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Abstract
Facioscapulohumeral muscular dystrophy (FSHD) is characterized by slowly progressive and heterogeneous muscle in
volvement; therefore, clinical measures show limited sensitivity to short-term change. Magnetic resonance imaging (MRI) 
provides useful biomarkers of muscle degeneration and disease activity. To investigate one-year longitudinal changes in 
lower leg muscles of patients with FSHD using qualitative (T1-weighted [T1w], STIR) and quantitative MRI (fat fraction [FF], 
water T2), and to assess their relationship with clinical function. Thirty-one patients with FSHD (21 men; age 44.2±17 years) 
and 30 matched controls underwent 3T MRI. Twenty-seven patients completed one-year follow-up. Semi-quantitative 
grading and quantitative measures were analyzed muscle-wise. Longitudinal changes and correlations with clinical scores 
were assessed. At baseline, T1w imaging showed marked inter- and intra-individual variability, with heterogeneous 
proximal–distal involvement in 22% of muscles and asymmetric involvement in 77% of patients. STIR hyperintensity was 
present in 25 patients. Over one-year, clinical decline was small (MRC: Δ=–0.26, p=0.018, SRM=-0.23; mobility: Δ=–0.41, 
p=0.031, SRM=-0.44). In contrast, quantitative MRI detected progression, with increases in FF (0.17±0.13 to 0.22±0.15, 
p<0.001, SRM=0.87), FF heterogeneity, and water T2 heterogeneity, while T1w scores and mean water T2 showed limited 
change. Progression was greatest in muscles with intermediate baseline FF (ΔFF/year: 0.049 vs 0.007, p<0.001). Baseline STIR 
and water T2 abnormalities predicted increases in FF but not T1w scores. FF correlated more strongly with clinical measures 
than T1w grading. Quantitative MRI is more sensitive than qualitative grading for detecting short-term disease progression in 
FSHD. Measures of heterogeneity and disease activity predict structural progression and represent promising biomarkers for 
clinical trials.

Plain language summary
Facioscapulohumeral muscular dystrophy (FSHD) is a genetic muscle disease that causes gradual muscle weakness. It is one 
of the most common muscle dystrophies, affecting about 1 in 15,000 to 20,000 individuals in Europe. The severity and pattern 
of muscle involvement can vary widely between individuals, and even between different muscles in the same person. 
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Detecting disease progression over short periods, such as one year, is challenging using standard clinical tests, which may not 
capture subtle changes. This makes it difficult to evaluate new treatments in clinical trials. In this study, we used magnetic 
resonance imaging (MRI) to examine muscle changes in the lower legs of 31 patients with FSHD. MRI can provide detailed 
images of muscle structure and detect both long-term damage (fatty replacement) and signs of active disease, such as 
inflammation or fluid-related (edematous) changes. Twenty-seven patients were re-examined after one year. We found that 
MRI could detect disease progression even when clinical muscle strength and mobility showed only small or no changes. In 
particular, quantitative MRI measurements showed a clear increase in fat fraction within muscles over time. Muscles that 
were moderately affected at the start of the study were most likely to worsen. We also observed that some muscles showed 
specific MRI signal changes (called STIR hyperintensities), which are thought to reflect active disease processes. In several 
cases, these changes appeared before muscles developed more fat replacement, suggesting they may help identify muscles 
at risk of future damage. Overall, our results show that MRI is a sensitive and objective tool for monitoring FSHD progression. 
It can detect early and subtle changes that are not captured by standard clinical tests. These findings are important for future 
clinical trials, as MRI could help evaluate the effectiveness of new treatments more accurately and within shorter time 
periods.
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Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common inherited muscular dystrophies, with a 
prevalence of approximately 1:8,000 to 1:20,000.1 It is caused by epigenetic derepression of the DUX4 gene on chromosome 
4q35, most commonly due to contraction of the D4Z4 repeat array (FSHD1) or mutations in chromatin modifiers such as 
SMCHD1, resulting in hypomethylation of the D4Z4 repeat.2 Aberrant DUX4 expression induces myofiber damage through 
mechanisms including impaired myogenic differentiation, oxidative stress, and inflammatory signaling, ultimately leading 
to progressive muscle degeneration.3

Clinically, FSHD is characterized by slowly progressive and highly heterogeneous muscle involvement, with marked 
variability between patients and across individual muscles. Disease progression is often asymmetric and asynchronous, and 
functional decline may remain subtle over extended periods.4 Traditional clinical outcome measures, including manual 
muscle testing and timed functional tests, are influenced by motivation, pain, fatigue, and learning effects, limiting their 
sensitivity to short-term change. Consequently, there is a growing need for objective biomarkers that capture subclinical 
disease activity.5

Magnetic resonance imaging (MRI) provides a non-invasive means to assess structural and pathophysiological muscle 
changes.6,7 Conventional qualitative MRI using T1-weighted (T1w) and short-tau inversion recovery (STIR) sequences is 
widely used in clinical practice. T1w imaging reflects chronic muscle damage through fatty replacement and atrophy, 
whereas STIR hyperintensity is commonly interpreted as muscle edema, inflammation, or active myofiber damage.8,9

However, semi-quantitative grading systems are limited by inter-rater variability, ceiling effects, and reduced sensitivity to 
subtle or early changes.

