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INTRODUCTION 

  





1General introduction, aims and outline

Adapted from
What’s in a name? 

The clinical features of facioscapulohumeral muscular dystrophy

Karlien Mul*, Saskia Lassche*, Nicol Voermans, 
George Padberg, Corinne Horlings, Baziel van Engelen

* contributed equally

Practical Neurology 2016 Jun;16(3):201-7





Introduction

Out of over 200 muscle disorders, facioscapulohumeral muscular dystrophy (FSHD) has 
one of the most distinct clinical phenotypes. It has a unique pattern of asymmetrical 
muscle weakness that is instantly recognizable to the trained eye. Patients with 

FSHD have weakness of the muscles of the face – facio – which causes a reduced ability to 
smile1, 2. Weakness of the muscles of the shoulder – scapulohumeral – causes an inability to 
lift the arms above shoulder height, hindering activities of daily living such as washing one’s 
hair, reaching for the upper kitchen cabinet, or taking something from the top shelf in the 
supermarket (figure 1). In more advanced disease muscle weakness extends to the muscles 
of the trunk, causing a protruding abdomen and increased lumbar lordosis. Weakness of the 
pelvic girdle and lower limbs, often with severe asymmetrical foot drop, leads to difficulties in 
standing up from a chair, walking and climbing stairs. About 20% of FSHD patients become 
dependent on a wheelchair by age 503, 4.

Figure 1 Clinical phenotype of FSHD

Genetic mechanism of FSHD
FSHD has a complex causative mechanism with both genetic and epigenetic contributing factors 
(figure 2). The majority of FSHD cases are caused by contraction of the D4Z4 macrosatellite 
repeat array in the subtelomere of chromosome 4q5-7. In these cases, D4Z4 repeat size is reduced 
from the normal 8-100 to 1-10 units. In the presence of a permissive genetic haplotype, a 
1-10 unit D4Z4 repeat contraction results in local hypomethylation which allows intermittent 
expression of a myotoxic protein: double homeobox 4 (DUX4)8-11. The discovery of this genetic 
mechanism and ensuing studies have increased our understanding of the pathophysiology of 
FSHD.  
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Photograph showing one 
of the typical features of 
FSHD: scapular winging 
and limitation of arm 
abduction. Also note the 
‘triple hill sign’ which is 
caused by atrophy of the 
trapezius muscle combined 
with  upward movement of 
the  superior angle of the 
scapula1, displacement of 
the acromioclavicular joint2, 
and atrophy of the proximal 
deltoid and biceps brachii 
with spared muscle bulk of 
the distal deltoid3. 

Photograph printed with 
permission. 

1



Figure 2 Genetics of FSHD

Consequences of DUX4 expression 
DUX4 is a transcription factor that is transiently expressed during early embryonic develop-
ment and is epigenetically repressed in postnatal muscle18-23. In FSHD, aberrant expression 
of DUX4 activates genes that are normally not expressed in mature skeletal muscle24, 25. 
DUX4 signature expression, which is the expression of a group of genes that occurs as the 
result of pathological DUX4 expression in FSHD, disrupts myogenesis and induces apop-
tosis through activation of the p53 and caspase-3 pathways26-33. DUX4 may also activate 
ubiquitin-mediated protein degradation pathways including E3 ubiquitin ligases such as 
Atrogin-1 and MuRF134. DUX4-mediated induction of these pathways is damaging to 
muscle tissue, resulting in reduced muscle size (atrophy), excessive accumulation of extra-
cellular matrix proteins such as collagen (fibrosis) and replacement of muscle fibers with fat 
(fatty infiltration). 

16

Chapter 1

The FSHD genetic defect is located in the subtelomeric part of chromosome 4 (4q35). In healthy 
individuals, the D4Z4 repeat in the subtelomeric region of 4q35 is hypermethylated and has a 
size of 8-100 units. In FSHD, there is both a D4Z4 repeat contraction of 1-10 units, resulting in 
hypomethylation, and a permissive 4qA haplotype which allows stabilization of the DUX4 transcript. 
This mechanism causes 95% of all FSHD cases and is called FSHD1. 

In FSHD2, there is a heterozygous mutation in SMCHD1 or DNMT3B or a homozygous mutation 
in LRIF1 resulting in hypomethylation of the D4Z4 repeat. D4Z4 hypomethylation combined with a 
moderate repeat contraction of 8-20 units and a permissive 4qA haplotype which allows stabilization 
of the DUX4 transcript results in FSHD212-15. SMCHD1, DNMT3B and LRIF1 are located on a 
different chromosome than the D4Z4 repeat and 4qA allele (chromosome 18, chromosome 20 and 
chromosome 1, respectively). As a result, FSHD2 has a digenic inheritance pattern. FSHD1 and 
FSHD2 both result in aberrant DUX4 expression and are clinically indistinguishable16. Families with 
both FSHD1 and FSHD2 mutations have also been described16.
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Panels A-F show axial upper (A-C) and lower (D-F) limb T1 and TIRM images from control and FSHD 
participants. Normal muscle tissue is grey, fat infiltrated muscle is white.
 
A Male control participant. The vastus lateralis is marked VL. 
B Male FSHD participant. Compare the severe fatty infiltration of the vastus lateralis and posterior 
compartment (arrow), with the spared sartorius muscle (*). 
C Corresponding TIRM of the same FSHD participant shows a small hyperintense area in the anterior 
part of the vastus lateralis (arrow). 
D Male control participant. The tibialis anterior is marked TA. 
E Female FSHD participant. Compare the severe fatty infiltration of the medial gastrocnemius muscle 
(arrow) with the spared tibialis posterior muscle (*). 
F Corresponding TIRM shows marked hyperintensity in the tibialis anterior (arrow).

Muscle imaging in FSHD 
The destructive consequences of DUX4 expression can be visualized with muscle MRI or 
ultrasound (figure 3). Muscle MRI is the most established technique to measure the amount 
of fatty infiltration, which reflects accumulated damage and correlates with FSHD clinical 
severity scores35-41. The amount of fatty infiltration can be assessed semi-quantitatively by using 
the ordinal five-point modified Lamminen Scale42, 43. The amount of fatty infiltration can 
also be assessed quantitatively through analysis of T2 relaxation times or by using the 2pt- or 
3pt-Dixon technique to create separated fat fraction maps40, 44. Due to its ability to detect and 
quantify small changes in fatty infiltration over time, quantitative muscle MRI can be used in 
clinical trials as an imaging biomarker of disease progression39, 45, 46. Current MRI techniques 
are not able to determine fibrosis, which can be assessed with muscle ultrasound36, 47, 48.

Figure 3 Muscle MRI in normal and diseased muscle

1
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Panels A-D show axial upper 
limb T1 images from a male 
control and a male FSHD 
participant. 

A Quadriceps cross-sectional 
area (CSA) in a control 
participant. 
B Quadriceps contratile cross-
sectional area (CCSA) in a 
control participant. Due to low 
amounts of fatty infiltration, 
the difference between CSA 
and CCSA is negligible in most 
controls. 
C Quadriceps CSA in a FSHD 
participant. Muscle atrophy 
reduces CSA. 
D Quadriceps CCSA in a 
FSHD participant. Note the 
severe fatty infiltration which 
replaces muscle fibers, resulting 
in reduced CCSA.

Around 4-12% of individual FSHD lower limb muscles show muscle edema, which can 
be visualized with MRI inversion recovery imaging (e.g. Turbo Inversion Recovery Magni-
tude – TIRM, or Short Tau Inversion Recovery – STIR, figure 3)35, 49. TIRM hyperintense 
muscles have higher levels of DUX4 signature expression, faster rates of progression of fatty 
infiltration, and more severe histopathological abnormalities including necrosis, regenera-
tion and inflammation37, 39, 46, 49-52.

Contractile function in FSHD
Why are FSHD muscles weak? Several factors influence contractile function in FSHD and 
other muscle disorders.  This section will discuss factors that influence in vivo force generation 
– muscle cross-sectional area and muscle specific force – and the impact of atrophy, fibrosis and 
fatty infiltration on these factors. The subsequent section will discuss determinants of muscle 
specific force, with particular emphasis on muscle fiber contractile function. 

Absolute force, which is the total amount of force generated by a muscle, is determined by 
muscle cross-sectional area, which reflects the amount of muscle fibers in parallel, and by 
muscle specific force, which is the amount of force generated per unit of CSA (figure 4, 5). 
Several factors in health and disease influence muscle CSA. Aging, physical inactivity and 
muscle disease cause muscle atrophy, resulting in reduced CSA. 

Figure 4 Quadriceps cross-sectional area and contractile cross-sectional area
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A Muscle absolute force (in this illustration: the total forward momentum of the boat, represented 
as the sum of the forward momentum of all individual arrows) is determined by muscle CCSA (in 
this illustration: the  number of rowers, represented as individual arrows), and by specific force, 
i.e. the amount of force generated per unit of CCSA (in this illustration: the amount of forward 
momentum generated  by each individual rower, represented by intact or broken oars and size of 
individual arrows). 
B Atrophy, fibrosis and fatty infiltration reduce CCSA (i.e. less rowers), resulting in reduced muscle 
absolute force, with preserved specific force. 
C Muscle disease can also impair the function of remaining contractile material (i.e. broken oars), 
resulting in reduced muscle specific force. If CCSA remains equal, reduced specific force results in 
reduced absolute force. Note that although this illustration depicts rowers seated in series, muscle 
absolute force is determined by the amount of muscle fibers in parallel.  

A Muscle absolute force (in this illustration: the total forward momentum of the boat, represented 
as the sum of the forward momentum of all individual arrows) is determined by muscle CCSA (in 
this illustration: the  number of rowers, represented as individual arrows), and by specific force, 
i.e. the amount of force generated per unit of CCSA (in this illustration: the amount of forward 
momentum generated  by each individual rower, represented by intact or broken oars and size of 
individual arrows). 
B Atrophy, fibrosis and fatty infiltration reduce CCSA (i.e. less rowers), resulting in reduced muscle 
absolute force, with preserved specific force. 
C Muscle disease can also impair the function of remaining contractile material (i.e. broken oars), 
resulting in reduced muscle specific force. If CCSA remains equal, reduced specific force results in 
reduced absolute force. Note that although this illustration depicts rowers seated in series, muscle 
absolute force is determined by the amount of muscle fibers in parallel.  

Figure 5 Muscle absolute and specific force

Muscle disease is associated with increased amounts of fibrosis and fatty infiltration, which can 
also be the result of aging (fibrosis) and obesity (fatty infiltration). Fibrosis and fatty infiltration 
replace muscle fibers, resulting in a reduced amount of muscle fibers per CSA. Muscle MRI 
can be used to determine the contractile cross-sectional area, which is the cross-sectional area 
corrected for the amount of fatty infiltration (figure 4). In this thesis, muscle absolute force 
is determined using the following formula:

Absolute force  =  CCSA  x  Specific force

Muscle disease can also impair the function of remaining contractile material, resulting in 
reduced specific force. Previous studies have shown that quadriceps specific force is reduced 
in patients with FSHD53, 54. The exact cause of reduced quadriceps specific force in patients 
with FSHD is unknown. 

1
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Determinants of muscle specific force 
This thesis investigates potential causes of reduced specific force in FSHD, with particular 
emphasis on quadriceps muscle fiber contractile function. The following section will describe 
determinants of specific force that are investigated in this thesis. 

One of the most important determinants of muscle specific force is the contractile function 
of individual muscle fibers. Muscle fiber absolute force is the amount of force generated by 
an individual muscle fiber. Muscle fiber absolute force is determined by muscle fiber cross-
sectional area and by muscle fiber specific force, which is the amount of force generated per 
muscle fiber cross-sectional area. In FSHD and other muscle disorders, there is an increased 
variability in fiber cross-sectional area due to fiber atrophy and hypertrophy. Whether muscle 
fiber specific force is affected in FSHD is unknown. 

Several factors influence muscle fiber specific force. Muscle fibers can be classified into different 
fiber types based on the expression of myosin heavy chain (MyHC) isoforms or ATPase 
histochemistry55. Type 1 (slow oxidative) muscle fibers generate less specific force, but have 
greater endurance. Type 2 (fast) muscle fibers include type 2A (fast oxidative) and type 2B 
(fast glycolytic) fibers. Type 2 muscle fibers generate higher specific force and have higher 
contraction speeds, but less endurance compared to type 1 fibers. Several factors influence the 
contractile properties of different fiber types, including mitochondrial density, development 
of the sarcoplasmatic reticulum, and intrinsic properties of different MyHC isoforms55. 

Within individual muscle fibers, force is generated by contractile proteins that are arranged in 
sarcomeres, the smallest contractile units in muscle (figure 6)56, 57. Specific force is determined 
by cross-bridge cycling kinetics, which includes the number and force of strongly bound 
cross-bridges. Another determinant of specific force is calcium sensitivity of force, which is the 
amount of force generated in response to a given level of Ca2+ 58. Altered calcium sensitivity 
of force does not necessarily reduce maximum muscle fiber specific force, but affects specific 
force at submaximal Ca2+ levels present during physiological muscle contraction.  

In muscle fiber mechanics, the term active force is used to describe absolute or specific force 
which is generated as the result of excitation-contraction coupling. Active force is distinguished 
from passive force, which is force generated by a muscle fiber which is stretched but not activated 
by Ca2+ 59. Muscle fiber passive force is generated mostly by titin, an important structural protein 
that functions as a molecular spring. Actomyosin-based active and titin-based passive force are 
interdependent and both contribute to muscle fiber contractile function59, 60. 

Other important contributors to muscle specific force include, but are not limited to, energy 
metabolism and upstream processes in excitation-contraction coupling such as Ca2+ release 
and handling. These factors are beyond the scope of this introduction.
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Figure 6 Muscle structure and the sarcomere

Schematic representation of muscle structure. Muscle contraction is initiated by an action potential 
in the motor neuron axon, which activates the neuromuscular junction resulting in depolarization 
of the muscle fiber sarcolemma. The action potential travels across the sarcolemma and T-tubuli 
(excitation). This process triggers calcium release by the sarcoplasmic reticulum, initiating actin-
myosin cross-bridge formation and sarcomere shortening (contraction). 

Schematic representation of the sarcomere. Upon activation with calcium, cross-bridges are formed 
between the actin (thin) and myosin (thick) filaments. This induces myofilament sliding and enables 
muscle contraction. Crossbridge formation is facilitated by troponin, which upon Ca2+ binding 
changes its conformational state to move tropomyosin, which exposes myosin-binding sites on the 
actin myofilament. Other important components of the sarcomere include titin, which stabilizes 
the sarcomere during contraction and contributes to passive force, and nebulin, which acts as a 
molecular ruler and plays an important role in the regulation of thin filament length.

1
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Aims and outline of this thesis
The 2010s have brought a unifying genetic model for FSHD, followed by multiple studies 
that investigated the consequences of DUX4 on downstream gene expression and the effect 
of DUX4 on myoblasts and myotubes in cell culture8, 21, 24, 26, 27, 29, 30, 34, 61-65. Imaging studies 
have visualized the ultimate consequences of DUX4 for the muscles of patients with FSHD 
– atrophy, fibrosis and severe fatty infiltration resulting in reduced CCSA37, 39, 45, 46, 51, 52.  
However, loss of contractile material is not the only mechanism that contributes to muscle 
weakness in patients with FSHD, as quadriceps specific force is also impaired53, 54. 

This thesis investigates the causes of reduced quadriceps specific force in FSHD, with 
particular emphasis on muscle fiber contractile function. Additional questions are whether 
changes in muscle fiber contractile function are the result of FSHD specific pathology, or a 
physiological adaptation to muscle disease. Figure 7 summarizes the concepts described in 
this chapter and research questions for this thesis.

DUX4 signature expression in FSHD muscle fibers upregulates pathways that induce sarcomeric 
protein degradation, such as p53, caspase-3 and ubiquitin mediated proteolysis. This could 
impair contractile function of the sarcomere, resulting in reduced muscle fiber specific force24, 

31, 32, 34. However, skeletal muscle is capable of many functional and structural adaptations in 
response to changes in physical activity, comorbid disease, and environmental influences. Hence, 
changes in muscle or muscle fiber contractile function may be physiological adaptations to 
changes associated with muscle disease. 

With the prospect of potential therapeutic strategies that may arrive in the 2020s, it is 
paramount to dissect the causes of muscle weakness in FSHD in order to develop suitable 
outcome measures for DUX4-directed treatments and tailored treatment approaches that may 
augment muscle strength in affected muscles66, 67.
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Figure 7 Investigations of muscle and muscle fiber contractile function in this thesis

Schematic describing the elements that contribute to absolute and specific force in muscle (quadriceps) 
and single muscle fibers as investigated in this thesis. Circled numbers refer to thesis chapters. 

Quadriceps cross-sectional area (CSA), contractile cross-sectional area (CCSA), absolute and specific 
force (illustrated in figure 5) are investigated in chapter 7. Muscle fiber specific force and contractile 
properties of the sarcomere (illustrated in figure 6) are investigated in chapters 5 and 6. Chapter 
4 describes clinical characteristics, MRI and muscle biopsies of participants. Chapters 8, 9 and 10 
investigate contractile function in other muscle disorders – IBM and OPMD – and DUX4 signature 
expression in FSHD to determine whether any changes in muscle and/or muscle fiber contractile 
function are specific for FSHD, or a physiological adaptation to muscle disease.

1
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Thesis outline
Part I of this thesis provides an introduction of FSHD and of the concepts involved, aims 
and outline of this thesis (current chapter).

Part II of this study describes the methods used in this thesis and clinical characteristics,  MRI 
and muscle biopsies of the participants (chapters 2 – 4). All investigations in chapters 6 – 
10 were performed in a large group of controls and patients with FSHD, IBM and OPMD, 
using the same methods for all participants. 

Part III is the central part of this thesis and investigates quadriceps and muscle fiber contractile 
function in FSHD.

Chapters 5 and 6 investigate ex vivo muscle fiber contractile function in isolated single 
muscle fibers obtained from FSHD muscle biopsies with variable degrees of fatty infiltration, 
to determine whether reduced muscle fiber specific force contributes to reduced quadriceps 
specific force in patients with FSHD. 

Chapter 7 investigates in vivo quadriceps contractile function in patients with mild and severe 
FSHD, to confirm previous studies and investigate quadriceps specific force in relation to 
disease severity. Furthermore, this chapter explores whether changes in fiber type distribution 
and muscle architecture contribute to reduced quadriceps specific force in patients with 
FSHD. 

Part IV of this thesis investigates in vivo and ex vivo contractile function in other muscle 
disorders to determine whether the findings described in part III are specific for FSHD, or 
physiological adaptations to muscle disease. Two other muscle disorders were selected to reflect 
histopathological features that occur in FSHD muscle biopsies: inflammation and dystrophic 
changes.  

Chapter 8 investigates quadriceps and muscle fiber contractile function in an inflammatory 
myopathy: inclusion body myositis (IBM). 

Chapter 9 investigates quadriceps and muscle fiber contractile function in a muscular 
dystrophy: oculopharyngeal muscular dystrophy (OPMD). 

    
Part IV of this thesis investigates DUX4 signature and differential gene expression  in relation 
to imaging abnormalities in FSHD (chapter 10). These findings are used in the discussion to 
determine the consequences of DUX4 expression on contractile function in FSHD. 

Part V of this thesis will provide a summary of findings, discussion of the main results and 
future perspectives (chapters 11-12). 
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Methods

Overview

This thesis uses in vivo and ex vivo studies of quadriceps and muscle fiber contractile 
function to determine whether reduced quadriceps specific force in patients with 
facioscapulohumeral muscular dystrophy (FSHD) is the result of reduced muscle fiber 

specific force. Other potential causes of reduced quadriceps specific force, in particular changes 
in fiber type distribution and muscle architecture, are also explored. Secondary questions are 
whether changes in muscle fiber contractile function are the result of FSHD specific pathology, 
or physiological adaptations to muscle disease. 

All findings except those in chapter 5 were performed in a large group of controls and 
patients with FSHD, inclusion body myositis (IBM) and oculopharyngeal muscular dystrophy 
(OPMD). All participants were recruited specifically for this study and underwent the same 
investigations. This chapter provides the methods for chapters 3, 4 and 6-10.  

Clinical disease severity was determined using the ordinal Ricci Clinical Severity Scale (CSS) 
for patients with FSHD, and in all participants through a functional evaluation that included 
manual muscle testing (MMT), six-minute walking test (6MWT), motor function measure 
(MFM) and measurement of physical activity using an actometer. Disease severity of individual 
muscles or muscle groups was determined with quantitative MRI to determine the amount of 
fatty infiltration, and histopathological analysis of vastus lateralis and tibialis anterior muscle 
biopsies.  

In vivo contractile function was investigated in the quadriceps. Quantitative force measurements 
and quantitative MRI were used to determine in vivo quadriceps specific force.  

Ex vivo contractile function were investigated in isolated single muscle fibers obtained from 
vastus lateralis and tibialis anterior muscle biopsies.

Participants
Recruitment of participants was based on the Dutch Computer Registry of All Myopathies 
and Polyneuropathies (CRAMP) and through the patient organization newsletter and annual 
patient conference68. Clinical assessment and muscle MRI were performed after inclusion and 
didn’t influence participant selection. Exclusion criteria were: age <18 or ≥65 years, diabetes 
mellitus, chronic obstructive pulmonary disease, chronic heart failure, current malignancy, 
previous treatment with chemotherapy and/or radiation therapy, use of corticosteroids during 
more than two weeks in the past 5 years, current use of statins, wheelchair bound, contra-
indications for MRI or muscle biopsy. Age and sex matching was applied on the group level, 
resulting in an adjustment of the lower age limit to ~40 years during patient recruitment. 
The Medical Ethics Review Committee region Arnhem-Nijmegen approved this study (no. 
2011/181). Written informed consent was obtained from all participants.

2
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Table 1 Methods per chapter

Part I II III IV

Chapter 3 4 6 7 8 9 10

Participants

Control x x x x x x

FSHD x x x x x1

IBM x x

OPMD x x

Disease severity - clinical evaluation

CSS x x x x x

MRC x x

6MWT x

MFM x x

Physical activity x

Disease severity - individual muscles or muscle groups

Quantitative MRI x x x x x x x

Histopathology x x x x x x x

Contractile function

In vivo - quadriceps x x x

Ex vivo - single muscle fibers x x x

Other investigations

Titin content & phosphorylation x

RNA sequencing x

 

FSHD
All participants had genetically confirmed FSHD. Disease severity was assessed using the Ricci 
Clinical Severity Scale (CSS)69. Lower CSS scores <5 reflect mild-to-moderate disease that is 
limited to the face and shoulder girdle, without pelvic or leg muscle weakness. Higher scores 
≥5 reflect more severe disease with pelvic girdle and/or leg muscle weakness. In chapter 7 we 
grouped patients with low CSS scores <5 (mild FSHD) and patients with high CSS scores ≥5 
(severe FSHD) to demonstrate changes associated with mild and severe disease.

Healthy controls
Healthy individuals without neuromuscular disease were included as healthy controls. Most 
healthy controls were spouses or peers of the participants with muscle disease, living in similar 
environments. 

1 Includes additional FSHD vastus lateralis muscle biopsies



33

Methods

Disease controls
Two disease control groups (one with inflammatory myopathy and one with muscular dystrophy) 
were included to determine whether changes in muscle fiber contractile function are specific 
for FSHD, or a physiological adaptation to muscle disease.
 
IBM
For the inflammatory myopathy control group, patient with IBM fulfilling the modified 
2010 Griggs criteria were included70. We chose IBM because it is relatively common, has 
defined histopathological features and diagnostic criteria, and patients are not treated with 
corticosteroids, which is an exclusion criterion for this study. Anti-cN-1A reactivity was 
established using ELISA71.

OPMD
For the muscular dystrophy disease control group, patients with genetically confirmed OPMD 
(trinucleotide repeats expansion in PABPN1) were included. OPMD was chosen because it 
is a relatively common muscular dystrophy, has an adult age of onset and has no associated 
systemic features that might influence muscle fiber function. Also, patients are not likely to 
be wheelchair bound, which is an exclusion criterion for this study. 

Disease severity - clinical evaluation
Length and weight were measured to calculate body mass index (BMI)72. Muscle strength was 
graded with the Medical Research Council (MRC) scale73. Functional performance was assessed 
using the 6-minute walk test and Motor Function Measure (MFM), a 32-item scale which 
measures the functional abilities of a person affected with neuromuscular disease, expressed 
as a percentage of maximal functional performance74, 75. The MFM is composed of three 
domains: 1. Standing and transfers, 2. Axial and proximal functions, 3. Distal functions. 
Physical activity was measuring using an actometer, a motion sensing device worn around the 
ankle for 14 days76. The first and last day of registration were discarded, leaving 12 complete 
days for analysis of physical activity. 

Disease severity - individual muscles or muscle groups
Muscle MRI
MRI protocol
Prior to MRI imaging, the prospective muscle biopsy site was marked on the skin with a fish-
oil marker. Prospective biopsy sites were positioned on a line connecting the anterior superior 
iliac spine (ASIS) and patella; ⅔ from the ASIS and ⅓ from the patella for the upper leg, and 
on the maximum muscle bulk of the tibialis anterior for the lower leg (figure 1).  The right 
leg was biopsied except in the presence of asymmetrical weakness, in which case the weakest 
leg was biopsied. 
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Figure 1 Quantitative MRI analysis

Transversal T1 weighted, multi-echo T2 images and Turbo Inversion Recovery sequences 
(TIRM) of the upper and lower leg were acquired on a 3 Tesla MRI system (Tim TRIO, 
Siemens, Erlangen, Germany) using a spine array coil and two phased-array coils placed 
around the legs. Patients were placed in the scanner feet first supine. The table was positioned 
to have first the upper and subsequently the lower leg in the isocenter of the magnetic field. 
Scout images were acquired in three orthogonal directions for accurate positioning of the MRI 
slices, centered on the fish-oil marker to facilitate correlation between radiological findings 
and tissue-based studies. Eight transversal slices (FOV 175x175 mm2, thickness 4mm, gap 6 
mm, base resolution 256) were acquired with a T2 multi spin echo sequence (TR: 3000 ms, 
16 equally spaced echo times 7.7 – 123.2 ms). Next 23 transversal slices (thickness 4 mm, gap 
0.4 mm) were obtained with a T1 turbo spin echo sequence (FOV 250x244.5 mm2, TR/TE 
600 ms/13 ms, base resolution 448), and with a Turbo Inversion Recovery sequence (TIRM) 
(FOV 175x175 mm2, TR/TE/TI 4100 ms/41 ms/220 ms, base resolution 256). 

Quantitative MRI analysis
Multi-echo T2 images were analyzed using a custom-made data analysis program as described 
previously40. For chapters 3, 6, and 8-10, the amount of fatty infiltration  of the vastus lateralis 
and tibialis anterior quantified by manually tracing the outline of the individual muscle on 
the multi-echo T2 images corresponding to the fish-oil marker (figure 1). For MRI-guided 
biopsies, fat percentage was determined for the entire muscle as well as a ~1cm circular area 
drawn around the MRI-guided biopsy site. 

Transversal T1, T2 and TIRM images were obtained at the level of the prospective muscle biopsy sites, 
at ⅓ of the distance between patella and ASIS for the upper leg, and at the maximum muscle bulk of 
the tibialis anterior for the lower leg. A fish-oil marker was placed on the skin to mark the prospective 
biopsy site. The outline of the vastus lateralis, tibialis anterior, quadriceps and MRI-guided biopsy 
site was manually traced on the T2 images corresponding to the approximate level of muscle biopsy.
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In healthy controls, muscle fat percentage as determined by quantitative MRI usually does 
not exceed 10-15%. Older age, obesity and female sex may result in higher intramuscular fat 
percentages >15%36, 39, 77, 78. In chapters 6 and 10, FSHD biopsies obtained from a muscle 
or area with <15% fatty infiltration are referred to as FSHDNORMAL or FATNEG. FSHD biopsies 
obtained from a muscle or area with ≥15% fatty infiltration are referred to as FSHDNORMAL 

or FATPOS. Determination of fat percentage at the area surrounding the MRI-guided muscle 
biopsy did not result in a different classification of the muscle compared to determination of 
fat percentage of the entire vastus lateralis. 

In chapters 8-10 muscle and fat fraction of the quadriceps (vastus lateralis, vastus intermedius, 
vastus medialis, rectus femoris) were determined using the same method40. The outline of the 
quadriceps was traced in ImageJ to determine quadriceps total cross-sectional area (TCSA). 
Using TCSA and quadriceps muscle and fat fractions, the relative contribution of lean muscle 
mass (contractile cross-sectional area: CCSA) and fatty infiltration (fat infiltrated cross-sectional 
area: FCSA) were calculated. TIRM hyperintensity was detected visually. 

TIRM analysis
TIRM images were evaluated qualitatively for the presence or absence of hyperintense 
changes. In chapters 4 and 10, FSHD biopsies obtained from a muscle or area with TIRM 
hyperintensity are referred to as TIRMPOS and biopsies obtained from a muscle or area without 
TIRM hyperintensity are referred to as TIRMNEG.

Muscle biopsy
Muscle biopsy procedures
Bergström needle biopsies of the vastus lateralis and of the tibialis anterior were obtained 
from each participant. Muscle biopsies were performed by an experienced neurology resident 
taking routine antiseptic precautions79. The tibialis anterior was chosen because this muscle is 
affected early and severely in patients with FSHD. The vastus lateralis was included to obtain 
additional tissue from a less affected muscle in the lower limb. In FSHD patients, all vastus 
lateralis muscle biopsies except one were performed with MRI-guidance by an intervention 
radiologist (chapter 3). This was done to prevent sampling error, because in FSHD fatty 
infiltration in the vastus lateralis can be patchy even on a transverse axial plane80. MRI-guided 
FSHD vastus lateralis muscle biopsies (chapter 3) were performed immediately after MRI 
scanning. All other biopsies were performed on the same day, targeting the marked biopsy 
site. Biopsy specimens were split in three sections and: 

1.  Immediately snap-frozen in liquid nitrogen and stored at -80°C for titin studies and 
RNA sequencing.
2.  Immediately deposited in a solution containing 2ml of relaxing solution, 2ml of glycerol 
and high concentration protease inhibitors: 2µl DTT, 20µl E64, 20µL Leupeptin, 2.4µl PMSF. 
The sample was placed on a rolling bench at ~4°C for 24 hours. The next day, the sample 
was transferred to a solution containing 2ml of relaxing solution, 2ml of glycerol and low
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A Control tibialis anterior biopsy, MRI showed 3% fatty infiltration and normal TIRM. Histopathological 
severity sum score is 3: mild increased variability in fiber size (compare fibers ○ and ●), mild increase 
in internal nuclei (arrows), no necrosis and/or regeneration and mild fibrosis (dotted arrow). 
B FSHD vastus lateralis biopsy, MRI showed 53% fatty infiltration and TIRM hyperintensity. 
Histopathological severity sum score is 10: severe increased variability in fiber size (compare fibers 
○ and ●),  moderate increase in internal nuclei (arrows), moderate necrosis and/or regeneration, 
and severe fibrosis (dotted arrow). Inflammation was scored as mild.

concentration protease inhibitors: 2µl DTT, 2µl E64, 2µL Leupeptin, 2.4µl PMSF and 
stored at -20°C.  The composition of these solutions are described below81.
3.  Transported to the department of Pathology, snap-frozen in isopenthane and stored at 
-80°C for histopathological analysis.

Immunohistochemistry
Frozen sections underwent hematoxylin-phloxine (HPhlox) staining to evaluate variability in 
fiber size, extent of central nucleation, necrosis and/or regeneration, and interstitial fibrosis, 
which were graded as normal (0), mild (1), moderate (2) or severe (3) (figure 2). A minor 
increase in internal nuclei <3% was considered normal and scored as 0. The presence of any 
necrosis and/or regeneration was considered abnormal and scored as ≥1 depending on the 
severity of abnormalities. Interstitial fibrosis in a localized part of the muscle biopsy was 
scored as 1, more extensive interstitial fibrosis was scored as ≥2 depending on the severity of 
abnormalities. 

