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Thesis abstract

Introduction: Oculopharyngeal muscular dystrophy (OPMD) is a slowly progressive disorder marked by ptosis,
dysphagia, and proximal muscle weakness. Reliable biomarkers for monitoring are limited, making progression
difficult to track in clinics and future trials. Quantitative MRI (qMRI), particularly fat-fraction (FF) and water

measures offer a non-invasive way to assess muscle involvement and follow change over time.

Aim: To evaluate 97 muscles in OPMD using gMRI and determine if diffusion-related MRI markers [apparent
diffusion coefficient (ADC) intravoxel incoherent motion (IVIM)], and T2 relaxation time identify earlier signs of

disease activity compared to muscle FF.

Methods: The study included 52 participants, 40 patients with OPMD and 12 controls with whole body 3T gMRI.
For FF and ADC, 97 muscles were segmented and 24 thigh muscles were segmented for IVIM and T2 map using
ITK SNAP version 3.8.0. Statistical analyses used GraphPad Prism and R-studio using, Wilcoxon unpaired tests

and Spearman correlation p <0.05.

Results: Muscles such as adductor magnus (41.2+28.9 %), soleus (39.2+25.9 %), and biceps femoris long head
(BL) (33.8+25.2 %), showed higher FF. Higher FF was linked to a stronger negative correlation between FF-
ADC, adductor magnus (spearman’s p = -0.90), soleus (spearman’s p =-0.83), biceps femoris long head
(spearman’s p = -0.87)), and FF-IVIM true diffusion (spearman’s p =-0.89 ClI, -0.94, -0.80 respectively). IVIM
perfusion-fraction correlated positively with FF in adductor magnus and biceps femoris long head (spearman’s p
= 0.80) in the early disease duration period (0-5 years). Exploratory disease-duration stratification showed ADC
did not rise prior to fat replacement, as might occur with inflammation and edema; instead, ADC decreased as

fat replacement increased.

Discussion: FF is a sensitive marker of disease severity and shows a strong negative correlation with diffusivity
markers. In this cross-sectional analysis, diffusion values do not rise before fat replacement onset. Identifying
sensitive biomarkers of OPMD severity and disease progression is important to identify treatment windows for

future trials.
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List of Figures

Figure 1: Age and disease duration distribution by sex in OPMD. (A) Violin plots with overlaid boxplots and
individual data points show age at MRI in female and male participants with OPMD. (B) Violin plots with overlaid
boxplots and individual data points show disease duration in female and male participants with OPMD. P values
indicate Wilcoxon rank-sum comparisons between sexes, and * indicates BH-FDR-adjusted p < 0.05. Tables
below each panel summarize n, mean, standard deviation, median, minimum, and maximum values for age and

disease duration by sex.

Figure 2: Sex-based differences and age associations in sentinel-muscle FF. (A) Boxplots show FF in the five
sentinel thigh muscles in male and female OPMD participants, with individual data points overlaid. The sentinel
muscles were defined as the five thigh muscles with the highest mean FF in OPMD: adductor magnus, biceps
femoris (long head), sartorius, semimembranosus, and semitendinosus. P values above each panel indicate the
male-versus-female comparison within OPMD for each muscle. (B) Scatterplots show the relationship between
participant-level sentinel-muscle FF and age, stratified by sex and group. Sentinel-muscle FF was calculated as
the mean FF across the five sentinel muscles. Spearman correlation coefficients and p values are shown

separately for female and male controls and for female and male OPMD participants.

Figure 3: Heatmap of fat infiltration pattern versus time since symptom onset and gqMRI measure in OPMD
participants. Each row represents a patient arranged in ascending order, by time since symptom onset to qMRI.
Each column represents a muscle, ordered by the mean FF across all participants; left and right sides are
averaged within each participant. This heatmap highlights the muscle-specific pattern of fat replacement across
ages in OPMD. The greatest increase in FF was seen in adductor magnus, biceps femoris (long head),
semimembranosus, semitendinosus, and adductor longus, whereas rectus femoris, vastus lateralis, and vastus
intermedius showed smaller overall FF. This trend indicates toward greater fat fraction with increasing disease

duration and age.

Figure 4: Differences between OPMD participants and controls in high FF muscles: Boxplots show the
distribution of FF values in thigh muscles for patients with OPMD and controls, with muscles ordered from highest

to lowest mean FF in the OPMD group. Each point represents an individual muscle measurement, with left and

Wil



right sides averaged for each muscle. Comparisons were performed using unpaired Wilcoxon tests for each
muscle, with Benjamini—-Hochberg false discovery rate (BH-FDR) correction applied across thigh muscles. P

values displayed above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR p < 0.05.

Figure 5: Relationship between FF and ADC across thigh muscles in OPMD participants: Stronger negative
correlation in high FF muscles: Figure 3A exhibits the association between FF and ADC across thigh muscles in
patients with OPMD. Each point represents a muscle-level measurement. Overall, FF and ADC showed a
moderate negative correlation (Spearman p = -0.55), indicating lower ADC values with increasing fat
replacement. The table in Figure 3B represents: Individual muscle summary of mean FF, Spearman correlation
coefficients, and Bonferroni-corrected p values for the association between FF and ADC in individual thigh
muscles. Figure 3A indicates as the FF increases the diffusivity decreases, and the negative correlation strength

is stronger in higher FF muscles as shown in the Table 3B.

Figure 6: Apparent diffusion coefficient differences in high FF thigh muscles between OPMD participants and
controls. Each point represents an individual muscle measurement, with left and right sides averaged for each
muscle. Comparisons were performed using unpaired Wilcoxon tests for each muscle, with Benjamini—-Hochberg
false discovery rate (BH-FDR) correction applied across thigh muscles. P values displayed above each muscle
correspond to BH-FDR-adjusted values; ** indicates BH-FDR p < 0.05. Muscles such as the adductor magnus
and biceps femoris showed lower ADC values in OPMD than in controls, while several other thigh muscles

showed a nonsignificant difference.

Figure 7: Correlation between FF and IVIM D: Figure 5A scatter plot showing the relationship between FF and
IVIM D across thigh muscles in patients with OPMD. Each point represents a muscle-level measurement. Overall,
FF and IVIM D showed a moderate negative correlation (Spearman p = —0.63), indicating lower diffusivity with
increasing fat replacement. The table in Figure 5B represents: Individual muscle mean FF, Spearman correlation
coefficients, and Bonferroni-corrected p values for the association between FF and IVIM D in individual thigh

muscles showing a strong negative correlation between FF-IVIM D in highly fat replaced muscles.

Figure 8: IVIM (D) differences between OPMD group and controls when assessing high FF muscles of thigh

region. Each point represents an individual muscle measurement, with left and right sides averaged for each

Vil



muscle. Comparisons were performed using unpaired Wilcoxon tests for each muscle, with (BH-FDR) correction
applied across thigh muscles. P values displayed above each muscle correspond to BH-FDR-adjusted values;
** indicates BH-FDR p < 0.05. The figure shows that muscles with greater fat replacement, including adductor
magnus, biceps femoris (long head), semimembranosus, semitendinosus, and adductor longus, tended to have
lower IVIM D values in OPMD than in controls, whereas less fat-infiltrated muscles showed smaller or non-
significant differences. This suggests that reduced IVIM D is more closely seen in muscles with greater disease

FF involvement.

Figure 9: Relationship between FF and IVIM f across thigh muscles in OPMD, overall and by disease duration:
Each point represents a muscle-level measurement, colored by muscle. Overall, FF showed a weak positive
correlation with IVIM F (Spearman p = 0.28). Figure 7B represents: Spearman correlation coefficients with 95%
confidence intervals for the association between FF and IVIM F, stratified by disease-duration period (0-5, 5-10,
10-15, and 15+ years). Correlations were corrected within each duration bin using the FDR-BH. The results
show that the relationship between FF and IVIM f varies by muscle and disease stage, and that association

strength between FF and IVIM f might indicate stages of disease activity.

Figure 10: No significant differences between OPMD participants and controls when assessing with IVIM F Each
point represents an individual muscle measurement, with left and right sides averaged for each muscle.
Comparisons were performed using unpaired Wilcoxon tests for each muscle, with (FDR-BH) correction applied
across thigh muscles. P values displayed above each muscle correspond to BH-FDR-adjusted values; **
indicates BH-FDR p < 0.05. Overall, IVIM f values showed substantial overlap between OPMD and control

muscles, with no consistent significant differences after correction.

Figure 11: Association between thigh muscle fat fraction and IVIM D* in OPMD. The left panel shows the
relationship between FF and IVIM D* across 12 thigh muscles in participants with OPMD, using left-right
averaged values for each muscle. Each point represents one muscle-level observation and is color-coded by
muscle. The pooled Spearman correlation coefficient is shown on the plot. The right panel summarizes, for each

muscle, the mean FF 1 SD together with the muscle-specific Spearman correlation coefficient and Bonferroni-



adjusted p value for the association between FF and IVIM D*. Muscles are presented in descending order of

mean FF.

Figure 12: Comparison of thigh IVIM D* between OPMD and controls. Boxplots show left-right averaged IVIM
D* values for 12 thigh muscles in participants with OPMD and controls. Individual subject values are overlaid as
jittered points. For each muscle, groups were compared using unpaired Wilcoxon rank-sum tests, and p values
are shown above the corresponding muscle. FDR-BH was applied within the thigh muscle set; ** indicates BH-

FDR-adjusted p < 0.05. Overall, most muscles showed no differences between the two groups.

Figure 13: Correlation between FF and T2 relaxation time: Figure 13A showing the association between FF and
T2 relaxation time across thigh muscles in patients with OPMD. Each point represents a muscle-level
measurement. Overall, FF and T2 showed a weak positive trend (Spearman p = 0.18). 13B represents: Individual
muscle summary of mean FF, Spearman correlation coefficients, and Bonferroni-corrected p values for the
association between FF and T2 in individual thigh muscles. Correlations were generally weak and heterogeneous
across muscles, with no robust associations remaining after Bonferroni correction, although nominal positive
trends were seen in selected muscles such as the sartorius, the adductor longus, the vastus medialis, and the
vastus lateralis. These findings suggest that the relationship between fat replacement and T2 relaxation time is
variable across thigh muscles in OPMD at a cross-sectional level and more needs to be assessed with a

longitudinal timepoint.

Figure 14: Difference between OPMD participants and controls on T2 relaxation time. Each point represents an
individual muscle measurement, with left and right sides averaged for each muscle. Comparisons were
performed using unpaired Wilcoxon tests for each muscle, with (FDR-BH) correction applied across thigh
muscles. P values displayed above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR
p < 0.05. Overall, T2 values showed no significant differences between OPMD group and controls, although
semitendinosus showed a nominal difference at the raw p-value level. These findings suggest that T2 relaxation

time does not clearly distinguish OPMD from controls across most thigh muscles in this cohort.

Figure 15. Mean FF across disease-duration bins in lower-body and upper/trunk muscle regions. Violin plots

show the distribution of subject-level mean FF values across disease-duration bins (0-5, 5-10, 10-15, and 215

X



years) for the lower body and upper/trunk regions. Within each violin, the boxplot summarizes the interquartile
range and median, individual points represent subjects, and the white diamond denotes the group mean. The
grey horizontal band represents the control interquartile range (IQR), and the dashed horizontal line within that
band indicates the control median. Adjacent-bin unpaired Wilcoxon rank-sum tests with BH-FDR correction were
performed separately within each region, with adjusted p values shown above the brackets and an * indicating
statistical significance. In the lower body, FF was significantly higher in the 5—10-year group compared with the

0-5-year group, whereas later adjacent comparisons were not significant.

Figure 16: Correlations between FF and disease duration for the 10 most fat-affected muscles Scatter plots
show FF versus disease duration for the 10 muscles with the highest mean FF. Points are colored by disease-
duration s (0-5, 5-10, 10-15, 215 years). The locally estimated scatterplot smoothing line represents the trend.
Each panel reports the Spearman correlation (p) between duration and FF with Bonferroni-corrected p-values.
TFF generally increases with longer disease duration, with several muscles demonstrating significant monotonic

correlations after Bonferroni correction.