Quantitative MRI (qMRI) techniques, such as chemical-shift encoded (CSE) fat fraction (FF) imaging and water 
T2 mapping, enable a reproducible assessment of muscle composition. These approaches improve sensitivity to early and 
longitudinal changes and allow detection of progression even when functional measures remain stable.10–13 Muscles with 
intermediate baseline FF appear particularly prone to progression, and composite MRI measures derived from multiple 
muscles showed increases over relatively short time intervals of 1–5 years.11–14

In addition, STIR hyperintensity and elevated water T2 have been associated with muscles at risk of subsequent fatty 
degeneration, suggesting that they may reflect transitional disease states.10,15–17 Longitudinal studies indicate that such 
inflammatory-like changes frequently occur in mildly or intermediately affected muscles and may either resolve or evolve 
into irreversible fat replacement.16–18 Furthermore, analyses along the full muscle length have demonstrated spatially 
heterogeneous, wave-like patterns of disease progression that are not captured by single-slice assessments.10,17–19

Despite these advances, short-term longitudinal studies integrating qualitative and quantitative MRI within the same 
cohort remain limited. The practical implementation of qMRI in clinical routine is challenged by technical complexity and the 
need for standardized analysis pipelines with automated segmentation and normative thresholds.20,21 Thus, the optimal 
integration of qualitative and quantitative MRI into routine practice and clinical trials remains an open question.
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Therefore, this study aimed to characterize one-year longitudinal changes in leg muscles of patients with FSHD using 
combined qualitative (T1w and STIR grading) and quantitative MRI techniques (DIXON-derived fat fraction and water 
T2 mapping). Specifically, we investigated (i) the sensitivity of quantitative and qualitative MR to detect fatty degeneration 
over one year, (ii) the relationship between STIR/water T2 abnormalities and subsequent fatty degeneration, and (iii) the 
association between imaging findings and clinical function.

Materials & Methods
Study design and Participants

This prospective longitudinal study was reviewed and approved by the Institutional Review Board of Universitätsklinikum 
Erlangen (approval no. 291_20 B; amendment 20-291_4-B). The study was conducted in accordance with the Declaration of 
Helsinki and its later amendments. Written informed consent was obtained from all participants before inclusion; for minors, 
consent was obtained from a legal guardian and assent from the participant.

Patients were individuals aged 14 - 80 years with genetically confirmed FSHD. Inclusion required the ability to walk 
20 metres, ensuring sufficient residual leg musculature was present for the MRI measurements. Technical aids such as canes, 
crutches and light knee or ankle orthoses were permitted. Exclusion criteria comprised contraindications to MRI (e.g. 
pacemaker, aneurysm clip, or claustrophobia). Age- and sex-matched healthy participants were recruited as controls via 
public advertisements. Inclusion criteria for healthy controls were the absence of a neuromuscular disorder and of diseases 
associated with muscle damage, and no contraindications to MRI.

The study was conducted between August 2023 and October 2025 at Universitätsklinikum Erlangen, comprising two time 
points (baseline and follow-up). At baseline, all participants underwent a review of their medical history, completed a 
questionnaire on disease progression and everyday mobility, underwent MRI of the lower legs, and had their muscle strength 
assessed. Patients with FSHD were invited for a follow-up visit one year later.

Clinical assessment

Clinically relevant data, including self-reported age at disease onset, total disease duration, duration of lower leg muscle 
weakness, and current medication, were collected through personal interviews and review of available medical records.

Lower limb function was assessed using a study-specific mobility questionnaire developed for this investigation. The 
questionnaire was designed as a pragmatic descriptive measure of overall mobility based on previously reported disease 
burden,22 and included independent walking, stair climbing, rising from floor or chair, as well as ability to walk on tiptoes and 
the presence of steppage gait and Gowers’ sign. Each item was scored as follows: for difficulties walking on tiptoes, rising 
from the floor, and for the presence of steppage gait or Gowers’ sign, 0 points were assigned; otherwise, 1 point was given. For 
the ability to rise from a chair, 2 points were assigned for “yes,” 1 point for “with help,” and 0 points for “not possible.” For the 
ability to walk freely, 3 points were assigned for “yes,” 2 points for “only a few meters,” 1 point for “with rollator,” and 
0 points for “no.” For stair climbing, 3 points were assigned for “yes,” 2 points for “with banister,” 1 point for “with help,” and 
0 points for “no.” The resulting composite mobility score ranged from 0 to 12, with higher scores indicating better mobility 
and a score of 12 indicating no mobility impairment. This questionnaire was used to provide an overall assessment of 
mobility, including but not limited to lower-limb function, and was assessed as a complementary clinical measure to the MRI 
findings.

Muscle strength was assessed using the Medical Research Council (MRC) scale, ranging from 0 (no contraction) to 5 
(normal strength). Muscle strength of the upper and lower extremities was assessed bilaterally by a trained examiner. 
Composite MRC scores for each lower limb (maximum 30 points per side) were calculated by summing the scores for knee 
flexion and extension, foot flexion and extension, and foot inversion and eversion.23 Upper extremity strength and hip flexion 
and extension were assessed as part of the standardized neurological examination but were not included in the composite 
MRC score reported in this study. The same assessment protocol was applied at baseline and follow-up, and changes in the 
lower-limb composite MRC scores are reported.

MRI acquisitions

Measurements were performed on a 3T whole‐body MR scanner (MAGNETOM Vida, Siemens Healthineers, Erlangen, 
Germany). Participants were positioned supine, feet-first. An 18-channel flexible surface coil was placed around the lower 
legs in combination with the built-in 32-channel spine coil (Siemens Healthineers).
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Based on localizer images in three orientations, axial T1-weighted and fat-suppressed T2-weighted sequences were 
acquired on both legs using an identical imaging protocol for patients and controls. T1-weighted imaging consisted of an axial 
acquisition with the following parameters: field-of-view (FOV) = 400 x 242 mm2, 3D stack with 90 slices, slice thickness = 
3 mm, distance factor = 0%, acceleration factor 2, echo time (TE) = 9.9 ms, repetition time (TR) = 588 ms. Axial short-Tau- 
Inversion-Recovery T2-weighted (STIR-T2w) sequence was performed with the following parameters: FOV = 400 x 
239 mm2, 68 slices, slice thickness = 3 mm, distance factor = 0%, acceleration factor 2, TE = 75 ms, inversion time = 220 ms, 
TR = 5490 ms.