Severity scores of these 4 parameters were then added to provide a cumulative histopathological 
sum score between 0 and 1282. Inflammation was graded separately as normal (0), mild 
(1), moderate (2) or severe (3). The presence of any inflammation was considered abnormal 
and scored as ≥1 depending on the severity of abnormalities. All scores were assigned by an 
experienced neuropathologist who was who was aware that the dataset included biopsies 
from healthy controls and patients with IBM, FSHD and OPMD, but who was blinded to 
the exact diagnosis. 

Figure 2 Histopathological analysis
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Contractile function
In vivo quadriceps contractile function
Quadriceps specific force 
Maximum voluntary contraction (MVC) of the quadriceps was measured in the leg selected 
for quantitative MRI and muscle biopsy: the right leg, except in the presence of asymmetrical 
weakness in which case the weakest leg was chosen. MVC was measured on a fixed quadriceps 
dynamometer, with the hip angle in 90° and the knee angle set at 120° 83. Participants were 
strapped at the hips and upper body to prevent compensatory movements. Participants were 
asked to perform an isometric MVC and sustain maximum force for three seconds. MVC was 
repeated three times, and average mean force from three measurements was used to represent 
MVC84. Quadriceps specific force (mN/mm2) was calculated by dividing MVC by CCSA as 
determined with quantitative MRI.

Quadriceps force-frequency relationship
After a five-minute resting period, the 100Hz current that evokes 30% of MVC was determined 
and used for all subsequent measurements. Electrical pulses were administered through two 
self-adhesive surface electrodes placed proximally over the rectus femoris and distally over the 
vastus medialis. After another five-minute resting period, one-second pulse trains at frequencies 
of 1Hz – 100Hz – 1 Hz – 10 Hz – 20 Hz – 30 Hz – 50 Hz – 1 Hz were applied to determine 
the force-frequency relationship. A one-minute resting period was applied between each pulse 
train. The 1 Hz stimulation was performed multiple times to verify that the 100 Hz pulse 
train caused no muscle fatigue or potentiation. 

Ex vivo single muscle fiber contractile function
Composition of solutions

“Relaxing solution” (pCa 9.0) was used for fiber storage, fiber isolation and during fiber 
contractile studies (100mM BES; 6.97 mM EGTA; 6.48 mM MgCl2; 5.89 mM Na2-ATP; 
40.76 mM K-propionate; 14.50 mM creatine phosphate). Pre-activating solution was used 
for fiber pre-activation (100mM BES; 0.1 mM EGTA; 6.48 mM MgCl2; 5.89 mM Na2-ATP; 
40.76 mM K-propionate; 14.50 mM creatine phosphate; 6.9 mM HDTA). Activating solution 
was used for force measurements (100mM BES; 7.0 mM Ca-EGTA; 6.48 mM MgCl2; 5.89 
mM Na2-ATP; 40.76 mM K-propionate; 14.50 mM creatine phosphate). Different dilutions 
were used for measurement of calcium sensitivity of force and are expressed as –log[Ca2+]: pCa 
6.4 – 6.2 – 6.0 – 5.8 – 5.4 – 4.5. 

Single muscle fiber preparation
Muscle tissue was placed in a 4°C relaxing solution containing 1% Triton X-100 for 15 minutes. 
Triton is used to permeabilize the plasma membranes, resulting in skinned’ muscle fibers which 
permits analysis of sarcomeric function. Afterwards, fibers were transferred to a relaxing solution 
and kept at 4°C during isolation of single muscle fibers85. Protease inhibitors were added to 
the solutions to prevent protein degradation. Single muscle fibers of were isolated and fiber 
ends were attached to aluminum t-clips, which were mounted between a 
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length motor on one end and a force transducer on the other. Sarcomere length was set at 
2.5 µm for measurements of maximum and specific force, cross-bridge cycling kinetics and 
calcium sensitivity of force. Fiber width and depth were measured at three points along the 
muscle fiber at  40x magnification to calculate the fiber cross-sectional area. Fiber length was 
measured at 10x magnification. 

Single muscle fiber specific force
Prior to activation, the fiber was transferred to pre-activating solution for 60 seconds. Maximum 
force was determined by activating the fibers with a saturating Ca2+ solution (figure 3). Specific 
force (mN/mm2) was determined by dividing maximum force by fiber cross-sectional area, 
reflecting the force generated by the sarcomeres. 

Cross-bridge cycling kinetics
After development of maximum force, rapid unloading and shortening of the muscle fiber 
was applied to determine the rate constant of force redevelopment (ktr). Ktr reflects the 
fraction of strongly bound cross-bridges. After redevelopment of maximum force, slight length 
perturbations of -0.9, -0.6, -0.3, 0.3, 0.6 and 0.9% were imposed on the muscle fiber to 
determine active stiffness, which reflects the number of attached cross-bridges during activation. 
Specific force was divided by normalized active stiffness to calculate the tension/stiffness ratio, 
which reflect the amount of force generated per cross-bridge (assuming intact myofibrils). 

Calcium sensitivity of force
After measurement of maximum force and cross-bridge cycling kinetics the fiber was rested in 
relaxing solution for 5 minutes. Sarcomere length was verified and adjusted if necessary before 
continuing with the measurements. Calcium sensitivity of force was determined by transferring 
the muscle fiber to solutions with incremental concentrations of Ca2+ (pCa 6.4 – 4.5). Fibers 
were excluded if maximum force at pCa 4.5 decreased ≥25% from the force obtained during 
measurement of maximum force and cross-bridge cycling kinetics. Force-pCa data were fitted 
to the Hill equation to provide the pCa50, which is the pCa at which 50% of maximal active 
tension is reached. The steepness of the force-calcium sensitivity curve, h (Hillslope) represents 
the degree of actin-myosin cross-bridge cooperativity86. 

Single muscle fiber passive force
After measurement of calcium sensitivity the fiber was loosened and rested for 5 minutes. Fibers 
were set at their slack length (i.e. the fiber length at which passive force is zero) and from there 
were stretched with a constant velocity of 10% length change/second to a sarcomere length 
of 3.2 µm, held for 90 seconds and then released back to slack length. Tension development 
during stretch was determined to assess passive force. Sarcomere length was assessed during 
the hold phase, fibers with inhomogeneous sarcomere length distribution (≥0.3 µm variation) 
were excluded from the analysis. 
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Figure 3 Single muscle fiber contractile function

MyHC fiber typing
After contractile experiments, single muscle fibers were transferred to 25 µl of SDS sample 
buffer and stored at -20°C until MyHC isoform analysis. MyHC isoform composition 
and concentration of single muscle fibers was determined using sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE)87.  Sample volumes of 8 µl were loaded per 
lane. Gels were run for 24 hours at 15°C and a constant voltage of 275 V. The composition of 
the sample buffer and stacking gel is described elsewhere81. In hybrid fibers (15% of FSHD 
fibers; 9% of control fibers; 9% of IBM fibers; ), fiber type was assigned as type 1 or type 2 
based on the predominant MyHC isoform. Because there were a limited amount of type 2X 
fibers (N = 6 FSHD fibers; N = 4 control fibers) these were analyzed together with type 2A fibers.

A Single muscle fibers were isolated from vastus lateralis and tibialis anterior muscle biopsies. Fiber 
ends were attached to aluminum t-clips, which were mounted between a length motor on one end 
and a force transducer on the other. 
B Representative force tracing for the measurement of maximum force, followed by measurement 
of ktr and active stiffness. After this protocol, the fiber was rested for five minutes and sarcomere 
length was adjusted if necessary.
C Representative force tracing for the measurement of calcium sensitivity of force. After this protocol, 
the fiber was lossened and rested for five minutes. 
D Representative force tracing for the measurement of passive force.
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Other investigations
Titin content and PEVK phosphorylation
Nitrogen-frozen FSHD and healthy control biopsy samples were ground to a fine powder 
and resuspended in an 8M urea buffer, with 50% glycerol and protease inhibitors. Tissue 
homogenates were run on a 1% sodium dodecyl sulfate agarose gel electrophoresis (SDS-
AGE) gel to electrophoricly separate titin from other proteins. Gels were run at 15 mA per gel 
for 3 h and 15 min, then stained using Neuhoff’s Coomassie brilliant blue staining protocol 
and scanned using a commercial scanner (Epson 800, Epson Corporation, Long Beach CA). 
For western blots, samples were run on 0.8% SDS-AGE and subsequently transferred onto 
Immobilon‐P PVDF 0.45 µm membranes (Millipore, Billerica, USA) using a semi-dry transfer 
cell for 2.5 hours at 1.3mA/cm2. Membranes were incubated with primary antibodies against 
titin’s N-terminus (Abnova TTN monoclonal antibody (M09), clone 6H5), C-terminus 
(M8M9, Myomedix), PEVK-region (Developmental Studies Hybridoma Bank, clone 9D10) 
and phospho-specific antibodies against PEVK S11878 and S12022 (serine locations based 
on the cardiac isoform, sequence Q8WZ42-3; custom antibodies) at 4°C overnight88, 89. IR 
Western blots were analyzed using Odyssey Infrared Imaging System (Li‐Cor Biosciences, USA). 

RNA sequencing
RNA sequencing was performed in 25 FSHD and 24 healthy control biopsies. There was 
insufficient material for analysis in the remaining three FSHD biopsies. To expand the dataset, 
an additional 14 FSHD biopsies from a separate Radboudumc-based study, resulting in a 
total of 63 biopsies50, 90. 

Sample processing 
We performed RNA-sequencing on all 24 control and 39 FSHD muscle biopsies. A small piece 
of each muscle biopsy sample (~10 mg) was submerged into 700µl Qiazol lysis reagent (Qiagen 
cat.nr 79306) directly from -80°C. Tissue was lysed using an ultra-turrax T25 homogenizer 
and RNA was isolated using the miRNeasy mini RNA isolation kit (Qiagen cat.nr 217004), 
according to manufacturer’s protocol (including a 30 min on-column DNAse I (Qiagen cat.nr 
79254) treatment). RNA quality was checked on an Agilent BioAnalyzer RNA Nano 6000 kit 
(cat.nr 5067-1511) or Agilent Fragment Analyzer and all RNA samples had an RNA Integrity 
Number (RIN)/RNA Quality Number (RQN) ≥6.6 (with 53/65 samples ≥8). 

Sequencing and sequence analysis pipeline
RNA sample’s sequence libraries were generated with the NEBNext Ultra Directional RNA 
Library Prep Kit for Illumina (NEB #E7420S/L) according to manufacturer’s protocol. Sequence 
libraries were sequenced on an Illumina NextSeq 500 system. Image analysis, base calling, 
and quality check was performed with the NextSeq 500 RTA software (v2.4.11, Illumina) 
and Bcl2fastq (v2.20, Illumina)91. Reads were trimmed with TrimGalore (v0.4.5, cutadapt 
v1.16  https://github.com/FelixKrueger/TrimGalore) and mapped to Genome Reference 
Consortium Human Build 38 (GRCh38, Gencode release 28) using STAR aligner (v2.5.1b, 
https://github.com/alexdobin/STAR)92, 93.  A gene expression counts table was generated using 
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HTSeq (v0.9.1, https://github.com/simon-anders/htseq)94. All biopsy samples were sequenced 
at an average sequencing depth of ~30x106 reads (average raw read count: 29,450,900 reads; 
range 23,280,112 – 55,280,984 reads). 

DUX4 signature analysis
DUX4 signature expression was determined by using the previously described 67 DUX4 
target genes (of which 57 genes remained in the new genome build (GRCh38))21. With the 
sporadic nature of DUX4 and DUX4 target expression, we used a cumulative expression of all 
57 target genes as DUX4 signature expression score. As batch and RUVs-correction becomes 
inaccurate in sporadically expressed genes like the DUX4 signature, we used the sequence depth-
normalized data for this classification. DUX4-positive (DUX4POS) biopsies were classified based 
on a cumulative expression of >20 reads, whereas DUX4-negative (DUX4NEG) biopsies had a 
cumulative expression level of ≤20 reads. All control biopsies had a DUX4 signature expression 
score below this threshold criteria, whereas 19/39 (48.7%) FSHD biopsies were classified 
DUX4POS. Both FSHD biopsy replicate samples were classified DUX4pos in each replicate.

PAX7 signature score
The PAX7 signature score was calculated as described previously by Banerji et al, and is defined 
as the t-statistic comparing the expression of induced and repressed PAX7 targets genes within 
the biopsy sample64, 100. To ensure best comparison, apart from our batch and RUVs-corrected 
data, we also log-transformed (log10(data+0.1)) and quantile-normalized similar to described 
in the publication.     

Statistics
Statistical analysis was performed with IBM SPSS Statistics 22. In chapter 10, analyses were 
performed with either R or Graphpad Prism 8.1. Continuous data were analyzed using one-way 
ANOVA with post-hoc comparisons using Bonferroni’s correction for multiple comparisons. 
Ordinal data were analyzed using Chi-square. Single fiber measurements were analyzed with 
linear mixed models. A random intercept was modeled for individual biopsies and individual 
subjects, using a “variance components” covariance structure. Post-hoc comparisons were 
assessed using Bonferroni’s correction for multiple comparisons. Passive tension curve fits 
were analyzed with a two-way ANOVA with repeated measures, followed by linear mixed 
models to assess differences between groups at different sarcomere lengths. Titin ratios were 
determined by taking the linear intercept of multiple increasing total protein sample loadings 
as a function of the concurrent MyHC intercept. Data are reported as mean ± SEM or median 
± IQR unless otherwise specified. In all figures, * p = < .05, ** p = < .01, and *** p = < .001 
unless otherwise specified.
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Abstract

Background  Sampling error is a common problem in muscle biopsies. MRI-guided biopsy 
allows verification of biopsy site during the procedure, which may reduce sampling error in 
patients with focal disease. 

Objective  To describe the technique for MRI-guided muscle biopsy and discuss potential 
applications. 

Methods  Axial MRI images were acquired to determine the target site for muscle biopsy. 
Needle trajectory was planned on 3D T1 weighted imaging and a MRI-guided biopsy of the 
vastus lateralis was performed in 13 FSHD patients. 

Results  An adequate amount of muscle tissue was obtained in all participants, and MRI-
guided biopsy succeeded in reaching focal target sites. However, symptomatic hematomas 
were observed in 2/13 patients.
 
Discussion  MRI-guided biopsy has a higher complication rate compared to traditional 
needle biopsy, most likely due to proximity to blood vessels in combination with the vacuum-
assisted suction of the MRI-guided technique. We recommend that this technique is reserved 
for select diagnostic cases and research questions, with careful assessment of vasculature and 
reduced suction levels.
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Introduction 

Histopathological analysis of muscle biopsies is a cornerstone of the diagnosis of 
muscle disorders. However, sampling error is a common problem. In inflammatory 
myopathies, false-negative results occur in 10-20% of all biopsies due to focal disease 

activity102, 103. In acquired and hereditary muscle disorders, fatty infiltration – a marker of disease 
severity – can vary from mild to severe within a single muscle39, 104. Sampling of very early or 
end-stage muscle may result in the absence of disease-specific abnormalities, impeding correct 
diagnosis.  In neuromuscular research, tissue-based studies often employ biopsy samples from 
muscles with variable disease severity. Correlation with muscle imaging may reduce variability 
and enhance studies that rely on an association with disease severity.     

Magnetic resonance imaging (MRI) allows accurate identification of areas of inflammation 
and fatty infiltration in hereditary and inflammatory myopathies. MRI triage has been used to 
reduce sampling error in the diagnosis of inflammatory myopathies by selecting affected muscles 
prior to muscle biopsy105, 106. However, biopsies obtained from muscles with inflammation on 
MRI still had a false-negative rate of 0.19105. This suggests that more precise targeting may 
improve diagnostic yield, in particular in patients with small, focal abnormalities. 

MRI-guided biopsy using MRI-compatible needles allows verification of biopsy site during 
the procedure and is an established technique in the diagnosis of prostate and breast cancer107, 

108. Here we demonstrate that MRI-guided biopsy can be used to acquire muscle biopsies in 
patients with muscle disorders and discuss potential applications. 

MRI-guided biopsy procedure
Target area and needle trajectory
Transversal T1, T2 and TIRM images were obtained as described in chapter 2. The appropriate 
target area for the MRI-guided biopsy was determined on axial images. Choice of target area 
was informed by the amount and location of remaining muscle tissue, fatty infiltration, and 
the presence of hyperintensities on TIRM suggestive of inflammation. In radiologically normal 
muscle tissue, the target area was set in the center of the vastus lateralis at the level of the fish 
oil marker (figure 1). The trajectory of the biopsy needle (i.e., incision site, angle, and depth) 
was constructed based on anatomical 3D T1-weighted imaging (field of view 269 x 269 x 160 
mm; base resolution 384; repetition time 735 ms; echo time 2,54 ms). 

MRI-guided biopsy
After the needle trajectory had been determined, and with the patient still positioned on 
the MRI table, local anesthesia (lidocaine 2%) was injected subcutaneously. Taking routine 
antiseptic precautions, a 4-mm incision was made and an MR-compatible biopsy trocar 
inserted. A repeat T1-weighted 3D scan was performed to verify the position of the needle. If 
necessary, the trocar was repositioned accordingly. An experienced interventional radiologist 
performed the biopsy using a 9-gauge (3.7 mm) vacuum-assisted biopsy needle (Suros ATEC, 
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Figure 1 MRI-guided muscle biopsy of the right vastus lateralis

Figure 2 MRI-guided biopsy needle

Hologic, Bedford, USA, figure 2). Subsequently, another 3D T1-weighted image as well as 
axial TIRM images were obtained to confirm the final biopsy site and to assess complications. 
The incision site was closed using steri-strips, after which a pressure bandage was applied. 
Positioning of the patient and diagnostic imaging took approximately 20 minutes. The MRI-
guided biopsy procedure took an additional 20-50 minutes depending on the complexity of 
the target site. 

A The exact needle trajectory to the target area was determined by manually shifting anatomical 
3D T1 images in at least three orthogonal planes. The appropriate needle angle (α°), depth, and 
insertion site relative to the fish oil marker was based on these images. 
B A needle trocar was inserted after which a subsequent 3D T1 was obtained to verify the position 
of the needle tip in the vastus lateralis muscle. If necessary, the trocar was adjusted and repeat 
verification imaging performed. After positioning the needle into the correct site, a vacuum-assisted 
biopsy was taken.

Comparison between 3.4mm 
MRI-compatible needle for 
MRI-guided biopsy and 5mm 
routine Bergström needle.
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Results 
MRI-guided biopsy procedures
MRI images showed pathological changes compatible with FSHD39. No or very minor fatty 
infiltration was observed in 8/13 participants. In these participants a biopsy was taken in the 
center of the vastus lateralis, at or slightly above or below the reference marker. In the 5/13 
participants with fatty infiltration we were able to obtain a biopsy from the intended target 
site. All biopsies from muscles with moderate-to-severe fatty infiltration (>30%) showed 
dystrophic changes, whereas all biopsies from muscles with normal or mild fatty infiltration 
(<30%) were normal or showed mild myopathic abnormalities. 

Symptomatic post-biopsy hematomas, resulting in self-limiting local pain and swelling, were 
observed in 2/13 patients and asymptomatic hematomas were observed on control imaging 
in another 1/13. In all 3 patients a blood vessel could be identified close to the biopsy site. 
Because bleeding complications are very rare in routine needle biopsies, it seems likely that 
the stronger suction used with MRI-guided biopsy contributed to hematoma formation.   

Tissue size was similar or larger than routine needle biopsies, yielding an adequate amount 
of tissue to perform histological evaluation in all, and enough tissue for extensive additional 
research evaluations in 12/13 participants.

Participants reported a pain score of 5.2 ± 0.7 out of 10 after the MRI-guided muscle biopsy. 
Apart from pain associated with the biopsy, they also complained about discomfort due to 
lying on the MRI table for an extended period of time. 

Case study – MRI-guided biopsy in a patient with limited residual muscle tissue
In a participant with severe FSHD (Clinical Severity Score 8/10) we observed extensive fatty 
infiltration of all upper leg muscles (figure 3A). Routine needle biopsy without imaging would 
yield only fat. Using MRI-guided biopsy we were able to position the needle within the area 
with residual muscle tissue and obtain a tissue specimen for analysis (figure 3B-F). Muscle 
biopsies from severely affected muscle as in this example may inform research studies, but 
have limited relevance for diagnostic studies, as disease-specific abnormalities may be absent 
in end-stage muscle. However, this case study demonstrates that the MRI-guided technique 
is capable of targeting very specific target areas, which could also be applied to focal areas of 
inflammation. 

Discussion 
This study demonstrates that MRI-guided biopsy can be used in patients with muscle disease 
to obtain muscle tissue from specific target areas. MRI-guided biopsy enables verification of 
the muscle biopsy site during the procedure, which allows selective targeting and definite 
confirmation of the biopsy site on MRI, as well as a direct assessment of potential complications. 
MRI-guided biopsy enabled us to acquire tissue in an individual with extensive fatty infiltration, 
which demonstrates the ability of this technique to target focal areas of residual muscle tissue
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Figure 3 MRI-guided muscle biopsy in a patient with limited residual muscle tissue

or localized inflammation. This may benefit diagnostic testing; e.g. to discriminate neurogenic 
from myopathic causes in individuals with severe disease; or to target focal areas of inflammation 
to confirm the presence of myositis prior to treatment with immunosuppressant therapy. 

Aside from potential diagnostic application, MRI-guided biopsy could also a valuable tool in 
research studies where precise radiological – tissue correlation is required. Furthermore, the 
addition of MRI makes it possible to revisit a specific site for repeat biopsy in clinical trials 
that use longitudinal muscle biopsies to assess therapeutic efficacy. 

Although we did successfully obtain muscle tissue from the intended biopsy site in all 
participants, this resulted in symptomatic hematomas in 2/13 patients and an asymptomatic 
hematoma in another. Complications following routine Bergström needle biopsy are rare. In a 
retrospective analysis of 13,636 Bergström needle biopsies, hematomas or arterial bleeding were 
observed in 3 and perceptible and bothersome pain >3 days were observed in 5 procedures109. 
The higher rate of hematomas in our study can be attributed to biopsy position within the 
muscle in combination with strong vacuum suction applied during the MRI-guided biopsy. 

A Axial T1-weighted axial image of the left upper leg of a 49-year-old female FSHD patient showing 
marked fatty infiltration of all muscles. 
B-D 3D T1 planning images to determine the appropriate needle trajectory to the target site. Coloured 
boxes surrounding the images correspond with colored lines indicating images planes. 
E post-biopsy TIRM image showing the biopsy site (arrow). 
F H-Phlox staining demonstrates severe dystrophic changes as reflected by the marked increase in 
fiber size variability, increased internal nuclei, fibrosis, and fatty infiltration.
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Additionally, post-biopsy imaging will identify hematomas that would otherwise have gone 
unnoticed, forewarning the clinician and patient of potential pain and swelling. The amount 
of pain reported by patients is similar to pain scores after routine Bergström needle biopsy in 
our center (5.2 ± 0.7 vs. 6.0 ± 2.1). 

This study demonstrates that MRI-guided biopsy of focal abnormalities or in individuals with 
extensive fatty infiltration is feasible in patients with muscle disorders. However, we observed 
a higher rate of symptomatic bleeding complications compared to routine Bergström needle 
biopsy. In addition to this,  MRI-guided biopsy is more expensive than routine needle biopsy 
due to the use of MRI, longer procedure time and use of disposable materials. As this proof-of-
principle study addresses the feasibility of the technique we performed biopsies in a homogenous 
group of patients with the same disease and in the same muscle. However, the same methodology 
can be applied to target different muscles or different diseases. Histopathological analysis 
matched the severity of fatty infiltration, however future studies may address the diagnostic 
value of MRI-guided biopsy and the correlation between imaging signal and histopathology 
more precisely.  

A potential diagnostic application of MRI-guided biopsy is targeting of focal inflammation 
that potentially requires treatment with immunosuppressants, where a diagnosis cannot be 
made with Bergström needle biopsy of MRI-positive muscles. Another potential diagnostic 
application is to confirm the presence of a myopathic process in patients with severe disease. 
In addition to diagnostic testing, MRI-guided biopsy may have potential for research where 
targeting of a specific muscle site is required. In these case, careful assessment of vasculature 
and reduced vacuum-assisted suction may reduce bleeding complications. 

3
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Abstract

Background  Muscle MRI is increasingly used as a diagnostic and research tool in muscle 
disorders. However, the correlation between MRI abnormalities and histopathological severity 
is largely unknown. 

Objective  To investigate correlations between muscle MRI abnormalities and histopathological 
severity in healthy controls and patients with muscle disease. 

Methods  We performed quantitative MRI and histopathological analysis in 35 patients 
with inclusion body myositis, facioscapulohumeral muscular dystrophy or oculopharyngeal 
muscular dystrophy and 12 healthy controls. Participants contributed needle biopsies of the 
vastus lateralis and/or tibialis anterior, yielding 77 muscle biopsies with matched T1, T2 and 
TIRM MRI imaging. Muscle biopsies were evaluated with a semi-quantitative histopathology 
severity grading scale (range 0 – 12) and an inflammation severity grading scale (range 0 – 3). 

Results  In muscle disease, histopathology sum scores ranged from 0 to 11 and correlated 
significantly with fat percentage as measured on MRI (Spearman’s rho = .594, p <.001). Muscle 
edema on muscle MRI was associated with increased amounts of inflammation (p <.001). 
Mild abnormalities occured in 95% of control biopsies and were more pronounced in tibialis 
anterior (median sum score of 1 ± 1 in vastus lateralis and 2 ± 1 in tibialis anterior (p = .048)). 

Conclusion  In muscle disease, fatty infiltration on MRI correlates moderately with muscle 
histopathology. Histopathological abnormalities can occur prior to the onset of fatty infiltration. 
In middle-aged controls, almost all biopsies showed some histopathological abnormalities. 
The findings from this study may facilitate the choice for appropriate imaging sequences as 
outcome measures in therapeutic trials. 
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Introduction

Muscle MRI is an increasingly important tool in the diagnosis and research of 
muscle disorders. It is used to detect patterns of fatty infiltration that may aid in 
the diagnosis of specific muscle disorders and sometimes it can be considered as 

pathognomonic for a specific disease110, 111. The degree of fatty infiltration of a specific muscle 
or muscle groups has been shown to correlate with functional outcome measures in several 
muscle disorders such as Duchenne muscular dystrophy and facioscapulohumeral muscular 
dystrophy (FSHD), which has strengthened the position of quantitative muscle MRI as an 
outcome measure in clinical trials35, 112. Another application of muscle MRI is the detection 
of patterns of muscle involvement associated with specific muscle disease, for example in 
congenital myopathies, inclusion body myositis (IBM) and oculopharyngeal muscular dystrophy 
(OPMD)113-115. 

Increasing our understanding of the correlation between fatty infiltration on muscle MRI and 
histopathological changes may benefit the diagnosis of muscle disorders and the application 
of muscle MRI as an outcome measure in clinical trials. However, studies that investigate 
the correlation between muscle MRI and histopathological changes are limited. A previous 
study in Duchenne muscular dystrophy found a correlation between radiological changes 
and histopathological abnormalities in 15 muscle biopsies of the extensor digitorum brevis 
muscle, but used only qualitative assessment of fatty infiltration on MRI and a qualitative 
histopathological assessment116.
 
Another application of muscle MRI is the assessment of hyperintense changes on MRI 
inversion recovery imaging (TIRM – Turbo Inversion Recovery Magnitude or STIR – Short 
TI Inversion Recovery) that represent muscle edema. In the context of muscle disease, TIRM 
or STIR hyperintense areas are often seen in inflammatory myopathies and reflects edema, as a 
consequence of muscle inflammation. Using TIRM or STIR imaging to select an appropriate 
muscle for muscle biopsy has been shown to increase sensitivity in the diagnosis of inflammatory 
myopathies105, 106. Apart from muscle inflammation, TIRM or STIR hyperintensities can also 
arise from other pathological changes in muscle such as denervation, regeneration, necrosis 
or high intensity physical exercise. 

In this study, we investigate the correlation between MRI abnormalities – i.e. the amount of 
fatty infiltration measured by quantitative MRI or TIRM hyperintensity which reflects muscle 
edema – and histopathological changes measured using a semi-quantitative histopathology 
grading scale in 77 vastus lateralis and tibialis anterior muscle biopsies obtained from 35 
patients with IBM, FSHD or OPMD and 12 healthy controls.  

4
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Results
Participants and muscle biopsies
We included 12 healthy control subjects and 35 patients with acquired and hereditary muscle 
disorders (8 IBM, 13 FSHD, 14 OPMD) aged 39 – 65 years. Healthy controls and patients 
groups did not differ in age, sex distribution, or BMI. Detailed information about participants 
is provided in table 1. From these participants, we obtained 77 muscle biopsies with matched 
T1, T2 and TIRM images (37 vastus lateralis, 40 tibialis anterior). Representative MRI and 
histopathology images are provided in figure 1. An overview of all muscle biopsies is provided 
in supplemental tables 1-4.

Table 1 Participants

Control IBM FSHD OPMD p

N 12 8 13 14

Age (yrs) 53.8 ± 1.7 58.5 ± 1.8 53.2 ± 1.4 51.8 ± 1.9 .101

Sex 6M/6F 7M/1F 6M/7F 6M/8F .196

BMI (cm/m2) 27.3 ± 1.5 26.6 ± .6 25.3 ± 1.1 25.7 ± 1.1 .693

Disease duration (yrs) N/A 6.4 ± 2.5 28.5 ± 3.5*** 10.2 ± 2.5 <.001

MRC

Quadriceps

Tibialis anterior

5.0 ± 0.0

5.0 ± 0.0

4.0 ± .9**

4.5 ± .8**

5.0 ± 0.8

4.5 ± 3.0

5.0 ± 0.0

5.0 ± 0.0

.003

.005

CK (U/L) 136.3 ± 24.6 772.3 ± 261.1** 263.0 ± 31.3 292.8 ± 76.5 .002

Healthy controls
All controls underwent the same investigations as the participants with a muscle disorder. 
None of the controls had muscle complaints, there was no muscle weakness on neurological 
examination, none had hyperCKemia. Current smoking was present in 1/12 controls (8%) 
compared to 4/35 patients (11%). Previous history of lumbosacral radiculopathy was reported 
in 3/12 controls (25%) compared to  2/35 patients (6%). 

Quantitative MRI
Mean muscle fat percentage was 5.2 ± 1.2% in control subjects (range 0.5 – 25.9%). There was 
no significant difference between fat percentage of the vastus lateralis compared to the tibialis 
anterior (6.7 ± 2.1 in vastus lateralis vs. 4.1 ± 0.8 in tibialis anterior, p = .268). An increased 
fat percentage of 25.9% was observed in the vastus lateralis of one control participant; a 
62-year-old obese woman with a BMI of 34. Fat percentage was ≤10% in all other investigated 
control muscles. 

Data are reported as mean ± SEM for continuous data, and median ± IQR for ordinal data. 
* p = < .05, ** p = < .01, *** p = < .001 in this and all subsequent tables and figures. 
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Figure 1 Vastus lateralis MRI and histopathology

Representative lower limb axial T1 and TIRM images (vastus lateralis is marked with arrows) and 
corresponding tibialis anterior muscle biopsy sections (HPhlox staining) of participants C3 (control, 
histopathology sum score 1), I2 (IBM, histopathology sum score 4), F2 (FSHD, histopathology sum 
score 6) and O14 (OPMD, histopathology sum score 3). Note the different patterns of fatty infiltration 
associated with different muscle disorders and the range of histopathological abnormalities. 