Figure 17: Mean composite ADC values decrease with disease duration. Violin plots show the distribution of
subject-level mean ADC values across disease-duration bins (0-5, 5-10, 10-15, and 215 years) for the lower
body and upper/trunk regions. Within each violin, the boxplot summarizes the interquartile range and median,
individual points represent subjects, and the white diamond denotes the group mean. The grey horizontal band
represents the control interquartile range (IQR), and the dashed horizontal line within that band indicates the
control median. Adjacent-bin unpaired Wilcoxon rank-sum tests with BH-FDR correction were performed
separately within each region, with adjusted p values shown above the brackets. No adjacent-bin comparisons
were significant in either region, indicating that mean ADC did not show a clear stepwise change and could be

prone to more muscle specific variabilities across disease-duration period.

Figure 18: Correlation between Diffusivity decreases and disease duration for the 10 most fat affected muscles.
Scatter plots show disease duration years versus ADC for the 10 muscles with the highest mean FF. Each point
represents one participant and is color-coded by duration strata (0-5, 5-10, 10-15, 215 years). The locally

estimated scatterplot smoothing line represents the trend. Spearman’s p and Bonferroni-corrected p-values
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(across the 10 muscles) are displayed within each panel. ADC generally decreases as disease duration

increases, consistent with reduced diffusivity in more advanced disease.

Supplemental Figure 1: Muscle MRI acquisition protocol and segmentation workflow.

Supplemental Figure 2: Whole body correlation between FF-ADC. High Fat Fraction muscles in the thigh, pelvic

and calf region have a stronger negative correlation with ADC.

Supplemental Figure 3: Sentinel muscle selection and preliminary control sample size estimation. (A) The five
thigh muscles with the highest mean FF in OPMD were identified. For each muscle, the table shows the mean
fat fraction, standard deviation, and range in OPMD. (B) The same sentinel muscles are shown in controls, with
corresponding mean fat fraction, standard deviation, and range. Across all five muscles, FF was lower in controls
than in OPMD participants. (C) A participant-level sentinel muscle fat fraction was calculated as the mean across
these five muscles. This summary table shows the observed OPMD and control sample sizes, the mean sentinel
muscle FF in each group, and the standardized effect sizes (Cohen’s d and Hedges’ g) derived from the group

difference.
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Chapter 1: Introduction

Oculopharyngeal muscular dystrophy (OPMD; OMIM 164300) is a late-onset, progressive muscular dystrophy
characterized by ptosis (drooping eyelids), dysphagia (trouble swallowing), and proximal limb weakness [1,2].
OPMD prevalence is higher in certain geographic regions and ethnic groups, largely because of founder effects
[3-6]. In Canada, OPMD is particularly common in French Canadians, with a reported prevalence of 1/1,000
versus 1/200,000 worldwide [7]. The disease results from a (GCN) trinucleotide repeat expansion in exon 1 of
the Polyadenylate-binding protein nuclear 1 (PABPN1) gene [1]. Diagnosis relies on the characteristic clinical
phenotype [9] and is confirmed by genetic testing demonstrating a heterozygous expanded allele (11-18 repeats)

or, less commonly, biallelic expansions (homozygous or compound heterozygous) or point mutations [10].

Limitations of clinical outcome measures

In many muscular dystrophies (MD), clinical outcome measures evaluate the overall function of composite
muscle groups rather than function of individual muscles and are often limited to patients with preserved residual
muscle function and cannot assess patients with more advanced disease [11]. In OPMD, many commonly used
outcome measures including the muscle strength testing and clinical functional assessments (e.g., the 6-minute
walk test), lack sensitivity to detect disease progression in the context of slowly progressive disorder [2,9,12].
Clinical outcome measures such as manual muscle testing, functional walking assessments, swallowing-related
assessments, and quality-of-life measures may not always detect small changes in muscle over shorter follow-
up periods [12]. In addition, clinical measures can also be affected by factors such as patient effort, fatigue,
motivation, and examiner variability [13—15]. In addition to the high cost of clinical trials, in rare diseases such as
OPMD, appropriate follow-up periods and large sample sizes may be difficult to achieve, highlighting the need
for sensitive biomarkers in natural history studies and future therapeutic trials [11,12,16]. In OPMD, a participant
may have measurable fat replacement or tissue change in specific muscles on MRI before this produces a
change in a global clinical score [41]. Therefore, imaging biomarkers that assess the pattern of involvement in
muscles may prove to be important for diagnosis and as a biomarker to assess disease progression in future
clinical trials [11,39-43]. This is especially relevant as disease-modifying approaches for OPMD are being

developed, including RNA-based and gene-directed therapeutic strategies [17,18]. For these reasons, there is a



need for objective and reproducible biomarkers that can assess disease severity, identify muscles involved early,

and quantify progression at the individual-muscle level.

MRI as a biomarker in muscular dystrophies

Muscle MRI is an emerging biomarker in MD to assess the pattern of affected muscles and severity of muscle
involvement [11,26]. Conventional muscle MRI can be assessed qualitatively to identify fatty replacement,
edemal/inflammation signal changes, muscle atrophy, and selective patterns of involvement [11,33,34]. These
findings can help in diagnosis and disease classification [11,26,34]. In addition to qualitative assessment of
affected muscles, quantitative MRI (QMRI) provides quantitative values that can be compared across muscles,
participants, and longitudinal time points, and can provide more objective measure and can be more reliable than

qualitative assessment tools [11,21,26,34].

gMRl is useful in MD to detect structural muscle changes in the muscle, particularly fat replacement and monitor
progression over time that may not be captured by functional measures. Longitudinal MRI studies in MD have
shown progression over time and support MRI as a sensitive outcome measure for clinical trials [19,21,23,24].
Sample-size modelling has suggested that approximately five times more participants may be required when
using 6-minute walk distance compared with MRI biomarkers, further supporting gqMRI as a sensitive trial
endpoint [20]. In a gMRI gene-therapy study in Duchenne MD, the treated group showed 1.01 percentage points
less progression in soleus muscle than placebo [19,25]. In limb-girdle MD and facioscapulohumeral muscular
dystrophy, quantitative MRI has also been used to monitor fat replacement and disease progression over time

[21,23,27].

gMRI provides continuous and objective measurements of muscle composition. Quantitative measures may
improve reproducibility and reduce observer dependence, which is important for multicentre studies and clinical
trials [11,26,43]. gMRI can also assess specific muscles, muscle groups, or whole-body patterns of disease
involvement. In OPMD, previous MRI studies have shown selective muscle involvement with tongue, adductor

magnus, biceps femoris long head and muscles of the proximal pelvis commonly identified among the muscles



with the most fat fraction (FF) [39—43]. Individual muscles assessment aided by gMRI may therefore help identify

affected and relatively spared muscles and may support monitoring of disease severity and progression [39-43]

Several MRI-derived variables can be used to assess different aspects of muscle pathology. FF, usually derived
from Dixon-based techniques, reflects chronic fatty replacement of muscle [22,26,31]. T2 relaxation time and
water-sensitive measures may reflect increased free water, edema-like change, or active tissue injury [28,34—
36]. Diffusion-weighted measures, including apparent diffusion coefficient (ADC) and intravoxel incoherent
motion parameters (IVIM), may provide information about water motion, tissue microstructure, and perfusion-

related effects [37,38].

Fat fraction/Dixon imaging in muscular dystrophy

Fat replacement is one of the main pathological findings assessed by muscle MRI in muscular dystrophy. In this
process, normal contractile muscle tissue is progressively replaced by fat and connective tissue, reflecting
chronic structural damage [26,28—31]. Fat replacement represents a more advanced and less reversible form of
muscle injury, FF has become one of the most widely used quantitative MRI biomarkers in muscular dystrophy

[26,31,39,40].

Dixon-based MRI techniques assess separate fat and water signal and allow generation of FF maps [22,26,31].
These maps provide a numerical estimate of the proportion of fat to the combined fat and water signal within a
voxel or muscle, allowing the degree of fatty replacement to be quantified [22,26,31]. This is useful in muscular
dystrophy because degree of FF varies in different muscles and may progress at different rates across the body
[19,21,23,26,27]. FF has been used to monitor chronic muscle involvement over time, including in Duchenne
MD, limb-girdle MD, and facioscapulohumeral muscular dystrophy and OPMD [19,21-23,25,27]. These studies
support FF as a structural biomarker of disease severity and progression, particularly in conditions where clinical

change may be slow or where different muscles are affected to different degrees [11,19,21,23,26].

In OPMD, FF has been one of the main imaging markers studied so far. Prior MRI studies have shown a selective
pattern of fat replacement, with the tongue, adductor magnus, hamstrings, and soleus frequently identified among

the most affected muscles [39,40,42,43]. These findings suggest that FF could characterise both the severity
3



and pattern of muscle involvement in OPMD. However, FF mainly reflects chronic structural replacement and
may not fully capture earlier or more active tissue changes. Therefore, this thesis intends to assess FF together
with ADC, IVIM-derived parameters, and T2 relaxation time to determine whether water-based gqMRI measures

show earlier sings of disease activity before chronic fat replacement in OPMD.

Water-sensitive MRI measures and T2 mapping in muscle disease

In addition to fat replacement, muscle MRI can assess water-related signal abnormalities. Increased water signal
in muscle can reflect edema-like change, tissue injury, inflammation, sarcolemma leakiness, or necrosis
[28,33,35]. In muscular dystrophy, edema-like changes may occur before or alongside fat replacement, although
the relationship between edema and later fat replacement can vary depending on the disease and muscle

involved [28,33]. Therefore, water-sensitive imaging may provide information that is complementary to FF.

Conventional fat-suppressed T2-weighted or Short T1 Inversion Recovery imaging can show edema-like signal
changes qualitatively [33,35]. However, qualitative assessment is limited because it depends on visual
interpretation and may not provide a precise numerical measure [34,35]. T2 mapping allows quantitative
assessment of T2 relaxation time and provides a numerical value that reflects water-related tissue properties
[34,35]. Higher T2 relaxation times are generally associated with increased muscle water content and may be

seen in edema, inflammation, or muscle injury [34—-36].

In inflammatory myopathies, gMRI measures including T2 mapping have been correlated with histopathological
findings, supporting the biological relevance of water-sensitive MRI measures in active muscle disease
[28,34,35,36]. T2 mapping has also been studied at a preliminary level in OPMD. In a small, longitudinal,
quantitative MRI study, 8 patients with OPMD and 5 healthy controls were examined twice at an interval of 13
months. MRI included 2-point Dixon for fat fraction and a multi-contrast turbo spin echo sequence to calculate
quantitative T2 values. Over the study period, motor function measurements and visual scores showed no
significant change, while overall T2 values increased from 49.4 to 51.6 ms and muscle FF increased from 19.2%
to 20.7% in patients, with no increase in controls [41]. This suggests that gMRI may detect subclinical progression

in OPMD when semiquantitative scores and motor function measures remain unchanged [41].



DWI/ADC and IVIM in muscle disease

Diffusion-weighted imaging (DWI1) is an MRI technique that measures the motion of water molecules within tissue
and can provide information about tissue microstructure [38,49]. The Apparent Diffusion Coefficient (ADC) is
derived from diffusion-weighted imaging and provides a quantitative measure of water diffusion within tissue [38].
In skeletal muscle, ADC may be influenced by tissue structure, extracellular space, fibre organization, edema-
like change, fat replacement, muscle type, and acquisition-related factors such as the b-values. The b-value is a
diffusion sensitizing parameter in diffusion-weighted magnetic resonance imaging that characterterizes the
strength and timing of the applied diffusion encoding gradients. It determines the extent to which the MR signal
is attenuated by the random (Brownian) motion of water molecule and is expressed in s/mm? used for calculation
[37,38,49,58,66]. In muscle disease, altered water diffusion may reflect changes in tissue organization and
disease activity. Increased water content or inflammatory change may increase diffusivity, while fibrosis, fat
replacement, or reduced extracellular water space may reduce measured diffusion [37,38,58]. This may indicate
that ADC values are influenced by disease stage and the predominant muscle pathology, reflecting variable

contribution from edema, inflammation, fibrosis, and fatty infiltration.