For quantitative MRI, one lower leg was selected for each participant. When participants reported a clear difference in 
lower limb involvement, the less affected leg was selected based on subjective assessment of side-to-side differences in 
symptoms and function. If no clear asymmetry was reported, the right leg was examined as a predefined default side.

Fat fraction (FF) was measured using a 3D six-point DIXON sequence with the following parameters: TR 21 ms, TEs 2.22/ 
5.42/8.62/11.82/15.02/18.22 ms, flip angle = 6, 50 slices with a 0.9x0.9x5 mm3 spatial resolution, acquisition time = 1 min 
57 s. Data were processed using an in-house non-linear least-squares fitting method with T2* estimation and fat spectrum 
modeling.24

Water T2 mapping was performed using a multi-slice-multi-echo (MSME) sequence with the following parameters: TR 
3000 ms, 32 echoes with TEs from 9.5ms to 304, 7 slices with a 1.3x1.3mm2 resolution, slice thickness = 10 mm, acquisition 
time = 3 min 29 s. Water T2 values were calculated using a tri-exponential fitting approach as previously described.25

For longitudinal examinations, the imaging volume was positioned using an anatomical landmark-based approach. The 
largest calf circumference was selected as the center of the acquisition volume. The distance from the inferior border of the 
patella to this level was recorded at baseline and reproduced at follow-up using external measurements and skin markings 
before scanning.

MRI Data Evaluation

Semi-quantitative Assessment
Semi-quantitative image analysis was performed by a radiologist with six years of experience in musculoskeletal MRI. Seven 
lower leg muscles were evaluated bilaterally: tibialis anterior, extensor hallucis/digitorum longus, peroneal muscles, tibialis 
posterior, gastrocnemius medialis, gastrocnemius lateralis, and soleus.

Fatty infiltration was graded on axial T1-weighted images using the five-point Goutallier classification (0 = no fatty 
replacement; 4 = more fat than muscle tissue).26 Muscle edema was assessed on axial STIR T2-weighted images using a 
three-point ordinal scale (0 = normal signal intensity; 0.5 = mild hyperintensity; 1 = marked hyperintensity). Grading was 
primarily based on signal intensity rather than spatial extent.

All available axial slices covering each muscle were reviewed (T1w TSE axial 90 slices, T2w TSE STIR axial 68 slices in 
total). Fatty infiltration and edema were assessed systematically across the entire muscle length. In cases of heterogeneous 
involvement, a differentiated evaluation was performed by assigning separate grades to proximal and distal muscle portions 
(origin and insertion, each 25 slices). The mean score across these segments was subsequently calculated and used for 
statistical analysis and comparison with qMRI and clinical scores. Additionally, the highest observed grade along the full 
muscle length was recorded and used as the representative score to describe the severity for visual grading. Muscle-wise 
values were averaged across the seven graded muscles to obtain subject-level composite wT1 and STIR scores for correlation 
analyses with clinical parameters.

Quantitative Fat Fraction and Water T2 Analysis
Quantitative segmentation was performed on the first TE image of the Dixon images using the Deep Anatomical Federated 
Network (DAFNE).27 Regions of interest (ROIs) were automatically generated and manually reviewed for the following 
muscles: gastrocnemius medialis, gastrocnemius lateralis, soleus, peroneal muscles, extensor digitorum longus, tibialis 
anterior, and tibialis posterior. 23 slices per patient were evaluated on average between the distal end of the gastrocnemius 
lateralis muscle and the apex of the patella.

ROIs encompassed the full cross-sectional area of each muscle while excluding fascia, subcutaneous fat, and visible 
vascular structures. For each muscle, mean FF and water T2 values were extracted. To assess the intramuscle heterogeneity, 
the FF interquartile range per muscle was also extracted. For water T2 heterogeneity, we calculated the standard deviation of 
the ROI divided by the mean water T2. Muscle-wise values were averaged across the seven analyzed muscles to obtain 
subject-level composite FF and wT2 measures for correlation analyses with clinical parameters. Disease progression was 
assessed by baseline-year-1 changes in FF normalised by the time between examinations (ΔFF = (FF_visit2 - FF_visit1)/ 
number of days between visits * 365.25 in %).
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Statistical Analysis

All statistical analyses were performed in Python using SciPy and statsmodels. Data are presented as mean ± standard 
deviation (SD).

Due to the ordinal nature and non-normal distribution of clinical scores, longitudinal changes were assessed using 
Wilcoxon signed-rank tests. For consistency with MRI data, the MRC score of the clinically stronger side was used for 
analysis.

Parametric or non-parametric methods were applied depending on distributional assumptions of MR parameters, which 
were assessed using the Shapiro–Wilk test. Between-group comparisons at baseline (patients vs. controls) were performed 
using independent-samples t-tests or Mann–Whitney U tests as appropriate. Comparisons between FSHD subgroups (e.g., 
low FF < 0.13 vs. fat-replaced muscles) used unpaired tests. The threshold for low vs. fat-replaced muscles was set at 0.13, 
corresponding to the mean FF of all control muscles plus two times the standard deviation (mean + 2*SD).