4
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Figure 1 (continued) Tibialis anterior MRI and histopathology

Representative lower limb axial T1 and TIRM images (tibialis anterior is marked with arrows) and 
corresponding tibialis anterior muscle biopsy sections (HPhlox staining) of participants C3 (control, 
histopathology sum score 3), I2 (IBM, histopathology sum score 11), F2 (FSHD, histopathology 
sum score 7) and O10 (OPMD, histopathology sum score 5). Note the different patterns of fatty 
infiltration associated with different muscle disorders and the range of histopathological abnormalities. 
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Histopathology
Median sum score in healthy control biopsies was 1 ± 1 (range 0 – 3) in vastus lateralis and 
2 ± 1 (range 0 – 4) in tibialis anterior (p = .048). Most vastus lateralis muscle biopsies had a 
sum score of 1 (7/11, 64%), most tibialis anterior muscle biopsies had a sum score of 2 (5/11, 
45%) or 3 (4/11, 36%). A sum score of 0, indicating no abnormalities, was obtained in only 
1/22 (5%) control biopsies, both vastus lateralis. A sum score of 4 was measured in 1/22 (5%) 
control biopsies; a tibialis anterior biopsy that also showed fiber type grouping and nuclear 
clumps indicative of neurogenic changes. This participant had previously undergone surgery 
for a herniated lumbar disc L3-L4, but did not report L5 radiculopathy. Because the sum 
score of 4 in this biopsy could be attributed to neurogenic changes we excluded this biopsy 
from subsequent analyses. 

Scores for the different elements of the histopathological evaluation where always either normal 
or mild. Distribution for separate histopathology subscales are shown in figure 2. 

Figure 2 Mild histopathological changes are common in middle-aged healthy controls

Muscle disease
Quantitative MRI
Seven biopsies were performed in TIRM-hyperintense muscles (TIRMPOS, 6 IBM, 1 FSHD). 
TIRM-hyperintense changes affect T2 relaxation times, resulting in falsely increased values 
for muscle fat percentage. In TIRM-negative diseased muscles (TIRMNEG), mean muscle fat 
percentage was 17.2 ± 3.3% (N=48, range 1.6 – 91.7%). Mean muscle fat percentage was 
18.1 ± 4.8% (N=24, range 1.1 – 97.4%) in vastus lateralis and 16.2 ± 4.7% (N=24, range 
1.1 – 97.4%) in tibialis anterior.

Distribution of the presence 
and severity of histopathol-
ogy sub scores for healthy 
control vastus lateralis and 
tibialis anterior muscle bi-
opsies. The amount of cen-
tral nucleation was signifi-
cantly increased in tibialis 
anterior compared to vastus 
lateralis control biopsies.  

4
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Histopathology
Histopathology sum scores in TIRMNEG muscle biopsies ranged from 0 to 11. There was a 
moderate correlation between muscle fat percentage and histopathology sum score (Spearman’s 
rho = .594, p <.001, figure 3A). 

Figure 3 Correlation between fatty infiltration and histopathology sum score

A Histopathology sum score correlates moderately with fatty infiltration on MRI in TIRMNEG muscle 
biopsies from patients with IBM, FSHD and OPMD. Gray shading marks fatty infiltration ≤10.6% 
(control mean ± SD) and histopathology sum scores ≤3 (control median ± IQR). 

B Normal amounts of fatty infiltration (≤10.6%) can be associated with histopathology sum scores 
within the control range, but also with intermediate scores (range 0 – 7). Normal histopathology 
sum scores (≤2 for vastus lateralis, ≤3 for tibialis anterior) are encountered in muscles with up to 
20.7% fatty infiltration.
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We performed a separate analysis to investigate histopathological changes in biopsies obtained 
from muscles with normal fat percentages (FATNEG, cut-off defined as control mean ± SD: 
10.6% fatty infiltration). Median histopathology sumscore was 3 ± 2 in FATNEG biopsies (p 
= .062 compared to controls) and 6 ± 5 in FATPOS biopsies (p = < .001 compared to control 
and FATNEG biopsies). Distribution for separate histopathology subscales are shown in figure 
4. Normal histopathology sum scores (cut-off defined as control mean ± SD: ≤2 for vastus 
lateralis, ≤3 for tibialis anterior) were observed in 14/28 FATNEG muscle biopsies (50%, N = 
5 FSHD, N = 9 OPMD biopsies). 

Figure 4 Histopathological abnormalities associated with fatty infiltration

TIRM hyperintensity
Histopathology sum scores in TIRMPOS muscle biopsies ranged from 3 to 11. Because 6/7 
(86%) TIRMPOS biopsies were obtained from patients with IBM, we compared histopathological 
changes associated with TIRM hyperintensity in IBM biopsies only. Median histopathology 
sumscore was 6 ± 6 in TIRMNEG IBM biopsies (p = < .001 compared to controls) and 8.5 ± 6 in 
TIRMPOS biopsies (p = < .001 compared to controls). Distribution for separate histopathology 
subscales are shown in figure 5A. TIRM hyperintensity does not necessarily reflect structural 
changes, but represents edema associated with muscle inflammation or an active regenerative 
process. The amount of inflammation was evaluated separately and was more severe in TIRMPOS 
IBM biopsies (figure 5B, p = <.001 compared to controls, p = .003 compared to TIRMNEG 

IBM biopsies).

Histopathology sum score correlates moderately with fatty infiltration on MRI in TIRMNEG muscle 
biopsies from patients with IBM, FSHD and OPMD. Gray shading marks fatty infiltration ≤10.6% 
(control mean ± SD) and histopathology sum scores ≤3 (control median ± IQR). 

4
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Figure 4 Histopathological abnormalities associated with TIRM hyperintensity

Discussion
This study investigated the correlation between MRI abnormalities – i.e. the amount of fatty 
infiltration measured by quantitative MRI or TIRM hyperintensity which reflects muscle edema 
– and histopathological changes measured using a semi-quantiative histopathology grading 
scale in a large dataset of 77 vastus lateralis and tibialis anterior muscle biopsies obtained from 
12 middle-aged healthy controls and 35 patients with acquired and hereditary muscle disease. 

We found a moderate correlation between MRI fat percentage and histopathological changes, 
showing that MRI abnormalities indeed reflect structural changes in diseased muscle and may 
serve as an outcome measure for disease progression in muscle disease. Longitudinal studies that 
combine muscle MRI and muscle biopsy could provide additional insight into the correlation 
between fatty infiltration and histopathological abnormalities within individual patients. 
Muscles with normal MRI fat percentages ≤10.6% may show both normal histopathology or 
mild myopathic changes (histopathology sum score range 0 – 7). This limits the applicability 
of muscle MRI fat percentage as an outcome measure in early disease. Addition of muscle 
ultrasound or novel MRI techniques which may detect fibrosis and other changes in muscles 
with a normal MRI T1 may complement MRI imaging in therapeutic trials36, 47, 117. 

Based on the findings in healthy controls, we determined a histopathology sum score of >2 
in the vastus lateralis and >3 in the tibialis anterior as the cut-off for an abnormal biopsy in 

Normal amounts of fatty infiltration (≤10.6%) can be associated with histopathology sum scores 
within the control range, but also with intermediate scores (range 0 – 7). Normal histopathology 
sum scores (≤2 for vastus lateralis, ≤3 for tibialis anterior) are encountered in muscles with up to 
20.7% fatty infiltration.
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this age group (40 – 65 years). Normal histopathology sum scores were present in diseased 
biopsies with normal and mildly increased amounts of fatty infiltration up to 20.7%. The 
histopathology sum scores we used in this study was developed and validated for FSHD82. 
However, the score is composed of items that are routinely assessed in the evaluation of muscle 
biopsies (variability in fiber size, extent of central nucleation, necrosis and/or regeneration, and 
interstitial fibrosis), which makes this score suitable for other muscle disorders.  

TIRM hyperintensity is considered to reflect muscle edema indicative of muscle inflammation 
and regeneration118. In our cohort, TIRMPOS IBM biopsies showed increased amounts of 
inflammation compared to TIRMNEG muscle biopsies. This confirms the use of MRI inversion 
recovery imaging as a biomarker for disease activity in IBM. 

Unexpectedly, mild histopathological abnormalities were present in nearly all control biopsies 
(95%), and were more severe in tibialis anterior. The higher histopathology sum scores in the 
tibialis anterior may partially be explained by the relatively frequent occurrence of lumbar 
degenerative changes in this age group. Another explanation may be that tibialis anterior 
undergoes greater mechanical stress during walking and other activities of daily living. The 
increased amount of mild histopathological changes in the tibialis anterior, which also has 
a different composition with an increased amount of type 1 fibers (70-90%) may limit the 
reliability of this muscle as an outcome measure in clinical trials.
 
In subjects in this age group (45-65 years old), muscle complaints are common, whereas 
myopathies are relatively rare. Although this study was not designed to determine sensitivity 
and specificity in a clinical setting, in this age group a biopsy result of “mild myopathic changes” 
or “limited unspecific changes” should be interpreted with caution. This is compatible with 
existing evidence that age-related muscle decline starts in the fifth decade119, 120. 

The strength of this study is a large dataset of quantitative MRI and muscle biopsies that 
were collected on the same day and specifically for this study. All participants with muscle 
disease were included based on a confirmed genetic diagnosis (FSHD, OPMD) or established 
diagnostic criteria (IBM). Healthy controls and disease subgroups did not differ in age, BMI 
or sex distribution. Controls were a representative cross-section of the population in this age 
group and had no signs or symptoms of muscle disease. Pathological evaluation was performed 
by an experienced pathologist who was unaware whether a biopsy was obtained from a healthy 
control or a patient with muscle disease. 

A limitation of this study is that our histopathological evaluation may have underestimated the 
amount of fibrosis because all parameters were assessed on a HPhlox staining without additional 
trichrome staining. The amount of biopsies with increased amounts of fatty infiltration was 
relatively low (20% of all biopsies), which may account for the only moderate correlation 
between fatty infiltration and histopathology sum score. The high amount of muscles with 
normal MRI can in part be explained by the inclusion of patients with OPMD; a late-onset 
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myopathy that debuts after age 40 and usually doesn’t involve the quadriceps or tibialis anterior 
until later in the disease course114. The amount of TIRMPOS biopsies was low in the FSHD 
group, which limited comparison of TIRMPOS and TIRMNEG biopsies to the IBM group. 
TIRMPOS biopsies were analyzed separately because TIRM hyperintensity affects T2-based 
determination of fatty infiltration. MRI scanning using the Dixon method would have been 
able to provide a more reliable quantification of fat fraction in TIRMPOS muscles, however this 
method was not routinely used in our center at the time the first participants were included. 

Our findings underscore that different techniques measure distinct aspects of disease. 
Quantitative MRI of fatty infiltration reflects structural changes associated with accumulated 
muscle damage, whereas histopathological analysis and imaging of muscle edema are better 
suited to reflect active disease and inflammation. The findings from this study may facilitate 
the choice for appropriate imaging modalities as outcome measures in therapeutic trials, but 
need to be confirmed in different cohorts and different diseases. In a diagnostic setting, our 
findings show that mild myopathic changes are common in middle-aged healthy controls and 
are not indicative of a muscle disease. 
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Supplemental table 1 Healthy controls
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C01 VL 2 No 3 Mild Mild None Mild None

TA 4 No 2 Mild None None Mild None

C02 VL 8 No 1 Mild None None None None

C03 VL 1 No 1 Mild None None None None

TA 3 No 3 Mild Mild None Mild None

C04 VL 5 No 1 Mild None None None None

TA 7 No 3 Mild Mild None Mild None

C05 TA 1 No 2 Mild Mild None None None

C06 VL 9 No 1 None None None None None

TA 1 No 2 Mild Mild None None None

C07 VL 3 No 0 None None None None None

TA 3 No 3 Mild Mild None Mild None

C08 VL 26 No 2 Mild Mild None None None

TA 7 No 1 None Mild None None None

C09 VL 8 No 2 None Mild Mild None None

TA 9 No 4 Mild Moderate Mild None Mild

C10 VL 3 No 1 Mild None None None None

TA 5 No 2 Mild None None Mild None

C11 VL 3 No 1 Mild None None None None

TA 3 No 2 Mild Mild None None None

C12 VL 4 No 1 Mild None None None None

TA 3 No 3 Mild Mild Mild None None
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Supplemental table 2 Inclusion body myositis
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I01 VL 56 Yes 9 Severe Moderate Moderate Moderate Moderate

TA 19 No 6 Moderate Moderate Mild Mild Moderate

I02 VL 76 Yes 4 Mild Mild Mild Mild Moderate

TA 82 Yes 11 Severe Moderate Severe Severe Severe

I03 TA 6 Yes 4 Moderate Mild Mild None Moderate

I04 VL 29 No 11 Severe Severe Moderate Severe Moderate

TA 14 No 6 Moderate Mild Mild Moderate Moderate

I05 VL 38 No 6 Mild Moderate Moderate Mild Moderate

TA 12 No 3 Mild Mild None Mild Mild

I06 VL 14 No 4 Mild Mild Mild Mild Mild

TA 49 Yes 10 Severe Moderate Moderate Severe Moderate

I07 TA 24 No 10 Severe Severe Mild Severe None

I08 VL 84 Yes 8 Severe Severe Moderate None Moderate
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Supplemental table 3 Facioscapulohumeral muscular dystrophy
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F01 VL 3 No 3 Mild Mild None Mild None

TA 80 No 9 Severe Severe None Severe None

F02 VL 58 No 6 Moderate Mild Mild Moderate Moderate

TA 20 No 7 Moderate Moderate Mild Moderate None

F03 VL 5 No 4 Mild Mild Mild Mild Mild

TA 6 No 1 Mild None None None None

F04 VL 0 No 3 Mild Mild None Mild None

TA 10 No 4 Mild Mild None Moderate None

F05 VL 88 No 8 Severe Moderate Mild Moderate None

TA 97 No 11 Severe Moderate Severe Severe Mild

F06 VL 28 No 2 Mild None None Mild None

TA 6 No 4 Mild Mild Mild Mild None

F07 VL 0 No 4 Mild Mild Mild Mild Mild

TA 10 No 6 Moderate Moderate Mild Mild None

F08 VL 0 No 1 None Mild None None None

TA 1 No 2 Mild Mild None None None

F09 VL 57 No 8 Moderate Severe Mild Moderate None

F10 TA 64 - 7 Moderate Moderate Mild Moderate None

F11 VL 5 No 1 Mild None None None None

TA 6 No 2 Mild Mild None None Mild

F12 VL 1 No 3 Mild Mild None Mild None

TA 5 No 4 Mild Moderate None Mild None

F13 VL 5 No 4 Moderate Mild Mild None None

TA 69 Yes 3 Mild Mild Mild None Mild
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Supplemental table 4 Oculopharyngeal muscular dystrophy
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O01 TA 3 No 3 Mild Mild Mild None None

O02 TA 19 No 3 Mild Mild Mild None None

O03 TA 4 No 3 Moderate None None Mild None

O04 VL 7 No 0 None None None None None

O05 VL 10 No 7 Severe Mild Mild Moderate None

O06 TA 15 No 3 Mild Mild None Mild None

O07 VL 17 No 2 Mild None Mild None Mild

TA 6 No 3 Mild Mild Mild None None

O08 TA 6 No 2 Mild Mild None None None

O09 VL 4 No 1 Mild None None None None

TA 12 No 2 Mild Mild None None None

O10 VL 11 No 4 Mild Mild Mild Mild None

TA 5 No 4 Moderate Mild None Mild None

O11 VL 2 No 4 Mild Mild Mild Mild None

TA 5 No 3 Mild Mild None Mild None

O12 VL 7 No 1 None None None None None

O13 VL 4 No 2 Mild None None Mild None

O14 VL 9 No 6 Severe Mild Mild Mild None

TA 3 No 5 Mild Moderate Mild Mild None
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Abstract

Objectives  To investigate whether sarcomeric dysfunction contributes to muscle weakness 
in FSHD.

Methods  Sarcomeric function was evaluated by contractile studies on demembranated single 
muscle fibers obtained from quadriceps muscle biopsies of 4 FSHD patients and 4 healthy 
controls. The sarcomere length dependency of force was determined together with measurements 
of thin filament length using immunofluorescence confocal scanning laser microscopy. X-ray 
diffraction techniques were used to study myofilament lattice spacing.

Results  FSHD muscle fibers produced only 70% of active force compared to healthy 
controls, a reduction which was exclusive to type II muscle fibers. Changes in force were not 
due to changes in thin filament length or sarcomere length. Passive force was increased 5- to 
12 fold in both fiber types, with increased calcium sensitivity of force generation and decreased 
myofilament lattice spacing, indicating compensation by the sarcomeric protein titin.

Conclusions  We have demonstrated a reduction in sarcomeric force in type II FSHD 
muscle fibers, and suggest compensatory mechanisms through titin stiffening. Based on these 
findings, we propose that sarcomeric dysfunction plays a critical role in the development of 
muscle weakness in FSHD. 
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Introduction

Although muscle weakness is the hallmark feature of facioscapulohumeral muscular 
dystrophy (FSHD), the molecular mechanisms underlying weakness remain 
largely unknown. Before treatment options can be pursued, more insight into the 

pathophysiological mechanisms of muscle weakness in FSHD is needed.

To understand why FSHD muscles are weak, we can take a clue from the genetics of the 
disease. FSHD1, the most common type of FSHD, is caused by a contraction of D4Z4, a 3.3 
kb macrosatellite repeat located on chromosome 4q35. This contraction changes chromatin 
configuration, which is hypothesized to permit transcription of otherwise epigenetically silenced 
genes8. Of the candidate genes currently under investigation, some are muscle-specific and 
encode proteins involved in musculogenesis and the development of the sarcomere – the smallest 
contractile unit in muscle. Gene expression profiling studies in FSHD muscle biopsies have 
shown dysregulation of several sarcomeric proteins95. Overexpression of DUX4, the leading 
FSHD candidate gene, has been shown to activate pathways involved in sarcomeric protein 
degradation32. 

Despite evidence pointing towards changes on the level of the sarcomere, no studies have 
examined whether sarcomeric dysfunction contributes to muscle weakness in FSHD. This 
study is the first to report on sarcomeric function in FSHD. 

Materials and Methods
Muscle biopsies
Muscle biopsies were obtained from 4 FSHD patients and 4 healthy control subjects without 
relevant medical history or neuromuscular symptoms. FSHD disease severity, genetic and 
histopathological features are described in table 1. Average age at biopsy was 41 for FSHD 
patients and 38 for controls. 

Table 1 Participants

Histopathological abnormalities

ID CSS D4Z4 (kb) Muscle Myopathic Inflammation Mitochondrial

1 4 14 QF + - -

2 0 141 QF - - +

3 6 30 TA +++ + -

4 7 21 QF ++ - +

1 Mosaic; 14kb repeat in 30% of leukocytes. 
QF: quadriceps femoris. TA: tibialis anterior. 
Histopathological abnormalities: - none, + mild, ++ moderate, +++ severe.

5
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Standard protocol approvals, registrations, and patient consents
For FSHD patients, biopsies that were collected for diagnostic purposes were used. For control 
subjects, the local medical ethics committee approved the collection of muscle biopsies.  
Informed consent was obtained. 

Muscle fiber preparation
Single muscle fibers were isolated from the muscle biopsies and demembranated for 20 minutes 
in a relaxing solution containing 1% Triton X-100 at ~4°C96, 97. Triton permeabilizes all 
membranous structures, allowing for activation of the sarcomere with exogenous Ca2+ and 
enabling study of sarcomeric function in isolation. On average, 9 fibers were prepared per biopsy. 

Contractile measurements
Experimental details have been described previously96, 97. In brief, isolated single muscle fibers 
were mounted between a force transducer and a length motor. Maximum force generating 
capacity was measured at a sarcomere length of 2.5 µm by activating the fibers in a saturating 
[Ca2+] solution96, 97. Force was normalized to muscle fiber cross-sectional area. Various sub-
maximal Ca2+ concentrations were used to assess the Ca2+ sensitivity of force generation96, 97. We 
measured passive force at a sarcomere length of 2.5 µm by imposing length changes on relaxed 
muscle fibers97. Myosin heavy chain isoform composition was determined by SDS-PAGE96. 

Thin filament length measurements
Thin filament length was determined using confocal light microscopy with fluorescently labeled 
actin-binding proteins96.

X-ray diffraction studies 
Myofilament lattice spacing was determined by small-angle X-ray diffraction experiments 
at the Advanced Photon Source at Argonne National Laboratory, USA97. In brief, single 
muscle fibers were mounted on a small angle X-ray diffraction setup.  Sarcomere length and 
myofilament lattice spacing were measured simultaneously. Separation of the 1,0 equatorial 
reflections from the diffraction pattern were converted to d1,0 lattice spacing via Bragg’s law.
 
Results
Maximum force generating capacity is reduced in type 2 FSHD muscle fibers 
We observed a marked reduction in contractile strength in type 2 (fast-twitch) FSHD muscle 
fibers. FSHD type 2 fibers generated 59.8 ± 6.0 mN/mm2 compared to 87.4 ± 5.0 mN/mm2 

in controls (p = 0.001), whereas FSHD type 1 (slow-twitch) fibers generated 66.7 ± 6.5 mN/
mm2 compared to 71.4 ± 7.9 mN/mm2 in controls, (p = 0.701, figure 1A). 

The normalized force-sarcomere length relation of FSHD fibers closely overlapped that of 
controls (figure 1B). No difference in thin filament length was observed between FSHD 
and control fibers (figure 1C). These findings indicate that muscle fiber weakness in FSHD 
is not caused by alterations in thin filament length and is independent of sarcomere length.  
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Figure 1 Reduced maximum force generating capacity in type 2 FSHD muscle fibers

FSHD muscle fibers produce markedly higher passive forces
In FSHD patients, passive force (i.e., force in the absence of Ca2+) was increased, with the 
most profound increase in type 2 fibers. Type 1 FSHD fibers produced 17.3 ± 4.9 mN/mm2, 
compared to 3.4 ± 1.4 mN/mm2 in control tissue (p = 0.027), whereas type 2 FSHD fibers 
produced 24.2 ± 5.1 mN/mm2 compared to 1.9 ± 0.3 mN/mm2 in controls (p = < 0.001) 
(figure 2A). 

In demembranated fibers, passive force is generated mainly by titin, a giant sarcomeric protein. 
Titin-based passive force has been shown to affect submaximal active force generation of muscle 
fibers by modulating their calcium sensitivity, presumably due to titin’s effect on myofilament 
lattice spacing (explained in figure 2D)98. In accordance with the increased passive force, our 
X-ray diffraction studies demonstrated that as sarcomere length increases, myofilament lattice 
spacing decreases more in FSHD muscle fibers than in control fibers (figure 2B). The force-
pCa curve was shifted leftwards compared to control fibers, indicating an increased calcium 
sensitivity of force generation (figure 2C). 

A Reduced specific force 
in FSHD type 2 fibers. 
B Force-sarcomere length 
relationships of control 
and FSHD fibers overlap, 
indicating that sarcomeric 
weakness is not dependent 
on sarcomere length. 
C Confocal light micro-
scopy with fluorescently 
labeled actin antibodies 
demonstrates preserved 
myofibrillar structure and 
thin filament length. 
Line scan shows intensity 
of actin staining; highest 
intensity corresponds 
with the Z-line, moderate 
intensity corresponds with 
the actin filaments, lowest 
intensity corresponds with 
the actin filament bare 
zone. Inset shows 2x thin 
filament length. 
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Figure 1 Changes in passive force, myofilament lattice spacing and calcium sensitivity indicate 
compensatory titin stiffening

A Increased passive force in type I and type II FSHD muscle fibers compared to healthy controls. 
B X-ray diffraction studies show that as sarcomere length increases, myofilament lattice spacing 
decreases more in FSHD than in control fibers. 
C eftward shift of force-pCa relations of FSHD compared to control fibers, indicating increased 
calcium sensitivity. Inset shows pCa50, the pCa at which 50% of maximum force is generated. 
D Schematic diagram illustrating the effect of titin stiffening on myofilament lattice spacing. Due 
to titin’s oblique attachment to the thin and thick filaments, titin stiffening pulls the filaments closer 
together, reducing myofilament lattice spacing. This facilitates crossbridge formation, increasing the 
sensitivity of fibers to calcium. 
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Discussion
The force generating capacity of sarcomeres is significantly impaired in FSHD. Sarcomeric 
weakness was restricted to type 2 muscle fibers, in which maximum force generation was 
only 70% of normal strength. In contrast to active force measurements, a 5- to 12-fold 
increase in passive force was seen in type 1 and type 2 fibers respectively, indicating stiffening 
of titin molecules. These findings are corroborated by the observed decrease in myofilament 
lattice spacing and the increase in calcium sensitivity, both physiological consequences of 
titin stiffening98.

The observed type 2 specific sarcomeric weakness suggests that the pathological changes in 
FSHD affect these fibers in particular. A previous study also suggested type 2 specific pathology, 
either through impaired generation of type 2 fibers or through increased susceptibility of these 
fibers to early apoptotic death signaling95. Furthermore, type 2 muscle fibers are more susceptible 
to oxidative stress, which has been shown to play a role in the pathophysiology of FSHD32,99. 

The increased passive force provides indirect evidence for titin stiffening, which is modulated by 
alternative splicing of the titin gene and by posttranslational modifications of titin molecules. 
Expression profiling studies in FSHD have revealed changes in sarcomeric proteins, including 
titin95. We hypothesize that titin stiffening is a mechanism to compensate for muscle weakness in 
FSHD by augmenting the responsiveness of the sarcomere to submaximal calcium concentrations.

In myotonic dystrophy, and during conditions of muscle disuse, sarcomeric force generation is 
diminished in both fiber types, in particular in type I fibers121, 122. In inflammatory myopathies, 
no abnormalities were found101. Therefore, the changes in sarcomeric function observed here 
are not the consequence of muscular dystrophy, inflammation, or muscle disuse in general, 
and appear to be specific for FSHD. 

In our experiments, the use of demembranated muscle fibers eliminated any influences on 
the level of the sarcolemma, meaning that the results presented here are solely the effect of 
weakness on the level of the sarcomere. However, in addition to sarcomeric dysfunction, 
muscle weakness in FSHD is likely to be further augmented by the compromised integrity 
of the sarcolemma demonstrated previously123. This hampers the lateral transmission of force 
produced by sarcomeres to the surrounding extramuscular structures. 

We have shown sarcomeric dysfunction in type 2 muscle fibers from FSHD patients, and 
suggest compensatory mechanisms through titin stiffening. Our findings are based on a small 
group of patients and controls, and more extensive studies are needed to confirm these data.  
Restoring sarcomeric function might be a potential treatment approach.
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Abstract

Objectives  To investigate single muscle fiber contractile performance in muscle biopsies from 
patients with facioscapulohumeral muscular dystrophy, one of the most common hereditary 
muscle disorders. 

Methods We collected 50 muscle biopsies (N = 26 vastus lateralis, N = 24 tibialis anterior) 
from 14 genetically confirmed FSHD patients and 12 healthy controls. Single muscle fibers 
(N = 547) were isolated for contractile measurements. Titin content and titin phosphorylation 
were examined in vastus lateralis muscle biopsies.

Results Single muscle fiber specific force is intact at saturating and physiological calcium 
concentrations in all FSHD biopsies, with (FSHDNORMAL) and without (FSHDFAT) fatty 
infiltration, compared to healthy controls. Myofilament calcium sensitivity of force is increased 
in single muscle fibers obtained from FSHD muscle biopsies with increased fatty infiltration, 
but not in FSHD muscle biopsies without fatty infiltration (pCa50: 5.77-5.80 in healthy 
control, 5.74-5.83 in FSHDNORMAL and 5.86-5.90 in FSHDFAT single muscle fibers). Cross-
bridge cycling kinetics at saturating calcium concentrations and myofilament cooperativity 
did not differ from healthy controls. Development of single muscle fiber passive tension was 
changed in all FSHD vastus lateralis and in FSHDFAT tibialis anterior, resulting in increased 
fiber stiffness. Titin content was increased in FSHD vastus lateralis biopsies, however titin 
phosphorylation did not differ from healthy controls. 

Conclusion Muscle weakness in patients with FSHD is not caused by reduced specific force 
of individual muscle fibers, even in severely affected tissue with marked fatty infiltration of 
muscle tissue. 
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common hereditary 
muscle disorders in adults, affecting 12/100,000 people124. It is characterized by 
asymmetrical muscle involvement, with prominent weakness of the face, shoulder 

girdle and foot dorsiflexors. In later stages weakness extends to the hamstrings, trunk and 
pelvic girdle1. Disease progression is associated with atrophy and fatty infiltration of muscle 
tissue that can be visualized on MRI35.

The primary mediator of FSHD pathology is considered to be expression of DUX4, a gene 
epigenetically repressed in most somatic tissues located in each unit of the D4Z4 repeat array 
on chromosome 48. In patients with FSHD, inappropriate DUX4 protein expression in skeletal 
muscle is facilitated by D4Z4 chromatin relaxation. This only occurs from the permissive 4qA 
haplotype, which contains a polymorphic polyadenylation signal that stabilizes the DUX4 
transcript in somatic tissue8. In FSHD1, the most common form of FSHD (95% of all cases), 
chromatin relaxation is the result of shortening of the D4Z4 repeat to ≤10 units5. In FSHD2, 
chromatin relaxation is the result of a heterozygous mutation in D4Z4 chromatin regulators 
such as SMCHD1 or rarely DNMT3B, together with a relative shortening of the D4Z4 
repeat to ≤20 units12, 14.

Following the discovery of the genetic cause of FSHD, research has focused on the downstream 
effects of DUX4 expression. DUX4 is a transcription factor that is normally expressed in the 
human germline during early development, where it appears to play a role in zygotic genome 
activation22. When misexpressed in somatic cells, DUX4 activates a complex combination 
of coding and non-coding DNA elements24, 61. The effects of DUX4 are dose-dependent and 
include induction of apoptotic cell death, inhibition of myogenesis and muscle regeneration, 
expression of stem cell genes and suppression of the innate immune response24, 29, 32, 34, 61, 125. 
The effect of DUX4 on muscle contractility is largely unknown. Increasing this knowledge is 
important as small molecule drugs are being developed that improve muscle fiber contractility66, 

67.

We have previously investigated the contractile properties of FSHD muscle fibers in a pilot 
study and demonstrated alterations in sarcomeric function which included reduced specific 
force in type 2 muscle fibers and increased myofilament calcium sensitivity of force126. Single 
muscle fiber specific force, i.e. the amount of force generated corrected for fiber size, is an 
important determinant of in vivo muscle strength.  Myofilament calcium sensitivity of force 
reflects the ease of skeletal muscle contraction in response to calcium. 

However, our previous study included only four muscle biopsies, which precluded associations 
with disease severity and warranted confirmation in a larger cohort. In the current study, we 
included 14 FSHD patients and 12 healthy controls. Each participant contributed two muscle 
biopsies: one from the vastus lateralis and one from the tibialis anterior. We investigated single 

6
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muscle fiber contractile properties in 547 single muscle fibers obtained from these muscle 
biopsies and correlated our findings with FSHD disease severity using quantitative muscle MRI. 

Results
Participants and muscle biopsies
We included 14 FSHD patients and 12 healthy controls who did not differ in age, sex 
distribution or BMI (Age: FSHD 53.4 ± 1.3 years; control 53.8 ± 1.7 years, p = .823. Sex: 
50% male in both groups, p = 1.000. BMI: FSHD 25.3 ± 1.0; control 27.3 ± 1.5, p = .267). 
Mean FSHD disease duration was 29.6 ± 3.4 years, median Ricci Clinical Severity Score was 
6.0 ± 4.3. Detailed information about individual FSHD participants is provided in table 1.