Intra-Voxel incoherent imaging uses multiple b-values to separate tissue diffusion from perfusion-related
microcirculatory motion [37]. IVIM produces three main parameters: diffusion coefficient (IVIM D), pseudo-
diffusion coefficient (IVIM D*), and perfusion fraction (IVIM F). The IVIM D reflects tissue diffusion after reducing
the influence of perfusion-related motion. The IVIM D* represents the pseudo-diffusion coefficient associated
with microvascular flow, and perfusion fraction reflects the relative signal contribution from the perfusion related
compartment [37]. IVIM can assess both diffusion and perfusion-related components without contrast
administration [37]. In MD, IVIM may be useful because muscle pathology can involve both structural tissue
changes and changes in microvascular perfusion [37]. A study reported that thigh muscle IVIM and T2 mapping
parameters differed between autoimmune myositis and muscular dystrophy, with IVIM parameters showing
diagnostic value [56]. In that study, ADC, IVIM D, IVIM F, and T2 relaxation time were significantly different
between autoimmune myositis and muscular dystrophy groups, while pseudo-diffusivity did not differ significantly
[56]. These findings could indicate that diffusion and perfusion-related MRI measures may provide information

about muscle pathology in addition to fat replacement.



In OPMD, the role of ADC and IVIM has not been well studied. Previous OPMD imaging studies have focused
mainly on fat replacement, muscle pattern recognition, and longitudinal FF progression [39—43]. Moreover, no
OPMD-related studies have assessed the relationship between FF and water-based MRI measures such as
ADC, IVIM-derived parameters, and T2 relaxation time. Therefore, assessing these measures in relation to FF
and disease duration may help determine whether water-based and diffusion-based qMRI measures reflect

changes in muscle tissue characteristics before or alongside fat infiltration in OPMD.

Prior OPMD MRI literature

Previous MRI studies in OPMD have shown that muscle involvement follows a selective pattern rather than a
uniform whole-body distribution in the early disease duration periods. A large cross-sectional study of 168
genetically confirmed OPMD patients showed fatty replacement in 96.7% of symptomatic patients, with the
tongue, adductor magnus, and soleus identified as the most affected muscles [39]. Muscle involvement on MRI
also correlated with disease duration and functional impairment, supporting MRI as a useful method to define

disease pattern and severity in OPMD [39].

Early-stage OPMD studies have shown that the pelvic girdle and the proximal leg involvement can occur relatively
early in the disease course. In one study, patients with early OPMD showed higher fat replacement in the hip
adductors and hamstrings than controls, and this involvement was associated with impaired daily life activities
[42]. Longitudinal MRI studies have further supported the role of gMRI in OPMD. A longitudinal study with a
sample size of 43 patients found that the tongue, adductor magnus, and soleus had the highest fat infiltration
levels, and that overall FF increased by 3.8% over 20 months [40]. The study also showed that progression of
fat replacement in affected muscles correlated with clinical severity, supporting FF as a biomarker of disease

progression in OPMD [40].

A smaller longitudinal quantitative MRI study showed that motor function measurements and semi quantitative
scores did not change significantly over 13 months, while gMRI measures changed over the same period. This

suggest that gMRI may detect subclinical progression in OPMD when other measures are less sensitive [41].



gMRI may also improve reliability compared with qualitative or semiquantitative MRI assessment [43]. A study
reported higher inter-rater agreement for quantitative measures than for semiquantitative scoring, further
supporting gqMRI as an outcome measure in OPMD [43]. Overall, previous OPMD MRI studies have assessed
FF as an important marker of disease involvement and progression. However, the relationship between FF, ADC,

IVIM parameters, and T2 relaxation time has not yet been evaluated in OPMD [39-43].

Knowledge gap and thesis rationale

Despite the growing use of muscle MRI in MD, important gaps remain in OPMD imaging. Previous studies have
shown that FF can identify disease-specific patterns of fat replacement and detect progression over time [39—
43]. However, these studies have been limited by small sample sizes, short follow-up periods, limited numbers
of muscles analysed, and the absence of several water-based MRI measures such as ADC, IVIM, and T2
relaxation time in OPMD [39-43]. Moreover, there are currently no OPMD-related studies that have assessed
and correlated water-based MRI measures such as ADC, IVIM-derived parameters, and T2 relaxation time with

FF.

Further investigation is therefore needed to assess whether water-based and diffusion-based MRI measures
provide earlier signs of disease activity in OPMD. The Ottawa Neuromuscular Imaging group has previously
assessed imaging in OPMD and other neuromuscular disorders [43—45]. This thesis evaluates whole-body gqMRI

in OPMD by assessing the relationship between FF and water-based MRI measures.



Research Hypotheses and Objectives

Hypothesis

The hypothesize was that MRI water measures, including ADC, IVIM parameters, and T2 relaxation time, can
detect changes in tissue characteristics of muscle and may detect edema before fat infiltration, and that the

pattern of muscles involvement on gMRI differs between OPMD participants and controls.

Aim 1

To quantify, cross-sectionally, the correlation between FF and water-based gMRI measures, including ADC, IVIM
D, IVIM F, IVIM D*, and T2 relaxation time. FF—ADC correlations will be assessed across 97 muscles, while FF—

IVIM and FF-T2 relaxation time correlations will be assessed across 24 thigh muscles.

Aim 2

To determine whether mean FF increases and ADC changes across disease-duration periods relative to the

control reference range, as an indirect cross-sectional assessment of disease progression.

Aim 3

To assess the association between MRI measures and disease duration with respect to FF and ADC in individual

muscles, while comparing findings with controls.



Chapter 2: Methods

Study design

We performed a cross-sectional gMRI study of participants with genetically confirmed OPMD. The study was
designed to assess the pattern of muscle involvement on whole body gMRI and to examine the relationship
between FF and water based qMRI biomarkers including ADC, IVIM, T2 relaxation time. In addition to comparing
imaging measures between OPMD participant and control, the aim was to assess whether water-related

parameters might detect disease related muscles changes earlier than fat replacement.

Study Ethics

This study was conducted at The Ottawa Hospital in Canada with participants recruitment through the
Neuromuscular Centre. Research Ethics Board approval was obtained for participants with OPMD as part of a
large neuromuscular disease cohort assessing imaging and biomarkers (REB # CTO 1590) as well as controls

(REB# OHRI 4285). Written informed consent was obtained from all participants prior to enroliment.

OPMD participants

The study population consisted of patients with genetically confirmed OPMD. Participants with OPMD were

recruited through the Neuromuscular Centre at The Ottawa Hospital, Ottawa, Canada.

Control group

The control group comprised of patients referred for myalgias and/or mild hyperCKemia with a negative family
history of OPMD. Controls were included only if they did not meet diagnostic criteria for any known neuromuscular

disorder on clinical assessment, genetic testing and, when available, electromyographic evaluation.

Sample size estimation for OPMD participants

An a priori sample size calculation was conducted using G*Power (version 3.1) (Exact test family; correlation:
bivariate normal model, two-tailed) [81]. The calculation was based on Aim 1 cross sectional analysis which
examined the association between FF and water-based MRI measures, particularly ADC and IVIM D in the
OPMD group. Assuming an expected correlation coefficient of p = 0.50, with the null hypothesis set at p = 0, a
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two-sided significance level of 0.05, and statistical power of 0.80, the estimated required total sample size was

29 participants with OPMD.

Observed effect size for preliminary estimation of controls

As a preliminary approach to estimate the sample size for controls, effect sizes were quantified using
standardized mean differences based on participant-level sentinel muscle FF. Sentinel muscles were defined as
the five thigh muscles with the highest mean FF in OPMD. Left and right sides were averaged for each muscle,
and the mean across the selected sentinel muscles was calculated for each participant. The observed sentinel
muscle FF in 40 participants with OPMD and 12 controls, was 30.7 £ 19.9% in OPMD and 11.0 £ 5.6% in controls.
Cohen’s d expressed the difference between OPMD, and control means in units of the pooled standard deviation,
whereas Hedges’ g provided a small-sample bias-corrected estimate the corresponding effect sizes were d =
1.111 and g = 1.094. This observed effect size was then used to estimate the control sample size required to
achieve 80% power at a two-sided significance level of 0.05 [74,75]. Under equal allocation, 14 participants per
group were estimated to be required, corresponding to 8 controls when the OPMD sample size was fixed. Effect
size magnitude was interpreted using conventional thresholds, with values of approximately 0.2, 0.5, and 0.8

corresponding to small, medium, and large effects, respectively [76].

Inclusion and exclusion criteria

Patients were included in the OPMD group if they had genetically confirmed OPMD and had completed whole-
body muscle gMRI. A subgroup of participants also underwent an extended gMRI protocol including apparent
diffusion coefficient (ADC), intravoxel incoherent motion (IVIM), and T2 mapping sequences. Exclusion criteria

were age below 18 years, pregnancy, and contraindications to MRI.

Clinical assessment and chart review

Muscle strength was graded using Medical Research Council (MRC) grading scale [72]. Bilateral strength
assessment included shoulder abduction, shoulder external rotation, elbow flexion, elbow extension, hip flexion,

hip abduction, and hip adduction with a total score of 70. All participants underwent chart review for assessing
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weakness with MRC scale, age at symptom onset, medication review, creatine kinase (CK) levels, genetic test,

and clinical examination by a neurologist (JWC) with 10 years of experience in assessing NMDs.

MRI acquisition

MRI was performed at 3 Tesla (Magneton Prisma Fit, Siemens Healthineers, Erlangen, Germany). A head coil,
two body matrix coils, a peripheral leg coil and the table built-in spine coil were used for signal detection. Each
participant was examined in head-first, supine position. The protocol consists of a Fast View localizer sequence
(time = 33 s) followed by a clinical and quantitative imaging protocol consisting of a 3D volumetric interpolated
breath-hold examination (VIBE) in- and opposite phase sequence (2-point Dixon), and an axial whole body
diffusion sequence covering proximal from at least the nose level at head to the distal aspect of the soleus.
Additionally, an intravoxel incoherent motion (IVIM) and a T2 mapping sequence were performed on the thighs
of the study participants. The total imaging time (including the localizer) was 30 min 21 sec. (The protocol
parameters in the Appendix/Supplementary table 1; the protocol also included a 6-point Dixon sequence that
was not evaluated in this thesis). With table/bed movements and pre-scans (for frequency measurement, pulse
calibration and shimming) the MRI session time was 40 min. All participants had the 2-point Dixon sequences, a
subset of them had the additional MRI protocol including (ADC, IVIM, T2 mapping). Quantitative MRI maps were
generated for each sequence. FF maps were computed from the water-only and fat-only images of the 2-point
Dixon dataset. ADC maps were derived from diffusion dataset acquired at b = 50 s/mm? and b = 800 s/mm?. For
IVIM processing, diffusion-weighted images acquired with b-values ranging from 0 to 1000 s/mm? were used to
derive the quantitative diffusion (D), pseudo diffusion (D*) and perfusion fraction (f) maps. Images acquired with

six echo times were used to generate quantitative T2 maps.

Downloading images from PACS

For each subject, imaging data were downloaded in DICOM format from the Picture Archiving and
Communication System (PACS) at The Ottawa Hospital. Following image retrieval, each participant was
assigned a unique study identification number to ensure de-identification of personal health information. For

the 2-point Dixon sequence, the in-phase, opposed-phase, fat, and water images were downloaded together.
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For the ADC sequence, the b = 50 s/mm? and b = 800 s/mm? images were also downloaded together. For
IVIM, each diffusion b-value dataset (from b = 0 s/mm?to b = 1000 s/mm?) was exported as a separate DICOM
series. Similarly, for the T2 mapping sequence, each of the six echo-time images was saved as an individual
DICOM series. This organization was required for subsequent post-processing and generation of quantitative
IVIM parameter maps and T2 maps using MATLAB-based routines developed by the Neuromuscular Imaging

research team.

Data acquisition and post map processing through MATLAB

For the 2-point Dixon sequence, parametric maps were directly available from PACS. The segmented region of
interest (ROI) was propagated to the corresponding FF map within ITK-SNAP, enabling extraction of quantitative

values.

A similar approach was applied for ADC. ROls defined on the diffusion-weighted image (b = 50 s/mm?) were
propagated to the corresponding ADC map, which was calculated from the b = 50 and b = 800 s/mm? datasets

and obtained directly from PACS.

IVIM parametric maps were reconstructed from the raw diffusion-weighted data using in-house developed
software implemented in MATLAB (version R2021a). IVIM fitting was performed following using a segmented
least-squares method [77]. Briefly, a b-value threshold of 200 s/mm? was applied to first estimate the slow
diffusion coefficient (D) from higher b-values, minimizing perfusion-related effects. Subsequently, the perfusion
fraction (f) and pseudo-diffusion coefficient (D*) were estimated using the full b-value range. Quantitative IVIM

parameters were then extracted from the propagated ROls.