Cross-sectional correlations between clinical scores and MRI measures at baseline (v1) were computed using Spearman 
rank correlation, given the ordinal nature of several clinical scales. MRI measures were averaged per patient for correlations 
with clinical outcomes. Muscle-wise correlations were performed for comparisons between MRI parameters (T1w score, FF, 
STIR, water T2, and water T2 heterogeneity) without adjustment for within-subject clustering, assuming muscle- 
independent progression.

Longitudinal changes were calculated as ΔqMRI per year to account for the variable time interval between baseline and 
follow-up scans. Longitudinal comparisons within the FSHD cohort (v1 vs. v2) were conducted using Wilcoxon signed-rank 
tests. Muscle-wise analyses were performed separately for each muscle. For multiple muscle comparisons, false discovery 
rate (FDR) correction was applied to control for multiple testing. Sensitivity to longitudinal change was assessed using the 
standardized response mean (SRM), calculated as the mean within-subject change between follow-up and baseline divided 
by the standard deviation of the within-subject change; SRMs were calculated for both semi-quantitative and quantitative 
MRI measures, with larger absolute values indicating greater responsiveness to change. To contextualize the magnitude of 
longitudinal FF changes, muscle-specific mean FF and the 5th–95th percentile range were calculated in healthy controls and 
compared descriptively with the annual ΔFF observed in patients with FSHD.

Associations between baseline MRI parameters and longitudinal progression were assessed using Spearman correlations 
on a muscle-wise basis. For multiple testing, FDR correction (Benjamini–Hochberg) was applied, with FDR-adjusted 
p-values reported.

Progression by baseline FF category was evaluated by stratifying muscles into low (<0.13), intermediate (0.13–0.60), and 
high (>0.60) baseline FF. Muscles with high FF were excluded from progression analyses due to ceiling effects. Differences 
in ΔFF/year and ΔT1w/year between low and intermediate baseline FF muscles were tested using the Mann–Whitney U test, 
and effect size was calculated as the rank-biserial correlation.

All tests were two-sided. A p-value < 0.05 was considered statistically significant after correction where applicable.

Results
Clinical Characteristics of the Study Cohort

Baseline cohort
Thirty-one patients with FSHD were included (21 men, 10 women; mean age 44.4 ± 17 years, range 14–79). Patients were all 
unrelated except for one mother and daughter as well as one father and son. Twenty-seven patients were able to walk 
independently for at least 20 meters, whereas four required assistive devices (crutches, cane, or ankle–foot orthosis). 
Difficulties walking on tiptoes were reported in 15 patients, and 14 exhibited a mild to advanced stepping gait. The more 
severely affected leg was the left in 7 patients, the right in 11, and bilateral or no clear asymmetry was observed in 13 patients.

At baseline, the lower-limb composite MRC score of the clinically stronger lower extremity was 27.5 ± 3.5 (maximum 
score 30) and of the weaker lower extremity 26.6 ± 4.0, and the overall mobility score was 9.1 ± 2.8 (maximum score 12).

Thirty age- and sex-matched healthy individuals were included (20 men, 10 women; mean age 46.1 ± 17 years, range 14– 
81) for the control cohort.

Longitudinal cohort
Follow-up MRI and clinical assessment were completed in 27 patients after a mean interval of 54.2 ± 4.9 weeks (range 50– 
68). Four patients did not attend follow-up due to surgery (n = 1), lack of availability (n = 2), or loss to follow-up (n = 1).
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Over one year, clinical measures showed small changes, with SRMs of -0.23 for the stronger-leg MRC score (Δ = –0.24 ± 
1.06, p = 0.23), -0.07 for the weaker-leg MRC score (Δ = –0.06 ± 0.85, p = 0.67), and -0.44 for the overall mobility score (Δ = 
–0.41 ± 0.93, p = 0.031).

Average clinical characteristics are provided in Supplemental Table 1, and individual patients’ demographics in 
Supplemental Table 2.

Radiological MRI Assessment of Fat Replacement and Edema

While three patients showed no fatty replacement at all, an asymmetric involvement in at least one muscle pair was found in 
two-thirds (n = 24/31) of all patients. Bilateral muscle involvement is shown in Supplemental Figure 1.

Semi-quantitative T1-weighted assessment was performed in the less affected leg, resulting in the evaluation of 
217 muscles. Fatty infiltration showed a broad spectrum of involvement, with marked inter- and intra-individual variability 
(Figure 1A and B). The gastrocnemius medialis and lateralis, soleus, and tibialis anterior were most frequently affected, 
whereas the tibialis posterior and deep flexor muscles showed relatively lower degrees of involvement. Fatty replacement 
was frequently heterogeneous within individual muscles, with differing proximal and distal involvement observed in 22% 
(48/217) of muscles out of 22 patients. Among these, 19 muscles showed a difference of one grade, while 28 demonstrated 
more pronounced heterogeneity (difference ≥ 2 grades).

Longitudinally, semi-quantitative T1w scores showed only limited progression over the one-year interval, with most 
muscles remaining stable. 10 patients showed mild progression of fatty infiltration in at least one of their legs. 4 of these 
10 patients showed progression in the less affected leg at baseline. Importantly, progression occurred across different baseline 
Goutallier grades and was not limited to muscles with intermediate initial involvement. Overall, the average T1w scores did 
not change significantly over one year (p = 0.18, SRM = 0.36).

