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General Introduction
Aims and general outline of the thesis

General Introduction

GENERAL INTRODUCTION
In 1862, the French neurologist Duchenne described a thirteen year old boy with
hanging lips and progressive weakness of the shoulder and upper arm muscles (figure
1 [5]). This severely affected boy is named Henri and is probably the first case report on
facioscapulohumeral dystrophy (FSHD). In 2015, Lisa, a twelve-year-old girl who enjoys
climbing and playing outside (figure 2), visited our neuromuscular outpatient clinic with
questions about growing up with FSHD. She was unable to smile symmetrically and
frequently had pain in her shoulders and lower back. Lisa and her family had several
questions; “Does she have a severe type of FSHD? Can it be treated? Is it hereditary? Will
she become wheelchair dependent?” These questions are undoubtedly important for
patients, parents, and future parents with a known or suspected increased genetic risk
for FSHD. The description of Henri dates to 1862 and, while research on the underlying
genetic mechanisms advanced, literature on the prognosis and treatment of childhood
FSHD remained scarce and we were unable to answer their very crucial questions. My
aim at the start of this project was therefore to study the spectrum of FSHD in childhood.
The encounter with Lisa and her family had thus become the starting point for this thesis.
Henri in 1862[1]

Lisa in 2015

Figure 1. Henri is a thirteen-year old boy with facial
weakness, asymmetrical muscle atrophy and reversal
of the anterior axillary fold. He fits the clinical picture of
facioscapulohumeral syndrome of muscular dystrophy
described by Landouzy and Dejerine in 1885 [3]. None
of his family members experienced muscle symptoms.

Figure 2. Lisa is a twelve-year-old girl who
enjoys playing outside. She cycles to her high
school where she excels in biology. She has facial
weakness, has shoulder pain and frequently
experiences fatigue. She has genetically confirmed
FSHD, just like her father.
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In the 150 years following Duchenne’s description of Henri, FSHD is primarily considered an
adult neuromuscular disorder, as the classic age of onset is in the second or third decade of
life [6], and FSHD in children is considered a rare variant. Moreover, the main research focus
has been the genetic mechanisms underlying FSHD, which has advanced our knowledge
on the genotype of FSHD markedly. However, the focus on adults and genetics has resulted
in little attention for FSHD starting in childhood (figure 3). This is in contrast to other
neuromuscular diseases mainly starting in childhood such as Duchenne muscular dystrophy
([7, 8], 841 publications in 2018) and spinal muscular atrophy ([9, 10], 2243 publications in
2018). Knowledge on both the clinical and genetic characteristics of FSHD in childhood is
lacking and questions from patients and parents remain unanswered as described above.
Advancing our knowledge on FSHD in childhood is also important as possible therapies are
on their way in FSHD and these should become available for children as well.

Figure 3. Number of publications on FSHD (light green) and on early-onset or childhood FSHD (dark green).

Clinical characteristics of FSHD
To describe the clinical characteristics of FSHD we use the triad of ‘disease, illness, and
sickness’ in this thesis. There is much discussion about the concept of disease: is obesity
a disease? Are you ill when you have a high blood pressure? And how can we understand
12
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the feeling of sickness without a known underlying pathogenesis? To denote all aspects of
a human ailment the subdivision medical (‘disease’ or ‘impairment’), personal (‘illness’ or
‘disability’), and social (‘sickness’ or ‘handicap’) is often applied (figure 4 and [11]). In this
thesis, we aim to illuminate all three aspects of FSHD because the “illness“, and “sickness”
of FSHD are predominantly important for patients [12, 13], while research and clinical
practice often exclusively attend to the “disease” FSHD.

Figure 4. Overview of the three perspectives on human ailment; disease, illness, and sickness.