T2 mapping was performed from multi-echo spin-echo data using the open-source MyoQMRI framework [78,79].
Signal evolution across echo times was modeled using an extended phase graph (EPG) formalism to account
for stimulated echoes and refocusing flip angle deviations. Voxel-wise T2 values were estimated by fitting the
measured signal decay to the EPG-based model. The resulting T2 maps were then used for quantitative analysis,

with ROlIs propagated to the corresponding maps to extract mean T2 values.
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Segmentation with ITK-SNAP

Manual muscle segmentation was performed using ITK-SNAP version 3.8.0. For the 2-point Dixon and ADC
datasets, 97 muscles were segmented across 7 anatomical levels to provide comprehensive whole-body muscle
coverage (Supplementary Figure 1). This broad assessment was used to characterize the disease-specific
pattern of muscle involvement, identify relatively spared and preferentially affected muscles, and evaluate
muscles that may be difficult to assess reliably on clinical examination [44—46]. As an exploratory analysis, 24

thigh muscles were additionally segmented on the IVIM and T2 relaxation time datasets.

Single-slice segmentation was performed at predefined anatomical landmarks. These included the tongue at the
lower border of the second cervical vertebra, shoulder muscles at the level of the second thoracic vertebra,
paraspinal muscles at the level of the third lumbar vertebra, upper pelvis at the level of the anterior inferior iliac
spine, lower pelvis at the level of the pubic symphysis, thigh at the mid-level below the origin of the ischiotibial

tendon, and calf below the tibial plateaus.

For the 2-point Dixon sequence, manual segmentation was performed on the in-phase images and verified using
the opposed-phase images and corresponding FF maps. Because Cartesian MR is susceptible to chemical-shift
artifact in the readout direction, this was assessed across the in-phase, opposed-phase, and FF datasets, and
segmentation margins were adjusted accordingly. For IVIM, segmentation was performed on the lowest b-value
image (b = 0 s/mm?). For ADC, segmentation was performed on the b=50 s/mm? dataset. For T2 mapping,
segmentation was performed on the image acquired at the shortest echo time, which provided the highest signal-
to-noise ratio and optimal contrast. After segmentation, all segmentation levels were reviewed with Dr. Marcos

Sampaio, musculoskeletal radiologist at The Ottawa Hospital.

For diffusion-weighted imaging datasets, including ADC and IVIM, segmentation was assessed with the
corresponding 2-point Dixon images from the same participant as an anatomical reference to identify the
boundaries of muscles that were difficult to delineate in instances of low signal to noise ratio. This also allowed
cross-referencing of the correct anatomical level and helped identify any motion or positional shift that may have

occurred between sequences during the whole-body MRI acquisition.
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Data analysis and statistics

Statistical analyses were performed using R version 4.5.2 (2025-10-31) and GraphPad Prism version 10.6.1.
The strength of association for Spearman correlation coefficients was interpreted as negligible (0.00-0.10),
weak (0.10-0.39), moderate (0.40-0.69), strong (0.70—-0.89), and very strong (0.90-1.00) [47]. To account for
multiple comparisons, both Bonferroni correction and false discovery rate adjustment using the Benjamini—
Hochberg method (FDR-BH) was applied across the set of muscles tested within each analysis. Statistical
significance was interpreted according to the multiple-comparison correction applied within each analysis. For

all statistical tests, a p-value < 0.05 was considered statistically significant

MRC scores were compared between the OPMD and control groups using the nonparametric Kruskal—-Wallis
test. Whole-body FF was visualized using a heatmap in which left and right muscle values were averaged within
each participant. Participants were arranged on the y-axis according to time since symptom onset, while muscles
were arranged on the x-axis in descending order of overall mean FF to illustrate the range and pattern of fat

replacement.

Spearman’s rank correlation was used to assess the association between muscle FF, ADC, IVIM parameters,
and T2 relaxation time. For each muscle and sequence, left and right values were averaged per participant. A
95% confidence interval for each correlation coefficient was calculated using Fisher’s z-transformation, and p-

values were adjusted for multiple comparisons using Bonferroni correction.

Differences in FF, ADC, IVIM, and T2 relaxation time between OPMD participants and controls were assessed

for each muscle using the unpaired Wilcoxon rank-sum test. Raw and FDR-BH-corrected p-values were reported.

Muscles for duration-based analyses (correlating with length of time with disease symptoms) were selected
according to the highest mean FF in the OPMD group. For each selected muscle, Spearman’s rank correlation
was computed between disease duration and FF or ADC, and p-values were Bonferroni-corrected across the 10
muscles tested. Potential non-linear associations between disease duration and ADC were explored using locally
weighted regression (LOESS) smoothing [73]. LOESS fits locally weighted polynomial regressions across

neighborhoods of the predictor variable, allowing flexible modeling of trends without assuming a global linear
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relationship. The resulting smoothed curves were overlaid on scatterplots and generated in R using the ggplot2
package with geom_smooth (method = "loess", se = FALSE) and default settings (span = 0.75; degree = 2). This
analysis was performed for descriptive visualization only and did not replace the primary inference based on

Spearman correlation.

To assess whether ADC measures showed earlier signs of disease activity, participants were stratified into four
exploratory clinical categories (“bins”), based on time since reported symptom onset: 0-5 years, 5-10 years, 10—
15 years, and >15 years. For each participant, gMRI values across individual muscles were averaged to generate
regional mean FF and ADC values. Differences between adjacent duration bins were assessed using unpaired

Wilcoxon rank-sum tests (Mann—-Whitney U), with FDR-BH correction applied for multiple comparisons.
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Chapter 3: Results

Patient demographics

Table 1 summarizes the demographics of the participants. Fifty-two participants were recruited for this study, 40
patients with OPMD and 12 controls. Within OPMD participants, 22 were female and 18 were male, with a mean
age at MRI 61.6 +10.8 years. 12 controls were included, 5 females and 7 males with mean age at MRI of
43.11£15.1 years. All 40 participants with OPMD had the 2-point Dixon for FF mapping, 37 had the scans for ADC
(whole body) and IVIM (thigh) and 35 had T2 mapping (thigh). All 12 controls had whole body 2-point Dixon, 9
had IVIM (thigh) and 8 had ADC (whole body) and T2 mapping (thigh). All the scans were completed between

Feb 2023 and Jan 2025.

In MRC strength testing, the OPMD group had lower overall strength than controls, with a mean MRC score of
67.3 + 3.2 compared with 70.0 in controls. The relationship between this overall strength score and regional gMRI
measures was derived from grouped muscles of the calf, pelvis, thigh, and upper body/face (Supplemental Table
3). FF showed strong to moderate negative correlations with MRC score with the calf (p = -0.74), pelvis (p = -
0.67), thigh (p = -0.65), and upper body/face (p = -0.54) muscles, indicating that higher FF was associated with
lower overall muscle strength score. ADC showed moderate positive correlations with MRC score in the calf (p
= 0.51), pelvis (p = 0.56), and thigh (p = 0.48) muscles, indicating that the strength was higher in muscles with
low FF and normal diffusivity, while IVIM D and IVIM D* in the thigh also showed moderate positive correlations
(p = 0.46 and p = 0.41, respectively). In contrast, IVIM f showed a weak negative correlation (p =-0.19) and T2
relaxation time showed a weak positive correlation (p = 0.21), neither of which was significant after Bonferroni

correction.
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Table 1: Study participants demographics and MRC score

Years of Disease at MRC Muscle Power
N Age at MRI (years) MRI Score
Group
Female/Male (Mean + SD; Range) (Mean + SD: Range) (Mean + SD: Range)
OPMD 40 (22/18) 61.6 +10.8; 40.0-85.0 10.9+7.1;0-32.8 67.3 +3.2; 56.0 -70.0*
Control 12 (5/7) 43.5 £14.4; 18.0-63.0 N/A 70.0+0.0; 0

Oculopharyngeal muscular dystrophy (39 patients were heterozygous with 13 GCN repeats, 1 patient with 16

repeats in PABPN1) MRC: Medical Research Council * indicates significant p value <0.05 vs controls

Sex based variation in relation to age and disease duration

Male participants with OPMD were slightly older than female participants as highlighted in Figure 1, although
the difference in age at MRI was not statistically significant. In contrast, disease duration was longer in males
than in females and reached statistical significance. The summary tables show that females had a mean age of
59.23 years and a mean disease duration of 8.9 years, whereas males had a mean age of 64.61 years and a

mean disease duration of 12.99 years.

Disease duration distribution of OPMD participants by sex
A age distribution of OPMD participants by sex parficlpants by

Wilcoxon p = 0.1310 Wilcoxon rank-sum: p=0.0316"

Pide

Age summary by sex Disease duration summary by sex

duration (years)

Age at MRI (yoars)

Di

n Mean age sD Median Min Max n Mean duration sD Median Min Max
Female 22 59.23 10.94 58.50 40.00 78.00 Female 22 8.91 753 7.40 0.00

Male 18 64.61 10.10 64.50 42.00 85.00 Male 18 12.99 6.32 13.00 1.56 24.00

Figure 1: Age and disease duration distribution by sex in OPMD. (A) Violin plots with overlaid boxplots and
individual data points show age at MRI in female and male participants with OPMD. (B) Violin plots with overlaid
boxplots and individual data points show disease duration in female and male participants with OPMD. P values

indicate Wilcoxon rank-sum comparisons between sexes. Tables below each panel summarize number of
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participants, mean, standard deviation, median, minimum, and maximum values for age and disease duration by

sex.
Pattern and range of fat fraction at a cross-sectional level

In participants with OPMD, FF per muscle ranged from highly affected muscles such as adductor magnus
(FF=41.0 £ 28.9 %) to ‘mostly spared’ muscles such as rectus femoris (FF=5.8 +3.0 %). Figure 2 shows an FF
heatmap of all analyzed muscles. With participant sorted by time since self-reported symptom of ptosis and
dysphagia to gMRI on the y axis. The muscles with highest FF in the OPMD cohort were the adductor magnus
(FF =41.2 £ 28.9 %), the soleus (FF = 39.2 + 25.9 %), the tongue (FF = 38.9 + 20.3 %), the gluteus maximus
(FF =37.9 £ 23.2 %) and biceps femoris long head (FF = 33.8 £ 25.2 %). Rectus femoris and vastus lateralis
were amongst the least fat replaced in the thigh compartment (FF = 5.8 + 3.0 %, FF = 8.1 £ 2.6 %). Furthermore,
the heatmap indicates that the muscles that are most fat replaced are also affected earlier in the disease course,

and that the FF pattern could be variable among participants in these high FF muscles.
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Figure 2: Heatmap of fat replacement pattern versus time since symptom onset and gMRI measure in OPMD
participants. Each row represents a patient arranged in ascending order, by time since symptom onset to
gMRI. Each column represents a muscle, ordered by the mean FF across all participants; left and right sides
are averaged within each participant. This heatmap highlights the muscle-specific pattern of fat replacement
across ages in OPMD. The greatest increase in FF was seen in adductor magnus, biceps femoris (long head),
semimembranosus, semitendinosus, and adductor longus, whereas rectus femoris, vastus lateralis, and vastus

intermedius showed smaller overall FF. This trend indicates toward greater fat fraction with increasing disease

duration and age.
FF differences between OPMD and controls

Figure 3 exhibits the greatest increases in FF were seen in the adductor magnus, the biceps femoris (long head),
the semimembranosus, the semitendinosus, and the adductor longus, whereas lower-fat muscles such as rectus
femoris, vastus lateralis, and vastus intermedius showed smaller or non-significant differences. This pattern is
consistent with selective thigh muscle involvement in OPMD, with greater separation from controls in the more

fat-infiltrated muscles.
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Figure 3: Differences between OPMD participants and controls in high FF muscles: Boxplots show the
distribution of FF values in thigh muscles for patients with OPMD and controls, with muscles ordered from highest
to lowest mean FF in the OPMD group. Each point represents an individual muscle measurement, with left and
right sides averaged for each muscle. Comparisons were performed using unpaired Wilcoxon tests for each
muscle, with Benjamini—Hochberg false discovery rate (BH-FDR) correction applied across thigh muscles. P

values displayed above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR p < 0.05.
Sex-based and age-based variation in sentinel-muscle fat fraction

Among OPMD participants, males tended to show higher mean FF than females across several sentinel muscles,
although the magnitude of this difference varied by muscle and was statistically significant only for biceps femoris
(long head) in this analysis, and males were also found to be slightly older than female population in the OPMD
group (Figure 1). The remaining sentinel muscles showed same general trend, suggesting that sex-related
differences may be present but are not significant across all high-fat muscles. When the five sentinel muscles
were combined into a participant-level summary measure, sentinel-muscle FF showed a strong positive
association with age in both female and male OPMD participants, whereas no significant age relationship was
seen in controls (Figure 4B). Together, these findings suggest thatin OPMD, fat replacement in the most affected

thigh muscles increases with age in both sexes, while further analysis is needed to better define sex differences

at the individual muscle level.
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Figure 4: Sex-based differences and age associations in sentinel-muscle FF. (A) Boxplots show FF in the five
sentinel thigh muscles in male and female OPMD participants, with individual data points overlaid. The sentinel
muscles were defined as the five thigh muscles with the highest mean FF in OPMD: adductor magnus, biceps
femoris (long head), sartorius, semimembranosus, and semitendinosus. P values above each panel indicate the
male-versus-female comparison within OPMD for each muscle. (B) Scatterplots show the relationship between
participant-level sentinel-muscle FF and age, stratified by sex and group. Sentinel-muscle FF was calculated as
the mean FF across the five sentinel muscles. Spearman correlation coefficients and p values are shown

separately for female and male controls and for female and male OPMD participants.