At baseline, STIR hyperintensity was present in 25 patients, affecting 91 muscles in total. Signal intensity and distribution 
varied considerably between patients and across muscles (Figure 1C and D). Mild (grade 0.5) and marked (grade 1) signal 
changes were most common in posterior calf muscles, including the gastrocnemius medialis (n = 22/31), tibialis anterior (n = 
18/31) and gastrocnemius lateralis (n = 16/31). In contrast, the tibialis posterior (n = 4/31) and peroneal muscles (n = 3/31) 
were only rarely affected, indicating relative sparing of deep posterior and lateral compartments.

STIR abnormalities showed limited but detectable longitudinal variation. Using the ordinal STIR grading scale, 7 muscles 
demonstrated increased STIR scores and 5 muscles demonstrated decreased scores over one year, while 176 muscles 
remained unchanged. At the patient level, STIR intensity increased in at least one muscle in five patients (including one 
patient with simultaneous increases and decreases in different muscles), whereas 21 patients showed no longitudinal STIR 
change. In contrast, a subset of 9 patients demonstrated focal STIR hyperintensity at baseline in individual muscles that 
subsequently showed increased fatty replacement at one year (see Figure 1), suggesting that edematous changes may precede 
structural degeneration. Overall, the average STIR scores did not change significantly over one year (p = 0.50, SRM = 0.17). 
These findings were further explored using quantitative MRI measures.

Quantitative Fat Fraction and Water T2 Analysis

Of the 189 analyzed dystrophic muscles, 126 were classified as normal (FF < 0.13), 47 as mildly or intermediately fat- 
replaced (FF 0.13 – 0.60), and 16 as severely fat-replaced (FF > 0.60). Compared with controls, patients with FSHD 
demonstrated significantly higher mean fat fraction and greater fat fraction heterogeneity (interquartile range, IQR) across 
lower leg muscles (both p < 0.001, Mann–Whitney U test; Figure 2). In particular, the gastrocnemius medialis, gastrocnemius 
lateralis, soleus, tibialis anterior, and extensor digitorum longus exhibited significantly higher FF and FF IQR compared with 
controls.

Overall water T2 values were also increased in FSHD patients compared with controls (p < 0.001, Mann–Whitney U test), 
accompanied by increased water T2 heterogeneity (p < 0.001). However, muscle-wise analysis showed a significant increase 
in water T2 only in the soleus muscle. In contrast, water T2 heterogeneity was significantly higher in GM, SOL, EDL, and TA 
(Figure 2).

At follow-up, both mean FF and FF heterogeneity increased significantly overall (FF: 0.17 ± 0.13 to 0.22 ± 0.15, p = 
0.0014, SRM = 0.87; FF IQR: 0.11 ± 0.08 to 0.14 ± 0.09, p = 0.0014, SRM = 0.78; both Wilcoxon signed-rank tests). 
Muscles that already exhibited elevated FF or FF IQR at baseline showed further increases over 1 year (Figure 2). Compared 
with the normative FF distribution in healthy controls, the mean annual increase in FF was substantial, particularly in GM 
(38.4%), GL (57.8%), EDL (34.2%), and TA (91.7% of the healthy-control mean FF; Supplementary Table 4). In contrast, no 
significant longitudinal changes were observed in overall water T2 (p = 0.327, SRM = 0.08) or at the individual muscle level. 
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However, overall water T2 heterogeneity increased (0.16 ± 0.04 to 0.17 ± 0.04, p = 0.025, SRM = 0.12), with a significant 
increase also observed in the EDL muscle.

Muscles with FF>0.13 generally exhibited higher water T2 values as well as greater water T2 heterogeneity compared 
with muscles with low FF (Figure 3). Only one muscle with low FF showed increased water T2 heterogeneity compared with 
controls. Muscles with FF>0.13 were also more likely to demonstrate STIR hyperintensities.

Descriptive statistics for all MR-derived measures are provided in the Supplemental Table 3.

Figure 1. Qualitative MRI assessment of lower leg muscles in FSHD. A. Representative axial T1-weighted (T1w) images of a 58-year- 
old female patient with FSHD at baseline and 1-year follow-up. At baseline, low fatty replacement is present in the left GM (grade 
2), the right GM shows strong fatty degeneration (grade 4). The left GL shows increased T1w signal at 1-y follow-up (grade 3). B. 
Distribution of maximum T1w grades (0–4) along the muscles in the FSHD cohort at baseline and follow-up (indicated by diagonal 
stripes). T1w grading was performed for different leg muscles using a semi-quantitative scale (0 = normal appearance; 1 = 
minimal fatty streaks; 2 = moderate fatty infiltration; 3 = severe fatty infiltration with residual muscle tissue; 4 = complete fatty 
replacement). The clinically less affected side was selected for analysis. C. Representative axial STIR images of the same patient at 
baseline and follow-up, demonstrating hyperintense signal alterations in the left GM and the right TA muscle (grade 1). D. 
Distribution of maximum STIR grades (0, 0.5, 1) along the muscles in the FSHD cohort at baseline and follow-up (indicated by 
diagonal stripes). STIR grading was performed for different leg muscles using a semi-quantitative three-level scale (0 = absent, 0.5 = 
focal or patchy hyperintensity, 1 = diffuse or extensive hyperintensity). As for T1w imaging, the clinically less affected side was 
selected for analysis. Abbreviations: GM, gastrocnemius medialis; GL, gastrocnemius lateralis; SOL, soleus; TA, tibialis anterior; TP, 
tibialis posterior; PER, peroneus longus; EDL, extensor digitorum longus.
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Association between MRI Findings and Clinical Measures

Figure 4 presents line plots comparing mean qualitative and quantitative MRI measures for baseline and follow-up. 
Quantitative fat fraction demonstrated a strong correlation with semi-quantitative T1-weighted grading consistent across 
visits (Spearman ρ = 0.85, p < 0.001). In contrast, water T2 showed only a moderate association with STIR-based scores (ρ = 
0.58, p < 0.001).