Table 1 FSHD participants

Clinical features Genetics MRC MRI fat (%) Histopathology 
sum scorea

Sex Age CSS D4Z4 repeat 
units (N) or 
methylation (%)

QF TA VLb VLc TA VL TA

FSHD1

M 52 2 7 5 5 1 9 10 4 6

M 59 2 10 5 5 5 5 6 1 2

F 44 3 5 5 5 0 8 10 3 4

F 59 3 9 5 5 1 2 5 3 4

M 49 4 8 5 5 0 2 1 1 3

M 55 5 6 5 2 0 0 84 5 -d

M 56 6 8 5 2 3 12 80 3 9

F 52 7 8 5 0 58 39 20 6 7

F 49 8 2; mosaice 2.5 2 88 92 97 11 8

F 56 8 7 4 2 5 3 69 4 3

FSHD2

F 48 6 SMCHD1, 8% 4.5 3.5 5 10 6 4 1

F 57 6 SMCHD1, 5% 5 5 28 21 6 2 4

M 61 6 SMCHD1,24% 4.5 4.5 65 61 64 -d 7

M 50 8 SMCHD1, <10% 2.5 4.5 53 82 4 10 -f

 a Total histopathological severity sum score.  
b Fat percentage for the area directly surrounding the MR-guided biopsy site. 
c Fat percentage for the entire vastus lateralis at the level of the muscle biopsy. 
d Not enough tissue was obtained for histological analysis, single fiber studies were prioritized.  
e Mosaic; 2-unit D4Z4 repeat in 65% of leukocytes. 
f Participant declined tibialis anterior muscle biopsy.
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Figure 1 Example MRI images

From these participants, we obtained 26 vastus lateralis and 24 tibialis anterior muscle biopsies. 
Fatty infiltration of the vastus lateralis and tibialis anterior on MRI ranged from 1.1% to 
97.4% in FSHD participants (figure 1). 16 FSHD biopsies were obtained from a muscle or 
area with <15% of fatty infiltration on MRI and are referred to as FSHDNORMAL. 10 FSHD 
biopsies were obtained from a muscle or area with ≥15% of fatty infiltration and are referred 
to as FSHDFAT (table 2). 

In vivo muscle strength measured with the MRC grading scale (0-5) was normal in healthy 
control and FSHDNORMAL muscles. Muscle strength was reduced in FSHDFAT quadriceps and 
tibialis anterior. Histopathological sum scores did not significantly differ between healthy control 
and FSHDNORMAL muscle biopsies but were increased in FSHDFAT muscle biopsies (table 2). 

Single muscle fiber contractile properties
Single muscle fiber studies; maximum and specific force
Single muscle fiber studies were performed in all biopsies. For each muscle biopsy, 10-19 single 
muscle fibers were measured (547 fibers in total, table 3). 

In vastus lateralis type 1 (slow-twitch) single muscle fibers, we observed no significant differences 
in fiber cross-sectional area, maximum force and specific force between FSHDALL, FSHDNORMAL  
and FSHDFAT fibers compared to healthy controls. Vastus lateralis type 2 (fast-twitch) single 
muscle fibers obtained from FSHDNORMAL and FSHDFAT biopsies had an increased cross-
sectional area compared to healthy controls and showed increased maximum force generation. 

Example transversal T1 MRI images. The MRI-guided muscle biopsy site in the vastus lateralis is 
marked in all panels with *.
A MRI-scan of the right upper leg for participant F8, a 49-year old male FSHD patient with a CSS 
of 4/10. MRI-guided biopsy site with 0% fatty infiltration. 
B MRI-scan of the right upper leg for participant F10, a 61-year old male with FSHD2 and a CSS 
of 6/10. MRI-guided biopsy site with 65% fatty infiltration. A more lateral biopsy site was chosen 
because only fat was present underneath the marker site. 
C MRI-scan of the left upper leg for participant F5, a 49-year old female FSHD patient with a CSS 
of 8/10. MRI-guided biopsy site with 88% fatty infiltration. 

6
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Table 2 Muscle biopsy characteristics

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Muscle biopsies (N)

All

VL

TA

24

12

12

26

14

12

-

-

-

16

9

7

10

5

5

-

-

-

MRC score (0-5)

All 

Quadriceps

Tibialis anterior

5.0 ± 0.0

5.0 ± 0.0 

5.0 ± 0.0

5.0 ± 2.3

5.0 ± 0.6

4.5 ± 3.0

.021

.151

.042

5.0 ± 0.0

5.0 ± 0.3

5.0 ± 0.0

2.5 ± 2.6^^^ / #

4.5 ± 2.5^^ / #

2.0 ± 2.3^^ / #

<.001

.031

.001

Fatty infiltration on MRI (%)

All

VL

TA

5.4 ± 1.1

6.9 ± 2.1*

3.9 ± 0.8*

24.9 ± 6.4

19.0 ± 8.1

31.2 ± 10.2

.006

.168

.022

4.0 ± 0.8

2.1 ± 0.6$$

6.4 ± 2.1$

62.0 ± 8.6***

57.5 ± 7.8***, $$

66.1 ± 12.9***, $

<.001

<.001

<.001

Histopathology sum score (0-12)

All

Vastus lateralis

Tibialis anterior

2.0 ± 2.0

1.0 ± 1.0

2.0 ± 1.0

4.0 ± 4.0

4.0 ± 3.0

4.0 ± 5.0

.064

.174

.224

3.5 ± 2.0

3.5 ± 2.0

4.0 ± 2.0

7.0 ± 5.0^^

8.0 ± 5.0§

7.0 ± 5.0^

.001

.012

.019

 

Number of muscle biopsies, MRC score from the corresponding muscle, amount of fatty infiltration on 
MRI at the approximate level of the routine Bergström needle muscle biopsy site or the exact area directly 
surrounding the MRI-guided muscle biopsy site, and histopathology sum score. Please note that because 
two biopsies were obtained from each participant, but biopsies were classified according to the amount 
of fatty infiltration, each FSHD participant can either contribute two FSHDNORMAL biopsies, two FSHDFAT 
biopsies, or one of each. Data are reported as mean ± SEM for continuous data, and median ± IQR for 
ordinal data. 

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control; fat 
percentage for $ whole muscle at slice corresponding to intended muscle biopsy site; $$ measure at 
MRI-guided biopsy site. 
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Table 3 Single muscle fiber studies; cross-sectional area and maximum force 

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

142 

81

61

130

49

81

-

-

-

61

19

42

69

30

39

-

-

-

Type 2

  All

  VL

  TA

140

70

70

135

108

27

-

-

-

100

80

20

35

28

7

-

-

-

Single muscle fiber cross-sectional area (µm2)

Type 1  

  All

  VL

  TA

5861 ± 185

5545 ± 178

6284 ± 356

6156 ± 365

6610 ± 779

5882 ± 350

.581

.236

.783

5570 ± 303

5271 ± 443

5705 ± 393

6675 ± 630

7458 ± 122

6074 ± 596

.496

.056

.960

Type 2

  All

  VL

  TA

6717 ± 261

4721 ± 191

8713 ± 350

7693 ± 351

7723 ± 405

7575 ± 689

.251 

.013

.496

7847 ± 414

7768 ± 486n.s.

8164 ± 726

72536 ± 664

7594 ± 729n.s.

5891 ± 1591

.484

.030§

.607

Single muscle fiber maximum force (mN)

Type 1  

  All (N=272)

  VL (N=130)

  TA (N=142)

1.00 ± 0.03 

0.99 ± 0.03

1.05 ± 0.06

1.11 ± 0.07

1.21 ± 0.15

1.05 ± 0.06

.414

.149

.949

1.06 ± 0.06

0.97 ± 0.08

1.11 ± 0.07

1.15 ± 0.12

1.37 ± 0.23*^

0.99 ± 0.10

.694

.021

.534

Type 2

  All (N=275)

  VL (N=178)

  TA (N=97)

1.41 ± 0.06

0.99 ± 0.05

1.83 ± 0.08

1.59 ± 0.07

1.57 ± 0.08

1.67 ± 0.17

.260

.015

.867

1.41 ± 0.06

1.57 ± 0.09n.s.

1.11 ± 0.07

1.63 ± 0.08

1.57 ± 0.16n.s.

0.99 ± 0.10

.518 
 
 
.035§

.699

Table continued on next page.
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Table 3 (continued) Single muscle fiber studies; cross-sectional area and maximum force

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fiber specific force (mN/mm2)

Type 1  

  All

  VL

  TA 

178.94 ± 3.43

181.86 ± 4.38

175.06 ± 5.47

180.03 ± 3.89

182.95 ± 6.48

178.26 ± 4.88

.878

.912

.814

194.52 ± 4.80

189.40 ± 9.41

196.83 ± 5.57

167.22 ± 5.57

178.86 ± 8.79

158.27 ± 6.92#

.090

.756

.046

Type 2

  All

  VL

  TA

213.67 ± 4.24

215.32 ± 6.65

212.02 ± 5.31

210.68 ± 4.21

209.89 ± 4.55

213.81 ± 10.76

.611

.507

.884

214.73 ± 4.78

210.54 ± 5.36

231.47 ± 9.82

199.09 ± 8.66

208.03 ± 8.72

163.33 ± 22.13#

.372

.787

.023

 

Specific force, i.e. the amount of force corrected for fiber cross-sectional area, was unchanged 
in all FSHD vastus lateralis single muscle fibers. This indicates that sarcomeric contractile 
function is intact at saturating calcium concentrations.  

In tibialis anterior, type 1 and type 2 single muscle fiber cross-sectional area, maximum force 
and specific force did not differ between FSHDALL, FSHDNORMAL and FSHDFAT tibialis anterior 
fibers compared to healthy controls. 

Single muscle fiber studies; cross-bridge cycling kinetics
In line with our finding that FSHD single muscle fiber specific force is not different from healthy 
controls, we found no differences in cross-bridge cycling kinetics (supplemental table 1). 

Single fiber studies; calcium sensitivity of force 
The calcium sensitivity of force was measured in 221 healthy control and 194 FSHD single 
muscle fibers. The pCa50, which represents the negative logarithm of the Ca2+ concentration at 
which single muscle fibers produce 50% of their maximum force, was significantly increased 
in all fibers obtained from FSHDFAT muscle biopsies compared to fibers obtained from healthy 
control and FSHDNORMAL muscle biopsies. This indicates that calcium sensitivity of force is 
increased in single muscle fibers obtained from FSHDFAT biopsies. There was no difference 
between fibers obtained from vastus lateralis compared to fibers obtained from tibialis anterior 
FSHDFAT muscle biopsies (p = .858, table 4, figure 2), nor was there a difference between 
type 1 and type 2 FSHDFAT fibers (p = .596).
 

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control.
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Table 4 Single muscle fiber studies; calcium sensitivity of force

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

121

69

52

108

39

69

-

-

-

51

15

36

57

24

33

-

-

-

Type 2

  All

  VL

  TA

100

41

59

86

61

25

-

-

-

66

47

19

20

14

6

-

-

-

pCa50

Type 1  

  All

  VL

  TA

5.77 ± 0.01

5.77 ± 0.01

5.78 ± 0.01

5.84 ± 0.01

5.86 ± 0.02

5.83 ± 0.01

.028

.020

.074

5.81 ± 0.01

5.83 ± 0.02

5.80 ± 0.01

5.88 ± 0.01^^

5.88 ± 0.02^

5.87 ± 0.02^

.009

.037

.013

Type 2

  All

  VL

  TA

5.79 ± 0.01

5.80 ± 0.01

5.78 ± 0.01

5.80 ± 0.01

5.80 ± 0.01

5.78 ± 0.02

.352

.572

.742

5.77 ± 0.01

5.79 ± 0.01

5.74 ± 0.02

5.87 ± 0.02**

5.86 ± 0.03

5.90 ± 0.04** 

.002

.157

.002

 

Single muscle fiber studies; force at physiological Ca2+ concentrations
During maximal contraction, intracellular [Ca2+] may rise from resting levels of ~0.1 µM (pCa 
7.0) to 10µM (pCa 5.0; a 100-fold increase). However, in physiological conditions muscle 
fibers usually operate at sub-maximal calcium concentrations, typically resulting in a Ca2+ 
concentration of 1-3µM (pCa 6.0 – ~5.5). Specific force at physiological Ca2+ concentrations 
did not differ between single muscle fibers obtained from healthy control compared to fibers 
obtained from FSHDNORMAL and FSHDFAT biopsies, despite markedly increased calcium 
sensitivity in fibers obtained from FSHDFAT biopsies (figure 2). We conclude that increased 
calcium sensitivity in single muscle fibers obtained from FSHDFAT biopsies maintains specific 
force generation at physiological Ca2+ concentrations. 

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control.
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Figure 2 Single muscle fiber studies; calcium sensitivity of force

Single muscle fiber studies; cooperativity of activation 
The steepness of the force-calcium sensitivity curve was significantly increased in FSHDFAT 

tibialis anterior type 1 fibers, but not in FSHDFAT vastus lateralis or FSHDFAT tibialis anterior 
type 2 fibers. This indicates that increased FSHDFAT muscle fiber calcium sensitivity we observed 
in all FSHDFAT single muscle fibers is not caused by increased cooperativity of activation 
(supplemental table 2). In other words, the slope of the FSHD force-pCa curve is not 
changed compared to healthy controls but is shifted leftward on the X-axis. 

A, B Normalized force-pCa and analysis of pCa50 – the pCa at which 50% of maximum force is 
reached – of vastus lateralis type 1 fibers demonstrates that calcium sensitivity of force is increased in 
FSHD muscle fibers obtained from FSHDFAT biopsies, while specific force is preserved. Physiological 
[Ca2+] range during muscle contraction is marked by the gray area. 
C, D Normalized force-pCa and analysis of pCa50 of vastus lateralis type 2 demonstrates increased 
normalized force generation at a physiological pCa of 6.0, with preserved specific force generation. 
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Figure 2 (continued) Single muscle fiber studies; calcium sensitivity of force

Single muscle fiber studies; passive force 
Based on previous findings, we hypothesized that increased calcium sensitivity of force in 
FSHDFAT biopsies is caused by titin-based stiffening of muscle fibers and consequential 
facilitation of actin-myosin coupling126. Hence, we measured single muscle fiber passive force, 
which in skinned fibers reflects titin-based stiffness. Only a limited amount of FSHD fibers 
were available for analysis of passive force (N = 80 healthy control, N = 29 FSHDNORMAL and N 
= 15 FSHDFAT single muscle fibers). Hence, we were limited to comparison of healthy control, 
FSHDNORMAL and FSHDFAT subgroups without individual analyses per fiber type or muscle.   
   

E, F Normalized force-pCa and analysis of pCa50 of tibialis anterior type 1 fibers demonstrates that 
calcium sensitivity of force is increased in FSHD muscle fibers obtained from FSHDFAT biopsies, 
while specific force is preserved. 
G, H Normalized force-pCa and analysis of pCa50 of tibialis anterior type 2 fibers demonstrates 
that calcium sensitivity is increased in FSHD muscle fibers obtained from FSHDFAT biopsies, while 
specific force is preserved.  

6
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Figure 3 Single muscle fiber studies; passive force

Passive force development was significantly higher in single muscle fibers obtained from 
FSHD muscle biopsies (FSHDALL) compared to healthy control muscle fibers (p = .021 for 
FSHDALL vs. healthy control), resulting in increased fiber stiffness. Passive force development was 
significantly increased in fibers obtained from FSHDNORMAL biopsies (p = .026 for FSHDNORMAL 
vs. healthy control, figure 3). Passive force development was also increased in fibers obtained 
from FSHDFAT biopsies, however this finding failed to reached significance most likely due 
to low statistical power (p = .143 for FSHDFAT vs. healthy control, p = .784 for FSHDNORMAL 

vs. FSHDFAT, figure 3). 

Posthoc comparisons of passive force at different sarcomere lengths showed no significant 
difference between FSHDALL compared to healthy control, nor between FSHDNORMAL and 
FSHDFAT subgroups compared to healthy control muscle fibers. These findings indicate that 
passive force development is increased in all FSHD fibers, independent of the amount of 
fatty infiltration. Hence, the increased calcium sensitivity of force that was only observed 
in FSHDFAT fibers is not related to increased fiber stiffness in FSHDFAT single muscle fibers.
 
Muscle biopsy studies; titin content and phosphorylation
Finally, we analyzed titin content and phosphorylation of the titin PEVK segment in vastus 
lateralis biopsies. Compatible with our single muscle fiber results, titin content was increased 
in all FSHD biopsies compared to healthy controls but did not differ between FSHDNORMAL 
and FSHDFAT vastus lateralis muscle biopsies (p = .020 for FSHDALL compared to healthy 
control, figure 4A). PEVK phosphorylation was only examined in FSHDFAT vastus lateralis 
muscle biopsies and did not differ from healthy control vastus lateralis biopsies (Figure 4B-D). 

Single muscle fibers are stretched 
from slack length to a sarcomere 
length of 3.2 µm. 

Resulting development of passive 
force is different in single muscle 
fibers obtained from FSHDNORMAL 
and FSHDFAT muscle biopsies 
compared to healthy control fibers 
but does not differ between FSHD 
subgroups. There are no significant 
differences between groups in 
posthoc comparisons at different 
sarcomere lengths. 

 



91

Ex vivo contractile function in FSHD - a comprehensive study

Figure 4 Titin content and PEVK phosphorylation

A Vastus lateralis titin content, measured as the ratio between total titin and total MyHC, is significantly 
increased in FSHDALL muscle biopsies, but does not differ between FSHDNORMAL and FSHDFAT subgroups. 
B Representative vastus lateralis titin content gels for controls (vastus lateralis biopsy from participant 
C3), FSHDNORMAL (participant F1) and FSHDFAT (participant F5). 
C No change in total PEVK signal, suggesting splicing of titin is not affected. 
D, E No change in phosphorylation pS11878 and pS12022 within the titin PEVK segment, which 
suggests that increased passive force is not directly mediated by either alternative titin splicing or 
through PKCa phosphorylation of the c-terminal PEVK region. 

6
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Discussion
In this study, we investigated the contractile properties of 547 single muscle fibers isolated 
from 50 muscle biopsies from 14 patients with FSHD and 12 healthy controls. Single muscle 
fiber specific force measurements at physiological and saturating Ca2+ concentrations did not 
differ from healthy controls, even in fibers obtained from fat infiltrated muscles. This indicates 
that sarcomeric function is intact and that clinical muscle weakness in patients with FSHD 
is not caused by reduced specific force of individual muscle fibers. 

Single muscle fiber calcium sensitivity of force, which is an important parameter that determines 
the ease of skeletal muscle contraction in response to calcium, was increased in single muscle 
fibers obtained from FSHD muscle biopsies with fatty infiltration (FSHDFAT) compared to 
fibers obtained from healthy controls. However, increased calcium sensitivity of force did not 
result in supramaximal specific force generation. This suggests that increased calcium sensitivity 
in FSHDFAT single muscle fibers is a compensatory mechanism to maintain specific force in 
muscles with fatty infiltration.

In other muscle diseases, alternations in single muscle fiber calcium sensitivity of force are 
usually the result of mutations that directly alter the structural elements of the sarcomere. For 
example, increased calcium sensitivity of force has been observed in muscle fibers of patients 
with TPM2 and TPM3 mutations127. Single muscle fiber calcium sensitivity of force was intact 
in muscle biopsies from patients with inclusion body myositis, an acquired muscle disease with 
marked inflammation and fatty infiltration128. However,  these fibers also had reduced specific 
force due to myosin loss, which may prohibit compensatory changes in calcium sensitivity.

Single muscle fiber contractile function has previously been investigated in various other 
neuromuscular disorders. Specific force is generally reduced in myopathies that involve 
mutations of the force-generating structural components of the sarcomere, such as nemaline 
myopathy caused by mutations in NEB, ACTA1, TPM2 and TPM3127. Reduced muscle 
fiber specific force is also found in myotonic dystrophy, a multisystem disorder caused by a 
repeat expansion of the DMPK gene, and in inclusion body myositis, an inflammatory and 
degenerative acquired muscle disease121, 128. In contrast, single muscle fiber specific force in 
FSHD is intact even in severely affected tissue with marked fatty infiltration. This indicates that 
muscle weakness in FSHD does not occur through a primary effect of DUX4 on muscle fiber 
contractility. Instead, muscle weakness in FSHD is most likely the result of DUX4-induced 
toxicity and consequential loss of muscle fibers resulting in atrophy and fatty infiltration, but 
not through a primary effect on muscle fiber contractility. 

Our current findings contrast with previous results of a pilot study from our group that showed 
reduced specific force in type 2 FSHD single muscle fibers obtained from 4 FSHD muscle 
biopsies126. Aside from the smaller sample size, the divergent results can also be explained by 
differences in the healthy control groups. In the pilot study, the control group consisted of 
relatively young, physically active volunteers. In the current study we deliberately selected 
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healthy controls with similar age, sex and lifestyle. 

Based on previous findings in 4 FSHD muscle biopsies, we hypothesized that increased calcium 
sensitivity results from reduced myofilament lattice spacing induced by changes in muscle fiber 
passive tension126.  However, our current findings in this larger cohort disprove this hypothesis. 
Although passive force development was increased in FSHDNORMAL and FSHDFAT single muscle 
fibers, changes in passive force did not explain the increased calcium sensitivity of force that 
was exclusive to FSHDFAT muscle fibers. 

In skinned single muscle fibers, passive force is primarily mediated by titin, an elastic 
myofilament which functions as a molecular spring that extends and generates force when 
muscles are stretched129. In this study, the increased passive force in all FSHD single muscle 
fibers was associated with an increased titin/MyHC ratio. In the sarcomere, titin stoichiometry 
dictates a 6:1 ratio of titin molecules per half sarcomere130. Our findings might suggest a 
change in this ratio, due to incorporation of an increased number of titin molecules per half 
sarcomere – a reduced amount of myosin heavy chain molecules would have resulted in reduced 
single muscle fiber specific force. The presence of changes in passive force development even 
in mildly affected muscle biopsies without fatty infiltration suggests that this may be an early 
consequence of disease pathology. Whether DUX4 plays a role in the observed changes in 
passive force development warrants further investigation. 

The strength of this study is the large size of the cohort of FSHD patients and the inclusion 
of healthy control biopsies specifically collected for this study. Furthermore, we have used 
quantitative MRI and MRI-guided muscle biopsies to compare changes in early disease 
(associated with low levels of fatty infiltration <15%) with progressive disease in fat infiltrated 
muscle biopsies. The MRI-guided muscle biopsy technique allowed us to obtain an exact 
measurement of fatty infiltration in vastus lateralis muscle biopsies. Longitudinal studies 
with repeated muscle biopsies would provide additional information, however it is difficult 
to engage participants for repeated follow-up biopsies. In this study, almost all participants 
contributed two muscle biopsies on the same day. 

Our study has several limitations. First, we have used permeabilized single muscle fibers to 
investigate changes on the level of the sarcomere. This technique prohibits the measurement 
of upstream processes in excitation-contraction coupling, such as calcium handling or calcium 
signaling. A previous study found no difference in calcium handling or calcium signaling 
between FSHD and control myotubes, which suggests that excitation-contraction coupling 
and calcium handling are intact131. Furthermore, isolation of single muscle fibers may favor 
stronger fibers due to exclusion of fibers with reduced quality on visual inspection or fibers 
that break prior to initiation of the measurement protocol. Passive force measurements were 
limited by a small number of fibers.

6
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Conclusion
This study demonstrates that clinical muscle weakness in patients with FSHD is not caused 
by reduced specific force of individual muscle fibers, even in severely affected tissue with 
marked fatty infiltration of muscle tissue on muscle MRI. Although specific force is intact at 
physiological and saturating Ca2+ concentrations, other contractile parameters are changed 
in FSHD single muscle fibers. Muscle fiber calcium sensitivity of force was increased in 
severely affected tissue and probably is a compensatory mechanism to maintain specific force. 
Development of passive force was increased in FSHD muscle with and without fatty infiltration, 
suggesting an early event in disease pathology. Our results increase our understanding of the 
development of clinical muscle weakness in patients with FSHD.   
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Supplemental table 1 Single muscle fiber studies; cross-bridge cycling kinetics

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

111

61

50

99

39

60

-

-

-

55

18

37

44

21

23

-

-

- 

Type 2

  All

  VL

  TA

115

54

61

118

94

24

-

-

-

89

70

19

29

24

5

-

-

-

Ktr

Type 1  

  All

  VL

  TA

5.20 ± 0.23

4.93 ± 0.27

5.53 ± 0.37

4.92 ± 0.13

5.07 ± 0.22

4.82 ± 0.15

.177

.834

.100

4.75 ± 0.13

4.74 ± 0.16

4.75 ± 0.18

5.13 ± 0.23

5.35 ± 0.37

4.93 ± 0.28

.345

.614

.246

Type 2

  All

  VL

  TA

13.18 ± 0.30

13.38 ± 0.43

13.00 ± 0.43

12.17 ± 0.33

12.31 ± 0.38

11.63 ± 0.64

.185

.254

.206

11.93 ± 0.32

12.10 ± 0.35

11.32 ± 0.79

12.91 ± 0.91

12.94 ± 1.10

12.80 ± 0.34

.374

.506

.328

Table continued on next page.

6



96

Chapter 6

Supplemental table 1 (continued) Single muscle fiber studies; cross-bridge cycling kinetics

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

109

61

48

99

38

61

-

-

-

52

17

35

47

21

26

-

-

- 

Type 2

  All

  VL

  TA

99

46

53

95

71

24

-

-

-

73

54

19

22

17

5

-

-

-

Active stiffness

Type 1  

  All 

  VL

  TA 

85.97 ± 2.50

89.09 ± 3.35

82.00 ± 3.71

97.06 ± 2.94

96.67 ± 5.56

97.31 ± 3.32

.462

.705

.305

98.76 ± 3.48

95.27 ± 7.23

100.45 ± 3.83

95.19 ± 4.88

97.80 ± 8.33

93.08 ± 5.83

.556

.929

.344

Type 2

  All 

  VL 

  TA 

77.65 ± 1.90

79.32 ± 2.61

76.20 ± 2.74

71.09 ± 1.90

70.39 ± 2.23

73.16 ± 3.64

.507

.407

.632

71.03 ± 1.99

68.60 ± 2.28

77.92 ± 3.76

71.31 ± 4.94

76.09 ± 5.80

55.08 ± 4.56

.798

.347

.121

Tension/stiffness ratio

Type 1  

  All

  VL

  TA 

2.25 ± 0.07

2.19 ± 0.07

2.33 ± 0.12

2.01 ± 0.05

2.04 ± 0.09

1.99 ± 0.05

.134

.495

.084

2.09 ± 0.07

2.20 ± 0.16

2.04 ± 0.07

1.92 ± 0.06

1.91 ± 0.09

1.93 ± 0.09

.265

.514

.211

Type 2

  All

  VL

  TA

2.95 ± 0.05

2.95 ± 0.07

2.94 ± 0.07

3.00 ± 0.07

2.98 ± 0.07

3.04 ± 0.16

.849

.608

.579

3.03 ± 0.06

3.03 ± 0.06

3.05 ± 0.19

2.87 ± 0.18

2.82 ± 0.23

3.02 ± 0.18

.402

.282

.822

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p = <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control.
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Supplemental table 2 Single muscle fiber studies; Hillslope

FSHD total group  
vs. control

FSHD subgroups  
vs. control

Control FSHDALL p FSHDNORMAL FSHDFAT p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

121

69

52

108

39

69

-

-

-

51

15

36

57

24

33

-

-

-

Type 2

  All

  VL

  TA

100

41

59

86

61

25

-

-

-

66

47

19

20

14

6

-

-

-

Hillslope

Type 1  

  All 

  VL 

  TA 

2.96 ± 0.11

3.23 ± 0.18

2.58 ± 0.05

3.01 ± 0.09

3.07 ± 0.18

2.97 ± 0.09

.377

.886

.017

2.86 ± 0.08

2.94 ± 0.11

2.83 ± 0.10

3.14 ± 0.14

3.16 ± 0.28

3.12 ± 0.15^

.378

.903

.014

Type 2

  All 

  VL 

  TA 

3.56 ± 0.10

3.70 ± 0.18

3.47 ± 0.11

3.38 ± 0.11

3.39 ± 0.14

3.34 ± 0.15

.208

.180

.466

3.40 ± 0.13

3.47 ± 0.17

3.23 ± 0.14

3.29 ± 0.20

3.13 ± 0.20

3.66 ± 0.45

.395

.293

.663

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p = <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control.
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Abstract

Introduction Specific force, i.e. the amount of force generated per unit of muscle tissue, 
is reduced in patients with facioscapulohumeral muscular dystrophy (FSHD). The causes of 
reduced specific force and its relation with FSHD disease severity are unknown. 

Methods Quantitative muscle MRI, measurement of voluntary maximum force generation 
and quadriceps force-frequency relationship, and vastus lateralis muscle biopsies were performed 
in 12 genetically confirmed patients with FSHD and 12 controls. 

Results Specific force was reduced by ~33% in all FSHD patients independent of disease 
severity. Quadriceps force-frequency relationship shifted to the right in severe FSHD compared 
to controls. Fiber type distribution in vastus lateralis muscle biopsies didn’t differ between groups. 

Discussion Reduced quadriceps specific force is present in all FSHD patients regardless 
of disease severity or fatty infiltration. Early myopathic changes including fibrosis, and non-
muscle factors such as physical fatigue and musculoskeletal pain may contribute to reduced 
specific force. 
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Introduction 

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common hereditary 
muscle disorders124. In FSHD, the amount of muscle available for force generation is 
reduced due to fatty infiltration, fibrosis and fiber atrophy, resulting in reduced muscle 

strength24, 32, 34, 39, 54, 132-134. Another contributing factor to muscle weakness is impairment of 
specific force, i.e. the amount of force generated per unit of residual muscle tissue. Specific 
force has been shown to be reduced in FSHD as well as in other muscle disorders such as 
Duchenne and Becker muscular dystrophy53, 54, 135, 136. The exact mechanisms that result in 
reduced specific force in FSHD are unknown. Previous studies have shown that specific force 
is reduced in patients with FSHD. However, one study did not include radiological assessment 
of muscle volume to correct for fatty infiltration53. Another study was limited by the use of 
different force measurement devices and MRI protocols in the patient and control groups54. 
Furthermore, previous studies didn’t assess specific force in patients with mild disease. Hence, 
it is unclear whether reduced specific force is an early feature of FSHD pathology or a late 
consequence of atrophy and fatty infiltration. If specific force is affected early in the FSHD 
disease course, this may influence the use of outcome measures in clinical trials. Therefore 
we investigated specific force and its relation to disease severity in the quadriceps of FSHD 
patients and controls. 

Results
Participants
We included 12 FSHD patients with varying degrees of disease severity and 12 controls. 5/12 
Patients had a CSS of 2-4 and were classified as mild FSHD, 7/12 patients had a CSS of 6-8 
and were classified as severe FSHD. FSHD subgroups and control participants did not differ 
in age, sex distribution or BMI (table 1). All participants with mild FSHD and 3 participants 
with severe FSHD had FSHD1. Of the other 4 severe FSHD patients, 1 was mosaic with a 
two-unit D4Z4 repeat in 65% of leukocytes, and 3 had FSHD2 due to a SMCHD1 mutation.  
An overview of all participants is provided in table 2. 

Table 1 Participants

Control Mild FSHD Severe FSHD p

Age (years) 53.8 ± 1.7 52.6 ± 2.9 54.1 ± 1.4 .888

Sex (male %) 50.0 60.0 28.6 .515

BMI (kg/m2) 27.3 ± 1.5 24.2 ± 1.0 26.1 ± 1.9 .470

CSS (median (range)) N/A 3 (2-4) 6 (6-8) <.001

Disease duration (yrs) N/A 20.2 ± 5.2 35.0 ± 4.0 .045

D4Z4 repeat (units)* N/A 7.8 ± 0.9 7.7 ± 0.3 .9132

* Mean for 5 participants with mild FSHD1 and 3 participants with severe FSHD1. Of the other 4 severe 
FSHD patients, 1 was mosaic (two-unit D4Z4 repeat in 65% of leukocytes), and 3 had FSHD2.