Correlation between high FF muscles and ADC in thigh compartment in the OPMD cohort

Highly fat replaced muscles of the thigh show a strong, significant, negative correlation between FF and ADC (p
<0.0001) as indicated in Figure 5. Muscles such as the adductor magnus (p = -0.90), biceps femoris (p = -0.87),
semimembranosus (p = -0.93), and semitendinosus (p = -0.84) demonstrated stronger negative correlations
between FF and ADC, suggesting that increasing fat infiltration is associated with reduced water diffusivity, likely
due to alterations in the tissue microstructure accompanying fatty replacement. Muscles that are less fat affected
in the thigh compartment such as the rectus femoris have very weak non-significant association between FF-
ADC. Figure 5A scatter plot also indicates that certain muscles might have ADC values independent of the
disease activity, as indicated by the low FF muscles on the left side of the x axis where certain muscles group
such as the in the quadriceps (vastus) anterior compartment of the thigh have higher mean ADC values and the
rectus femoris is having lower mean ADC values, independent of disease activity. To assess a whole-body

correlation a forest plot is exhibited in the Appendix section as Supplemental Figure 2.
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THIGH — FF vs ADC Thigh — FF vs ADC (OPMD)

Muscle Mean FF (%) £ SD Spearman p Bonferroni p
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Figure 5: Relationship between FF and ADC across thigh muscles in OPMD participants demonstrating stronger
negative correlation in high FF muscles. Figure 5A shows the association between FF and ADC across thigh
muscles in patients with OPMD. Each point represents a muscle-level measurement. Overall, FF and ADC
showed a moderate negative correlation (Spearman p = -0.55), indicating lower ADC values with increasing fat
replacement. The table in Figure 5B represents the individual muscle summary of mean FF. Spearman correlation
coefficients, and Bonferroni-corrected p values for the association are shown between FF and ADC in individual
thigh muscles. Figure 5A indicates that as the FF increases the diffusivity decreases, and the negative correlation

strength is stronger in higher FF muscles as shown in the Table 5B.
ADC differences between OPMD and controls

Figure 6 highlights muscles with higher fat replacement e.g., the adductor magnus, the biceps femoris long head
and the semitendinosus showed significant lower ADC values in the OPMD group compared with controls on
unpaired Wilcoxon testing. Overall, this trend suggest that the reduction in diffusivity is most evident in the more

fat-replaced muscles in OPMD.
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ADC — OPMD vs Controls (Thigh)

Unpaired Wilcoxon per muscle; BH-FDR within thigh (* raw p<0.05; ** BH-FDR p<0.05).
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Figure 6: Apparent diffusion coefficient differences in muscles of the thigh with high FF between OPMD
participants and controls. Each point represents an individual muscle measurement, with left and right sides
averaged for each muscle. Comparisons were performed using unpaired Wilcoxon tests for each muscle, with
Benjamini—Hochberg false discovery rate (BH-FDR) correction applied across thigh muscles. P values displayed
above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR p < 0.05. Muscles such as the
adductor magnus and biceps femoris showed lower ADC values in OPMD than in controls, while several other

thigh muscles showed a nonsignificant difference.
Correlation between FF and IVIM D in the thigh muscles (OPMD cohort)

High FF muscles of thigh show strong negative correlation with IVIM D. Figure 7B shows several muscles have
a strong negative correlation between FF and IVIM D, the adductor magnus (p =-0.89), the biceps femoris long
head (p =-0.89), the semimembranosus (p =-0.88). Like ADC, correlation with low FF muscles is very weak and
not significant. These findings suggest that IVIM D decreases as fat replacement increases, particularly in

muscles with greater disease involvement.
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A THIGH — FF vs IVIM D
Thigh — FF vs IVIM D (OPMD)

Spgarman p =-0.63
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Figure 7: Correlation between FF and IVIM D: Figure 7A scatter plot showing the relationship between FF and
IVIM D across thigh muscles in patients with OPMD. Each point represents a muscle-level measurement. Overall,
FF and IVIM D showed a moderate negative correlation (p = —0.63), indicating lower diffusivity with increasing
fat replacement. The table in Figure 7B represents: Individual muscle mean FF, Spearman correlation
coefficients, and Bonferroni-corrected p values for the association between FF and IVIM D in individual thigh

muscles showing a strong negative correlation between FF-IVIM D in highly fat replaced muscles.

IVIM D differences between OPMD and controls

Figure 8 exhibits IVIM D in the OPMD group compared with controls on unpaired Wilcoxon testing across thigh
muscles, IVIM D differed between OPMD and controls. Several muscles, including the adductor magnus, the
biceps femoris (long head), the semimembranosus, the semitendinosus, and the adductor longus, showed lower
IVIM D values in OPMD than in controls, whereas other thigh muscles showed smaller or non-significant

differences. Indicating high FF muscles in OPMD have significant lower diffusivity as compared to controls.
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IVIM D — OPMD vs Controls (Thigh)

Unpaired Wilcoxon per muscle; BH-FDR within thigh (* raw p<0.05; ** BH-FDR p<0.05).
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Figure 8: IVIM (D) differences between OPMD group and controls when assessing high FF muscles of thigh
region. Each point represents an individual muscle measurement, with left and right sides averaged for each
muscle. Comparisons were performed using unpaired Wilcoxon tests for each muscle, with (BH-FDR) correction
applied across thigh muscles. P values displayed above each muscle correspond to BH-FDR-adjusted values;
** indicates BH-FDR p < 0.05. The figure shows that muscles with greater fat replacement, including adductor
magnus, biceps femoris (long head), semimembranosus, semitendinosus, and adductor longus, tended to have
lower IVIM D values in OPMD than in controls, whereas less fat-infiltrated muscles showed smaller or non-
significant differences. This suggests that reduced IVIM D is more closely seen in muscles with greater disease

FF involvement.
Correlation between IVIM F and FF

Overall, in Figure 9A FF showed only a weak positive association with IVIM F across thigh muscles (p = 0.28).
When examined by disease-duration period, significant positive correlations after BH-FDR correction were seen

only in selected muscles like the adductor magnus and the biceps femoris in early disease period as exhibited
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in Figure 9B. As the IVIM F is the perfusion fraction possibly related to blood supply to the muscle, this could
indicate an increase in microvasculature due to increase in oxidative and metabolic demand in early disease
stages where there is increased fat replacement. Figure 9B forest plot demonstrates a strong positive association
between FF and IVIM F in early disease duration (0-5 years) in muscles known to have high FF, such as the
adductor magnus and the biceps femoris long head, whereas the correlation strength becomes negative in later
disease duration (10-15, 15+ years), which could highlight decreased disease activity due to either ceiling effect

or muscle atrophy.
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Figure 9: Relationship between FF and IVIM F across thigh muscles in OPMD, overall and by disease duration.
Each point represents a muscle-level measurement, coloured by muscle. Overall, FF showed a weak positive
correlation with IVIM F (Spearman p = 0.28). Figure 9B represents: Spearman correlation coefficients with 95%
confidence intervals for the association between FF and IVIM F, stratified by disease-duration period (0-5, 5-10,
10-15, and 15+ years) the dotted line represents moderate correlation strength. Correlations were corrected
within each duration bin using the FDR-BH. The results show that the relationship between FF and IVIM F varies
by muscle and disease stage, and that association strength between FF and IVIM F might indicate stages of

disease activity.
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Comparison of IVIM F between OPMD participants and control group

IVIM F values were compared between OPMD participants and controls across thigh muscles using unpaired
Wilcoxon tests with BH-FDR correction as exhibited in Figure 10. Overall, most thigh muscles showed no
significant difference between groups after correction, indicating no differences in IVIM F values between OPMD
and controls. A significant increase was seen in the adductor magnus at the raw p-value level, but this did not
remain significant after BH-FDR correction. These findings suggest that, unlike FF and diffusivity measures, IVIM
F does not show a consistent separation between OPMD and control thigh muscles in this cohort at a cross-

sectional level.

IVIM F — OPMD vs Controls (Thigh)

Unpaired Wilcoxon per muscle; BH-FDR within thigh (* raw p<0.05; ** BH-FDR p<0.05).
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Figure 10: IVIM F values for OPMD and control group for high FF muscles, no significant differences between
OPMD participants and controls when assessing with IVIM F. Each point represents an individual muscle
measurement, with left and right sides averaged for each muscle. Comparisons were performed using unpaired
Wilcoxon tests for each muscle, with (FDR-BH) correction applied across thigh muscles. P values displayed

above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR p < 0.05. Overall, IVIM F values
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showed substantial overlap between OPMD and control muscles, with no consistent significant differences after

correction.

Relationship between thigh muscle FF and IVIM D* in OPMD

Across thigh muscles in OPMD, IVIM D* showed a weak overall negative trend with FF, with the pooled analysis
demonstrating a Spearman correlation of p = -0.30 Figure 11. At the individual muscle level, the direction of
association was also generally negative, although the strength was moderate to weak, not significant and variable
across muscles. The strongest inverse relationships were observed in semimembranosus and adductor longus,
whereas some muscles such as sartorius showed little apparent trend. After Bonferroni correction, none of the
muscle-specific associations remained statistically significant. Overall, these findings suggest that pseudo-
diffusion tends to decrease with increasing fat replacement in OPMD thigh muscles, but the relationship is

relatively weak and less consistent than that observed for diffusion measures.
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Figure 11: Association between thigh muscle fat fraction and IVIM D* in OPMD. The left panel shows the
relationship between FF and IVIM D* across 12 thigh muscles in participants with OPMD, using left-right
averaged values for each muscle. Each point represents one muscle-level observation and is colour-coded by
muscle. The pooled Spearman correlation coefficient is shown on the plot. The right panel summarizes, for each
muscle, the mean FF £ SD together with the muscle-specific Spearman correlation coefficient and Bonferroni-
adjusted p value for the association between FF and IVIM D*. Muscles are presented in descending order of

mean FF.
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Comparison of IVIM D* between OPMD participants and control group

IVIM D* values in thigh muscles showed no significant differences between patients with OPMD and controls
after correction for multiple comparisons, as shown in Figure 12. Although semimembranosus showed a nominal
raw p-value difference, the overall pattern between groups across most thigh muscles, exhibits that pseudo-
diffusion does not clearly distinguish OPMD from controls in this cohort when analysing at a cross-sectional level.
Inclusion of a larger number of age-matched controls and extension into longitudinal analysis may help clarify

whether IVIM D* changes emerge with disease progression or vary across specific muscles over time.

