.7+0.6 0.77
ONLS total 35+1.2 3612 0.80
MRC LL (/60) 49.0+18.4 48.3+19.1 0.80
MRCTA 3413 34+15 0.55

386

387  Shown as mean + SD

388  Abbreviations:

389  CMTI1A: Charcot Marie Tooth type 1A

390  CMTNSvs2: Charcot Marie Tooth Neuropathy Score version 2

391 CMTES: Charcot Marie Tooth examination score

392 CMTES LL: Charcot Marie Tooth examination score (lower limb subpart)
393 CMTES motor LL: Charcot Marie Tooth examination score (motor lower limb subpart)
394 ONLS total: Overall neuropathy limitation scale

395 ONLS LL: Overall neuropathy limitation scale (Lower limb subpart)

396 MRC score: Medical research council score

397  TA:Tibialis Anterior

398

399
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401 | Table 2: Longitudinal changes in 3D volume MRI muscle metrics between baseline (T0) and one-year later (T1)
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METRIC FF (%) MTR Volume
Section TO T1 T0 T1 T0 T1 T0 T1
A 24.39%7.57%  27.56%7.45* | 36.52+12.97*  34.97+13.63* | 68598+ 188.24  749.96 £ 184.75 | 59.45 £ 20.98 57.98 +21.24
DPC 15.6+12.93 15.59+12.99 | 40.45+9.26 40.13£11.06 | 620.59£174.84  663.87 +157.97 | 45.02 + 16.49 43.96 £ 14.26
- 6l 2405£11.86  23.69+11.63 | 36.8+14.98 37.27+14.22 | 751.92£2782  822.15+266.16 | 25.04 £ 19.92 24.93£17.19
GM 29.85£11.05  31.61+9.88 | 30.0+14.56 20.73+14.67 | 829.43+200.44 870.79 +287.04 | 47.56 + 31.82 4857 +31.29
Lc 202941096  30.82+20.66 | 33.39+1531 327941535 | 756.28+260.77 838.08+197.32 | 41.92 +16.78 42.31£16.15
so 15.77£82 16.44+8.15 | 41.87+12.53 41.19+12.94 | 670.08+226.78 738.79+236.51 | 168.65+61.91  164.56 + 59.64
LAl 20.06+10.13*  21.42+10.15* | 38.72+11.43 37.84£12.37 | 696.81£203.11  759.27 +203.36 | 387.17 £ 147.67  379.79 + 140.0
Ad 711291 7.47+2.82 49.46£2.14 47.06£6.8 | 500.71+98.94  501.85+106.33 | 190.9+74.77 _ 189.39 £ 70.57
BF 7.42+2.39%  845:2.84* | 4837+168 45.87+6.67 |553.27+99.13  583.28+127.66 | 117.72+43.06  117.05+40.82
Gr 9.32 + 3.44* 10.98+4.79* | 47.4:2.51 4472+847 |53531£1342  579.76+164.96 | 29.45 + 11.84 28.43£9.86
RF 5.90  3.66* 7.345.26* 48.96 + 2.76* 45.76 +7.27* | 560.48+105.04 60458 +172.81 | 34.21+14.93 33.43£13.95
M 9.83£4.55 11.14+816 | 46.71+7.01 45.45+7.30 |592.36+139.31 604.26+141.58 | 67.81 +22.09 70.3+19.51
THIGH ST 8.12 +3.22* 8.46+3.19* | 48.85+2.09 4636+7.15 |55431+121.52 572.07+128.67 | 63.22+22.81 61.54 +22.24
sa 12.99+7.7 13.45£6.07 | 45.05+6.39 42.87+849 |564.07+122.78 584.27+127.3 | 30.04+10.54 29.33£9.39
vi 5.62£3.57 6.15+4.6 49.78 £2.27 47.36+7.05 |600.48+164.54 565.01+90.35 | 142.01+54.64  139.66+51.39
v 7.45 % 6.92* 7.58+4.48% | 4821+4.24 463116.75 | 6342410821 634.24+108.21 | 161.35+53.95% 159.68 % 49.71*
M 4.91£2.29 5.48 +2.96 49.84+1.71 47.62+6.86 | 546.69+85.65  555.85+103.74 | 123.55£41.89  123.05+42.62
T-All 7.13+3.60*  8.27£3.25* | 48.84%2.4* 46.57+6.9* | 56248119  567.5£93.85 | 960.28+309.11 952.87 £ 293.22
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Shown as mean + SD