Both quantitative FF and semi-quantitative T1w grading showed significant correlations with overall mobility score, 
lower-limb composite MRC score, and foot flexion and extension strength according to MRC score (Table 1(i)). Twelve of 
17 patients with pronounced fatty replacement retained independent ambulation, and 8 of these patients also demonstrated 
relatively preserved muscle strength (composite MRC score > 25).

Figure 2. Quantitative MRI parameters of individual muscles, including fat fraction (FF), interquartile range (IQR) of FF as a measure 
of FF heterogeneity, water T2, and water T2 heterogeneity (expressed as standard deviation divided by mean), shown for healthy 
controls, FSHD patients at baseline (v1), and FSHD patients at follow-up (v2). Asterisks (*) indicate significant differences between 
controls and FSHD at v1 or between FSHD at v1 and v2. Muscles with FF > 0.6 (n = 16) were excluded from water T2 analyses due to 
unreliable curve fitting. Abbreviations: GM, gastrocnemius medialis; GL, gastrocnemius lateralis; SOL, soleus; TA, tibialis anterior; 
TP, tibialis posterior; PER, peroneus longus; EDL, extensor digitorum longus.
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Baseline lower-limb composite MRC and mobility scores showed only weak to moderate correlations with subsequent 
progression of fatty replacement, assessed either by semi-quantitative Goutallier grading or quantitative FF analysis (Table 
1(ii)), with stronger associations observed for FF compared with T1w scores. Furthermore, changes in FF correlated 
moderately with baseline FF, water T2 values, and STIR grading (ρ = 0.49, ρ = 0.45, and ρ = 0.45, respectively; all p < 

Figure 3. Early imaging markers beyond fat fraction. Muscles of FSHD patients were stratified according to fat fraction (FF) into low 
(FF < 0.13) and intermediate fat-replaced (0.13 < FF < 0.6) groups and compared with healthy controls. Left: Water T2 values. 
Middle: Water T2 heterogeneity. Right: Frequency of STIR hyperintensities (maximum score across the muscles). In gastrocnemius 
medialis (GM), soleus (SOL), and tibialis anterior (TA), water T2 values were significantly higher in fat-replaced muscles compared 
with controls and FSHD muscles with low FF, as indicated by asterisks (*, FDR-corrected p<0.05; **, FDR-corrected p<0.001). 
These muscles also showed increased water T2 heterogeneity in addition to PER and EDL. These muscles, as well as peroneus (PER) 
and extensor digitorum longus (EDL), also exhibited increased water T2 heterogeneity. Furthermore, SOL muscles with low FF 
showed increased water T2 heterogeneity compared with controls. Similarly, STIR hyperintensities were more frequently 
observed in muscles with higher FF compared to those with low FF. Abbreviations: GM, gastrocnemius medialis; GL, gastrocnemius 
lateralis; SOL, soleus; TA, tibialis anterior; TP, tibialis posterior; PER, peroneus longus; EDL, extensor digitorum longus.

Figure 4. Comparison of qualitative and quantitative MRI metrics in lower leg muscles of FSHD patients at baseline (v1) and follow- 
up (v2). Left: Fat fraction (FF) stratified by mean T1-weighted (T1w) scores. Right: Water T2 stratified by mean STIR scores. 
Symbols represent group-wise mean values for each qualitative MRI category and visit. Lines connect mean values across 
categories for visualization of trends only and do not represent fitted regression models or smoothing functions. Shaded areas 
indicate the interquartile range (25th–75th percentile) of individual muscle values within each category and visit. The number of 
muscles contributing to each category is indicated above the x-axis.
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0.001). Stratified analyses indicate that T2 mean is most predictive in muscles with low baseline FF, whereas 
T2 heterogeneity shows the strongest association in muscles with intermediate FF, suggesting complementary roles of these 
metrics across disease stages (Figure 5).

Muscles with intermediate baseline fat fraction (FF 0.13–0.60) showed significantly greater progression compared with 
muscles with low baseline FF (<0.13) (ΔFF/year: 0.049 ± 0.066 vs 0.007 ± 0.014, p < 0.001), indicating that disease 
progression is most pronounced in moderately affected muscles (Figure 5).

Discussion
In this longitudinal MRI study, we systematically characterized structural muscle degeneration and markers of disease 
activity in the lower legs of patients with FSHD over a one-year interval. By directly comparing qualitative and quantitative 
MRI approaches within the same cohort, we investigated (i) the sensitivity of qualitative and quantitative MRI to detect fatty 
degeneration over one year, (ii) the relationship between STIR/water T2 abnormalities and subsequent degeneration, and (iii) 
the association between imaging findings and clinical function. Three main findings emerge.

Table 1. Correlation analysis in patients with FSHD at baseline (v1, left columns) and for longitudinal changes 
between baseline and follow-up (right columns). (i) Baseline analyses include associations between clinical 
scores and averaged MRI-derived measures of fat replacement (upper panel), as well as muscle-wise associations 
between fat fraction (FF) and water T2 or STIR grading (lower panel). (ii) Longitudinal analyses evaluated 
associations between baseline (v1) clinical scores and longitudinal changes in MRI-derived measures of fat 
replacement, expressed as (v2 − v1) normalized to the time interval between visits (per year). In addition, 
correlations were evaluated between changes in fat replacement and baseline MRI parameters, including fat 
fraction (FF), T1-weighted (T1w) scores, water T2, and STIR grading.