FSHD: the disease
FSHD is one of the most frequent hereditary muscular dystrophies with an estimated
prevalence of 13:100.000 in the Netherlands [14]. It is characterized by facial weakness,
which frequently causes problems but infrequently is a reason to seek medical attention.
Subsequently scapulohumeral, tibial and axial muscle weakness arise [6]. The muscle
weakness is slowly progressive, with twenty-three percent of patients needing a wheelchair
in adulthood [15]. The life expectancy is not reduced [6]. On a scientific level, one of the
most intriguing features of FSHD is its clinical variability; the age of onset and severity are
highly variable, even within families with the same mutation, and muscle weakness is often
asymmetric in a patient [16]. Besides the muscle weakness, systemic complications may
occur and include: respiratory failure, epilepsy, hearing difficulties, retinal abnormalities
(also called Coats’ syndrome), intellectual disability and cardiac arrhythmias [4, 17-22].
13
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FSHD: the illness
Important aspects of FSHD for patients are: decreased mobility, activity impairment,
facial weakness, emotional distress, pain, fatigue, and difficulties in communication [12,
13]. Fatigue in specific is an important aspect of FSHD (and many other neuromuscular
disorders) as it has a large impact on the participation, social contacts, and the quality of
life [23, 24]. The causes of fatigue are unknown but may, among others, be the result of
weak muscles, physical overachieving or underachieving, and stress. In a qualitative study
on fatigue in FSHD [25] a 55-year-old patient stated: ‘For me, the fatigue is a bigger problem
than the fact that I can’t walk adequately’. Another important aspect is facial weakness,
leading to physical and social disability [26]. There are no studies on the personal aspects
of FSHD in children, but fatigue, decreased physical activity and emotional distress are
also frequent in other pediatric neuromuscular disorders [27, 28]. Lisa, the girl described
in the introduction, experiences difficulties with physical activities such as gym classes,
she feels ashamed when eating as she is unable to completely close her mouth, and she
frequently experiences fatigue. To summarize, disease aspects of FSHD such as chronic
pain and impaired mobility and the individual patients’ aspects such as mood and disease
perception contribute to a decreased quality of life [12, 24, 29].
FSHD: the sickness
FSHD influences social and societal participation, which is of paramount importance
to patients with FSHD [12]. There are no studies on participation in childhood. Lisa’s
teachers and sport instructors know that Lisa has FSHD and they take it into account when
instructing her. She lives in a regular house and cycles to her regular high school. She feels
misunderstood when strangers ask her why she looks so angry or why she does not join the
other children when playing. In adults, the diagnosis often leads to illness legitimacy; after
the diagnosis patients feel they are allowed to listen to their body and adjust their activities,
while before the diagnosis they frequently ignored symptoms [30]. In a study on the job
perspectives of 138 adult FSHD patients, the majority (91%) participated in economic life
[31]. While economic participation is high, most patients do experience difficulties in their
working life [30]: twenty-one percent of patients experienced FSHD-related difficulties
when applying for a job and 20% went on sick leave for more than three months because
of FSHD. Most patients (63%) mentioned disease-related problems in their household
activities and 31% were dependent on the help of other people. On a socioeconomic
level, FSHD is a muscle disease with a large impact. The estimated societal annual costs
per patient in Germany were EUR 26.240, mainly consisting of insurance costs and loss of
productivity of patients and their caregivers [32].
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FSHD classification
FSHD has historically been divided in two clinical subgroups: (I) early-onset FSHD with facial
weakness before the age of five years and scapulohumeral weakness before the age of 10
years [4], and (II) classic FSHD with a typical onset between 15-30 years, but often being later
[16, 33, 34]. Early-onset FSHD is often described as a severe subtype associated with severe
muscle weakness and frequent systemic complications [4, 17-22]. This is illustrated by the boy
described by Duchenne (Figure 1); a severely affected patient with an early onset.
Hence, FSHD starting in childhood is often perceived as a severe subtype of FSHD. However,
in our clinical experience, the clinical spectrum of FSHD starting in childhood appears
much broader than the severe subtype alone (text box on Semantics). We meet a large
range of patients; children such as Lisa with a mild phenotype and a positive family history,
adolescents with a classic FSHD phenotype, and newly diagnosed adults which have
been experiencing symptoms since early childhood. The lack of knowledge on the whole
spectrum of FSHD in childhood may cause patient- and doctor’s delay in diagnosing FSHD.
We hypothesize that the clinical characteristics of FSHD in childhood are not completely
clear, as they never have been described in a population-based study. Improving the
knowledge on the natural history of FSHD starting in childhood would benefit both patients
and care-givers.
We propose a new category named childhood FSHD to define children aged 0-18 years
with FSHD which can be both early-onset or classic-onset FSHD. We hypothesize that the
severity spectrum is much wider in all three groups (figure 5).