*indicates significant differences between TO and T1 (in bold + italics)

Abbreviations: Ad= Adductor. BF= Biceps Femoris. DPC = Deep Posterior Compartment. GL = Gastrocnemius Lateralis. GM= Gastrocnemius Medialis. Gr=Gracilis. L-All= Leg
All. LC= Lateral Compartment. MTR= Magnetiszation Transfert Ratio. PD = Proton Density. RF= Rectus Femoris. Sa= Sartorius. SM = Semi Membranosus. So = Soleus. ST=
Semi Tendinosus. TA= Tibialis anterior. VI= Vastus Intermedius. VL = Vastus Lateralis. VM = Vastus Medialis.
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Table 3: Longitudinal changes in central slices MRI muscle metrics between baseline (T0) and one-year later (T1)

METRIC FF (%) MTR PD Volume
Section T0 T1 TO T1 TO T1 TO T1
TA 24.12 + 7.90* 27.89 +8.92* 36.9913.32 34.81+14.81 | 715.48 £205.12 769.40 £205.32 | 6.26 +1.68 6.41+2.08
DPC 15.39 £ 12.69 15.82+13.14 40.50 £9.31 39.81+1133 | 627.46+179.43 668.37£171.06 | 5.32+1.46 496+1.33
LEG GL 23.92+11.74 23.40+12.76 35.96 £14.02 36.44+15.18 | 726.98+ 286.25 850.56 £281.68 | 3.76 +2.86 4221245
GM 30.51+11.65* 32.76 +10.51* | 28.45+15.59 28.19+15.42 | 878.36%229.04 899.39+287.82 | 4.26+4.18 4.75+4.06
Lc 29.21+11.29 31.23+12.36 32.82+15.59 32.67+16.62 | 796.89 +285.57 869.69+210.80 | 4.43+1.81 4.46+2.12
So 15.04 £ 7.65 16.49 8.51 41.95 +12.36 40.84+13.02 | 680.80%228.91 748.61+245.06 | 18.38+5.02 18.12+5.78
L-All 20.05 + 10.08* 21.60+10.53* | 38.32+11.43 37.49+12.71 | 715.13+210.17 773.22+213.08 | 40.92 +13.60 41.01+153
Ad 6.43+2.18 7.42+3.89 49.51+1.62 46.97 £7.92 522.86 + 107.88 550.40 £ 105.36 | 13.87 +11.20 13.67 £11.19
BF 7.21+2.69* 8.30 + 3.25* 48.23 £2.41 45.88 + 6.87 552.86 + 107.88 601.09 +136.65 | 10.36 +3.66 9.90 + 3.88
Gr 8.88 + 4.04* 11.32 4 6.19* 47.43£3.30 44.21+9.19 554.63 + 101.41 562.55+146.83 | 2.35+0.99 2.33£0.85
RF 4.8513.73 7.8317.89 48.85+3.21 45.44 £9.05 592.19 + 172.92 618.92£12891 | 2.38+2.06 2.24+1.93
sm 8.8814.67 10.08%5.75 47.75 £3.19 45.10+7.77 590.11 + 136.70 609.98 £178.91 | 7.13+3.74 6.92 £3.50
THIGH ST 7.85+2.73 8.81 +3.43* 48.65 +2.50 46.32+7.54 577.72 + 126.08 588.49£137.63 | 5.10+2.3 4.93%2.10
sa 11.93£5.67 14.06 £ 6.15 46.06 + 4.28 4252 +9.03 571.25+131.12 571.25+131.12 | 2.66+0.80 2.58+0.64
vi 4.62%2.45 5.04+2.97 49.94 +1.89 47.73+7.00 556.41 + 130.25 598.48 +99.98 11.53£3.33 11.45+3.88
VL 5.45 + 2.66* 7.23+4.74* 48.91 # 2.20* 46.2447.13* | 620.47 +179.45*%  675.13+122.82* | 12.54+5.01 12.4314.73
VM 4.63+2.01 5.17 2.69 49.68 +2.57 47.57+6.98 552.80 + 97.08 559.34 + 96.25 11.91+5.01 11.43+4.73
T-All 6.10 + 2.15* 7.21+3.38* 49.11 +1.82 47.57+6.98 568.71 + 107.09 593.33 + 89.45 78.60 % 22.01 78.16 +22.75
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Shown as mean + SD

*indicates significant differences between TO and T1 (in bold + italics)