IVIM D* — OPMD vs Controls (Thigh)

Unpaired Wilcoxon per muscle; BH-FDR within thigh (* raw p<0.05; ** BH-FDR p<0.05)
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Figure 12: Comparison of thigh IVIM D* between OPMD and controls. Boxplots show left-right averaged IVIM
D* values for 12 thigh muscles in participants with OPMD and controls. Individual subject values are overlaid as
jittered points. For each muscle, groups were compared using unpaired Wilcoxon rank-sum tests, and p values
are shown above the corresponding muscle. FDR-BH was applied within the thigh muscle set; ** indicates BH-

FDR-adjusted p < 0.05. Overall, most muscles showed no differences between the two groups.
Correlation between FF and T2 relaxation time

T2 relaxation time showed only a weak overall positive trend with FF (Spearman p = 0.18) (Figure 13A). Analyses
also showed generally weak and inconsistent correlations, with no robust significant associations remaining after

Bonferroni correction, despite some nominal positive trends in selected muscles. A similar trend was seen with
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perfusion fraction in Figure 9B; the strength and direction of these relationships may vary across stages of
disease activity. A positive correlation was observed in certain muscles like the sartorius, adductor longus and
vastus medialis and may indicate disease activity (i.e. fat infiltration) in Table 13B, however with weak non-

significant trend, this would need to be assessed more in a longitudinal setting to assess if water sensitive

markers like T2 relaxation time can track disease progression and severity like FF.
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Figure 13: Correlation between FF and T2 relaxation time: Figure 13A showing the association between FF and
T2 relaxation time across thigh muscles in patients with OPMD. Each point represents a muscle-level
measurement. Overall, FF and T2 showed a weak positive trend (p = 0.18). Figure 13B: Individual muscle
summary of mean FF, Spearman correlation coefficients, and Bonferroni-corrected p values for the association
between FF and T2 in individual thigh muscles. Correlations were generally weak and heterogeneous across
muscles, with no robust associations remaining after Bonferroni correction, although nominal positive trends
were seen in selected muscles such as the sartorius, the adductor longus, the vastus medialis, and the vastus
lateralis. These findings suggest that the relationship between fat replacement and T2 relaxation time is variable

across thigh muscles in OPMD at a cross-sectional level and more needs to be assessed with a longitudinal

timepoint.
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Comparison of the muscle T2 relaxation times between OPMD participants and controls

T2 relaxation time values in thigh muscles showed no significant differences between patients with OPMD and
controls as exhibited in Figure 14. Although the semitendinosus showed a nominal raw p-value difference, the
overall pattern suggests that T2 relaxation time does not clearly distinguish OPMD from controls across most
thigh muscles in this cohort. Addition of more aged, matched controls and extending into a longitudinal study

could give more insight into the T2 relaxation time pattern in the OPMD group.

T2 — OPMD vs Controls (Thigh)

Unpaired Wilcoxon per muscle; BH-FDR within thigh (* raw p<0.05; ** BH-FDR p<0.05).
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Figure 14: Difference between OPMD participants and controls on T2 relaxation time. Each point represents an
individual muscle measurement, with left and right sides averaged for each muscle. Comparisons were
performed using unpaired Wilcoxon tests for each muscle, with (FDR-BH) correction applied across thigh
muscles. P values displayed above each muscle correspond to BH-FDR-adjusted values; ** indicates BH-FDR
p < 0.05. Overall, T2 values showed no significant differences between OPMD group and controls, although
semitendinosus showed a nominal difference at the raw p-value level. These findings suggest that T2 relaxation

time does not clearly distinguish OPMD from controls across most thigh muscles in this cohort.
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Cross-sectional pattern of fat replacement across disease-duration period

Figure 15 and 16 exhibits mean FF increased with disease duration, and the spread of FF values became wider
in the later duration groups, showing greater variability between participants as disease duration increased. In
this cross-sectional analysis, high FF suggests increased disease severity but does not assess disease
progression. Muscles with high FF may already be present and progress faster in the early (5-10 year) disease
course and then increase at different rates across patients over time. The grey control band in Figure 15
represents the control group interquartile range (IQR) and provides reference values y axis represents the FF
and x axis represents the disease duration periods. This shows that in OPMD participants, the mean FF increases

relative to controls with longer disease duration.

FF (Mean aggregation) across disease-duration bins
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Figure 15: Mean FF across disease-duration bins in lower-body and upper/trunk muscle regions. Violin plots
show the distribution of subject-level mean FF values across disease-duration bins (0-5, 5-10, 10-15, and 215
years) for the lower body and upper/trunk regions. Within each violin, the boxplot summarizes the interquartile
range and median, individual points represent subjects, and the white diamond denotes the group mean. The

grey horizontal band represents the control interquartile range (IQR), and the dashed horizontal line within that
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band indicates the control median. Adjacent-bin unpaired Wilcoxon rank-sum tests with BH-FDR correction were
performed separately within each region, with adjusted p values shown above the brackets and an * indicating

statistical significance.
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Figure 16: Correlations between FF and disease duration for the 10 most fat-affected muscles. Scatter plots
show FF versus disease duration for the 10 muscles with the highest mean FF. Points are colored by disease-
duration s (0-5, 5-10, 10-15, 215 years). The locally estimated scatterplot smoothing line represents the trend.
Each panel reports the Spearman correlation (p) between duration and FF with Bonferroni-corrected p-values.
FF generally increases with longer disease duration, with several muscles demonstrating significant monotonic

correlations after Bonferroni correction.
Cross-sectional pattern of ADC across disease-duration period

Figure 17 and 18 exhibits median ADC values remain close to the control median in the early stage of disease
and then show a downward trend with longer disease duration. In contrast to what would be expected if ADC
captured an earlier phase of active disease before fat replacement, there is no clear rise in absolute diffusivity
values before further increases in FF in the earlier disease duration period. Instead, ADC appears to stay near
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the control range at the outset and then gradually decline, which could be consistent with increasing FF. Although

this is cross-sectional analysis provides only an indirect view of progression, the overall pattern does not show a

clear early elevation in ADC.

ADC (Mean aggregation) across disease-duration bins

Adjacent-bin unpaired Wilcoxon rank-sum tests with BH-FDR correction, Control band = IQR with dashed median
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Figure 17: Mean composite ADC values decrease with disease duration. Violin plots show the distribution of

subject-level mean ADC values across disease-duration bins (0-5, 5-10, 10-15, and 215 years) for the lower

body and upper/trunk regions. Within each violin, the boxplot summarizes the interquartile range and median,

individual points represent subjects, and the white diamond denotes the group mean. The grey horizontal band

represents the control (IQR), and the dashed horizontal line within that band indicates the control median.

Adjacent-bin unpaired Wilcoxon rank-sum tests with BH-FDR correction were performed separately within each

region, with adjusted p values shown above the brackets. No adjacent-bin comparisons were significant in either

region, indicating that mean ADC did not show a clear stepwise change and could be prone to more muscle

specific variabilities across disease-duration period.
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Top fat-affected muscles (by mean FF): Duration vs ADC

Control reference band = IQR, dashed line = median; Spearman; Bonferroni p. "*' p<0.05 after Bonferroni.
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Figure 18: Correlation between diffusivity decreases and disease duration for the 10 most fat affected muscles.

Scatter plots show disease duration years versus ADC for the 10 muscles with the highest mean FF. Each point

represents one participant and is color-coded by duration strata (0-5, 5-10, 10-15, 215 years). The locally

estimated scatterplot smoothing line represents the trend. Spearman’s p and Bonferroni-corrected p-values

(across the 10 muscles) are displayed within each panel. ADC generally decreases as disease duration

increases, consistent with reduced diffusivity in more advanced disease.
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Chapter 4: Discussion

This cross-sectional, muscle gMRI study shows a significant negative correlation between FF and diffusivity
measures (ADC and IVIM D) in OPMD. This negative monotonic relationship (meaning as the FF increased, the
diffusivity decreased) was more pronounced in muscles with higher degrees of fat replacement including
adductor magnus, biceps femoris long head and the soleus suggesting that diffusivity metrics are strongly
influenced by the extent of fat replacement in more severely affected muscles. These findings could indicate that
as the FF increased the diffusivity or the movement of water molecules decreased due to reduced extracellular
space or fat replacement [38,48,49]. Studies assessing diffusivity values between muscular dystrophies (MD)
and myositis found MD having lower ADC values, and that there was a significant negative correlation between
FF and Diffusivity measures in fat affected muscles in slowly progressive MD [49,50,52]. gMRI has been used to
assess if earlier signs of disease activity in calpainopathy identified a good correlation between FF and diffusion
with clinical assessments [51]. A study which used dual function MRI phantom to evaluate relationship between
FF-ADC found that ADC measurements are influenced by both fat content and tissue density, and their effects
on ADC are additive and linearly related [53]. However, to the best of our knowledge, no previous studies have

assessed correlation between ADC, IVIM D and FF in OPMD.

Perfusion fraction (IVIM F) also showed significant correlation in muscles affected earlier in the disease course
in OPMD. In the early disease-duration bin (0-5 years), associations were stronger in more fat-replaced muscles
(the adductor magnus, the semimembranosus, and the semitendinosus). In adductor magnus, the FF-IVIM F
association appeared to weaken with longer disease duration and became negative without being significant. A
possible mechanistic explanation includes that early vascular recruitment during initial disease activity may occur
with increasing fat replacement [37], i.e. metabolic/oxidative demand may change as fat infiltration progresses
[37]. However, interpretation is limited due to cross-sectional design, and longitudinal data with adequate sample
size are required to further assess this correlation. IVIM has been applied extensively in abdominal imaging [54]
and neuroimaging/tumor characterization [55]. Prior work using IVIM to distinguish muscular dystrophy from
autoimmune myositis reported lower diffusivity and higher perfusion fraction in muscular dystrophy compared
with autoimmune myositis [56,61]. Higher perfusion fraction in muscles with pathological spontaneous needle
electromyogram activity was reported, indicating association of increased IVIM F with possible inflammatory
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changes in the muscle [70]. However, there are still limited studies and higher numbers of patients are needed
to identify a clearer analysis of the association between IVIM f with FF and active inflammatory or fat replacement

states.

Pseudo-diffusion (IVIM D*) showed a weak overall negative trend with FF. At the individual muscle level, the
pattern was heterogeneous, with muscles showing non-significant associations. Semimembranosus showed the
strongest negative trend with FF, while adductor magnus and adductor longus showed a weaker negative
trend. Since IVIM D* is interpreted as a perfusion-related diffusion parameter reflecting microvascular blood flow
in the capillary network rather than true tissue diffusion, this could mean at a cross-sectional level fat replacement
could have less influence on IVIM D* [37,80]. However, interpretation remains limited in a cross-sectional

analysis, and longitudinal assessment would be needed to assess the correlation better.

T2 relaxation time showed a weak overall positive trend with FF. At the individual muscle level, the pattern was
heterogeneous, with most muscles showing non-significant associations. Sartorius showed a moderate positive
trend with FF, while muscles of the anterior thigh compartment showed a weak positive association. This
suggests that T2 relaxation time may increase with increase in FF in selected muscles, but this relationship was
not consistent across the thigh muscles studied. A prior gMRI study in OPMD showed an increase in both overall
T2 relaxation time and muscle FF over 13 months in patients, with no increase in controls [41]. This suggests
that longitudinal assessment of individual muscles may provide further insight into the relationship between T2

relaxation time and FF in OPMD.

Currently, quantitative diffusion imaging has not been applied to assess OPMD, whereas as studies performed
to assess differences between MD and inflammatory myositis have reported increased diffusivity values in
inflammatory myositis compared to MD [60,61]. One longitudinal study assessing OPMD showed that the rectus
femoris shows relatively low-fat infiltration on MRI despite greater fibrosis on ultrasound [40,59]. Similarly in this
study, the rectus femoris demonstrated low FF, consistent with other studies [39-42], together with low diffusivity
which could be explained by increased fibrosis restricting water motion and thereby lowering diffusivity even in
the absence of marked fat replacement. The muscles that were assessed to have high FF in our study are also

the same muscles to have high FF in other OPMD studies, indicating that OPMD might have a distinct pattern of
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fat replacement (where the tongue, hip flexors, hamstring, adductor compartment in the thigh and soleus are all
major fat replaced muscles amongst other muscles of the body). This could support developing an OPMD specific
imaging protocol and diversifying the imaging modalities which could prove to be cost effective for biomarker
discovery. One unique aspect of this comprehensive whole-body gMRI assessment is that it highlights high FF
in muscles such as the serratus anterior, rectus abdominis, and the internal rotators of the pelvis (iliacus and

obturators), which are muscles that are difficult to assess on clinical exam.