(i) Fat MRI measure at v1 (ii) Fat MRI measure change (v2 - 
v1) / time

Upper panel: Clinical vs MRI (subject-level)

MRI measure 
(average muscle 
values)

Functional test 
at v1

Spearman rho P value 
(FDR corrected)

Spearman rho P value 
(FDR corrected)

FF Sum mobility -0.77 <0.001 -0.59 0.051
MRC score -0.77 <0.001 -0.47 0.080
Foot flexion -0.67 <0.001 -0.36 0.157
Foot extension -0.70 <0.001 -0.30 0.216
Foot inversion -0.39 0.043 -0.30 0.216
Foot elevation -0.40 0.043 -0.48 0.080

T1w score Sum mobility -0.76 <0.001 -0.38 0.085
MRC score -0.74 <0.001 -0.43 0.080
Foot flexion -0.58 <0.001 -0.12 0.538
Foot extension -0.67 0.002 -0.20 0.334
Foot inversion -0.40 0.043 -0.38 0.085
Foot elevation -0.40 0.043 -0.41 0.083

Lower panel: MRI vs MRI (muscle-level)

MRI measure 
(muscle-wise)

MRI measure 
at v1

Spearman rho P value 
(FDR corrected)<

Spearman rho P value 
(FDR corrected)

FF FF n.a. 0.49 <0.001
STIR 0.52 <0.001 0.45 <0.001
Water T2 0.57 <0.001 0.45 <0.001

T1w score T1w score n.a. 0.07 0.383
STIR 0.61 <0.001 0.06 0.383
Water T2 0.54 <0.001 0.09 0.266

For correlations involving functional measures, MRI parameters were averaged across the assessed lower-leg muscles at the 
subject level, whereas MRI-to-MRI correlations were performed on a muscle-wise basis.
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Figure 5. Association between baseline water T2 metrics (upper row), baseline FF (lower row) and subsequent fat fraction (FF) 
progression in FSHD. Upper row: Scatter plots show the relationship between ΔFF per year and baseline values, with points color- 
coded by baseline FF. Both baseline T2 mean (ρ = 0.45, p < 0.001) and T2 heterogeneity (ρ = 0.32, p < 0.001) were associated with 
subsequent FF increase. Stratified analyses indicate that T2 mean is most predictive in muscles with low baseline FF, whereas 
T2 heterogeneity shows the strongest association in muscles with intermediate FF, suggesting complementary roles of these 
metrics across disease stages. Lower row: Scatter plot showing the relationship between baseline fat fraction (FF at v1) and annual 
change in fat fraction (ΔFF/year) across individual muscles. Each point represents a single muscle, color-coded by baseline water 
T2 values. Muscles were stratified into three categories based on baseline FF: low (<0.13), intermediate (0.13–0.60), and high 
(>0.60). Mean ΔFF/year (± standard deviation) and sample size are displayed for each subgroup. Muscles with intermediate 
baseline FF exhibited the highest progression rates compared to low FF muscles (Mann–Whitney U test), while muscles with high 
baseline FF showed limited further progression, consistent with a ceiling effect.
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Sensitivity of MRI to Detect Disease Progression

Quantitative MRI proved more sensitive than semi-quantitative grading in capturing short-term disease progression. While 
T1w scores showed only limited change over one year, significant increases were observed in FF, FF heterogeneity (FF IQR), 
and water T2 heterogeneity. These findings indicate ongoing structural and compositional muscle changes despite minimal 
visual progression.

These findings are in line with previous longitudinal MRI studies in FSHD, which demonstrated that quantitative FF 
detects progression over relatively short intervals even when clinical measures remain stable.10,11,14 Similar observations 
have been made across neuromuscular disorders, where MRI-based biomarkers outperform strength and functional tests in 
sensitivity and reproducibility.28–31

Progression was not uniform across disease stages. Muscles with intermediate baseline FF showed the greatest increase in 
fat replacement, whereas muscles with low FF remained largely stable, in line with prior reports identifying intermediate- 
stage muscles as most prone to progression.11–14

Importantly, water T2 mean values did not change significantly over time, whereas water T2 heterogeneity increased and 
was already elevated in muscles with low FF. This suggests that averaging water T2 may mask localized changes, while 
heterogeneity captures spatially variable disease activity. These findings extend prior work focusing primarily on average 
T2 measures by highlighting the added value of heterogeneity metrics.18,32

STIR and Water T2 as Markers of Disease Activity

Markers of disease activity at baseline, including STIR hyperintensity and elevated water T2, were preferentially observed in 
muscles with greater structural involvement, indicating that inflammatory-like processes preferentially occur in already 
affected muscles. This is consistent with previous imaging and histopathological studies linking STIR hyperintensity to 
inflammatory changes and early dystrophic alterations.33,34 Importantly, baseline STIR and water T2 abnormalities were 
associated with subsequent increases in quantitative FF, but not with changes in T1w scores. This supports the concept that 
STIR and water T2 reflect transitional disease states that precede measurable fat accumulation, as suggested by prior 
longitudinal imaging studies.10,15–17 Our data refine this model by demonstrating that these associations are more robust 
when progression is assessed quantitatively. The absolute water T2 values observed in our cohort were consistent with 
previous quantitative MRI studies. In healthy controls, mean water T2 values were 35.2 ± 2 ms using a three-exponential 
fitting model, comparable to values reported using similar T2 mapping approaches.32,35 Although absolute water T2 values 
depend on acquisition parameters, echo times, fat suppression techniques, and fitting methodology, increased water 
T2 values in STIR-positive FSHD muscles have been consistently reported across different approaches,18,32 supporting the 
interpretation of elevated water T2 as a marker of active muscle involvement.