Abbreviations: Ad= Adductor. BF= Biceps Femoris. DPC = Deep Posterior Compartment. GL = Gastrocnemius Lateralis. GM= Gastrocnemius Medialis. Gr=Gracilis. L-All= Leg
All. LC= Lateral Compartment. MTR= Magnetiszation Transfert Ratio. PD = Proton Density. RF= Rectus Femoris. Sa= Sartorius. SM = Semi Membranosus. So = Soleus. ST=
Semi Tendinosus. TA= Tibialis anterior. VI= Vastus Intermedius. VL = Vastus Lateralis. VM = Vastus Medialis.
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Figure L egends:

Figure 1: Imaging Pipeline

Schematic representation of the complete imaging pipeline used to extract quantitative MRI
data. After MRI acquisition, muscle from 5 initial slices were manually segmented. Then a
semi-automated segmentation propagation technique was used to extend the segmentation
through the entire muscle volume. Sciatic and tibial nerves nerves were completely manually
segmented from 3D-GRE sequence. The masks obtained were then projected onto
quantitative MRI maps to obtain the various metrics: 3D Volume, Proton Dentity (PD),
Magnetization Transfer Ratio (MTR) and T2.

Figure 2: Detailed segmented ROI and Individual muscle FF at baseline with the 3D analysis

A. Example of T1W axial images from a CMT1A patient left limb: thigh (upper panel)
and leg (lower panel) at baseline are shown in the left side, and follow-up evaluation
in the right side. All individual regions of interest were drawn in color using FSLeyes
software with eleven regions at thigh levels and six regions at leg level.

B. Box and whisker plots of muscle fat fraction for each individual muscle obtain at
baseline with the 3D analysis. Box-and whiskers represent median, Interquartile and
range with outliers identified with a dot. Mean FF ranged from 5.62% (Rectus
Femoris) to 12.99% (Sartorius) at thigh level and from 15.6% (Deep posterior
compartment) to 29.85% at leg level (gastrocnemius medalis).

Abbreviations: Ad= Adductor, BF= Biceps Femoris, DPC= Deep posterior compartment, FF=
Fat Fraction, L-All = Leg All, LC= Lateral Compartment, GL= Gastrocnemius Lateralis,
GM= Gastrocnemius Medialis, Gr=Gracilis, RF= Rectus Femoris, Sa= Sartorius, SM = Semi
Membranosus, So= Soleus, ST= Semi Tendinosus, T-All= Thigh All, TA= Tibialis Anterior,
VI= Vastus Intermedialis, VL= Vastus lateralis, VM = Vastus Medialis

Figure 3: FF length-dependent gradient with 3D volume analysis

Example of a CMT1A patient sagittal and axial T1W slices at thigh and leg level, with all
segmented ROI from the FSLeyes software (each color represents a different region). The
whole 3D volume was then divided into 5 regions (3 slices each) to assess the FF variation
along the limb.

The graph shows the progression of FF from region 0 (proximal part of the limb) to region 4
(distal part) at baseline (TO) (blue curve) and Follow-Up (T1) (orange curve). Maximal
longitudinal variation between TO and T1 was seen in the central part of both thigh and leg
levels (region 2).

[ Formatted: Numbering: Continuous
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Figure 4: Heatmap and correlation curves between MRI metrics and clinical parameters at

baseline

*A: Heatmap of the correlations between the main clinical scores and the most relevant
metrics that showed significant longitudinal differences.

*B: CMTNSV2 was correlated with Overall FF (tho= 0.57, p=0.005), Overall FF at leg level
(rho= 0.63, p=0.002) and Overall FF in region 2 at leg level (rho= 0.66, p=0.001).
Abbreviations: Ad= Adductor, BF= Biceps Femoris, CMTES: Charcot Marie Tooth
examination score, CMTES LL: Charcot Marie Tooth examination score (lower limb subpart)
CMTES motor LL: Charcot Marie Tooth examination score (motor lower limb subpart),
CMTNSvs2: Charcot Marie Tooth Neuropathy Score v2, FF= Fat Fraction, MTR=
Magnetiszation Transfert Ratio, MRC score: Medical research council score, ONLS total:
Overall neuropathy limitation scale, ONLS LL: Overall neuropathy limitation scale (Lower
limb subpart), PD = Proton Density, SM = Semi Membranosus, ST= Semi Tendinosus, TA=
Tibialis anterior, VM = Vastus Medialis
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