7
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Table 2 Participants and muscle biopsies

Clinical features Quadriceps Vastus lateralis

Sex Age 
(yrs)

CSS MRC MRI fat 
(%)

MVC (N) Specific force 
(N/cm2)

MRI fat 
(%)

Histopathology 
sum score

Controls

M 44 N/A 5 5 590 19.3 2 3

M 50 N/A 5 9 630 21.7 8 1

M 50 N/A 5 4 440 13.9 1 1

F 51 N/A 5 9 630 27.8 3 0

F 51 N/A 5 7 545 31.1 3 1

F 52 N/A 5 – * 325 – * – * 0

F 53 N/A 5 2 410 21.3 9 1

M 53 N/A 5 4 880 27.0 4 1

M 57 N/A 5 8 800 23.0 8 2

M 58 N/A 5 4 800 25.1 3 1

F 62 N/A 5 25 350 20.3 26 2

F 65 N/A 5 8 465 23.6 5  1

Mild FSHD

M 52 2 5 8 510 16.1 9 4 

M 59 2 5 4 425 16.5 5 1 

F 44 3 5 9 385 18.6 8 3 

F 59 3 5 8 245 12.3 2 3 

M 49 4 5 3 300 13.2 2 1 

Severe FSHD

F 48 6 4.5 8 155 9.6 10 4 

F 57 6 5 17 75 4.3 21 2 

M 61 6 4.5 83 84 21.1 61 – **

M 56 6 5 24 435 20.1 12 3 

F 52 7 5 41 300 20.6 39 6 

F 49 8 2.5 87 43 17.5 92 11 

F 56 8 4 15 200 16.4 3 4 

* MRI scanning not performed due to claustrophobia. 

** Insufficient material for histopathological analysis.  
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Figure 1 Functional performance and quantative imaging

Figure 2 Reduced specific force in patients with mild and severe FSHD

Functional performance
Six-minute walking test, MFM and daily physical activity level were normal in patients with 
mild FSHD, whereas patients with severe FSHD had reduced walking distance, reduced 
performance on the MFM, and reduced daily physical activity level compared to controls 
and patients with mild FSHD (figure 1A-C). Mild lower back and pelvic pain, which can 
negatively impact measurement of MVC and functional performance, was reported more 
frequently in patients with severe FSHD (reported by 8.3% of controls with a mean pain score 
of 1/10; 40% of mild FSHD with a mean pain score of 3/10; 67% of severe FSHD with a 
mean pain score of 2/10, p = .035). 

A Walking distance on the six-minute walking test (6MWT) was reduced in patients with severe FSHD. 
B Functional performance measured by the Motor Function Measure (MFM) was reduced in patients 
with severe FSHD. 
C Daily physical activity was reduced in patients with severe FSHD. 
D Quadriceps atrophy (reduced total cross-sectional area (TCSA)) and fatty infiltration (increased 
fat infiltrated cross-sectional area (FCSA) vs. controls and mild FSHD) in patients with severe FSHD, 
resulting in reduced contractile cross-sectional area (CCSA, reduced vs. controls and mild FSHD). 

7
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Figure 2 Reduced specific force in patients with mild and severe FSHD

Quantitative muscle imaging
Quantitative imaging of the quadriceps was performed in 11/12 controls and 12/12 FSHD 
participants. MRI scanning failed in one control due to claustrophobia. TCSA, CCSA and 
FCSA did not differ in patients with mild FSHD compared to controls (figure 1D) . In 
contrast, patients with severe FSHD had an increased FCSA, resulting in reduced CCSA 
compared to controls (figure 1D). 

A Maximum Voluntary Contraction (MVC) is significantly reduced in severe FSHD. 
B Quadriceps contractile cross-sectional area (CCSA) correlates significantly with MVC. Specific 
force (MVC/CCSA) is reduced in all FSHD patients, independent of disease severity. This results in 
a ~33% reduction in specific force in FSHD patients compared to healthy controls (mild FSHD: 
34%, severe FSHD: 32%, C). 
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Figure 3 Force-frequency relationship

Quadriceps strength and specific force
MVC measurement was performed in 12/12 controls and 12/12 FSHD patients. MVC was 
significantly decreased in patients with severe FSHD (figure 2B). MVC showed a linear 
relationship with CSSA in both controls and FSHD patients (figure 2C). Quadriceps specific 
force was decreased in all FSHD participants independent of disease severity. As a result, 
specific force was reduced by 34% reduction in patients with mild FSHD by 32% patients 
with severe FSHD (figure 2C). 

Quadriceps force-frequency relationship 
Stimulated measurements were not tolerated by all participants. As a consequence, data were 
acquired in 11/12 controls and 10/12 FSHD participants: 4 with mild FSHD and 6 with 
severe FSHD. Absolute force responses to stimulation at different frequencies were lower in 
severe FSHD patients compared to controls, reflecting reduced MVC (figure 3A, B). When 
normalized for peak force, the force-frequency relationship was shifted to the right in severe 

A Incremental currents were applied at 1-10-20-30-50-100 Hz; force generated was measured to 
determine force-frequency relationships.  
B Absolute stimulated force was less in severe facioscapulohumeral muscular dystrophy (FSHD) 
participants, reflecting lower Maximum Voluntary Contraction (MVC). 
C Force-frequency relationship corrected for maximum force was shifted to the right in participants 
with severe FSHD, but did not differ between mild FSHD and control participants.
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FSHD patients compared to controls  (figure 3C). The force-frequency relationship was not 
different in mild FSHD compared to controls. 

Vastus lateralis fiber type distribution
The intact force-frequency relationship in mild FSHD patients suggests that the observed 
reduction in specific force isn’t caused by changes in fiber type distribution. We obtained vastus 
lateralis muscle biopsies from all participants to confirm this finding. Morphometric analysis 
of muscle biopsies showed that fiber type distribution was not changed in FSHD compared 
to control biopsies, independent of disease severity (mean percentage of type 1 fibers: 57.6 ± 
4.0 in control vs. 50.0 ± 7.6 in mild FSHD vs. 64.4 ± 2.4 in severe FSHD, p = .208). 

Vastus lateralis histopathological studies
Histopathological analysis showed mild myopathic abnormalities in biopsies obtained from 
patients with mild FSHD, with a significant increase internal nucleation and interstitial 
fibrosis (figure 4). Histopathological analysis showed more severe myopathic and dystrophic 
abnormalities in biopsies obtained from patients with severe FSHD, with a significant increase 
internal nucleation, interstitial fibrosis and necrosis and/or regeneration. There was no significant 
correlation between the severity of interstitial fibrosis and specific fore (p = .327) or other 
parameters that were scored on muscle biopsy. 

Discussion
This study demonstrates that reduced quadriceps specific force, i.e. the amount of force generated 
per unit of residual muscle tissue, is an early feature of FSHD that occurs prior to the onset of 
fatty infiltration or clinical lower extremity weakness. Reduced specific force was also present 
in more severely affected patients with fatty infiltration of the quadriceps and lower extremity 
muscle weakness. 

Our results show that quadriceps specific force is reduced in patients with mild and severe 
FSHD. Our results in severe FSHD conform previous published data53, 54. Specific force values 
were relatively similar in patients mild FSHD, but values varied widely in patients with severe 
FSHD. The overall amount of reduction in specific force was similar in mild compared to 
severe FSHD participants. Several factors may have contributed to the increased variability 
in patients with severe FSHD. The amount of fatty infiltration of the quadriceps in patients 
with severe FSHD varied between 8 and 83%. Counter-intuitively, specific force was higher 
in FSHD patients with more severe fatty infiltration. In FSHD, quadriceps involvement 
starts with distal atrophy and fatty infiltration39, 46. Given that the absolute amount of force 
generated by a muscle is determined by its largest cross-sectional area – reflecting the number 
of sarcomeres in parallel – distal atrophy and fatty infiltration in patients with severe FSHD 
may result in overestimation of specific force. 

Motivational factors also influence force generation and may be more pronounced in patients 
with severe FSHD. In this study, muscle strength was measured using quadriceps MVC, which
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Figure 4 Histopathological studies

can be influenced by fatigue and pain. Both are highly prevalent in FSHD, considering that 
61% of FSHD patients reports severe fatigue and 89% report pain137, 138. Pain was indeed 
reported more frequently by patients with severe FSHD, of which 67% reported back and 
pelvic pain with a mean pain score of 2/10. Submaximal effort may also have contributed to 
reduced quadriceps endurance in a previous study53. Future studies may use electrically evoked 
quadriceps force measurements to exclude motivational factors. 

One potential cause of reduced specific force is predominance of type 1 muscle fibers. We 
investigated the force-frequency relationship to investigate potential fiber type shifts in FSHD 
participants. The force-frequency relationship reflect the amount of force generated in responses 
to electrical stimulation at different frequencies between 1 and 100 Hz. A leftward shift of the 
force-frequency relationship usually indicates an increased amount of type 1 fibers, as slower 
contraction and relaxation speeds facilitate force summation in these fibers139, 140. Our results 
show that force-frequency curves in patients with mild FSHD are not different from controls, 
which indicates that reduced quadriceps specific force isn’t caused by fiber type shift. Vastus 
lateralis muscle biopsy studies in the same participants confirmed these findings, which are 
in line with previous studies on fiber type distribution in FSHD141. The rightward shift of 
the quadriceps force-frequency relationship that we observed in patients with severe FSHD is 
most likely caused by impaired propagation of the electrical stimulus in fat infiltrated tissue. 

Evaluation of 1) variability in fiber size, 2) extent of central nucleation, 3) increase in interstitial 
fibrosis, 4) necrosis and/or regeneration in vastus lateralis muscle biopsies. None or mild abnormalities 
were encountered in healthy controls, which were all between age 40-65. Muscle biopsies obtained 
from participants with mild facioscapulohumeral muscular dystrophy (FSHD) showed significantly 
increased amounts of central nucleation and interstitial fibrosis. All parameters were increased in 
biopsies obtained from participants with severe FSHD. 
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Previous studies have suggested that reduced specific force may be caused by changes in 
muscle architecture, including increased amounts of interstitial fibrosis. Histopathological 
analysis showed mild myopathic abnormalities in vastus lateralis muscle biopsies obtained from 
participants with mild FSHD: increased amounts of internal nuclei and increased interstitial 
fibrosis. This is compatible with previous studies which showed that in FSHD patients without 
lower extremity weakness, muscle biopsies are either normal or show mild myopathic changes82. 
Furthermore, muscle ultrasound can demonstrate structural abnormalities in muscle that appear 
normal on muscle MRI, most likely due to increased interstitial fibrosis which is not detected 
on MRI36. Increased amounts of interstitial fibrosis reduce the amount of contractile material 
per cross-sectional area and disturb force transmission, resulting in reduced specific force142.  
However, the role of interstitial fibrosis in the reduction of specific force is probably small, as 
only mild or no fibrosis was observed histologically in the mild FSHD group.  

Specific force may also be reduced by impaired sarcomeric function of the muscle fiber. We 
have previously investigated sarcomeric function in muscle fibers isolated from the same 
biopsies that were used in this study, and showed maximum and specific force generation are 
preserved in FSHD single muscle fibers143.

A limitation from this study is it’s small sample size and the use of axial muscle MRI images 
at a single level, i.e. ⅓ of the distance between patella and SIAS, to determine quadriceps 
cross-sectional area. In healthy subjects without muscle disease, quadriceps cross-sectional 
area at this level correlates well with quadriceps muscle volume144. As discussed previously in 
this discussion, distal atrophy and fatty infiltration would result in overestimation of specific 
force relative to controls144. This strengthens our findings in participants with mild FSHD. 
Another limitation is that we included participants with both FSHD1 (N = 8), FSHD2 (N = 
3) and one patient who was mosaic for FSHD1. All FSHD2 patients and the mosaic patient 
had severe FSHD. Although previous studies have shown no clinical differences between 
FSHD1 and FSHD2, we can’t exclude that the differences in genotype in the severe FSHD 
group influenced the results. 

Specific force is a potential outcome measure for therapeutic trials, in particular for patients 
with mild FSHD. Quantitative MRI has become an established biomarker for FSHD disease 
progression. Specific force can be determined if quantitative force measurements are added. 
Longitudinal studies are needed to assess the applicability of specific force as an outcome 
measure for FSHD.  

In conclusion, reduced specific force is present in patients with mild and severe FSHD and 
can be detected prior to the onset of fatty infiltration or weakness of the lower limbs. Early 
myopathic changes, including increased interstitial fibrosis, and non-muscle factors such 
as experienced fatigue or musculoskeletal pain may contribute to reduced specific force.  
Our findings are relevant when using quantitative muscle testing as an outcome measure 
in therapeutic trials, as reduced specific force may influence potential muscle performance. 



109

In vivo quadriceps specific force in FSHD

7





PART IV

IN  VIVO AND EX VIVO 

CONTRACTILE FUNCTION

IN 

OTHER MUSCLE
DISORDERS





8In vivo and ex vivo contractile function 
in inclusion body myositis 

Published as 
Muscle fiber dysfunction contributes to weakness

 in inclusion body myositis

Saskia Lassche, Anke Rietveld, Arend Heerschap, Jeroen van Hees, 
Maria Hopman, Nicol Voermans, Christiaan Saris, 

Baziel van Engelen, Coen Ottenheijm

Neuromuscular Disorders 2019; Jun; 29(6): 468-4767



Abstract

Atrophy and fatty infiltration are important causes of muscle weakness in inclusion body 
myositis (IBM). Muscle weakness can also be caused by reduced specific force; i.e. the amount 
of force generated per unit of residual muscle tissue. This study investigates in vivo specific 
force of the quadriceps and ex vivo specific force of single muscle fibers in patients with IBM. 
We included 8 participants with IBM and 12 healthy controls, who all underwent quantitative 
muscle testing, quantitative MRI of the quadriceps and paired muscle biopsies of the quadriceps 
and tibialis anterior. Single muscle fibers were isolated to measure muscle fiber specific force 
and contractile properties. Both in vivo quadriceps specific force and ex vivo muscle fiber 
specific force were reduced. Muscle fiber dysfunction was accompanied by reduced active 
stiffness, which reflects a decrease in the number of attached actin-myosin cross-bridges during 
activation. Myosin concentration was reduced in IBM fibers. Because reduced specific force 
contributes to muscle weakness in patients with IBM, therapeutic strategies that augment 
muscle fiber strength may provide benefit to patients with IBM.  
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Introduction

Inclusion body myositis (IBM) is one of the most common acquired muscle disorders in 
adults over 50 years old145, 146. Progressive disease is characterized by atrophy and fatty 
infiltration of muscle tissue, resulting in muscle weakness113, 147, 148. In early disease, the 

quadriceps, deep finger flexors and the pharyngeal muscles are most frequently affected, 
restricting functional ability and quality of life149-151. IBM is the result of a complex and only 
partially understood interplay between muscle inflammation, degeneration and impaired 
proteostasis which results in the accumulation of proteins in rimmed vacuoles152. 

No curative treatment options are currently available for IBM. The use of bimagrumab, a 
myostatin inhibitor which aims to ameliorate muscle atrophy by promoting muscle growth, 
resulted in increased thigh muscle volume in a small proof of concept trial153. However, a 
subsequent double-blind placebo controlled trial did not meet its primary endpoint154. A 
conference abstract on rapamycin treatment reported reduced fatty replacement and increased 
contractile cross-sectional area, but detected no change in quadriceps muscle strength155. This 
suggests that merely increasing the amount of muscle tissue is not sufficient to increase muscle 
strength in patients with IBM. 

Besides loss of muscle mass due to atrophy and fatty infiltration, muscle weakness can also be 
caused by a reduction in specific force, i.e. the amount of force generated per unit of residual 
muscle tissue.  An important contributor to in vivo specific force is muscle fiber strength. In 
IBM, muscle fiber strength may potentially be affected by inflammation, which may trigger 
and sustain cell stress, resulting in sarcomeric protein degradation, accumulation of unwanted 
proteins and irreversible muscle fiber damage156-158.

This study investigates in vivo specific force of the quadriceps and ex vivo specific force of single 
muscle fibers to determine whether muscle fiber dysfunction contributes muscle weakness in 
patients with IBM.

Results
Participants and biopsies
We included 8 IBM patients aged 49-64 years (7M/1F) and 12 healthy control subjects 
aged 42-65 years (6M/6F). Two IBM patients fulfilled the 2010 modified Griggs criteria for 
pathologically defined IBM, four fulfilled the criteria for clinically defined IBM, and one 
patient fulfilled the criteria for possible IBM. We were unable to find enough female IBM 
patients that fulfilled the inclusion criteria, which is why a higher number of female controls 
participated. To account for the overrepresentation of men in the IBM group we used sex as 
a covariate in appropriate statistical analyses. Muscle biopsies of both the vastus lateralis and 
tibialis anterior were obtained from all participants, except in two. In one IBM participant, 
advanced fatty infiltration prohibited vastus lateralis muscle biopsy. Another IBM participant 
declined a muscle biopsy of the tibialis anterior. For each muscle biopsy, 8-20 single muscle 
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fibers were measured (median 12 fibers per biopsy). We measured a total of 299 control muscle 
fibers (type 1 muscle fiber: 50.2%, type 2 muscle fiber: 49.8%) and 189 IBM muscle fibers 
(type 1: 69.8, type 2: 30.2%). Additional information about participants, laboratory findings 
and muscle biopsy characteristics is provided in table 1.

Table 1 Participants and muscle biopsy characteristics

Control IBM p

Participants

N 12 8 -

Age (years) 53.8 ± 1.7 58.5 ± 1.8 .081

Sex 6M/6F 7M/1F .085

BMI (cm/m2) 27.3 ± 1.5 26.6 ± 1.6 .752

Disease duration (years) N/A 6.4 ± 1.3 -

Laboratory findings

CK (U/L)

cN-1A reactivity (N)

158 ± 41

N/A

772 ± 261

2/8 

.045

-

Muscle and biopsy characteristics

Vastus lateralis

MRC score (quadriceps) 5.0 ± 0.0 4.0 ± 0.9 .005

MRI

Fatty infiltration (%)

TIRM hyperintensity (N)

8.3 ± 2.50/12

0/12

51.6 ± 12.1

3/8

.009

.021

Histolopathology

Histopathology severity score   

Inflammation score

Fiber type distribution (type 1 %)

1.0 ± 1.0

0.0 ± 0.0

57.6 ± 4.0  

7.0 ± 6.0

2.0 ± 0.3

57.7 ± 9.1  

.021

<.001

.997

Tibialis anterior

MRC score 5.0 ± 0.0 4.5 ± 0.8 .005

MRI

Fatty infiltration (%)

Inflammation or edema (N)

3.9 ± 0.8

0/12 

29.6 ± 10.2

2/8 

.006

.068

Histolopathology

Histopathology severity score

Inflammation score

Fiber type distribution (type 1 %)

2.0 ± 1.0

0.0 ± 0.0

68.3 ± 20.5

6.0 ± 6.0

2.0 ± 1.0

76.9 ± 5.2

.037

.005

.343
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Figure 1 Quadriceps contractile function

In vivo quadriceps specific force
Quantitative force studies
Quadriceps MVC was significantly decreased in IBM patients (MVC: 217 ± 58 N in IBM vs. 
572 ± 53 N in controls, p = < .001, figure 1A). 

Quantitative muscle MRI 
To determine the amount of atrophy and fatty infiltration we determined the TCSA and 
FCSA relative to control muscles. TCSA was reduced by 28% in IBM patients (TCSA: 72.3 
± 5.9% in IBM vs. 100 ± 2.5% in controls, p = .002, figure 1B). Of the remaining muscle 

A Maximum voluntary contractile force of the quadriceps is reduced in IBM patients compared to 
healthy controls. 
B Reduced TCSA, indicating muscle atrophy, and increased FCSA, indicating fatty replacement of 
muscle tissue, in IBM patients result in a reduced amount of available contractile tissue, or CCSA. Stars 
indicate p-value for TCSA (line above bars), FCSA (within bar chart), and CCSA (within bar chart). 
C Specific force is significantly reduced in IBM patients compared to healthy controls. 
D Upper leg MRI for a control and IBM participant. Individual muscles of the quadriceps are indicated 
in the control image. Participant C4, right leg: TCSA 98%, FCSA 4%, CCSA 94%. Participant I2, left 
leg: TCSA 65%, FCSA 31%, CCSA 34%.  
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tissue, 33% was replaced by fat (FCSA: 32.9 ± 6.5% in IBM vs. 7.7 ± 2.0% in controls, p 
= .005, figure 1B). As a result of atrophy and fatty replacement of muscle tissue, CCSA was 
reduced by 53% in IBM patients (CCSA: 39.4 ± 10% in IBM vs. 92.3 ± 2.4% in controls, 
p = .001, figure 1B). 

Quadriceps specific force
We calculated in vivo quadriceps specific force (MVC / CCSA) to determine whether reduced 
contractile quality of remaining muscle tissue also contributed to quadriceps muscle weakness. 
There was a linear relationship between quadriceps MVC and CCSA (r2 = .832, p = < .001, 
figure 1C). Specific force was reduced in IBM patients compared to control individuals, which 
indicates dysfunction of residual muscle tissue (p = .003).

Ex vivo single muscle fiber studies 
Vastus lateralis single muscle fiber specific force 
We isolated single muscle fibers from vastus lateralis muscle biopsies to determine whether 
reduced in vivo quadriceps specific force was caused by reduced muscle fiber specific force 
(figure 2A). Single muscle fiber specific force was reduced in IBM (type 1 specific force: 151.4 
± 5.9 mN/mm2 in IBM vs. 181.9 ± 4.4 mN/mm2 in controls; type 2 specific force: 179.5 ± 
7.9 mN/mm2 in IBM vs. 215.3 ± 6.7 mN/mm2 in controls, p = .003, figure 2B). 

Vastus lateralis single muscle fiber contractile properties 
In permeabilized single muscle fibers, specific force depends largely on 1) the fraction of 
strongly bound actin-myosin cross-bridges, 2) the number of available cross-bridges, and 3) 
the force per cross-bridge159, 160. Reduced force generation should be accompanied by a change 
in one or more of these parameters. 

The rate constant of force redevelopment (ktr) represents cross-bridge attachment and 
detachment rates during activation and provides information on the fraction of strongly 
bound cross-bridges. Ktr was not decreased in IBM muscle fibers (type 1 Ktr: 5.9 ± 0.9 s-1 in 
IBM vs. 4.9 ± 0.3 s-1 in controls, p = .380; type 2 Ktr: 12.6 ± 0.8 s-1 in IBM vs. 13.2 ± 0.5 
s-1 in controls, p = .743, figure 2C). 

Active stiffness, which reflects the number of attached cross-bridges during activation, was 
reduced in IBM fibers of both fiber types (type 1 active stiffness: 69.6 ± 4.5 mN/mm2/ΔL in 
IBM vs. 89.6 ± 3.4 mN/mm2/ΔL in controls; type 2 active stiffness: 64.3 ± 3.8 mN/mm2/ΔL 
in IBM vs. 79.3 ± 2.6 mN/mm2/ΔL in controls, p = .015, figure 2D). 

Assuming a situation in which all myofibrils within a muscle fiber are intact, the tension/
stiffness ratio represents the amount of force generated per cross-bridge. The tension/stiffness 
ratio was not different in IBM patients (type 1 tension/stiffness ratio: 2.4 ± 0.2 in IBM vs. 2.2 
± 0.1 in controls; type 2 tension/stiffness ratio: 3.1 ± 0.1 in IBM vs. 2.95 ± 0.1 in controls, 
p = .300, figure 2E).
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Figure 2 Reduced specific force and altered actin-myosin interactins in IBM muscle fibers

To summarize, our results indicate that reduced specific force in IBM fibers is caused by a 
decrease in the number of attached actin-myosin cross-bridges during activation.  

Tibialis anterior single muscle fiber specific force 
Specific force in single muscle fibers obtained from tibialis anterior biopsies was lower in IBM, 
but not significantly different from control fibers (type 1 specific force: 162.1 ± 5.4 mN/mm2 

in IBM vs. 175.1 ± 5.5 mN/mm2 in controls; type 2 specific force: 182.8 ± 17.8 mN/mm2 in 
IBM vs. 212.0 ± 5.3 mN/mm2 in controls, p = .195). 

Correlation with disease severity
Vastus lateralis single muscle fiber specific force correlated reasonably well with in vivo quadriceps 
strength (p = .018, figure 3). We found no significant correlation with disease duration (p = 
.159), MRI fat percentage (p = .548) or histopathology severity score (p = .476)

A Specific force is reduced in vastus lateralis IBM muscle fibers. 
B Ktr is not changed in IBM fibers, reflecting preserved attachment and detachment rate of actin-
myosin cross-bridges during activation. 
C Active stiffness is reduced in IBM fibers, indicating a reduced number of cross-bridges during 
activation. 
D No reduction in the tension / stiffness ratio, reflecting preserved force generated per cross-bridge.  

8
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Ex vivo single 
muscle  f iber 
specific force 
correlates with 
in vivo quadri-
ceps quantitative 
strength.  

A Specific force-pCa curve for 
type 1 IBM fibers. The pCa at 
which 50% of maximum force 
is reached, i.e. pCa50, tis not 
different between control and 
IBM muscle fibers (inset). 
B Specific force-pCa curve for 
type 2 IBM fibers. The pCa at 
which 50% of maximum force 
is reached, i.e. pCa50, tis not 
different between control and 
IBM muscle fibers (inset). 

Figure 3 Correlation between single muscle fiber specific force and quadriceps strength

Figure 4 Calcium sensitivity of force in IBM muscle fibers
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Figure 5 Single muscle fiber MHC concentration

Calcium sensitivity 
To investigate other potential causes of muscle fiber weakness we evaluated calcium sensitivity 
of force generation. The pCa50, which represents the calcium concentration at which 50% 
of maximum force is reached, did not differ between affected IBM and control fibers (type 1 
pCa50: 5.82 ± 0.01 in IBM vs. 5.77 ± 0.01 in controls; type 2 pCa50: 5.82 ± 0.02 in IBM vs. 
5.79 ± 0.01 in controls, p = .073). The Hill coefficient, a measure of myofilament cooperativity, 
was also unchanged in IBM fibers (type 1 nH: 2.9 ± 0.1 in IBM vs. 3.0 ± 0.1 in controls; type 
2 nH: 3.5 ± 0.1 in IBM vs. 3.6 ± 0.1 in controls, p = .845) (figure 4). These results indicate 
that the amount of force generated in response to a specific calcium concentration does not 
differ between fibers of IBM patients and healthy controls. 

Myosin heavy chain concentration
Reduced single muscle fiber specific force due to a decreased number of attached cross-bridges 
during activation may be caused by impaired actin-myosin interactions or myosin loss. After 
force studies, MHC concentration was determined in a subset of single muscle fibers (N = 90). 
Myosin concentration was significantly reduced in IBM type 1 fibers (type 1: 63.3 ± 5.7 µg/µl 
in IBM vs. 106.6 ± 8.2 in controls µg/µl, p = .034, figure 5). Myosin concentration was also 
reduced in type 2 fibers, however this finding failed to reach significance, most likely due to 
the low number of type 2 fibers (N = 6) that was encountered due to type 1 predominance in 
the IBM fibers (type 2: 61.84 ± 12.3 in IBM vs. 84.4 ± 4.85 in controls, p = .108). 

Single muscle fiber MHC concentration 
is reduced in IBM type 1 fibers. A 
reduction is also present in type 2 fibers, 
however this failed to reach significance 
probably due to a lower number of type 
2 fibers in this subset. 
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Discussion
Atrophy and fatty infiltration of the quadriceps are hallmark features of IBM and reduce the 
amount of muscle tissue available for contraction, resulting in quadriceps muscle weakness. 
This study demonstrates that quadriceps strength in patients with IBM is further decreased 
due to reduced specific force. An important contributor to in vivo specific force is muscle 
fiber strength, which is reduced by 17% due to a decreased number of attached cross-bridges 
during activation, suggesting myosin loss or impaired actin-myosin interaction. 

A previous study on contractile function in IBM muscle fibers obtained from biceps and 
vastus lateralis has previously reported preserved contractile function101. However, this study 
included a small number of patients (N = 5 biopsies, N = 115 IBM fibers) with relatively 
short disease duration (1-5 years). IBM is a progressive disease and biopsies obtained at an 
early stage may fail to show characteristic muscle abnormalities161. Our cohort included more 
patients and a longer disease duration of 2-10 years (N = 14 biopsies, N = 236 IBM fibers). 
Discrepancies between our results and the previous study may also be related to confounding 
factors such as age, lifestyle and comorbid disease that are difficult to control for in human 
studies. Advanced cell models, for example skeletal muscle-on-a-chip platforms that allow 
contractile studies in terminally differentiated striated muscle fibers, may complement studies 
that used patient-derived muscle tissue.

We observed that muscle fiber specific force was reduced in vastus lateralis, but not in tibialis 
anterior. In IBM, the quadriceps is affected early in the disease course. This was reflected in 
the current study: the quadriceps had a lower MRC grade, more severe fatty infiltration and 
higher histopathology sumscores compared to tibialis anterior. Furthermore, ex vivo vastus 
lateralis single muscle fiber specific force correlated with in vivo quadriceps quantitative strength. 
These findings suggest that reduced muscle fiber specific force in IBM is a consequence of 
progressive disease. We found no correlation between single muscle fiber specific force and 
disease duration or fatty infiltration, most likely because rates of disease progression may differ 
significantly between IBM patients, and because extensive inflammation may be present in 
biopsies from clinically and radiologically spared muscles162, 163.

In single muscle fiber preparations, the plasma membranes are eliminated using a ‘skinning’ 
solution which enables the study of sarcomeric function without the confounding influence of 
endomysial connective tissue, membranous structures and endoplasmatic reticulum calcium 
handling. As a consequence, reduced single muscle fiber specific force reflects dysfunction of 
the sarcomere. The mechanisms that result in sarcomeric weakness may be disease specific and 
include loss of structural proteins and impaired interaction between sarcomeric proteins164. 
A potential cause of reduced muscle fiber specific force as seen in our patient with IBM is 
myosin loss.

Myosin concentration was indeed reduced in IBM muscle fibers in this study. Due to myosin 
loss, less actin-myosins crossbridges can be formed resulting in muscle fiber weakness. Reduced 
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muscle fiber specific force due to myosin loss is also observed in patients with ICU-acquired 
weakness, and in these patients is caused by upregulation of the ubiquitin-proteasome pathway165. 
Some studies have suggested that this pathway is also disrupted in IBM166. Sustained cell 
stress due to inflammation may also result in sarcomeric protein degradation and muscle 
fiber damage156-158. Loss of sarcomeric proteins has been reported in IBM, with more severe 
depletion of type 2 structural proteins including myosin heavy chain167.  

Reduced muscle fiber specific force due to impaired actin-myosin interaction has also been 
reported in nemaline myopathy due to mutations in NEB, ACTA1, TPM2 and TPM3127. 
Mutations in these genes all induce structural changes in sarcomeric proteins that are 
components of the actin-based thin filament, resulting in contractile abnormalities due to 
impaired actin-myosin interaction. Whole exome sequencing study found no abnormalities 
in nemaline myopathy-related genes in 30 Finnish IBM patients168. However, we can’t exclude 
the possibility that IBM and nemaline myopathy share common pathways in the development 
of muscle weakness.   

Studies on single muscle fiber contractile function in other muscle disorders are limited. Reduced 
single muscle fiber specific force was reported in small studies including muscle biopsies 
from patients with Duchenne muscular dystrophy (N = 4), myotonic dystrophy (N = 2) and 
facioscapulohumeral muscular dystrophy (N = 4)121, 126, 169. This suggests that reduced muscle 
fiber specific force may be a general consequence of muscle disease. However, these studies are 
small and our experience in larger datasets of muscle fibers from facioscapulohumeral  (N = 28) 
and oculopharyngeal muscular dystrophy (N = 23) muscle biopsies is that progressive muscle 
pathology is not generally associated with reduced muscle fiber specific force (unpublished 
data). Furthermore, muscle degeneration in mobility-limited older adults was not associated 
with reduced single muscle fiber specific force170.

Recent therapeutic trials in IBM resulted in an increased amount of muscle mass, but did 
not improve functional performance or quadriceps strength153, 155. Reduced specific force due 
to muscle fiber dysfunction may explain why merely promoting muscle growth or reducing 
fatty infiltration may not result in clinical improvement. Therapeutic strategies that augment 
muscle fiber contractile strength may provide benefit to patients with IBM, either alone or 
combined with therapeutic agents that increase or preserve muscle mass. Our findings also 
underline the importance of functional outcome measures, as muscle imaging will not reflect 
all components of muscle weakness. 