When patients were segregated into exploratory disease-duration periods (“bins”), diffusivity values showed a
decreasing trend with increasing disease duration, although most muscles did not reach statistical significance.
This pattern could indicate that OPMD behaves predominantly as a “fat replacement—driven” MD, consistent with
minimal inflammatory changes seen on muscle biopsy [9,57]. Further, increasing fat replacement in muscle
progressively reduces the movement of water molecules and hence reduces measurable diffusivity values [48],
or alternatively that any early inflammatory-related increase in diffusivity may be obscured by concurrent fat
replacement [69,71]. Because diffusivity is inherent to muscle, any ADC reduction may largely reflect increasing
fat replacement [52,53]. ADC is also influenced by tissue microstructure/tortuosity (e.g., fibers and cells) [58], the
b-values used for its calculation, and muscle characteristics such as fiber type and size [66]. Currently, the effect
of all the said factors in the current analysis are unknown and additional analysis with other advanced gMRI
measures such as Diffusion Tensor Imaging would be needed in larger longitudinal studies. Furthermore,
additional controls and longitudinal follow-up in early disease course is needed to determine whether each

muscle has a baseline diffusivity values independent of disease activity.

Even though OPMD is a slowly progressive disorder, there could be increased fat replacement even early in the
disease course (5—10-year period). qMRI could aid in earlier monitoring severity and progression, as treating
patients before substantial fat replacement, which is currently felt to be an irreversible process [62-64]. High fat
replaced muscles also appear to be earlier affected; however, more needs to be analysed to determine the extent
and rate of fat replacement, as these may vary across individuals [65], reflected by the large spread in highly fat-
replaced muscles in later disease duration. Since this is the first study assessing the correlation between FF and

other water measures in OPMD, these preliminary findings can support longitudinal studies, and for future
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prospective trials other gMRI measures like the perfusion fraction may prove to be a responsive treatment marker

along with FF.

Limitations

This study was cross-sectional, limiting inference about within-subject change and true progression patterns.
Although patients were grouped by disease duration (0-5, 5-10, 10-15, and >15 years) to visualize potential
trends and to keep bin sizes comparable, this stratification is exploratory and cannot replace longitudinal follow-
up. With a larger sample, the optimal duration-based grouping would need re-evaluation to improve robustness
and interpretability. Ultimately, a larger, prospective, longitudinal natural history study is required to define fat

replacement trajectories and the temporal relationships among gMRI biomarkers.

The ADC sequence, based on the echo-planar image acquisition scheme, can be affected by magnetic field
inhomogeneity and phase-encoding chemical shift due to unsuppressed lipid signal, so it is less reliable for
smaller muscles next to air interface like the tongue and for more peripheral shoulder muscles which is a limitation
in terms of segmentation and analysis. Imaging artifacts resulted in missing muscle measurements in some
patients, limiting the current analysis; consequently, upper body correlations which are more sensitive to MRI
artifacts from breathing warrant further investigation using optimized imaging protocols. Supplemental table 4

highlight the values of missing muscles group in the upper body.

One of the major limitations is the lack of age matched healthy controls for varied qMRI sequences. ADC values
may also vary with age, so a higher number of age-matched controls are needed to interpret muscle ADC values
and give more robustness to the analysis, and adding more controls could help in assessing if there is muscle
specific value associated with ADC. A study in 116 healthy controls found the mean normal ADC values in the
ankle dorsiflexors 1.45 + 0.04 x 10 * mm?/s, and 1.44 £+ 0.06 x 10 * mm?/s in males and females respectively,
similarly for the erector spinae muscles ADC were 1.45 + 0.11 x 10 *mm?/s and 1.52 + 0.13 x 10 °* mm?/s in
males and females respectively [66]. There was minimal gender- or age-related ADC differences for each muscle,

however these values could be interpretated in the context of other muscles and different b values. Control cohort
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mean ADC in this study for paraspinal muscle was 1.42 + 0.06 10 > mm?/s, ankle dorsiflexors 1.44 + 0.09 10 3

mm?/s.

For IVIM, we have used segmented nonlinear least squares fitting with b values threshold of 200 s/mm? to
estimate D, D*, and F. A research study investigating healthy individuals across all muscles, and the values were
reported as: D = 1.46 + 0.30 x 107 mm?/s, D* = 29.7 + 38.1 x 1072 mm?/s, and f = 11.1 £ 6.7 % [37]. Reported
IVIM parameters in back, thigh, and leg muscles showed no significant differences across anatomic locations
[37]. In this control group, the composite IVIM D was 1.408 £ 0.101 x 1072 mm?/s, the pseudo-diffusion coefficient

D* was 9.974 + 1.180 x 107 mm?/s, and the perfusion fraction f was 10.74 + 3.88%.

Slowly progressive MDs such as OPMD can show heterogeneity along the proximodistal muscle gradient, and a
single slice covers only a limited section of each muscle [65,67,68]. Prior work segmented the thigh at three
levels rather than one slice and still identified the same muscles as fat affected [39]. A broader segmentation
protocol potentially supported by automated segmentation could provide more comprehensive characterization

of progression and proximodistal gradients [67,68].

Conclusion

In OPMD, higher FF is associated with lower diffusivity measures, most significantly in more fat-replaced
muscles. Perfusion fraction showed a weak/moderate positive correlation with FF with certain muscles - and
stage-dependent variation, suggesting it may provide complementary physiological information to FF in early
disease activity, while pseudo-diffusion and T2 relaxation time showed weak associations in this cross-sectional
study. The diffusivity measures (ADC and D) did not rise in early disease activity preceding to fat replacement.
As the disease duration increases fat replacement increased, and diffusivity parameters decreased. Future
studies would aim to follow patients longitudinally to provide further insight into progression of fat replacement

patterns.
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Appendix

Muscle MRI Protocol

3 Tesla (Magne! i it, Siemens)
FastView localizer sequence (time = 33 s)

2-point Dixon: 3D volumetric interpolated
breath-hold examination (VIBE) in- and
opposite phase sequence

Diffusion weighted imaging for Apparent

diffusion coefficient (ADC)

Thigh only:

Diffusion sequence in axial orientation
Intravoxel incoherent motion (IVIM)

T2 mapping sequence

Total scan time for the protocol ~ 40 minutes

Supplementary Figure 1: Muscle MRI acquisition protocol and segmentation workflow.

Whole-body muscle MRI was performed at 3 Tesla using a FastView localizer, 2-point Dixon imaging, and
diffusion-weighted imaging for ADC assessment. Additional IVIM and T2 mapping sequences were acquired in
the thighs. The coronal image identifies the anatomical levels used for segmentation, and the axial images show
representative unsegmented and segmented muscle slices. Manual segmentation was performed at predefined
anatomical levels to extract quantitative MRI measures from individual muscles. This protocol allowed

assessment of whole-body fat fraction and ADC, with additional thigh-level IVIM and T2 relaxation time analysis.
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Supplementary Table 1. MRI parameters used for the different sequences in the study.

Seq STIR (T5€) VIBE in- and opp phase 6-point POFF Whole Body Diffusion IVIM (OW1) T2 mapping

Orientation Axial Axal Axial Axial Axial Axial

Type 20 (multi-slice) 30 30 20 {multi-shce) 20 (multi-siice) 20 (multislice)

TR [ms] 3600 4 16 2500 2400 5000
196,380, 564, 748, 85,170, 255,340,

T=im o 15,252 9.32,11.16 ® 3 425,510

T [ms} 20 - - SPAR fat supression  SPAR fat supression  SPAIR fat supression

Flip angle [degree] 120 A 3 90/180 90/180 50/180

FOV [men x mm) S00 x 300 500 x 390 S00 x 375 500 x 330 460 x 276 460 x 276

Matrix 256 x 155 416 x 325 224 x 168 200x 132 180 x 108 208 x 125

Resobution [mm x mm) 195x195 12x12 2.2x22 25x25 26x26 22x22

Shice thickness [mm)] 6 4 5 5 6 6

Number of siices 30 98 ” 50 ¥ N

Parallel imaging factor 3 3 “ 2 2 .

Sirmultaneous multl-siice factor - - - 2 2 -

Bandwidth/pixet [Hz/pixed) 39 1000 1860 2500 1984 801

01(1),20(1), 30 (1), 80
(1), 100{2), 200(2),

bvalues [3/mm2] (averages) . . . 50 (6); 800 (15) £00 (a), 600 (4), 800

(4), 1000 (4)
Time per bed position 553 55 a8 1min3ds Imin56s 4minS2s
Number of bed positions S (whole body) S (whole body) S {whole body) S (whole body) 1 (thigh) 1 (thigh)
Total time AminiSs AminiSs 4 min 7Tmin50s IminS6s AminS2s

Supplementary Table 2: Outline of muscles assessed by manual segmentation

OPMD — Mean muscle fat fraction (Upper body + trunk) OPMD — Mean muscile fat fraction (Lower body)

Muscle Mean £ SD FF (%)
Mean £ SD FF Adductor magnus 412+289
Muscle (%} Soleus 3922259
Tongue 389+203 Gluteus maximus 3792232
External oblique 246 +11.1 Biceps femoris (long head) 3382252
Internal oblique 236+ 10.0 Semimambranosus 325+223
: : Gluteus medius 2691208
Pan;a_'s_smals (iliocostalis + longissimus + 221+123 Gasirocnemius (medial) 2642233
mililtifidus) Semilendinosus 254 219.7
Semispinalis 21.1+128 Tensor fasciae latae 2292171
Serratus anterior 194 £17.7 Gluteus minimus 2282211
Psoas 18.4 + 11.1 Sartorius 21.1£154
liacus 2082245
leni i 15.7 £ 101
Splenius + trapezius 57£10 Peroneus longus/brevis 2012149
Rectus abdominis 147+71 Gastrocnemius (lateral) 19.6+ 18.9
Subscapularis 145+115 Extensor digitorum longus 19.4 £ 16.2
Pectoralis major 14.1+6.8 Peclineus 13.92164
Adductor longus 18.0=18.7
Quadratus lumborum 128+5.3 Tibialis posterior 1792178
Masticator 124+82 Biceps femoris (short head) 16.4 £ 10.0
Coracobrachialis 109+7.8 Flexor hallucis longus 136+ 136
Deltoid 10148 Gracilis 1B2s02
f . Obturator externus 1242127
inor + . \
Teres mi lnor infraspinatus 94+59 Piriformis NA208
Rhomboid 88170 Vastus intermadius 1M5+115
Trapezius 8.1+389 Obturator internus 109:£98
Sternocleidomastoid 8.1£26 Vastus medialis ozeg7
; Tibialis anterior 96190
Lateral pterygoid 58+15 —
Vastus lateralis 81159
Rectus femoris 58120

This table summarizes the mean FF values across upper body/trunk and lower-body muscles in participants with
OPMD. In the upper body and trunk, the tongue showed the highest mean FF, followed by the external oblique,
internal oblique, paraspinal muscles, semispinalis, and serratus anterior. In the lower body, the highest mean FF
values were seen in the adductor magnus, soleus, gluteus maximus, biceps femoris long head, and
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semimembranosus. The table demonstrates a selective pattern of muscle involvement in OPMD, with greater fat
replacement in specific muscles rather than uniform involvement across all muscles. Lower FF values were seen
in muscles such as the lateral pterygoid in the upper body/face region and rectus femoris, vastus lateralis, and

tibialis anterior in the lower body, suggesting relative sparing of these muscles in this cohort.

Supplemental Table 3: Correlation between MRC and gMRI measures

FF-MRC ADC-MRC IVIM D- IVIM D*- IVIM F- T2
MRC MRC MRC relaxation
time-MRC
Calf -0.74* 0.51% NA NA NA
Pelvis -0.67* 0.56* NA NA NA
Thigh -0.65* 0.48* 0.46* 0.41* -0.19 0.21
Upper -0.54* 0.23 NA NA NA
body+Face
Table exhibits spearman rank correlation between MRC sum score and g MRI * denotes p
value <0.05 after Bonferroni correction

This table shows Spearman rank correlations between regional gMRI measures and the total MRC muscle
strength score. FF showed significant negative correlations with MRC score across all regions, including the calf,
pelvis, thigh, and upper body/face, indicating that higher fat replacement was associated with lower muscle
strength. ADC showed significant positive correlations with MRC score in the calf, pelvis, and thigh, suggesting
that higher diffusivity was associated with better strength in these regions. In the thigh, IVIM D and IVIM D* also
showed significant positive correlations with MRC score, while IVIM f and T2 relaxation time showed weak, non-

significant correlations. Asterisks indicate correlations with p < 0.05 after Bonferroni correction.
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Supplemental Table 4: This table summarizes the number and percentage of participants without available
ADC values for each upper-body muscle in the OPMD cohort

Per-muscle ADC missingness (upper body, OPMD)

Percent of patients missing each muscle’'s ADC (both sides missing for bilateral muscles).