However, the precise relationship between STIR abnormalities and the natural history of FSHD has remained unclear, as 
STIR lesions have been reported to persist without subsequent fat replacement in some muscles, while other muscles progress 
without a detectable STIR phase.36,37 Together, these findings support a stage-dependent interpretation of STIR ab
normalities, with higher-grade or persistent changes indicating muscles at risk of near-term degeneration. Studies with 
extended follow-up periods may further refine our understanding of the temporal dynamics of STIR and water 
T2 abnormalities.

Relationship Between Imaging and Clinical Function

Both FF and T1w scores correlated with clinical measures at baseline, but associations were consistently stronger for FF. In 
particular, FF showed a strong association with the lower-limb composite MRC score and with individual lower-limb 
strength measures, supporting a relationship between quantitative muscle composition and strength of the assessed lower 
limb. This aligns with prior studies demonstrating correlations between muscle fat fraction and strength measures in 
FSHD.11,18,38

FF and T1w scores were also associated with the overall mobility score. However, these associations should be interpreted 
cautiously because mobility represents a broader measure of functional performance and depends on multiple muscle groups 
beyond the lower leg assessed by MRI, including proximal lower-limb, trunk, and upper-limb muscles, as well as 
compensatory mechanisms.

Structural muscle involvement was also not invariably accompanied by proportional impairment in the clinical measures 
assessed. Some patients with advanced fatty replacement retained ambulation and relatively preserved strength, consistent 
with previous observations of discordance between imaging findings and functional performance.39,40 However, this 
observation should be interpreted in the context of the limited anatomical coverage of the MRI and the multifactorial 
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determinants of mobility and strength. Compensatory mechanisms and the non-linear relationship between muscle 
composition and function may contribute to this apparent dissociation.

Longitudinally, clinical changes were subtle. When assessed per limb, lower-limb MRC scores did not change sig
nificantly; however, stratification into stronger and weaker legs revealed a small but significant decline in the stronger leg 
only. This supports prior evidence that clinical measures are relatively insensitive to short-term progression, particularly in 
more severely affected muscles.11,12,14 The limited magnitude of longitudinal clinical change further supports the potential 
value of quantitative MRI for detecting muscle-level progression over short intervals.

Implications for Biomarker Development and Clinical Trials

Together, these findings highlight the limitations of semi-quantitative MRI and clinical measures for short-term monitoring 
in FSHD. Quantitative MRI, and particularly FF, provides a sensitive and objective measure of structural progression. In 
addition, water T2 heterogeneity represents a promising exploratory measure that may capture early, spatially heterogeneous 
disease activity not reflected by mean T2 values.

With emerging therapies targeting DUX4 and related pathways,41 sensitive biomarkers are essential to monitor treatment 
response. Our findings support quantitative MRI, including FF and heterogeneity measures, as robust outcome measures for 
both natural history studies and clinical trials. This is consistent with recent recommendations emphasizing MRI as a key 
biomarker in FSHD research.5

Clinical outcome measures such as MRC scores remain limited by variability and low sensitivity to change. Findings from 
placebo arms of prior trials, showing paradoxical short-term improvements in strength,42–44 further underscore their 
limitations for short-term studies. Incorporating MRI-based endpoints may therefore improve sensitivity, reduce variability, 
and enhance trial efficiency.

Limitations

Our study has several limitations. First, it was conducted at a single center with a relatively modest sample size, which may 
limit the generalizability of the findings. In addition, the cohort showed a predominance of male participants. Sex-related 
differences in skeletal muscle composition and response to degeneration have been reported,45 and emerging evidence 
suggests that hormonal factors may influence disease severity and muscle regeneration pathways in FSHD.46,47 Larger, sex- 
balanced longitudinal cohorts would be needed to investigate in depth whether sex and hormones influence imaging 
biomarkers of disease progression.

Second, healthy controls underwent MRI only at baseline and were not examined longitudinally. However, previous 
reproducibility studies have demonstrated excellent longitudinal stability of quantitative muscle MRI parameters in healthy 
individuals,48–50 suggesting that the observed changes in the FSHD cohort are unlikely to be explained by measurement 
variability alone.

Third, quantitative MRI was acquired only in the clinically less affected leg to limit examination time and participant 
burden. Consequently, bilateral quantitative assessment of disease progression was not possible, although qualitative MRI 
was performed bilaterally. While this approach may increase sensitivity for detecting changes in relatively preserved muscle 
tissue, it does not capture the full extent of bilateral disease burden.

Fourth, muscle-wise analyses were performed under the simplifying assumption that individual muscles represented 
independent observations. Since muscles within the same patient may exhibit correlated disease evolution, particularly 
during active phases of FSHD, this approach may underestimate variability and increase the risk of inflated statistical 
significance. Although FDR correction was applied to account for multiple comparisons, it does not address within-patient 
clustering. Larger longitudinal studies should apply mixed-effects models or other hierarchical approaches to account for 
within-patient clustering.

Fifth, semi-quantitative scoring was based on averaged values across muscle segments. While this approach better reflects 
spatial heterogeneity, it may underestimate focal or peak abnormalities and limits direct comparability with studies that use 
maximum grading methods.

Conclusion
Quantitative MRI detects progressive muscle degeneration in FSHD over one year, whereas qualitative grading shows 
limited sensitivity. Baseline disease activity markers predict progression of fat fraction but not semi-quantitative scores. 
Measures of heterogeneity, particularly water T2 heterogeneity, provide additional sensitivity to early and spatially variable 
disease changes and may serve as valuable biomarkers in future studies and clinical trials.
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