We included a relatively small number of IBM patients and were unable to include enough 
women that fulfilled the inclusion criteria. Hence, we used sex as a covariate in statistical 
analysis where appropriate to account for the overrepresentation of men in the IBM group. 
There were no significant differences between men and women. 

Quadriceps muscle strength was assessed by voluntary muscle contraction, which is influenced 
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by pain, fatigue or lack of motivation. However, we do not expect these factors to have 
negatively influenced voluntary force generation in IBM participants. Five out of eight IBM 
patients reported no pain, and experimental protocols included resting periods to negate the 
influence of fatigue. 

Skinned single muscle fiber preparations are, by design, limited to evaluation of the contractile 
apparatus of the muscle fiber. Hence, our experiments do not address upstream mechanisms of 
force generation such as sarcoplasmic reticulum Ca2+ handling or mitochondrial abnormalities, 
which require intact muscle fibers that cannot be obtained from routine muscle biopsies. 

Conclusions 
Specific force is reduced in IBM single muscle fibers and contributes to in vivo reduced specific 
force of the quadriceps. Muscle fiber weakness is caused by a decreased number of actin-myosin 
cross-bridges during activation, which is caused by myosin loss. Therapeutic strategies that 
augment muscle fiber strength may provide benefit to patients with IBM.
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Abstract

Oculopharyngeal muscular dystrophy (OPMD) is a hereditary myopathy characterized by 
the formation of nuclear aggregates in skeletal muscle. Nuclear aggregate formation reduces 
muscle fiber calcium sensitivity of force in an OPMD mouse model. The aim of this study was 
to investigate specific force and calcium sensitivity of force in human OPMD single muscle 
fibers, and in vivo specific force and contractile properties in the quadriceps of OPMD patients. 

We included 14 genetically confirmed OPMD patients and 12 healthy controls aged 39-65 
years. Quadriceps maximum force generation and force-frequency relations were measured. 
From these participants, we obtained 25 vastus lateralis and 23 tibialis anterior muscle biopsies 
for isolation of single muscle fibers. Maximum and specific force and calcium sensitivity of 
force were measured in 530 single muscle fibers. 

Single muscle fiber specific force was not changed compared to controls. Calcium sensitivity 
of force was not changed in OPMD single muscle fibers, independent of muscle fiber type.  In 
vivo measurements were compatible with our single muscle fiber studies and showed preserved 
quadriceps specific force and force-frequency relationships. Hence, sarcomeric dysfunction 
does not contribute to clinical muscle weakness in patients with OPMD. 
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Introduction

Oculopharyngeal muscular dystrophy (OPMD) is a hereditary muscle disorder that 
affects 1:100,000 people171. Symptoms generally start in the 4th decade of life and 
include progressive ptosis, swallowing difficulties due to weakness of the pharyngeal 

and cricopharyngeal muscles, and proximal limb weakness. OPMD is caused by a trinucleotide 
repeat expansion of GCG triplets in exon 1 of the poly(A) binding protein nuclear 1 (PABPN1) 
gene172. The resulting expanded PABPN1 protein has a stretch of 11-18 alanines instead of 
the normal 10172-174. This expansion is thought to induce protein misfolding, resulting in 
the formation of aggregates which are targeted by the ubiquitin-proteasome pathway. The 
presence of these nuclear aggregates in skeletal muscle of OPMD patients is a pathological 
hallmark of the disease175. 

The exact role of nuclear aggregates in the development of muscle weakness in OPMD 
remains a subject of debate. Some studies have suggested a pathological function for nuclear 
aggregates, supported by the notion that severe homozygous patients have a higher frequency of 
aggregates176. Other studies have implied that nuclear aggregates are a by-product of a cellular 
defense mechanisms, and instead proposed that the soluble form of the mutated PABPN1 is 
the pathogenic protein177, 178. Other potential pathological consequences include apoptosis 
and deregulation of the ubiquitin-proteasome system as downstream events triggered by the 
aggregates179, 180. 

Another result of PABPN1 nuclear aggregates is a splicing defect. Nuclear aggregates trap 
fast skeletal muscle troponin T (TNNT3) pre-mRNA, resulting in alternative splicing of 
the TNNT3 mutually exclusive exons 16 and 17181. As a result, an increased ratio of exon 17 
relative to exon 16 has been observed in sternocleidomastoid and quadriceps OPMD muscle 
biopsies. Fast skeletal muscle troponin T is a subunit of the troponin complex, which regulates 
skeletal muscle contraction in response to calcium in fast-twitch (type 2) muscle fibers182. The 
TNNT3 exon 17 containing isoform has a lower calcium affinity than the exon 16 isoform, 
resulting in reduced calcium sensitivity183. Alternative TNNT3 splicing resulted in a decrease 
of muscle fiber calcium sensitivity of force in a mouse model for OPMD181. Whether calcium 
sensitivity of force is also reduced in muscle fibers obtained from human OPMD muscle 
biopsies has not been investigated. Decreased muscle fiber calcium sensitivity of force may 
negatively impact muscle strength. This is particularly relevant because small molecule drugs 
that augment muscle fiber contractility are being developed66, 67. 

This study examines muscle fiber contractile function, including calcium sensitivity of force, 
in a large set of vastus lateralis and tibialis anterior muscle biopsies (N = 24) obtained from 
14 genetically confirmed OPMD patients with up to 20 years disease duration. In addition 
to physiological studies of isolated single muscle fibers, we also measured in vivo quadriceps 
specific force and contractile properties. Our findings show that in vivo and ex vivo specific 
force and contractile function, including calcium sensitivity of force, are not affected in OPMD. 

9
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Table 1 Participants

OPMD  
vs. control

OPMD subgroups  
vs. control

Control OPMDALL p OPMD<50 OPMD≥50 p

Participant characteristics

N 12 14 - 7 7 -

Age (years) 53.8± 1.7 51.8± 1.9 . 437 45.4 ± 1.3** 58.1 ± 1.0^^^ <.001

Sex (% male) 50 43 .716 57 29 .527

BMI (kg/m2) 27.3 ± 1.5 25.7± 1.1 . 396 27.4 ± 1.8 24.0 ± 1.2 .280

GCN (range) N/A 13-16 - 13-16 14-16 1.000

Duration (yrs) N/A 7.3± 2.1 - 1.6 ± 1.0 13.0 ± 2.8^^ .003

6MWT (m) 513 ± 13 493± 20 .395 492 ± 27 493 ± 31 .702

MFM

  MFM - D1

  MFM - D2

  MFM - D3

99.1 ± 0.2

98.6 ± 0.5

100.0 ± 0.0

98.4 ± 0.7

95.2 ± 1.6

92.6 2 ± 3.2

98.1 ± 1.0

96.2 ± 0.6

. 029

.081

.078

.023

98.6± 0.5

98.1 ± 1.2

100.0 ± 0.0

96.4 ± 0.5

91.3 ± 2.7***, ^^

86.1 ± 5.8**, ^

95.8 ± 1.8**, ^^

95.8 ± 0.8

<.001

.005

.002

.072

§ not significant in post-hoc analysis; * p = <.05 ** p = <.01 / *** p = <.001 compared to control and 
FSHDNORMAL; ̂  p = <.05 / ̂ ^ p = <.01 / ̂ ^^ p = <.001 compared to control, n.s. compared to FSHDNORMAL; 
# p = <.05 / ## p = <.01 / ### p = <.001 compared to FSHDNORMAL, n.s. compared to control.

 

Figure 1 Example MRI imaging 

Axial T1 muscle MRI of the upper leg, * marks the estimated muscle biopsy site in the vastus lateralis 
muscle. A fish-oil marker is placed on the skin at 1/3 of the distance between patella and SIAS. 
A Muscle MRI of a 57-year-old male control participant. Fat percentage of the vastus lateralis is 8%. 
B Muscle MRI of a 44-year-old male OPMD participant. Fat percentage of the vastus lateralis is 4%. 
C Muscle MRI of a 56-year-old male OPMD participant. Fat percentage of the vastus lateralis is 11%. 
Also note fatty infiltration of other muscles, including the vastus medialis (●, 20%) and adductor 
longus (^, 40%).
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Figure 2 Histopathological analysis

Due to the inclusion of asymptomatic carriers and relatively short disease duration in several 
OPMD participants, we also performed subgroup analysis to identify differences associated 
with more advanced disease. Out of 14 OPMD participants, 7 were aged <50 (subgroup 
OPMD<50) and 7 were aged ≥50 (subgroup OPMD≥50). 
Mean disease duration was 1.6 years in OPMD<50 participants and 13 years in OPMD≥50 

participants. OPMD<50 patients had a similar functional performance as controls. OPMD≥50 

patients had reduced functional performance as measured by the Motor Function Measure 
(MFM). Muscle MRI showed a minor, non-significant increase in the amount of fatty infiltration 
in OPMD≥50 muscle biopsies (mean fat percentage: controls 5.4 ± 1.1%, OPMD<50 5.6 ± 
1.0%, OPMD≥50 9.8 ± 1.8%, p = .070, figure 1). 

Results
Participants
We included 14 genetically confirmed OPMD patients and 12 controls aged 39 – 65 years. In 
OPMD participants, repeat length varied from 13 to 16. Most participants had (GCN)14 (N 
= 7) or (GCN)16 (N = 5) repeat expansions. OPMD and control participants did not differ 
in age, sex distribution or BMI (table 1). Mean OPMD disease duration was 7.3 ± 2.1 years 
(range: 0 – 20 years, including four presymptomatic OPMD participants).

Histopathological evaluation of OPMD muscle biopsies. Muscle biopsies obtained from OPMD≥50 
participants showed a mild increase in the amount of necrosis and regeneration compared to 
controls. All other parameters were increased in OPMD≥50 biopsies, but did not reach significance.

9
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Muscle biopsies
We obtained 25 vastus lateralis and 23 tibialis anterior muscle biopsies. These muscles were 
chosen because they are easy to access for muscle biopsy, and we aimed to include a lower 
limb muscle that is affected relatively early (vastus lateralis) and one that is affected relatively 
late (tibialis anterior) in the OPMD disease course. All control participants contributed two 
muscle biopsies. Four OPMD participants declined a second muscle biopsy; one from the 
vastus lateralis and three from the tibialis anterior. Muscle strength of the biopsied quadriceps 
and tibialis anterior measured with the MRC grading scale (0-5) was normal in both control 
and OPMD muscles (MRC score of 5 for all OPMD muscles except one quadriceps and one 
tibialis anterior, both MRC 4.5 out of 5). Histological evaluation showed no abnormalities 
compared to controls, except for a mild increase in the amount of necrosis and regeneration 
in OPMD≥50 muscle biopsies (figure 2). 

Single muscle fiber contractile properties
Maximum and specific force 
Single muscle fiber studies were performed on all muscle biopsies. For each biopsy, 10-24 
single muscle fibers were measured (control: N = 282 single muscle fibers, OPMD: N = 248 
single muscle fibers, table 2).Fiber cross-sectional area, maximum and specific force did not 
significantly differ between control and the entire group of OPMD muscle fibers, nor between 
controls and OPMD<50 muscle fibers. In older OPMD≥50 participants, vastus lateralis type 1 
and type 2 muscle fibers were hypertrophic compared to control fibers, resulting in an increased 
maximum force generation. Specific force, i.e. the amount of force generated corrected for fiber 
cross-sectional area, was not different from controls. This indicates that sarcomeric function 
in OPMD single muscle fibers is normal at saturating calcium concentrations. 

Table 2 Single muscle fiber studies; cross-sectional area and maximum force

OPMD total group  
vs. control

OPMD subgroups  
vs. control

Control OPMDALL p OPMD<50 OPMD≥50 p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

142 

81

61

176

100

76

-

-

-

71

39

32

105

61

44

-

-

-

Type 2

  All

  VL

  TA

140

70

70

72

53

19

-

-

-

48

38

10

24

15

9

-

-

-

Table continued on next page.
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Table 2 (continued) Single muscle fiber studies; cross-sectional area and maximum force

OPMD total group  
vs. control

OPMD subgroups  
vs. control

Control OPMDALL p OPMD<50 OPMD≥50 p

Single muscle fiber cross-sectional area (µm2)

Type 1  

  All

  VL

  TA

5861 ± 185

5545 ± 178

6284 ± 356

6069 ± 190

6516 ± 278

5479 ± 229 

.807

.111

.136

5820 ± 206

4621 ± 219

5168 ± 339

4868 ± 195*

7728± 357**, ^^^

5706 ± 308

.023

<.001

.291

Type 2

  All

  VL

  TA

6717 ± 261

4721 ± 191

8713 ± 350

6238 ± 288

5734 ± 259

7645 ± 739

.579

.052

.389

6088 ± 315 

5321 ± 190

9003 ± 858

6540 ± 595

6783 ± 728**

6135 ± 107

.750

.007

.599

Single muscle fiber maximum force (mN)

Type 1  

  All

  VL

  TA 

1.01±0.03 

0.99 ± 0.03

1.05 ± 0.06

1.08 ± 0.04

1.14 ± 0.05

1.01 ± 0.04 

.718

.192

.466

0.86 ± 0.04

0.82 ± 0.04

0.91 ± 0.07

1.23 ± 0.05^^

1.34 ± 0.07**, ^^^

1.07 ± 0.06

.010

<.001

.360

Type 2

  All 

  VL 

  TA 

1.41 ± 0.06

0.99 ± 0.05

1.83 ± 0.08

1.27 ± 0.06

1.18 ± 0.06

1.51 ± 0.17

.845

.132

.391

1.26 ± 0.08

1.10 ± 0.06

1.83 ± 0.22

1.30 ± 0.12

1.39 ± 0.15

1.16 ± 0.20

.980

.052

.221

Single muscle fiber maximum force (mN/mm2)

Type 1  

  All

  VL

  TA 

178.94 ± 3.43

181.86 ± 4.38

175.06 ± 5.47

180.68 ± 2.87

176.69 ± 4.25

185.92 ± 3.54 

.902

.403

.568

181.47 ± 5.43

182.40 ± 8.12

180.34 ± 5.59

180.14 ± 3.15

173.05 ± 4.11

189.97 ± 4.53

.946

.376

.570

Type 2

  All

  VL

  TA

213.67 ± 4.24

215.32 ± 6.65

212.02 ± 5.31

206.41 ± 6.00

208.56 ± 7.10 

200.40 ± 11.38

.338

.314

.622

207.04 ± 8.17

206.71 ± 8.95

208.30 ± 20.5

205.15 ± 7.8

213.27 ± 11.1

191.62 ± 8.4

.621

.552

.630

* p = <.05 ** p = <.01 / *** p = <.001 compared to control 
^ p = <.05 / ^^ p = <.01 / ^^^ p = <.001 compared to OPMD<50

9
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Figure 3 Calcium sensitivity of force

Calcium sensitivity of force
Single muscle fiber calcium sensitivity of force was measured in 221 control and 206 OPMD 
single muscle fibers. Calcium sensitivity of force was increased in type 1 tibialis anterior 
muscle fibers obtained from younger OPMD patients (figure 3, table 3). The pCa Hillslope, 
a measurement of myofilament cooperativity, was also increased in this subgroup. There were 
no significant differences between controls and OPMD≥50 single muscle fibers and between 
healthy controls and type 2 OPMD<50 muscle fibers. 

In vivo muscle contractile function
Maximum and specific force 
Quadriceps contractile function was measured in 12/12 controls and 13/14 OPMD participants. 
Maximum voluntary force generation (MVC) was reduced in OPMD≥50 participants, however 
this finding failed to reach significance in posthoc analysis (mean MVC: controls 572 ± 53 
N, OPMD<50 594 ± 45 N, OPMD≥50 368.3 ± 62 N, p = .033, posthoc analysis showed no 
significant differences between subgroups, figure 4A). Contractile cross-sectional area (CCSA) 
of the quadriceps was significantly reduced in OPMD≥50 participants (mean CCSA: controls 

Normalized force-pCa curve 
and analysis of pCa50 – the 
pCa at which 50% of maximum 
force is reached – of control and 
OPMD single muscle fibers. 

ANo significant difference in 
pCa50 between control and 
OPMD vastus lateralis type 
1 fibers.
B No significant difference in 
pCa50 between control and 
OPMD vastus lateralis type 2 
fibers. 
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Figure 3 (continued) Calcium sensitivity of force

26.1 ± 2.0 cm2, OPMD<50 25.5 ± 1.8 cm2, OPMD≥50 16.2 ± 5.3cm2, p = .005, figure 4B. 
MVC showed a linear relationship with CCSA in both controls and OPMD patients (r2 = 
.685, p = < .001, figure 4C). Specific force, i.e. MVC corrected for CCSA, was similar in 
controls, OPMD<50 and OPMD≥50 participants (mean specific force: controls 23.1 ± 1.4 N/
cm2, OPMD<50 23.5 ± 1.5 N/cm2, OPMD≥50 23.4 ± 2.1 N/cm2, p = .982, figure 4B). 

Force-frequency relationships 
Force-frequency relationships were acquired in 12/12 controls and 10/14 OPMD participants 
(N = 5 OPMD<50, N = 5 OPMD≥50). Four OPMD participants did not tolerate the incremental 
currents that were applied to determine force generation at different stimulation frequencies. The 
F50, i.e. the frequency were 50% of maximum force is reached, did not differ between controls 
and the entire group of OPMD participants (p = .248), nor between OPMD subgroups (mean 
F50: controls 572 ± 53 N, OPMD<50 594 ± 45 N, OPMD≥50 368.3 ± 62 N, p = .033, figure 5B). 

Normalized force-pCa curve 
and analysis of pCa50 – the 
pCa at which 50% of maximum 
force is reached – of control and 
OPMD single muscle fibers. 

C Leftwards shift of the force-
pCa curve and increased pCa50 

in OPMD<50 tibialis anterior type 
1 fibers. 
D No significant difference in 
pCa50 between control and 
OPMD tibialis anterior type 
2 fibers.
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Table 3 Single muscle fiber studies; calcium sensitivity of force

OPMD total group  
vs. control

OPMD subgroups  
vs. control

Control OPMDALL p OPMD<50 OPMD≥50 p

Single muscle fibers (N)

Type 1  

  All

  VL

  TA

121

69

52

157

85

72

-

-

-

65

36

29

92

49

43

-

-

-

Type 2

  All

  VL

  TA

100

41

59

49

35

14

-

-

-

29

24

5

20

11

9

-

-

-

pCa50

Type 1  

  All

  VL

  TA

5.77 ± 0.01

5.77 ± 0.01

5.78 ± 0.01

5.84 ± 0.01

5.81 ± 0.01 

5.86 ± 0.01

.018

.173

.018

5.85 ± 0.02*

5.81 ± 0.02

5.90 ± 0.02*

5.82 ± 0.01

5.81 ± 0.01

5.84 ± 0.01

.034

.373

.018

Type 2

  All

  VL

  TA

5.79 ± 0.01

5.80 ± 0.01

5.78 ± 0.01

5.81 ± 0.01

5.80 ± 0.01

5.82 ± 0.04

.374

.931

.323

5.79± 0.02

5.80± 0.02

5.75 ± 0.07

5.83 ± 0.02

5.82± 0.02

5.85 ± 0.04

.149

.818

.088

Hillslope

Type 1  

  All

  VL

  TA

2.96 ± 0.11

3.23 ± 0.18

2.59 ± 0.05

3.00 ± 0.08

3.01 ± 0.14

2.97 ± 0.08

.452

.994

.023

2.95 ± 0.10

2.81 ± 0.14

3.13 ± 0.11*

3.03 ± 0.12

3.17 ± 0.21

2.87 ± 0.10

.702

.877

.039

Type 2

  All

  VL

  TA

3.56 ± 0.10

3.69 ± 0.18

3.47 ± 0.11

3.42 ± 0.11

3.28 ± 0.11

3.78 ± 0.26

.389

.067

.516

3.33 ± 0.14

3.29± 0.15

3.54 ± 0.42

3.56 ± 0.19

3.27± 0.18

3.91 ± 0.35

.479

.185

.658

* p = <.05 ** p = <.01 / *** p = <.001 compared to control 
^ p = <.05 / ^^ p = <.01 / ^^^ p = <.001 compared to OPMD<50
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Figure 4 Specific force

A MVC is reduced in OPMD≥50, however this reduction is not significant in posthoc analysis. 
B Quadriceps CCSA is significantly reduced inOPMD≥50 participants, resulting in a reduced amount 
of contractile tissue available for contraction. 
C Quadriceps CCSA correlates significantly with MVC. 
D Specific force (MVC/CCSA) does not differ between controls and OPMD subgroups.

9
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Figure 5 Force-frequency relationship

Discussion
This study investigates muscle fiber contractile function in a large set of muscle biopsies and 
genetically confirmed OPMD patients and controls. Single muscle fiber specific force and 
calcium sensitivity of force were determined in 530 single muscle fibers isolated from 48 muscle 
biopsies. Single muscle fiber specific force was not changed in OPMD compared to control 
muscle fibers, which indicates that sarcomeric function is intact. Calcium sensitivity of force, 
which reflects the ease of skeletal muscle contraction in response to calcium, was increased in 
tibialis anterior type 1 muscle fibers obtained from younger OPMD participants aged <50 
years.  All other OPMD subgroups showed no significant changes in calcium sensitivity of 
force. Our ex vivo findings were confirmed by in vivo measurements, which showed intact 
quadriceps specific force and force generation in response to stimulation.  

A previous study found that soleus slow fiber calcium sensitivity of force is reduced in a mouse 
model for OPMD due to alternative splicing of fast skeletal troponin T181. Because this splicing 
defect has also been demonstrated in human OPMD sternocleidomastoid and vastus lateralis 
muscle biopsies, we  hypothesized that calcium sensitivity of force would be reduced  in 
OPMD muscle fibers. However, calcium sensitivity of force in OPMD muscle fibers was not 
different from controls. Analysis of a subgroup of older OPMD patients aged ≥50 years also 
showed no significant difference, and trended towards increased calcium sensitivity of force. 
These findings are supported by our in vivo studies of quadriceps force-frequency relationships, 
which did not differ between controls and OPMD subgroups. The absence of changes in 
calcium sensitivity of force in human compared to murine muscle fibers could be attributed 
to the characteristics of the OPMD mouse model, which has a large repeat expansion of 17 
alanines resulting in an exacerbated phenotype184, 185. 

A Incremental currents were applied at 1-10-20-30-50-100 Hz; the amount of generated force was 
measured to determine force-frequency relationships.  
B Force-frequency relationship corrected for maximum force did not differ between controls and 
OPMD subgroups. 
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Increased calcium sensitivity of force was observed in OPMD type 1 tibialis anterior muscle 
fibers obtained from younger OPMD participants aged <50 years. This finding was only present 
in this particular subgroup, with no changes in vastus lateralis – a muscle affected earlier in 
OPMD disease course – and no significant difference in older OPMD patients with more 
severe disease. Hence, we are hesitant to attribute this finding to OPMD-related changes. 
Instead, the increased calcium sensitivity of force in muscle fibers obtained from the tibialis 
anterior of younger OPMD participants may be attributable to differences in physical activity 
relative to controls and older OPMD patients. 

Single muscle fiber specific force is reduced in NEB, ACTA1, TPM2 and TPM3 nemaline 
myopathy due to mutations in the force-generating structural proteins of the sarcomere127. 
Single muscle fiber specific force is also reduced in myotonic dystrophy, which like OPMD is 
a repeat-mediated muscle disease, and in inclusion body myositis121, 128. However, this study 
found no changes in OPMD single muscle fiber specific force, which indicates that sarcomeric 
dysfunction doesn’t contribute to clinical muscle weakness in OPMD. Compatible with our 
single muscle fiber studies, in vivo quadriceps specific force was not different from controls. 

In older OPMD participants aged ≥50 years, quadriceps contractile cross-sectional area was 
reduced by 38% compared to control participants. There was a concomitant decrease of 36% 
in quadriceps MVC, although this finding failed to reach significance in posthoc analysis, most 
likely due to the small number of participants in this subgroup. These findings suggest that a 
reduced amount of contractile material, either due to atrophy or cell death, is an important 
contributor to muscle weakness in OPMD patients in this age group. This is compatible with 
the idea that OPMD is a disease of accelerated muscle aging, as sarcopenia – aging related 
loss of muscle mass and function – is an important contributor to muscle weakness in the 
elderly186, 187. 

OPMD is a rare disease, and diagnostic muscle biopsies are not always performed due to 
its recognizable clinical phenotype. The strength of this study is the large size of the cohort 
of genetically confirmed OPMD patients and the inclusion of control and OPMD muscle 
biopsies that were obtained specifically for this study. Controls were often spouses or peers 
with similar lifestyles, which increases the validity of our findings.  

Our study has several limitations. First, we have used permeabilized single muscle fibers to 
investigate changes on the level of the sarcomere. This technique prohibits the measurement 
of upstream processes in excitation-contraction coupling, such as calcium handling or calcium 
signaling. Second, muscle biopsies were obtained from mildly affected vastus lateralis and 
tibialis anterior muscles with fatty infiltration up to 20%, reflecting early disease. Third, we 
did not confirm the presence of TNNT3 alternative splicing in our samples. The previous 
study demonstrated TNNT3 alternative splicing in sternocleidomastoid and quadriceps muscle 
biopsies from four OPMD patients aged 52-82 years181. Although we found no changes in 
calcium sensitivity of force in OPMD patients up to 65 years old, relevant changes in calcium 
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sensitivity could theoretically develop in older patients with more severe disease. 

To conclude, single muscle fiber and in vivo quadriceps specific force are intact in OPMD 
patients with short and intermediate disease duration up to 20 years. Calcium sensitivity of 
force is also intact in OPMD single muscle fibers, which indicates that the previously reported 
reduced calcium sensitivity of force in an OPMD mouse model is not present in OPMD 
patients in this age range. Our findings increase our understandings of the consequences of the 
OPMD genetic defect on muscle function and the mechanisms that result in clinical muscle 
weakness in OPMD patients with short and intermediate disease duration.
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Abstract

Introduction Facioscapulohumeral muscular dystrophy (FSHD) is caused by mis-expression 
of the myotoxic protein DUX4 in skeletal muscle. With the prospect of therapeutic strategies 
that aim to reduce DUX4 expression, it is important to identify sites of DUX4 activity in 
the skeletal muscle of patients with FSHD. This study investigates MRI-based imaging as a 
biomarkers for disease activity in FSHD. 

Methods Vastus lateralis (N=40) and tibialis anterior (N=23) muscle were obtained from 
12 healthy controls and 28 FSHD participants. Muscle MRI was used to determine the 
presence or absence of TIRM hyperintensity, and the amount of fatty infiltration measured 
with quantitative MRI. A fat percentage of  >15% was considered abnormal. RNA sequencing 
was performed in all biopsies to identify expression levels of the FSHD-associated DUX4 and 
PAX7 target gene signatures. 

Results DUX4 signature expression was detected in 100% of TIRM hyperintense muscle 
biopsies and in 90% of biopsies with increased amounts of fatty infiltration. In contrast, DUX4 
signature expression was present in only 30% of biopsies without TIRM hyperintensity and 
without fatty infiltration. Reduced PAX7 signature was associated with fatty infiltration.       

Conclusion This study shows that both TIRM hyperintensity and fatty infiltration can 
be used as imaging biomarkers of DUX4 signature expression in FSHD. In contrast, TIRM 
hyperintensity is not a biomarker for PAX7 signature expression, which was only associated 
with increased fatty infiltration. This provides guidance to clinical trial design in FSHD.
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Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is a genetic disorder of skeletal muscle 
which  affects 12/100,000 people, making it one of the most prevalent hereditary muscle 
disorders in adults124. Patients with FSHD suffer from weakness of the muscles of the 

face – facio – which in severe cases causes an inability to smile or express other emotions1, 2. 
Weakness of the muscles of the shoulder – scapulohumeral – causes inability to lift the arms, 
hindering activities of daily living. In more advanced disease, muscle weakness extends to the 
muscles of the trunk, pelvic girdle and lower limbs, often with severe asymmetrical foot drop1. 
About 20% of FSHD patients become dependent on a wheelchair by age 503, 4. 

FSHD is caused by the mis-expression of the double homeobox 4 (DUX4) gene from the 
D4Z4 macrosatellite repeat array on the subtelomeric region of chromosome 4 (4q35)5-7. 
Each unit of the D4Z4 array contains the full coding sequence of DUX4, a transcription 
factor involved in zygotic genome activation during early embryonic development. DUX4 
expression is epigenetically silenced shortly after the four-cell stage and remains inactive in 
most somatic tissues8, 20. In FSHD, a failure of complete epigenetic suppression resulting in 
sporadic expression of DUX4 in skeletal muscle has been shown to cause a series of events, 
including the reactivation of embryonic genes, inhibition of terminal differentiation, and 
increase of oxidative stress and stress response pathways, ultimately leading to the activation 
of apoptosis and cell death222. 

The genetic cause for FSHD – a D4Z4 repeat array contraction to 1-10 units or mutations 
in D4Z4 chromatin modifiers – does not result in wide-spread expression of DUX4 in all 
myonuclei8, 12, 14, 15. In cell culture, DUX4 expression occurs in sporadic bursts with relatively 
high levels of expression, which are only present in very few myonuclei19, 20, 30. This sporadic 
expression pattern appears to reflect the in vivo situation in patients’ muscles, where DUX4 
signature expression is highly variable. With the prospect of therapeutic strategies that aim to 
reduce DUX4 expression, it has become increasingly important to identify sites with active 
DUX4 expression in patients with FSHD. Yet, our understanding of the temporal and regional 
expression pattern of DUX4 and its targets (further referred to as the DUX4 signature) in vivo 
and how it relates to muscle pathology or non-invasive biomarkers remains incomplete. In 
addition, re-analysis of transcriptome datasets has produced the PAX7 expression signature, a 
DUX4-independent score which was suggested to represent a more uniform marker of FSHD-
affected muscle, with a better overall diagnostic power for discriminating FSHD-affected cells 
from non-affected control cells100. Whether the PAX7 signature relates to the focal nature of 
DUX4 expression or disease activity remains to be determined. 

Muscle MRI is a non-invasive technique that may be used as a biomarker to study FSHD disease 
activity and severity. Hyperintensity changes on inversion recovery imaging (i.e. Turbo Inversion 
Recovery Magnitude – TIRM or Short Tau Inversion Recovery – STIR50) are considered 
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to reflect FSHD disease activity, being associated with higher levels of DUX4 signature 
expression, faster rates of progression of fatty infiltration and more severe histopathological 
abnormalities, including necrosis, regeneration and inflammation37, 39, 46, 49-52, 223. However, 
TIRM hyperintensity has limited applicability as an FSHD biomarker in clinical trials. Large 
studies including between 100-140 FSHD patients with variable degrees of clinical disease 
severity showed that TIRM hyperintense changes were detected in only 4-12% of all examined 
lower limb muscles35, 49. Furthermore, not all TIRM hyperintense muscles show progressive 
fatty infiltration, and some muscles may progress in fat content without prior TIRM changes 
on muscle MRI46, 49.

Fatty infiltration is considered to be the destructive consequence of DUX4-induced muscle 
damage and reflects FSHD disease severity, being correlated with clinical FSHD severity 
scores, functional performance and progression over time35-41. MRI studies have suggested 
that once fatty infiltration is present, disease progression is relatively rapid until the muscle 
is almost completely affected, which suggests that increased amounts of fatty infiltration may 
also be associated with DUX4 signature expression38, 39, 45, 46. MRI studies have shown that fatty 
infiltration is present in ~50% of FSHD lower limb muscles35, 49. Whether fat percentage can 
be used as an additional biomarker for regions with active DUX4 signature expression – i.e. 
FSHD disease activity – is not certain. 