Muscle Missing (n) Total (n) Percent missing (%)
Sternocleidomastoid 31 40 77.5
Splenius + trapezius 28 40 70.0
Lateral pterygoid 24 40 60.0
Masticator 24 40 60.0
Semispinalis 23 40 57.5
Tongue 14 40 35.0
Deltoid 12 40 30.0
Pectoralis major 11 40 27.5
Coracobrachialis 10 40 25.0
Rhomboid 6 40 15.0
Subscapularis 6 40 15.0
Teres minor + infraspinatus 6 40 15.0
Trapezius 6 40 15.0
Serratus anterior 5 40 125

The proportion of unavailable ADC data was highest in the sternocleidomastoid, followed by the
splenius/trapezius region, lateral pterygoid, masticator, and semispinalis. The table demonstrates that ADC data
availability varied by muscle, with lower availability in several craniofacial and upper-neck muscles compared
with shoulder and upper-trunk muscles. This suggests that ADC assessment in the upper body was more limited

in muscles that are smaller, anatomically complex, or more difficult to segment reliably.
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WHOLE-BODY — FF vs ADC (per muscle)
Spearman p (FF vs ADC) with 95% CI; * Bonferroni-corrected p < 0.05.

Adductor magnus *4 @— ; : Spearg'nan P
Tongue 4 —_—)0—r L 1.
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Gluteus maximus * 4 @ ! !
Biceps femoris (long head) *4  =@— 4 :
Semimembranosus *4 @~ ! !
Gluteus medius *4  —@— '
Gastrocnemius (medial) * 4 —— !
Semitendinosus *4 —@— ' 1
External oblique —_— O w
Internal oblique 4 —O 1
Gluteus minimus *4  —@— i 1
Tensor fasciae latae * 4 — O i

Paraspinals (iliocostalis + longissimus + multifidus) * 4 =@ ; : 05
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Supplemental Figure 2: High FF muscles in the thigh, pelvic and calf region have a stronger negative correlation
with Apparent Diffusion Coefficient. High FF muscles in the thigh, pelvic and calf region have a stronger negative
correlation with ADC: This forest plot shows the per-muscle Spearman correlation between fat fraction and ADC
across whole-body muscles in participants with OPMD. Each point represents the correlation coefficient for an
individual muscle, and the horizontal bars represent the 95% confidence intervals. Muscles are ordered by mean
FF, with more fat-affected muscles shown toward the top of the figure. Asterisks indicate muscles with Bonferroni-

corrected p < 0.05. Overall, the figure demonstrates that higher fat fraction is generally associated with lower
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ADC values, with the strongest negative correlations seen in highly fat-replaced muscles such as the adductor
magnus, soleus, gluteus maximus, biceps femoris long head, semimembranosus, gluteus medius, and
gastrocnemius medialis. In contrast, several less fat-affected or technically more variable muscles showed
weaker or non-significant associations. These findings support that the inverse relationship between FF and ADC

is most evident in muscles with greater fat replacement.

Sentinel muscle selection and preliminary control sample size estimation

The five thigh muscles with the highest mean fat fraction in OPMD participants were identified as sentinel
muscles: adductor magnus, biceps femoris (long head), semimembranosus, and semitendinosus. These
muscles showed consistently higher FF values in OPMD than in controls. Using the participant-level mean fat
fraction across these sentinel muscles, the observed between-group difference corresponded to a large,
standardized effect size (Cohen’s d = 1.111; Hedges’ g = 1.094). Based on this effect size, a preliminary power
analysis estimated that 14 participants per group would be required for 80% power, or 8 controls with the current
OPMD participant sample size. Additional analysis would be required by widening the muscle pool and including

more controls to assess the sample size of controls.

A Cc
Sentinel high-FF thigh muscles in OPMD Sentinel-muscle control sample size summary
Muscle Mean FF in OPMD (%) SD Range Item Value
Adductor magnus 41.20 2892 4.13-88.78
Sentinel muscles AM; BL; SM; ST; SART
Biceps femoris (long head) 33.75 2522 4.76-87.43 Observed OPMD n 40
Semimembranosus 3245 2234 479-83.45 Observed control n 12
Semitendinosus 25.39 19.72 5.45-77.36 Mean sentinel FF in OPMD (%) 30.77 £ 19.94 (5.96-78.76)
Mean sentinel FF in controls (%) 11.00 % 5.62 (2.37-20.69)
Sartorius 21.06 15.36 4.54-7517
Cohend 1111
Hedges g 1.094
B
. - . . Required n per group for 80% power 14
Sentinel high-FF thigh muscles in controls
Required controls for 80% power with current OPMD n 8

Muscle Mean FF in controls (%) sD Range

Adductor magnus 747 3.99 2.15-14.85
Biceps femoris (long head) 10.07 5.79 2.54-19.54
Semimembranosus 13.41 817 2.19-30.27
Semitendinosus 9.40 521 2.66-16.43

Sartorius 1464 915 229-35.77

Supplemental Figure 3: Sentinel muscle selection and preliminary control sample size estimation. (A) The five
thigh muscles with the highest mean FF in OPMD were identified. For each muscle, the table shows the mean

fat fraction, standard deviation, and range in OPMD. (B) The same sentinel muscles are shown in controls, with
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corresponding mean fat fraction, standard deviation, and range. Across all five muscles, FF was lower in controls
than in OPMD participants. (C) A participant-level sentinel muscle fat fraction was calculated as the mean across
these five muscles. This summary table shows the observed OPMD and control sample sizes, the mean sentinel
muscle FF in each group, and the standardized effect sizes (Cohen’s d and Hedges’ g) derived from the group

difference.
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Case report: Dual diagnosis of late onset facioscapulohumeral muscular dystrophy and myasthenia gravis

Dear Editor,

Facioscapulohumeral muscular dystrophy type-1 (FSHD) is the third most common inherited muscular dystrophy
with an estimated prevalence of 1:8,000-1:22,000 [1]. FSHD is autosomal dominant and caused by a reduction
in repeat units of D4Z4, a polymorphic repeat sequence located in the sub-telomeric region of chromosome 4
(4935) [2]. FSHD presents with asymmetric facial, scapular, and humeral weakness; significant bulbar weakness

(e.g., dysphagia, dysarthria, dysphonia) is considered atypical [1, 3].

Myasthenia gravis (MG) is an autoimmune, neuromuscular junction disorder with fluctuating and fatigable
weakness involving ocular, bulbar, or proximal limb muscles. Impairment of neuromuscular transmission is
typically caused by antibodies against the acetylcholine receptor (AChR), muscle specific tyrosine kinase, or low-
density lipoprotein receptor—related protein [4]. though 8-15% of MG cases are seronegative MG responds to

acetylcholinesterase inhibitors and immunosuppressants [1-10].

This letter describes a case of late-onset, genetically confirmed FSHD in an elderly male. He then developed
mild chewing fatigability and dysphagia suggesting a coexisting neuromuscular junction disorder, and was
diagnosed with AChR antibody positive MG. The emergence of fluctuating bulbar symptoms in a patient with
FSHD should prompt reconsideration of the diagnosis or evaluation for a secondary condition [1-3, 5]. Attributing
such features to FSHD disease progression alone may result in missing MG diagnosis and treatment, leading to

poor clinical outcomes [1, 2]. We also review reports of coexisting FSHD and MG.

Case Presentation

A 78-year-old male presented with five-year history of slowly progressive facial and limb weakness, diffuse
myalgias, elevated creatine kinase, and recurrent falls. His daughter had recently been diagnosed with FSHD at
age 45. Family history was otherwise negative. He reported difficulty lifting objects, an inability to whistle, and
sleeping with his eyes partially open. He described mild, intermittent dysphagia but denied aspiration, ptosis, and
diplopia. Neurological examination showed no dysarthria or ptosis. He had significant bifacial weakness,
particularly involving orbicularis oculi. There was no fatigable limb weakness or ptosis on initial exam. Medical
Research Council strength scores for shoulder abduction were 4/5, bilaterally. He had asymmetric scapular
winging and abdominal weakness. Hip flexion was 4-/5 on the left and 4/5 on the right. Genetic testing confirmed
FSHD with 10 D4Z4 repeats on 4gA.

One month later, he presented with worsening dysphagia and fatigue with chewing. Examination showed known
facial weakness and mild flaccid dysarthria. Nerve conduction studies were normal. Needle EMG revealed small,

polyphasic motor units with early recruitment in proximal muscles, consistent with FSHD. However, 3 Hz
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repetitive nerve stimulation showed a 24% decrement of the right ulnar motor response at abductor digit minimi
and 49% decrement in the right facial motor response at nasalis. Anticipating MG, antibody testing was
requested. A trial of pyridostigmine 30 mg three times daily resulted in clear symptomatic improvement., including
reduced dysphagia, improved dysarthria, and less fatigue. After confirmation of seropositivity (AchR antibody
titer 14.1 nmol/L, normal <0.4 nmol/L), intravenous immunoglobulin (IVIG) infusions (5 infusions, 60 g per dose)
and prednisone (10 mg) were prescribed, with pyridostigmine continued at the same dose. All medications were
well tolerated. During the following visits, prednisone and IVIG were discontinued as no further symptomatic

improvement was seen but he continued to use pyridostigmine.

Discussion

Detecting coexistent genetic and acquired neuromuscular disorders remains challenging, especially with
overlapping symptoms of facial and proximal weakness. Physicians often prematurely attribute new symptoms
to the patient's existing disease, adhering to Occam’s razor [2]. However, consideration of a secondary diagnosis
is essential when atypical features are present. The timely identification of a treatable comorbidity—such as
MG—can improve clinical outcomes and decrease the risk of rapid or severe deterioration. Some MG patients

may present without significant ocular involvement [6].

We have summarized previously reported cases (n=22; Table 1) of concurrent FSHD and MG. In all cases,
symptoms not typical of FSHD, such as ptosis, diplopia, or prominent bulbar weakness, provided important
clinical clues towards the presence of a secondary disorder [1-10]. Diagnoses of MG were primarily supported
by seropositivity (typically anti-AChR antibodies) [1-10] and by decrement of repetitive nerve stimulation [1, 5, 7,
8]. Although jitter on single fibre EMG can be present in muscular dystrophy, jitter [1, 6, 9] also may indicate a
disorder of impaired neuromuscular transmission in patients with FSHD. The current case, and previous reports
of coexistent late-onset FSHD and MG [1-10], highlight the importance of considering neuromuscular junction
disorders in the differential when fatigable weakness is identified, even when a muscular dystrophy has been
genetically confirmed. The late diagnosis of FSHD in our patient (in the 8" decade of life) was atypical, likely
because of mild, slowly progressive symptoms, previously attributed to normal aging. This case also highlights
a potential source of diagnostic bias: subtle manifestations of muscle weakness in older adults may be
overlooked or attributed to nonspecific age-related changes, leading to delays in accurate diagnosis and timely
management. Importantly, patients with coexistent MG and FSHD respond well to standard MG therapies
including pyridostigmine, IVIG, corticosteroids, or other immunosuppressants, with no worsening of FSHD

symptoms reported [1-10].

The pathophysiology of MG development in patients with FSHD remains unclear [1, 3, 5, 9]. Chronic
myofiber degeneration in muscular dystrophies has been speculated to promote autoimmunity by exposing self-

antigens and breaking immune tolerance [1, 2, 4, 6, 7, 9]. Additionally, reports of MG coincident with muscular
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dystrophies feature a disproportionately large number of cases with FSHD [8], and 10 patients with MG and
FSHD were recently identified at a single center [4]. However, overlap of these two conditions is still rare, and it

remains to be seen if co-occurrence of FSHD and MG is incidental rather than causal [2, 7, 9].
Conclusion

This case underscores the need to reassess new or worsening symptoms in patients with established
neuromuscular disease, particularly for patients with FSHD, who may be at greater risk of developing an
autoinflammatory condition. Fluctuating and rapid changes in weakness and bulbar dysfunction in FSHD should
prompt evaluation for coexisting, potentially treatable conditions with important implications for management and

outcomes.
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