In this study, we performed high throughput RNA sequencing on 39 FSHD and 24 control 
vastus lateralis and tibialis anterior muscle biopsies and analyzed the correlation of the DUX4 
and PAX7 signatures with two MRI-based biomarkers: TIRM hyperintensity and percentage 
of fatty infiltration. Our results confirm that TIRM hyperintensity is an excellent biomarker 
for the detection of DUX4 signature expression in patients with FSHD. Our results further 
show that fatty infiltration can be used as an additional biomarker for regions with DUX4 
signature expression and correlates with the PAX7 score. Based on our findings, we propose 
the use of a combined biomarker of both TIRM hyperintensity and fatty infiltration to 
identify muscles with active DUX4 signature expression, and consequential increased disease 
progression, in clinical trials. 

Results
Participants and muscle biopsies
We included 12 controls and 28 genetically confirmed FSHD participants who did not differ 
in age, sex distribution or BMI (table 1). In FSHD participants, mean disease duration was 
22 years. Median Ricci Clinical Severity Score (CSS) was 6 out of 10 (range 0-8). FSHD 
participants had impaired functional performance as measured with the six-minute walking test 
and Motor Function Measure. MRI images were acquired in all participants. Upper limb MRI 
scanning was not possible in one control participant due to claustrophobia, and lower limb 
TIRM images were not acquired in one FSHD participant due to time constraints. Imaging 
artefacts prohibited analysis of fatty infiltration in one control participant. 
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Table 1 Participants and muscle biopsy characteristics

Control FSHD p

Participants

N 12 28 -

Age (years) 53.8 ± 1.7 50.3 ± 2.4 .230

Sex (male, %) 50 57 .677

BMI (kg/m2) 27.3 ± 1.5 24.7 ± 0.7 .133

FSHD characteristics

Disease duration (y) N/A 21.6 ± 2.71 -

D4Z4 repeat units (N)2

1-3

4-7

8-10

N/A

N/A

N/A

2

12

9

-

-

-

CSS

0

1-3

4-6

7-10

N/A

N/A

N/A

N/A

2

8

10

8

-

-

-

-

Functional performance

6MWT (m) 513.3 ± 13.0 448.2 ± 24.3 .024

MFM (%) 99.1 ± 0.2 90.0 ± 1.9 <.001

Muscle biopsies

Biopsies  

Vastus lateralis (N)

Tibialis anterior (N)

12

12

28

11

-

-

MRC score  

Quadriceps (0-5)

Tibialis anterior (0-5)

5.0 ± 0.0 

5.0 ± 0.0

5.0 ± 0.0

5.0 ± 3.0 

.349

.137

MRI 

Fatty infiltration (%)  

   Vastus lateralis

   Tibialis anterior

6.6 ± 2.1

4.2 ± 0.8

15.2 ± 4.2

26.8 ± 10.1

.071

.049

TIRM hyperintensity

   Vastus lateralis (N, (%))

   Tibialis anterior (N, (%))

0 (0)

0 (0)

4 (14.8)

1 (10.0)

<.001

<.001

Table continued on next page. 
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Table 1 Participants and muscle biopsy characteristics

Control FSHD p

Muscle biopsies

Histopathology 

Sum score (0-12) 

Vastus lateralis 

Tibialis anterior 

1.0 ± 1.0

2.5 ± 1.0

4.0 ± 4.0

4.0 ± 5.0

.072

.070

Inflammation (0-3) 

Vastus lateralis 

Tibialis anterior 

0.0 ± 0.0

0.0 ± 0.0

0.0 ± 1.0

0.0 ± 1.0 

.178

.231

 

 

From these 40 participants, we obtained 40 vastus lateralis (control: N = 12, FSHD: N = 28) and 
23 tibialis anterior muscle biopsies (control: N = 12, FSHD: N = 11, table 1, supplemental 
table 1). The FSHD-affected biopsies included five biopsies from a TIRM-positive (TIRMPOS) 
muscle. In two FSHD participants, MRI-guided biopsy enabled us to obtain two separate 
biopsies, one from a TIRMPOS and one from a TIRM-negative (TIRMNEG) area within the 
same muscle (figure 1, supplemental figure 1)80. Histopathological analysis was performed 
in 49/63 muscle biopsies. Median histopathology sum score was 2 ± 2 in control biopsies 
compared to 4 ± 4 in FSHD biopsies (control range 0-4, FSHD range 1-11). Inflammation 
was evaluated separately. In controls, there was no inflammation in 23/24 (95.8%), and mild 
inflammation in 1/24 biopsies (4.2%). In TIRMNEG FSHD biopsies, there was no inflammation 
in 16/21 (76.2%), mild inflammation in 4/21 (19%) and moderate inflammation in 1/21 
biopsies (4.8%). In TIRMPOS FSHD biopsies, there was mild inflammation in 3/3 biopsies 
(100%). Fatty infiltration was associated with more severe histopathological abnormalities. 
Median histopathology sum score was 4 ± 2 in FATNEG biopsies compared to 7 ± 5 in FATPOS 

biopsies (FATNEG range 1-6, FATPOS range 2-11).
 
FSHD-associated signature expression
We performed RNA-sequencing on all 24 control and 39 FSHD muscle biopsies and evaluated 
all samples for the expression of two known FSHD-associated signatures gene sets; DUX4 and 
PAX7 signatures. Low expression levels and the sporadic nature of DUX4 target gene expression 
limits the detection of DUX4 signature in global FSHD-associated differential expression 
analyses. We therefore used the cumulative expression of 57 previously described DUX4 target 
genes to study DUX4 activity in all individual biopsy samples21. DUX4 signature expression 
was significantly increased in FSHD biopsies compared to control biopsies (Wilcoxon rank 
sum test, p = 0.018, figure 2A). In control biopsies, the highest detected cumulative DUX4 
signature expression was 13.7 reads (average 6.4 ± 3.4 reads). In contrast, the FSHD biopsies 
showed a wide range of DUX4 signature expression levels, with 19/39 (48.7%) biopsies showing  

1 Excluding two asymptomatic individuals
2 One participant was mosaic for FSHD1 and had a 2-unit D4Z4 repeat in 65% of leukocytes. Four 
participants had FSHD2 caused by an SMCHD1 mutation. 
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Figure 1 Separate biopsies from TIRMPOS and TIRMNEG areas within the same muscle 

a cumulative read count >20 (labeled DUX4-positive (DUX4POS); average cumulative read 
counts of 170, range 20.3 – 807.8 reads). This increased cumulative read count was due to both 
a generally increased expression level per gene and increased number of expressed genes per 
sample (supplemental figure 2A-C). The remaining 20/39 (51.3%) FSHD biopsies showed a 

A Axial T1-weighted and B TIRM image of the right upper leg of a 50-year-old FSHD participant (F9) 
showing marked fatty infiltration of nearly all muscles and focal TIRM hyperintensity in the vastus 
lateralis. The MRI-guided biopsy sites are marked with yellow circles. In T1, normal muscle is dark 
grey, fat infiltrated muscle is white. Note the relative sparing of the sartorius muscle and the severe 
fatty infiltration of the posterior compartment and quadriceps.
C HPhlox staining of the FATPOS/TIRMPOS vastus lateralis biopsy from the same participant (F9) 
demonstrates severe dystrophic changes indicated by a marked increase in variability in fiber size, 
increased internal nuclei, increased interstitial fibrosis and regenerating fibers (histopathology severity 
sum score 11).  

D HPhlox staining of the FATPOS/TIRMNEG vastus lateralis biopsy from the same participant (F9) 
demonstrates myopathic changes indicated by an increase in variability in fiber size, increased internal 
nuclei, increased interstitial fibrosis and regenerating fibers (histopathology severity sum score 8).
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Figure 2 DUX4 and PAX7 signature expression in FSHD and control biopsies

A DUX4 signature expression in FSHD and control muscle biopsies. The treshold criterium for 
DUX4POS biopsy selection (>20 reads) is marked with a red dotted line. The two replicate samples 
sequenced in the two major sequence batches are labeled and highlighted in color. Both replicates 
are selected as DUX4POS in both sequence batches, indicating that the absence of a DUX4 signature 
in the controls is not due to a sequencing bias. Samples with value = 0 are depicted at the base of 
the plot and were excluded from the boxplot. 
B PAX7 signature expression in FSHD and control muscle biopsies, and DUX4NEG and DUX4POS FSHD 
biopsies. The two replicate samples sequenced in the two major sequence batches are labeled and 
highlighted in color. All boxplots depict the 25-75% quantile range, whiskers extend to respectively 
highest or lowest point with a maximum extension of 1.5x interquantile range.  

C Receiver Operator Characteristic curve for FSHD vs. control biopsy classification with either DUX4 
or PAX7 signature expression. AUC: area under curve. The p-values depict the Wilcoxon rank sum 
test results, excluding the two replicate samples. 
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DUX4 signature level similar to the control biopsies (average cumulative read count of 5.4, range 
0 – 15.4 reads) and were labeled DUX4-negative (DUX4NEG) (figure 2, supplemental figure 
2). Two DUX4POS FSHD biopsies that were included as replicates in the sample preparation and 
analysis of the control biopsies were classified DUX4POS in both replicate analyses, indicating 
that the low level of DUX4 signature gene set expression in the control batch was not due to 
detection bias (figure 2, supplemental figure 2).

The PAX7 score, defined as the t-statistic for the expression of induced and repressed PAX7 
target genes, was shown to be reduced in FSHD compared to control muscle biopsies and 
myocytes64, 100. Though, despite the detection of a reduced PAX7 score in some FSHD samples, 
differences were not statistically significant in our sample set (Wilcoxon rank sum test, p = 
0.086, figure 2B, supplemental figure 2D). We did find a significant decrease in PAX7 score 
in the DUX4POS biopsies (p = 0.023), suggesting some correlation between both biomarker 
signatures in FSHD. 

In order to evaluate the performance of both signatures as general discriminator of FSHD-
affected muscle biopsies from controls, we performed Receiver Operator Characteristic (ROC) 
analysis. In our biopsy sample set, both DUX4 and PAX7 signature showed only low-moderate 
classifier performance (DUX4 signature ROC-AUC = 67.9%, PAX7 signature ROC-AUC 
= 63%, figure 2C). 

TIRM hyperintensity as biomarker for FSHD signature expression
Next we investigated FSHD-associated signature expression in the TIRMPOS FSHD muscle 
biopsies in our sample set. A total of 5/39 FSHD biopsies were obtained from TIRMPOS 

muscles or TIRMPOS areas within muscles, which is similar to previously reported frequencies 
of TIRM hyperintensity in vastus lateralis and tibialis anterior35. Example TIRMPOS MRI and 
histopathology images are provided in figure 1 and supplemental figure 1. 

Confirming previous findings, all 5/5 (100%) TIRMPOS muscle biopsies were DUX4POS, and 
2/5 TIRMPOS biopsies had the highest level of DUX4 signature expression of all biopsies (figure 
3A)50. DUX4 signature expression was significantly increased in TIRMPOS biopsies both when 
compared to controls (Wilcoxon rank sum test, p = 0.0019) as well as compared to TIRMNEG 
FSHD biopsies (Wilcoxon rank sum test, p = 0.033). Our data therefore independently validates 
TIRM hyperintensity as a specific biomarker for the detection of DUX4 signature expression 
in FSHD muscles. However, 14/34 (41%) TIRMNEG muscle biopsies also showed increased 
DUX4 signature expression. Hence, if TIRM-hyperintensity was used as the only biomarker for 
FSHD disease activity, 14/19 DUX4POS biopsies (74%) would be misclassified in our dataset. 

The five TIRMPOS biopsies showed no significant reduction in PAX7 score compared to control 
biopsies (figure 3D), indicating that TIRM hyperintensity is not a biomarker for PAX7 
signature expression in our muscle biopsy sample set.

10
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Figure 3 DUX4 and PAX7 signature expression correlations with TIRM and fatty infiltration

Fatty infiltration as additive biomarker for FSHD signature expression 
A total of 10/39 FSHD biopsies were obtained from muscles with >15% fatty infiltration 
(FATPOS) (supplemental figure 3), which is similar to previously reported frequencies of 
increased amounts fatty infiltration in the vastus lateralis and tibialis anterior35. We tested 
whether increased fatty infiltration correlates with DUX4 and PAX7 signature expression. 
Indeed, DUX4 signature expression was detected in 9/10 (90%) FATPOS FSHD biopsies, 
compared to 11/30 (37%) FATNEG FSHD biopsies (Wilcoxon rank sum test, p = 0.028, 
figure 3B). The one FATPOS/DUX4NEG biopsy was a vastus lateralis muscle biopsy with a fat 
percentage of 28%, which was obtained from a female FSHD participant with a BMI of 34. 
Hence, the increased fat percentage in this muscle may be attributable to obesity. A similar 
fat percentage of 26% was also observed in one female control participant with a BMI of 34. 

A-C Correlations of DUX4 signature expression with A TIRM hyperintensity, B fatty infiltration (FATPOS 
= >15% fatty infiltration), and C the combined biomarker TIRMPOS and/or FATPOS. The treshold 
criterium for DUX4POS biopsy selection (>20 reads) is marked with a red dotted line. 
D-F Correlations of PAX7 signature expression with A TIRM hyperintensity, B fatty infiltration (FATPOS 
= >15% fatty infiltration), and C the combined biomarker TIRMPOS and/or FATPOS. 
All boxplots depict the 25-75% quantile range, whiskers extend to respectively highest or lowest 
point with a maximum extension of 1.5x interquantile range. The p-values depict the Wilcoxon rank 
sum test results, excluding the two replicate samples. 
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Using a combined biomarker of both fatty infiltration and TIRM hyperintensity identified 
11/19 (57.9%) DUX4POS biopsies in the samples set (figure 4F). PAX7 scores were significantly 
reduced in FATPOS FSHD biopsies when compared to control biopsies (Wilcoxon rank sum 
test, p = 0.012, figure 3E), but not compared to FATNEG biopsies. 

Discussion
This study investigated FSHD signature expression in 39 FSHD and 24 control vastus lateralis 
and tibialis anterior muscle biopsies, and tested their correlation with two imaging-based 
biomarkers for FSHD disease activity and disease severity: TIRM hyperintensity and fatty 
infiltration, respectively. In line with previous reports, DUX4 signatures were detected in all 
TIRM hyperintense biopsies, confirming the value of TIRM hyperintensity as a biomarker 
for FSHD disease activity50, 223. DUX4 signatures were also detected in 90% of biopsies with 
increased amounts of fatty infiltration, defined as a fat percentage >15%, demonstrating 
that DUX4 is also associated with later stages of disease progression, independent of TIRM 
hyperintensity. 

Our findings solidify the value of TIRM as a biomarker for FSHD disease activity, which can be 
used to select muscles with an increased probability of disease activity. However, the frequency 
of TIRM hyperintensity is relatively low (4-12% of lower limb muscles), limiting participant 
selection and underestimating the amount of DUXPOS muscles35, 49. Hence, additional non-
invasive biomarkers are needed. 

MRI studies have shown that disease progression is relatively rapid in fat infiltrated muscles, 
which suggests that fatty infiltration may also be associated with DUX4 signature expression38, 

39, 45, 46. Our findings show that DUX4 signature expression is indeed present in 90% of FATPOS 

muscle biopsies, i.e. muscles with >15% of fatty infiltration, demonstrating that fatty infiltration 
may be an additional biomarker for FSHD disease activity. Fatty infiltration is present in ~50% 
of lower limb muscles, hence may serve as an additional biomarker to identify TIRM-negative 
muscles with an elevated DUX4 signature35, 49. It is, however, important to note that caution 
is required for any factors that may influence fatty infiltration in muscle, independent from 
disease. Increased fatty infiltration in one biopsy (20.7%) without DUX4 signature expression, 
for example, may have been attributable to obesity, as this specific participant had a BMI of 
34. This would indicate caution when using the combined TIRM/Fat biomarker in obese 
participants, as this may lead to false positive selection of some muscles as at risk for active 
disease and a DUX4 signature. 

Previous studies have suggested that the PAX7 signature represents a more uniform marker 
of FSHD-affected muscle, with a better overall diagnostic power for discriminating FSHD-
affected cells from non-affected control cells100. In our sample set, TIRM hyperintensity did 
not correlate with PAX7 signature expression. However, we cannot rule out that the relatively 
low number of TIRMPOS biopsies may have limited statistical power to detect differences in 
PAX7 signature expression. FATPOS FSHD biopsies showed significantly lower PAX7 scores 
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compared to control, but not compared to FATNEG FSHD biopsies. The reduced PAX7 scores 
in FATPOS FSHD biopsies suggests that the PAX7 score is associated with disease severity and is 
reduced in late stages of disease progression. This is in line with recent a recent study describing 
the PAX7 signature to be correlated with disease pathology and progression100.

In contrast to previous studies which specifically targeted TIRM hyperintense muscle, in our 
study muscle selection was not based on MRI results, resulting in a more representative cross-
section of FSHD muscles as would be encountered in a clinical trial without prior imaging-based 
selection. The frequency of TIRM hyperintensity in our sample set is in line with previously 
reported frequencies of TIRM hyperintensity in vastus lateralis and tibialis anterior35, 49. This 
difference in biopsy sample set composition, may explain some of the deviations between 
our data and previously published FSHD muscle biopsy analyses50, 223. Another limitation 
is the use of different MRI protocols to assess fatty infiltration. Most fat percentages were 
determined with multi-echo T2, but some vastus lateralis fat percentages were measured with 
3-pt Dixon. Muscles evaluated by 3-pt Dixon were all <15%, except for one participant with 
a vastus lateralis fat percentage of 25%. Hence, the different imaging techniques most likely 
did not influence classification of muscle biopsies, because at low fat percentages Dixon-based 
quantitative analysis overestimates fat percentage relative to analysis based on T2 images. 

One important findings in our study was that muscle biopsies from two adjacent regions of 
the same muscle can show very different levels of the DUX4 signature. Although based on 
only one example, this findings strongly supports a focal model of disease activity, at least 
as defined by the DUX4 signature. This might explain the findings in a prior longitudinal 
study where a few FSHD muscles maintained a TIRM positive status but converted from 
DUX4-signature postive to DUX4-signature negative when comparing the initial biopsy to 
one taken a year later223. Together, these studies suggest that focal disease activity might need 
to be considered in clinical trial design and data analysis, and also explain why some studies 
might not find a perfect association between TIRM positive muscles and the DUX4 signature.  

In conclusion, this study confirms and extends on earlier observations of correlations between 
imaging biomarkers (MRI) and molecular biomarkers (DUX4 and PAX7 signatures) in FSHD 
muscle and provides guidance to clinical trial design in FSHD.
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Supplemental figure 1 Separate biopsies from TIRMPOS and TIRMNEG areas within the same muscle

A Axial T1-weighted and B TIRM image of the right upper leg of a 55-year-old FSHD participant 
(F13) showing mild fatty infiltration of the anterior part of the vastus lateralis and adjacent focal 
TIRM hyperintensity. The MRI-guided biopsy sites are marked with yellow circles. In T1, normal 
muscle is dark grey, fat infiltrated muscle is white. The FATNEG/TIRMPOS MRI-guided muscle biopsy 
is located at the periphery of the TIRM hyperintense area. The FATNEG/TIRMNEG MRI-guided biopsy 
is located in a TIRM negative area. 
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Supplemental figure 2 DUX4 and PAX7 signature expression in individual muscle biopsies

A Stacked bar chart depicting the normalized read counts for all 57 individual DUX4 target genes 
of the DUX4 expression signature, per individual muscle biopsy. Samples are sorted left to right by 
DUX4 signature expression level. FSHD samples are labeled in black, control samples in grey. Genes 
are sorted from bottom to top, based on average expression level in all samples (color legend in panel 
B). The treshold criterium for DUX4POS biopsy selection is marked with a red dotted line. DUX4POS 
biopsies are highlighted by the red background. The two replicates are marked. The line-graph 
depicts the total number of DUX4 target genes with a normalized expression of >5 reads (right axis).  
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Supplemental figure 2 (continued) DUX4 and PAX7 signature expression

Supplemental figure 3 Fat percentages in control and FSHD muscle biopsies

B Box and dotplot depicting the individual normalized expression levels for each DUX4 target gene. 
Genes are sorted from left to right by average expression in all samples. Samples with value = 0 are 
depicted at the base of the plot and were excluded from the boxplot. All boxplots depict the 25-75% 
quantile range, whiskers extend to respectively highest or lowest point with a maximum extension 
of 1.5x interquantile range. Gene names depict HGNC symbol and Ensembl geneID, respectively.  
C Boxplots depicting the individual normalized expression levels for all upregulated (green) or 
downregulated (red) PAX7 target genes used to calculate the PAX7 score, per individual biopsy. 
Biopsies are sorted from left to right based on PAX7 score (lowest PAX7 score on left). Samples with  
value = 0 are depicted at the base of the plot and were excluded from the boxplot. All boxplots depict 
the 25-75% quantile range, whiskers extend to respectively highest or lowest point with a maximum 
extension of 1.5x interquantile range. Outliers are depicted in grey. The two replicates are marked. 

The fat percentage of all individual control and FSHD 
muscle biopsies. The treshold criterium for FATPOS muscle 
biopsy selection (>15% fatty infiltration) is marked with 
a red dotted line. 
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Summary

Overview

This thesis investigates the causes of reduced quadriceps specific force in FSHD, with 
particular emphasis on muscle fiber contractile function. Secondary questions are 
whether changes in muscle fiber contractile function are specific for FSHD, or a 

physiological adaptation to muscle disease in general. 

Part II. Methods
Chapters 2 – 4 describe the methods used in this thesis and baseline characteristics of the 
study participants, muscle imaging and histopathological findings. 

The results presented in this thesis were acquired in a large group of patients with FSHD, 
healthy controls and disease controls with inclusion body myositis (IBM) or oculopharyngeal 
muscular dystrophy (OPMD). Muscle CCSA and specific force were investigated in the 
quadriceps. Muscle fiber contractile function was investigated in muscle fibers obtained from 
vastus lateralis and tibialis anterior muscle biopsies. 

Clinical disease severity was determined using the ordinal Ricci Clinical Severity Scale (CSS) 
for patients with FSHD, and in all participants through a functional evaluation that included 
manual muscle testing (MMT), six-minute walking test (6MWT), motor function measure 
(MFM) and measurement of physical activity using an actometer. Disease severity of individual 
muscles or muscle groups was determined with quantitative MRI to determine the amount 
of fatty infiltration, and semi-quantitative histopathological analysis of vastus lateralis and 
tibialis anterior muscle biopsies.  

Chapter 3 described a novel muscle biopsy technique, MRI-guided muscle biopsy, which 
was used to obtain FSHD vastus lateralis muscle biopsies. This technique allowed us to collect 
tissue from specific affected areas. However, MRI-guided muscle biopsy was associated with 
symptomatic hematoma formation in 2/13 participants.   

Chapter 4 provides a description of MRI and histopathological findings in FSHD, IBM, 
OPMD and control muscle biopsies. Control biopsies also showed mild abnormalities, most 
likely due to the age group of the study cohort (40 – 65 years). In FSHD and other muscle 
disorders, histopathology severity sum score correlated moderately with the amount of fatty 
infiltration on MRI. All biopsies obtained from muscles with >15% fatty infiltration had an 
increased histopathological sum score. 

Part III. Contractile function in FSHD
Chapters 5 and 6 investigate ex vivo muscle fiber contractile function in single muscle fibers 
obtained from FSHD and control vastus lateralis and tibialis anterior muscle biopsies. Initial 
findings in a pilot study described in chapter 5 suggested a reduction of specific force in type 
2 FSHD muscle fibers. However, findings from a more comprehensive study, described in 
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chapter 6, demonstrate that single muscle fiber specific force is intact even in severely affected 
FSHD muscle biopsies. This indicates that sarcomeric dysfunction does not contribute to 
reduced quadriceps specific force in patients with FSHD. 

Despite intact muscle fiber specific force, FSHD muscle fibers do show abnormalities of other 
contractile properties of the sarcomere. Calcium sensitivity of force is increased in single muscle 
fibers obtained from muscle biopsies with fatty infiltration. Passive force and titin content are 
increased in all FSHD biopsies, even in those without fatty infiltration, which suggests that 
changes in titin-based passive force are an early event in FSHD pathology that occurs prior 
to the onset of fatty infiltration

Chapter 7 investigates in vivo quadriceps specific force in patients with FSHD and controls. 
Quadriceps specific force is reduced in patients with FSHD, confirming previous studies. 
Furthermore, this chapter demonstrates that reduced specific force is an early phenomenon 
that can occur prior to the onset of fatty infiltration. Reduced quadriceps specific force could 
not be attributed to fiber type shift. The amount of interstitial fibrosis was increased in 
vastus lateralis muscle biopsies obtained from patients with mild and severe FSHD, probably 
contributing to reduced quadriceps specific force. FSHD patients reported increased amounts 
of lower back and pelvic pain, which could also contribute to reduced voluntary maximum 
force generation in the participants of this study. 

Part IV. Contractile function in other muscle disorders
Chapter 8 investigates quadriceps and muscle fiber contractile function in IBM. Ex vivo studies 
of muscle fiber specific force were reduced in IBM muscle fibers. Analysis of cross-bridge cycling 
kinetics showed a reduced amount of strongly bound cross-bridges due to reduced myosin 
content. In addition, in vivo studies of quadriceps specific force were also reduced in patients 
with IBM, which contributes to clinical muscle weakness and reduced functional performance.

Chapter 9 investigates quadriceps specific force and muscle fiber specific force in OPMD.  
Both the former in vivo and the latter ex vivo studies were intact in OPMD compared to 
controls. Hence, sarcomeric dysfunction does not contribute to clinical muscle weakness in 
patients with OPMD. 

Together, chapters 8 and 9 demonstrate that IBM and OPMD have distinct contractile 
profiles, which supports the specificity of our findings in FSHD.  

Part V. DUX4 signature expression in FSHD
Chapter 10 uses RNA sequencing to investigate DUX4 signature expression in a large 
set of FSHD and control biopsies. All FSHD biopsies obtained from muscles with TIRM 
hyperintensity and almost all FSHD biopsies obtained from muscles with fatty infiltration 
showed increased DUX4 signature expression.  
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Expression of DUX4 target genes also occurred in 30% of biopsies obtained from muscles 
without fatty infiltration and without TIRM hyperintensity. Out of all FSHD biopsies, 54% 
showed no or very limited expression of DUX4 target genes within the range observed in 
healthy controls.
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Contractile function in FSHD

Patients with facioscapulohumeral muscular dystrophy (FSHD) suffer from progressive 
asymmetrical muscle weakness. Mild-to-moderate FSHD is limited to the muscles of the 
face and shoulder girdle, reducing the ability to smile or to reach above shoulder height. 

More severe cases involve the muscles of the trunk, pelvic girdle and lower limbs, reducing the 
ability to walk and climb stairs1, 2. One of the most important contributors to muscle weakness 
in patients with FSHD is loss of muscle tissue due to atrophy, fibrosis and fatty infiltration37, 

39, 45, 46, 51, 52. However, loss of contractile material is not the only mechanism that contributes 
to muscle weakness in patients with FSHD, as quadriceps specific force is also impaired53, 54.

This thesis investigates the causes of reduced quadriceps specific force in FSHD, with particular 
emphasis on muscle fiber contractile function. Secondary questions are whether changes in 
muscle fiber contractile function are specific for FSHD, or physiological adaptations associated 
with muscle disease in general. The main findings on muscle absolute and specific force are 
summarized in figure 1. 

Figure 1 Quadriceps absolute and specific force in FSHD, IBM and OPMD

Muscle absolute force (in this illustration: the total forward momentum of the boat, represented as 
the sum of all individual arrows) is determined by muscle CCSA (in this illustration: the  number of 
rowers, represented as individual arrows), and by specific force, i.e. the amount of force generated 
per unit of CCSA (in this illustration: the amount of forward momentum generated  by each individual 
rower, represented by intact or broken oars and size of individual arrows). In FSHD and IBM, absolute 
force is reduced due to reduced CCSA (i.e. less rowers) and reduced quadriceps specific force (i.e. 
broken oars resulting in less force per rower). The underlying mechanisms differ. In IBM, muscle 
fiber specific force is reduced due to reduced myosin content. In FSHD, muscle fiber specific force 
is intact and other factors must be involved. In OPMD, muscle absolute force is reduced due to 
reduced CCSA (i.e. less rowers) due to atrophy, with intact quadriceps specific force. 
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Figure 2 Contractile function in FSHD

Figure 2 describes the findings in FSHD in more detail. Chapter 7 investigated quadriceps 
cross-sectional area (CSA), contractile cross-sectional area (CCSA) and specific force in relation 
to FSHD disease severity. Atrophy and fatty infiltration resulted in reduced CSA and CCSA in 
patients with severe FSHD, confirming previous studies. Quadriceps specific force was reduced 
in patients with both mild and severe FSHD. This indicates that quadriceps specific force 
can be affected before the onset of lower extremity weakness and before the onset of atrophy 
and fatty infiltration. Together, reduced quadriceps CCSA and specific force contribute to 
the development of muscle weakness. 

In FSHD, atrophy, fibrosis and fatty infiltration reduce quadriceps CCSA. Quadriceps specific force is 
reduced, contributing to muscle weakness. Muscle fiber specific force is intact and does not contribute 
to reduced quadriceps specific force. However, other contractile properties are affected, most likely 
due to physiological adaptations to muscle disease (calcium sensitivity of force) and possibly as a 
consequence of DUX4 expression (increased passive force). DUX4 signature expression is detected 
in almost all biopsies obtained from muscles with fatty infiltration
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Chapters 5 and 6 investigate whether reduced quadriceps specific force is caused by reduced 
muscle fiber specific force. Chapter 5 investigates ex vivo muscle fiber specific force in single 
muscle fibers obtained from 4 FSHD and 4 control muscle biopsies (N = 41 FSHD and 
N = 31 control single muscle fibers). The findings from this small study showed reduced ex 
vivo specific force in type 2 muscle fibers, supporting our initial hypothesis that sarcomeric 
dysfunction contributes to reduced quadriceps specific force in patients with FSHD. 

In chapter 6 we investigated ex vivo single muscle fiber specific force in a comprehensive 
study including 26 FSHD and 24 control biopsies (N = 275 FSHD and N = 282 control 
fibers) with the aim to confirm the presence of sarcomeric dysfunction in a larger dataset and 
provide additional insight in its underlying mechanisms. However, results from this larger study 
showed no changes in ex vivo muscle fiber specific force, even in severely affected biopsies. This 
demonstrates that sarcomeric dysfunction does not contribute to reduced quadriceps specific 
force in patients with FSHD.

The discrepancy between findings in chapters 5 and 6 are most likely due to differences 
between the control groups. In chapter 5 we included controls with high levels of physical 
activity and fitness compared to the FSHD patients. In contrast, in chapter 6 we purposely 
recruited peer controls with similar sex, age and lifestyle. The presence of mild myopathic 
abnormalities in 95% of control biopsies as described in chapter 4 corroborates the importance 
of a matched control group in studies that use muscle tissue. 

Although muscle fiber specific force does not differ from controls, other contractile properties 
are affected in FSHD muscle fibers. Calcium sensitivity of force is increased in single muscle 
fibers obtained from FSHD muscle biopsies with fatty infiltration in muscle MRI, whereas 
passive tension and titin content are increased in all FSHD biopsies. Although these changes 
in contractile function did not affect specific force in ex vivo single muscle fiber preparations, 
they may enhance in vivo force generation of muscle fibers within the context of a whole muscle. 

Calcium sensitivity of force
The increased calcium sensitivity of force we observed in FSHD muscle fibers may be a 
physiological adaptation to facilitate contraction in an environment affected by muscle disease. 
Based on the results acquired in chapter 10, comparison of single muscle fibers obtained 
from muscle biopsies with and without DUX4 signature expression showed no difference 
in calcium sensitivity of force (type 1 fibers: p = .123, type 2 fibers: p = .437). This makes it 
unlikely that increased calcium sensitivity of force is a direct consequence of DUX4 expression. 
Furthermore, as shown in chapter 6, increased calcium sensitivity of force in FSHD does not 
result in increased submaximal specific force. This finding contrasts with muscle disorders in 
which the underlying genetic defect directly affects calcium sensitivity of force. In nemaline 
myopathy due to certain TPM2, TPM3, TNNI2 and TNNT3 mutations, primary changes 
in the structure of tropomyosin (beta and alpha-3 chain, respectively) or troponin (fast-twitch 
troponin I and T, respectively) result in increased calcium sensitivity with increased submaximal
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Figure 3 Contractile function in IBM

specific force188, 189. This further supports the notion that increased calcium sensitivity of force 
in FSHD is an adaptive response to an environment affected by muscle disease, and not a 
direct consequence of the disease itself. 

To investigate the specificity of findings in FSHD, other muscle disorders were investigated in 
chapters 8 and 9 of this thesis. Despite marked changes in muscle architecture and severe fatty 
infiltration, calcium sensitivity of force was not increased in inclusion body myositis (IBM) 
muscle fibers (figure 3). However, reduced myosin content and consequential reduced specific 
force in IBM muscle fibers may have precluded potential physiological adaptations in calcium 
sensitivity of force. Comparison of calcium sensitivity between FSHD and oculopharyngeal 

In IBM, muscle damage due to atrophy, fibrosis, fatty infiltration and inflammation results in reduced 
CCSA. Quadriceps specific force is also reduced, contributing to muscle weakness. Muscle fiber 
contractile function in IBM differs from our findings in FSHD. Reduced myosin content causes 
reduced muscle fiber specific force in IBM muscle fibers. Calcium sensitivity of force and passive 
force are not affected. 
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muscular dystrophy (OPMD) biopsies was not possible due to a limited amount of fat infiltrated 
muscle biopsies in the OPMD group. 

Whether increased calcium sensitivity of force in FSHD single muscle fibers masks an underlying 
contractile deficit that is directly related to DUX4 could not be inferred from our measurements. 

Passive force 
The presence of increased passive force in single muscle fibers obtained from FSHD biopsies 
with and without fatty infiltration suggests that increased passive tension is an early event in 
FSHD pathology that occurs prior to the onset of fatty infiltration. 

Whether this is the direct consequence of DUX4 signature expression or a physiological 
adaptation to muscle disease is unclear. Comparison of passive force in single muscle fibers 
obtained from muscle biopsies with and without DUX4 signature expression was not possible 
due to a limited number of fibers, large variation in passive force and an uneven distribution 
of data points across muscle and fiber types. The early changes in FSHD single muscle fiber 
passive force suggest a FSHD-specific effect, potentially DUX4-mediated, especially because 
we observed no changes in single muscle fiber passive force in IBM and OPMD (figure 4).

Other potential causes of reduced quadriceps specific force
The results in chapters 5 and 6 demonstrate that sarcomeric dysfunction does not contribute to 
reduced quadriceps specific force in patients with FSHD. Hence, other factors most be involved. 
First, it is important to consider fibrosis, which is an excessive accumulation of extracellular 
matrix proteins associated with muscle disease.  Increased amounts of interstitial fibrosis reduce 
the amount of contractile material per cross-sectional area and disturb force transmission, 
resulting in reduced specific force142. Fibrosis is not detected with current MRI techniques and 
is therefore not considered in the calculation of CCSA in this thesis36. Hence, the method used 
in this thesis  overestimates CCSA, resulting in underestimation of specific force. Although 
interstitial fibrosis was present in the majority of FSHD biopsies obtained from muscles without 
fatty infiltration, the degree of fibrosis was usually mild, which is not sufficient to explain the 
~33% reduction in quadriceps specific force found in chapter 7. 

Comparison between FSHD and other muscle disorders may provide insight into other 
potential causes of reduced quadriceps specific force. Patients with FSHD and IBM have a 
similar reduction in quadriceps specific force (compare chapter 7, figure 2C, with chapter 
8, figure 1C). Compared with severe FSHD participants, IBM participants had similar levels 
of quadriceps atrophy and fatty infiltration, resulting in similar reductions in CCSA. Vastus 
lateralis histopathological abnormalities were also similar, except for increased amounts of 
inflammation in IBM. Muscle fiber specific force was reduced in IBM, contributing to reduced 
in vivo quadriceps specific force. However, muscle fiber specific force was intact in FSHD 
muscle fibers. Hence, other mechanisms must  contribute to reduce in vivo quadriceps specific 
force in FSHD. 
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Figure 4 Contractile function in OPMD

Muscle specific force is determined by many factors, which include, but are not limited to, 
energy metabolism, excitation-contraction coupling, muscle architecture, and extramuscular 
factors54, 190, 191. These will be discussed below.

Energy metabolism
Cross-bridge formation requires ATP, which in muscle is produced mainly through glycolysis, 
oxidative phosphorylation, and lipid metabolism. Previous studies in FSHD muscle biopsies 
show altered mitochondrial ultrastructure and distribution in the muscle fiber, as well as 
defects in adenosine triphosphate (ATP) synthesis and cytochrome c oxidase (COX) activity192. 

Muscle atrophy resulted in reduced CCSA in OPMD participants aged 50-65 years. Quadriceps 
specific force was intact in young (age 40-50) and middle-aged (age 50-65) OPMD participants. 
Muscle fiber contractile function was intact in both groups. These findings are compatible with the 
current concept of OPMD as a disease of accelerated muscle aging15. The lack of fibrosis and fatty 
infiltration can be explained by the fact that the leg muscles, including the vastus lateralis and tibialis 
anterior are affected late in the OPMD disease course.
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Reduced specific force has been described in mitochondrial myopathy, which could only be 
partly explained by secondary changes such as fatty infiltration193. However, IBM arguably has 
a more severe mitochondrial deficit, and previous studies in FSHD have shown unchanged or 
reduced muscle fatigability53, 191, 194-196. The contribution of mitochondrial deficits to reduced 
muscle specific force in FSHD is probably limited. Research of other energy metabolism 
pathways is limited. Imaging studies have shown reduced phosphocreatine/ATP ratios, but 
only in fat infiltrated FSHD muscles39, 197.  

Excitation-contraction coupling
Excitation-contraction coupling is the process in which an action potential, generated by 
activation of the neuromuscular junction, depolarizes the sarcolemma and T-tubuli (excitation). 
This process triggers calcium release by the sarcoplasmatic reticulum, initiating actin-myosin 
cross-bridge formation and sarcomere shortening (contraction). The permeabilization 
(“skinning”) process applied to single muscle fibers prohibits the measurement of upstream 
processes in excitation-contraction coupling such as calcium release and handling. Functional 
measurements of calcium release and handling are not possible in muscle fibers isolated from 
muscle biopsies: because muscle fibers run from tendon to tendon, the cell membrane is 
always punctured during the biopsy procedure. One previous study found no differences in 
calcium handling or calcium signaling in FSHD and control myotubes131. However, myotubes 
have limitations as a model for mature skeletal muscle fibers and no studies have considered 
calcium release and handling in FSHD muscle biopsies. To increase our understanding of the 
pathophysiology of FSHD and to identify potential treatment approaches, future studies could 
investigate muscle and muscle fiber relaxation kinetics. Relaxation kinetics can be studied in 
vivo using transcranial magnetic stimulation (TMS) or ex vivo using isolated single muscle 
fibers or myofibrils198, 199. Other potential investigations include analysis of SERCA (involved 
in sarcoplasmatic reticulum calcium handling) and phospholamban (which modulates SERCA 
activity) protein content, and RyR calcium release channel function, which can be investigated 
using patch-clamp studies or caffeine or halothane sensitivity studies. 

Muscle architecture
Fatty infiltration not only reduced the amount of muscle available for contraction, but also 
disturbs the architectural organization of the muscle as a whole. This may impede the mechanical 
transmission of force, resulting in reduced specific force200. In FSHD, fatty infiltration has a 
nonuniform distribution along the muscle axis, with more severe fatty infiltration located in 
the most distal part of the muscle35, 39. Distal fatty infiltration impedes the transfer of force 
to the tendon, resulting in reduced specific force54. Furthermore, fatty infiltration alters fiber 
pennation angles, which may result in a reduced amount of force transferred to the tendon. 
Another component of muscle architecture is the distribution of different fiber types, with type 
1 fiber predominance resulting in lower specific force. As shown in chapter 7, force-frequency 
relations and morphometric analysis of vastus lateralis muscle biopsies showed no changes 
in fiber type distribution. Previous histopathological studies in FSHD have also shown no 
specific type predominance2, 141, 201.
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Extramuscular factors
Factors outside of the muscle may also influence specific force. Fatigue and pain are both highly 
prevalent in FSHD: 61% of FSHD patients report severe fatigue and 89% report pain137, 138. 
In chapter 7, pain was reported by 9/14 FSHD participants, 6/14 reported back and/or 
pelvic pain with a mean pain score of 3.2/10. Only 3/14 control participants reported pain, 
1/14 reported back and/or pelvic pain with a pain score of 1/10. Submaximal effort may have 
contributed to reduced quadriceps endurance in a previous study53. FSHD does not affect 
other parts of the nervous system that influence muscle strength, including the pyramidal 
tract, peripheral nerve or neuromuscular junction2, 141, 202. 

Specific force in other FSHD muscles
This thesis and previous studies on specific force in FSHD have only assessed contractile 
function of the quadriceps. Therefore it is not sure whether findings on quadriceps specific 
force can be extrapolated to other muscles. This thesis provides some evidence to suggest that 
specific force can also be reduced in tibialis anterior. Marked weakness of foot dorsiflexion 
(MRC 0 and 3.5) was present in 2/14 participants, despite tibialis anterior CCSA within the 
control range. However, both of these patients had either complete fatty infiltration or severe 
atrophy of the extensor digitorum longus muscle, which assists in foot dorsiflexion.  

Implications for muscle research 
The differences between contractile function in FSHD, IBM and OPMD highlight that although 
almost all muscle disorders eventually cause muscle weakness, the underlying mechanisms and 
contractile profiles may vary greatly. Furthermore, skeletal muscle is capable of many functional 
and structural adaptations in response to changes in physical activity, comorbid disease, and 
environmental influences. Hence, changes in muscle or muscle fiber contractile function can 
be a direct consequence of pathology, or an indirect physiological adaptation to an altered 
environment due to muscle disease. Dissecting the various physiological and pathological 
changes in contractile function may identify novel outcome measures and therapeutic targets 
for clinical trials. 

Contractile function as an outcome measure for therapeutic trials
Quantitative evaluation of fatty infiltration using muscle MRI is an established longitudinal 
outcome measure which correlates with FSHD disease severity35-41. However, muscle MRI does 
not detect fibrosis and is less suited to detect early changes in muscle architecture compared 
to muscle ultrasound36. Furthermore, muscle imaging doesn’t reflect the functional capacity of 
muscle. Measurement of in vivo muscle specific force may be an alternative outcome measure 
that reflects muscle strength in FSHD and other muscle disorders. However, longitudinal 
studies are needed to assess the value of in vivo specific force as a functional outcome measure. 
Measurement of ex vivo contractile function in single muscle fibers is a powerful method to 
investigate sarcomeric contractile function. However, single muscle fiber measurements are 
labor-intensive, require muscle biopsy, and sample a very limited proportion of muscle fibers, 
and thus are not suited as an outcome measure in large-scale clinical trials. This is especially 
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true in FHSD, which is highly variable across patients, even within families. As discussed 
below, DUX4 expression occurs in a limited number of nuclei, resulting in variable expression 
across muscle fibers, further complicating the use of this technique in FSHD. Hence, single 
muscle fiber measurements are most appropriate in fundamental research that increases our 
understanding of the pathophysiology of selected muscle disorders, in particular congenital 
myopathies with a genetic defect that homogenously affects the structural components of the 
sarcomere. Furthermore, single muscle fiber studies can be utilized in preclinical studies to 
assess potential therapeutic agents.

Currently available FSHD mouse and zebrafish models may not accurately reflect the 
consequences of DUX4 on muscle contractility because DUX4 is specific to primates and 
Afrotheria20, 21. Skeletal muscle-on-chip models have the potential to investigate contractile 
function and structure in muscle fibers that are more differentiated than myoblast or myotube 
cell cultures, resulting in a better representation of mature muscle fibers in vivo. Although 
current skeletal muscle-on-chip models have low force outputs, optimization of these models 
will provide more insight into contractile function in health and disease. A human FSHD-
on-chip model is in development at the Leiden University Medical Center and will provide 
more insight into the effects of DUX4 on muscle contractility.

Therapeutic strategies for FSHD and other muscle disorders can aim to augment remaining 
muscle strength, or aim to correct the underlying genetic defect or acquired disease mechanism. 
Several therapeutic strategies exist that may augment the strength of remaining muscle tissue. 
First, inhibition of the myostatin pathway results in muscle hypertrophy, but so far has failed 
to increase muscle strength or functional performance in clinical trials for patients with FSHD, 
IBM, and Duchenne muscular dystrophy154, 203-206. Second, small molecule fast skeletal troponin 
activators increase sarcomeric calcium sensitivity of force, resulting in increased force generation 
at lower calcium concentrations66. Considering that muscle fiber specific force is intact and that 
calcium sensitivity of force is increased in FSHD muscle fibers, these compounds are unlikely 
to provide benefit for patients with FSHD, but may be useful for patients with IBM. Third, 
strength straining or aerobic exercise may have significant benefits for patients with FSHD and 
other muscle disorders, but has not resulted in significant increases in quadriceps or tibialis 
anterior muscle strength in three randomized controlled trials207-209. Loss of individual muscle 
fibers may limit the potential effects of training on muscle strength in FSHD. 

The current lack of treatment options to augment muscle strength only emphasize the 
importance of tackling the problem at its roots – to correct the underlying genetic defect and 
prevent or reduce DUX4-mediated muscle damage. Current strategies under investigation 
include the use of antisense oligonucleotide therapies to target inactivation of DUX4, exogenous 
siRNA to target DUX4 transcription, AAV-delivered silencing of DUX4, and small molecules 
screening to identify drugs that affect D4Z4 methylation of DUX4 translation210-215. 
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Future perspectives and challenges
The research presented in this thesis started shortly after publication of a landmark study 
in FSHD research in 2010, consolidating decades of research from different groups into a 
unifying genetic model for FSHD8. Since then, other potential candidate genes have shifted 
to the background and DUX4 has become accepted as the central pathophysiological agent 
in FSHD216. 

DUX4 expression – dissemination in space and time
In the past decade, numerous studies have increased our understanding of DUX4 expression 
and its effect on myoblasts and myotubes in cell culture8, 21, 24, 26, 27, 29, 30, 34, 61-65. To increase our 
understanding of the development of muscle weakness in FSHD, it is necessary to align the 
characteristics of DUX4 expression with the variable phenotype of FSHD. Importantly, the 
presence of an FSHD genetic background does not result in wide-spread expression of DUX4 
throughout all muscle fibers. In cell culture, DUX4 expression occurs in sporadic bursts with 
relatively high levels of expression, which are only present in very few nuclei – 1/1000 myoblasts 
and 1/200 differentiated myocytes19, 20, 30. Due to its intermittent and multifocal expression 

– disseminated  in space and time – DUX4 itself is very difficult to detect in FSHD muscle 
biopsies54, 217. This poses challenges for tissue-based FSHD research. As shown in chapter 10, 
not all FSHD muscle biopsies show DUX4 signature expression. DUX4 expression probably 
only occurs in a minority of individual muscle fibers. No subgroups with abnormal contractile 
function stood out within the 265 FSHD muscle fibers examined in chapter 6, although 
remarkably high passive forces were measured in sporadic fibers. At the time, it was technically 
impossibly to determine whether these individual fibers express higher amounts of DUX4 
target genes. In future studies, single muscle fiber RNA sequencing can identify fibers with 
increased DUX4 signature expression, which would allow comparison of contractile function 
between DUX4POS and DUXNEG muscle fibers. 

Modeling contractile function in FSHD 
The triggers of stochastic DUX4 expression in individual muscle fibers are largely unknown. 
More advanced biomechanical models of muscle contraction in FSHD may provide more insight 
into a putative relationship between DUX4 expression and muscle damage and regeneration. 

As shown in chapter 10, DUX4 signature expression is encountered in almost all muscle 
biopsies obtained from muscles with fatty infiltration. Once fatty infiltration occurs, disease 
progression within a given FSHD muscle is relatively rapid until the muscle is completely 
affected38, 39, 45, 46. DUX4 signature expression is also detected in all muscles with TIRM 
hyperintensity, which reflects muscle edema and is associated with higher rates of progression 
of fatty infiltration37, 39, 46, 50-52. TIRM hyperintensity in FSHD is often located at the edge of 
an area with fatty infiltration. 

These findings suggest that DUX4 expression is facilitated in muscle tissue that has been 
damaged either by DUX4 and its downstream targets, or due to increased muscle strain in 
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areas with altered muscle architecture, in particular at the periphery of fatty infiltration. In 
FSHD and other muscular dystrophies, muscle damage is accompanied by a constant repair 
process of necrosis, regeneration and inflammation. Several studies link DUX4 expression 
to muscle regeneration. DUX4 is detected in FSHD-derived proliferating myoblasts and 
increases during differentiation20, 29, 217, 218. In a mouse model for FSHD, DUX4 expression is 
transiently increased during early regeneration27. After expression, DUX4 has been shown to 
inhibit myogenesis and regeneration. Impaired regeneration, potentially due to competition 
with PAX7, could further augment this cycle64, 219.  

Whether in vivo DUX4 expression is facilitated by muscle damage and regeneration could 
be investigated using complex biomechanical models of muscle contraction and experienced 
strain in different areas within a muscle, combined with muscle imaging to measure TIRM 
hyperintensity and fatty infiltration220, 221. In this way, investigating contractile function in 
FSHD would not only increase our understanding of the consequences of DUX4 expression, but 
also of potential triggers that initiate DUX4 expression and its devastating downstream effects. 

Conclusion
This thesis investigated in vivo and ex vivo contractile function in FSHD and other muscle 
disorders – IBM and OPMD. These three muscle diseases are characterized by muscle weakness 
in different distribution patterns and with distinct contractile profiles, identification of which 
may aid the development of tailored treatment approaches. The process of muscle contraction 
may appear simple, but many factors that determine muscle strength are influenced by health 
and disease. Increased understanding of the mechanisms that influence contractile function 
in FSHD and other muscle disorders will inspire new treatment approaches and improve our 
understanding of the muscles that move us – to smile, to reach, to walk and to climb.
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Dit proefschrift onderzoekt de oorzaken van verminderde specifieke kracht van de 
quadriceps in patiënten met facioscapulohumerale spierdystrofie (FSHD), met speciale 
aandacht voor de contractiele functie van individuele spiervezels. Secundaire vragen 

zijn of veranderingen in contractiele functie van individuele spiervezels specifiek zijn voor 
FSHD, of een fysiologische aanpassing aan het hebben van een spierziekte in het algemeen.

Deel II. Methoden
Hoofdstuk 2 – 4 beschrijven de methoden die gebruikt worden in dit proefschrift en de 
kenmerken van de deelnemers, beeldvorming van spier en histopathologische bevindingen. 

De resultaten die beschreven worden in dit proefschrift werden verkregen in een grote groep 
patiënten met FSHD, gezonde controles en patiënten met een andere spierziekte, namelijk 
inclusion body myositis (IBM) of oculopharyngeale spierdystrofie (OPMD). Contractiele cross-
sectionele oppervlakte (CCSA) en de specifieke kracht werden onderzocht in de quadriceps. 
Contractiele functie van individuele spiervezels werden onderzocht in spiervezels die werden 
geïsoleerd uit spierbiopten van de vastus lateralis en tibialis anterior. 

Ernst van de spierziekte werd bij patiënten met FSHD bepaald door middel van de ordinale 
“Ricci Clinical Severity Score” (CSS), en bij alle deelnemers door middel van een functionele 
beoordeling met beoordeling van de spierkracht, 6-minuten loop test, “Motor Function Measure” 
en meting van dagelijkse fysieke activiteit met een actometer. Voor het bepalen van de mate 
van ziekte in individuele spieren of spiergroepen werd gebruik gemaakt van kwantitatieve MRI 
om de hoeveelheid spiervervetting te bepalen, en van semi-kwantitatieve histopathologische 
analyse van spierbiopten van de vastus lateralis en tibialis anterior.  

Hoofdstuk 3 beschrijft een nieuwe methode voor het verrichten van een spierbiopt, namelijk 
een MRI-gestuurd spierbiopt. Deze methode werd gebruikt om spierbiopten af te nemen van 
de vastus lateralis in patiënten met FSHD. Deze methode maakte het mogelijk om spierweefsel 
af te nemen van specifieke aangedane gebieden. MRI-gestuurde spierbiopten gingen gepaard 
met symptomatische hematomen in 2 van de 13 deelnemers. 

Hoofdstuk 4 beschrijft de radiologische en histopathologische bevindingen in FSHD, 
IBM, OPMD en controle spierbiopten. Vrijwel alle controle biopten vertoonden milde 
histopathologische afwijkingen, meest waarschijnlijk door de leeftijd van de onderzochte 
deelnemers (40 – 65 jaar). In deelnemers met FSHD en andere spierziekten was er een 
matige correlatie tussen de ernst van de histopathologische afwijkingen en de hoeveelheid 
spiervervetting op MRI. Alle biopten die werden verkregen uit spieren met meer dan 15% 
spiervervetting hadden een verhoogde hoeveelheid afwijkingen bij histopathologische analyse. 
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Deel III. Contractiele functie in FSHD
Hoofdstukken 5 en 6 onderzoeken ex vivo contractiele functie van individuele spiervezels die 
werden geïsoleerd uit vastus lateralis en tibialis anterior spierbiopten van FSHD en controle 
deelnemers. De initiële bevindingen in een klein onderzoek, beschreven in hoofdstuk 5,  
suggereerden een verlaagde specifieke kracht in type 2 FSHD spiervezels. Maar, de bevindingen 
in een groter onderzoek, beschreven in hoofdstuk 6, laten zien dat de specifieke kracht van 
individuele spiervezels normaal is, zelfs in ernstig aangedane FSHD spierbiopten. Dit toont 
aan dat verminderde specifieke kracht van de quadriceps in patiënten met FSHD niet wordt 
veroorzaakt door een verstoorde functie van de sarcomeren in individuele spiervezels.

Hoewel de specifieke kracht van individuele FSHD spiervezels niet is veranderd ten opzichte  
van controle spiervezels, zijn er wel veranderingen in andere contractiele eigenschappen van 
het sarcomeer. Er is een verhoogde gevoeligheid voor calcium in FSHD spiervezels die werden 
geïsoleerd uit biopten met een verhoogde hoeveelheid spiervervetting. Passieve kracht en de 
hoeveelheid titine zijn verhoogde in alle FSHD spiervezels, ook in spiervezels die werden 
geïsoleerd uit biopten zonder spiervervetting. Dit suggereert dat titine-gemedieerde toename 
in passieve kracht een vroeg fenomeen is in het ziekteproces van FSHD, voorafgaand aan het 
ontstaan van spiervervetting. 

Hoofdstuk 7 onderzoekt in vivo specifieke kracht van de quadriceps van patiënten met FSHD 
en deelnemers zonder spierziekte. De specifieke kracht van de quadriceps is verminderd in 
patiënten met FSHD, zoals ook eerder al werd aangetoond in andere onderzoeken. Een 
nieuwe bevinding is dat de specifieke kracht van de quadriceps verminderd in een vroege 
fase van de ziekte, voordat er sprake is van spiervervetting van de quadriceps. Verminderde 
specifieke kracht van de quadriceps werd niet veroorzaakt door een verschuiving naar zwakkere 
type 1 spiervezels. Er was een verhoogde hoeveelheid fibrose (bindweefsel) in spierbiopten 
van patiënten met zowel milde als ernstige FSHD; dit is waarschijnlijk deels de verklaring 
voor de verminderde specifieke kracht van de quadriceps. Daarnaast hadden patiënten met 
FSHD vaker en heviger last van pijn in de onderrug en heupen, wat ook kan bijdragen aan 
de verminderde spierkracht van de quadriceps. 

Deel IV. Contractiele functie in andere spierziekten
Hoofdstuk 8 onderzoekt de contractiele functie van de quadriceps en van individuele 
spiervezels bij IBM. Ex vivo metingen van de specifieke kracht van individuele spiervezels 
waren verminderd in spiervezels die werden geïsoleerd uit spierbiopten van patiënten met 
IBM. Analyse van de kinetiek van verbindingen tussen de eiwitten actine en myosine toonde 
een verminderde hoeveelheid sterke actine-myosine verbindingen. Dit werd veroorzaakt door 
een verlaagde hoeveelheid myosine eiwit in de individuele spiercellen. Daarnaast was er ook 
verminderde in vivo specifieke kracht van de quadriceps in patiënten met IBM. Dit draagt bij 
aan spierzwakte en verminderd fysiek functioneren bij patiënten met IBM. 

Hoofdstuk 9 onderzoekt de contractiele functie van de quadriceps en van individuele spiervezels 
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bij OPMD. Zowel de in vivo als de ex vivo metingen van specifieke kracht (in quadriceps en 
in individuele spiervezels, respectievelijk) waren bij OPMD hetzelfde als bij controles. Hieruit 
blijkt dat verstoorde functie van de sarcomeren in individuele spiervezels niet bijdraagt aan 
spierzwakte in patiënten met OPMD.  

Samen laten hoofdstukken 8 en 9 zien dat IBM en OPMD een verschillend contractiel 
profiel hebben. Dit ondersteunt de specificiteit van de bevindingen in patiënten met FSHD.  

Deel V. DUX4 signatuur expressie bij FSHD
Hoofdstuk 10 maakt gebruik van RNA sequencing om de expressie van DUX4 signatuur 
genen - dat wil zeggen, genen die tot expressie komen als gevolg van DUX4 expressie - te 
onderzoeken in een groot aantal FSHD en controle spierbiopten. Alle FSHD biopten die 
werden afgenomen uit spieren met hyperintense afwijkingen op TIRM en bijna alle FSHD 
biopten die werden afgenomen uit spieren met spiervetting toonden een verhoogde DUX4 
signatuur expressie. 

DUX4 signatuur expressie werd ook gezien in 30% van de spierbiopten die werden afgenomen 
uit spieren zonder spiervervetting en zonder hyperintense afwijkingen op TIRM. Van alle 
FSHD spierbiopten had 54% geen of zeer beperkte DUX4 signatuur expressie die vergelijkbaar 
was met controle biopten. 
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Glossary and list of abbreviations

Glossary
Absolute force The total amount of force generated by a muscle. Absolute force determined
   by muscle cross-sectional area, which reflects the amount of muscle fibers
  in parallel.
Active force Absolute or specific force which is generated as the result of excitation
   contraction coupling. 
CCSA  Contractile cross-sectional area (CCSA) is the total across-sectional area
  of a muscle or muscle group (i.e. the quadriceps), corrected for the amount
   of fatty infilatration.
Passive force Force generated by a muscle fiber which is stretched but not activated by
   Ca2+.
Specific force The amount of force generated per unit of muscle tissue. In this thesis,
   in vivo specific force of the quadriceps is determined as follows: quadriceps  
  specific force  =  Quadriceps absolute force / CCSA.  Ex vivo specific force
  of individual muscle fibers is determined as follows: muscle fiber specific  
  force = muscle fiber absolute force / muscle fiber diameter. 

Abbreviations
Gene names
ACTA1  Actin alpha 1
DMPK  Dystrophia myotonica protein kinase
DNMT3B  DNA methyltransferase 3 beta
DUX4  Double homeobox 4
LRIF1  Ligand dependent nuclear receptor interacting factor 1
NEB  Nebulin
PABPN1  Poly(A) Binding Protein Nuclear 1
PAX7  Paired box 7
SMCHD1  Structural maintenance of chromosomes flexible hinge domain-containing 
  protein 1
TNNT3  Troponin T3 
TPM2  Tropomyosin 2
TPM3  Tropomyosin 2

Other abbreviations
6MWT  Six-minute walking test
ANOVA  Analysis of variance
ASIS  Anterior superior iliac spine
ATP  Adenosine triphosphate
BMI  Body mass index
CK  Creatine kinase
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CSS  Clinical Severity Scale
CCSA  Contractile cross-sectional area
CRAMP  Computer registry of all myopathies and polyneuropathies
DNA  Deoxyribonucleic acid
DTT  Dithiothreitol
ELISA  Enzyme-linked immunosorbent assay
FCSA  Fat infiltrated cross-sectional area
FSHD  Facioscapulohumeral muscular dystrophy
FOV  Field of view
Hphlox  Hematoxilin-phloxine
IBM  Inclusion body myositis
Ktr  Rate constant of force redevelopment
MFM  Motor Function Measure
MRC  Medical Research Council 
MRI  Magnetic Resonance Imaging
MVC  Maximum Voluntary Contraction
MyHC  Myosin heavy chain
OPMD  Oculopharyngeal muscular dystrophy
PMSF  Phenylmethylsulfonyl fluoride
RNA  Ribonucleic acid
STIR   Short Tau Inversion Recovery
TA  Tibialis anterior
TCSA  Total cross-sectional area
TIRM  Turbo Inversion Recovery Magnitude
VL  Vastus lateralis
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Research data management

Research data management

Findable
All data described in this thesis are stored at the department of Neurology of the Radboud 
university medical center in Nijmegen, the Netherlands. Muscle biopsies are stored at 
the department of Pathology of the Radboud university medical center in Nijmegen, the 
Netherlands. 

Accessible
The data and protocol can be obtained on request from the department of Neurology of the 
Radboud university medical center in Nijmegen, the Netherlands. 

Interoperable
All data are documented in Dutch or English according to the FAIR principles. 

Reusable
The data shown in this thesis are adequately documented to be reusable for further research 
and analysis. 
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PhD portfolio

PhD training Year ECTS

Research skills

Basiscursus Regelgeving en Organisatie voor Klinisch Onderzoekers (eBROK) 2020 1.5

Personal leadership and impact 2016 0.5

Biometrics 2014 2.5

SPSS 2014 0.5

Advanced conversation 2013 1.5

National and international conferences

Jaarsymposium Neuromusculaire ziekten

Invited presentation 2020 0.75

Spierziektecongres for patients with neuromuscular diseases

Invited presentation (4x) 2015 - 2020 3.0

European Academy of Neurology

Oral presentation (2x) 2017 2.0

European Muscle Conference

Oral and poster presentation 2017 1.75

World Muscle Society

Poster presentation (4x) 2014-2016 6.0

FSHD Research Consortium Meeting

Oral presentation (2x) 2014-2016 2.0

Joint Meeting of the Belgian-Dutch Neuromuscular Study Group  
and the German Reference Center for Neuromuscular Disease, DGGN

Oral presentation
 
2014

 
0.75

Jaarsymposium Nederlandse Vereniging voor Fysiologie

Oral presentation 2011 0.75

Courses, seminars and workshops

Jaarsymposium Neuromusculaire ziekten (Spierziektencentrum NL) 2017, 2019 0.5

Muscles2Meet Young Talent symposium  (Prinses Beatrix Spierfonds) 2016 - 2016 0.75

WMS pre-conference training course (World Muscle Society) 2014 0.25

Summer School for Clinical Myology (Institut Myologie, Paris) 2013 3.5

Motor Function Measure, certified examinator (AFM) 2011 0.25

Teaching activities

Supervision research internship (3x) 2011 - 2015 3.0

Teaching Clinical Myology (residents in Neurology, Rheumatology, 
Emergency Medicine, nursing students, medical students)

2016 - 2020 1.0 A
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PhD training Year ECTS

Other activities

Reviewer

Annals of Neurology; European Journal of Neurology; International 
Journal of Molecular Sciences; Journal of Orthopedics and Orthopedic 
Surgery; JoVE; Muscle & Nerve; Nature Communications

 
2016 - 2020

 
1.0

Awards

Global Conference on Myositis

Speedfunding competition 2020 1.25

World Muscle Society

Elsevier Award for best oral or poster presentation 2016 -

Total ECTS 35.0
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