15
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Semantics – On the definitions of FSHD starting in childhood
Early-onset FSHD
Historically, infantile FSHD was considered a distinct disease from adult FSHD and was based on clinical
onset before the age of two years (Brooke criteria, 1977 [2]). This concept evolved to early-onset FSHD
and was regarded a subgroup of FSHD by Brouwer et al [4]. The criteria for early-onset FSHD are:
(I) signs or symptoms of facial weakness before the age of 5 and (II) signs or symptoms of scapular
weakness before the age of 10 (Brouwer criteria, 1994 [4]). The boy Henri from the general introduction
section is a typical early-onset FSHD patient. In this thesis we adhere to early-onset FSHD in patients
who fulfill these criteria.
Childhood FSHD
We hypothesized that not all patients who experience symptoms of FSHD in their childhood have early-onset
FSHD. Therefore, we use the term childhood FSHD for patients aged 0-18 years with FSHD in this thesis. The
girl Lisa from the general introduction is a typical childhood FSHD patient.

 



 































   

 

 

   

 

 

   

 

Figure 5. A Current (left) and proposed (right) FSHD classification. We propose a new category of childhood
FSHD to define children aged 0-18 years, childhood FSHD patients can both have early-onset or classiconset FSHD.
Figure 5. B Current (left) and hypothesized (right) severity spectrum in the FSHD subgroups. Currently, earlyonset FSHD patients are considered to have a severe subtype and classic-onset FSHD patients a relatively
mild disease. We hypothesize that the severity spectrum is much wider in both groups and that childhood
FSHD is placed between these groups.
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Genetic characteristics of FSHD
FSHD has traditionally been considered a monogenic autosomal dominant disorder with
incomplete penetrance. However, a number of complex genetic mechanisms have been
described to influence disease penetrance, inheritance, and severity [35]. Therefore, FSHD
is more and more regarded as a complex digenic and epigenetic disorder [36]. The genetic
characteristics of FSHD will be concisely summarized here for the understanding of the thesis.
FSHD is caused by epigenetic derepression of the DUX4 gene. The DUX4 gene is embedded
within every unit of the D4Z4 repeat array in the subtelomere of chromosome 4q. Two
allelic variants of chromosome 4q exists; 4qA and 4qB, of which only 4qA is permissive
for the disease. Healthy individuals have 11-100 D4Z4 repeat units on 4qA chromosomes,
while >95% of FSHD patients (FSHD type 1; FSHD1; MIM) have one chromosome 4qA with a
repeat of 1-10 D4Z4 units. On 4qB chromosomes, the repeat can vary between 1-100 units
without pathological consequences as this chromosome ends lacks specific polymorphisms
that are essential for DUX4 expression in skeletal muscle. D4Z4 repeat sizes >8-10 units
typically ensure a repressive D4Z4 chromatin structure, characterized by, among others,
high DNA methylation levels, that prevents expression of DUX4 in skeletal muscle [37]. The
chromatin structure of D4Z4 repeats between 1-10 units becomes partially derepressed
(hypomethylation) which facilitates the sporadic expression of the DUX4 protein in skeletal
muscle leading to muscle wasting [38]. In the rare form FSHD2 (OMIM158901), mutations
in the D4Z4 chromatin repressor SMCHD1 or rarely DNMT3B, together with normal-sized
D4Z4 repeats on a permissive 4qA haplotype, causes D4Z4 derepression and stable DUX4
expression in skeletal muscles [39, 40]. Recent studies show considerable overlap between
FSHD1 and FSHD2 in the upper-sized FSHD1 repeat length: i.e. many FSHD1 individuals
with a repeat of 9-10 units also have a mutation in SMCHD1 suggesting that FSHD1 and
FSHD2 are not separate entities but form a disease continuum. Hence, in FSHD, whether
FSHD1 or FSHD2, DUX4 plays a central role in the pathophysiology. The exact pathogenic
mechanism of DUX4 in skeletal muscle is unknown, but several mechanisms including cell
death induction, myogenesis inhibition, RNA alterations, and immune suppression, have
been implicated [35].
FSHD is clinically a very heterogenic disease and the reason for this heterogeneity it is not
fully understood, thus making it very challenging to predict disease severity in individuals.
The D4Z4 repeat array size and the age at onset are known contributors to disease
severity [41]. The length of the D4Z4 repeat array is inversely but roughly, correlated with
the disease severity; the smallest repeat array sizes (1-3 units) are typically associated
with a more severe disease. As the currently best studied genetic factors (repeat size,
SMCHD1 and DNMT3B) do not fully explain the variability in disease severity in FSHD, other
mechanisms must be at play.
17
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Epigenetic mechanisms are thought to be important for the disease severity in FSHD.
Epigenetics is the study of heritable phenotype changes that do not involve alterations
in the DNA sequence, as opposed to classical genetics which is the study of DNA
sequence. Examples of mechanisms that produce such changes are DNA methylation
and histone modification, each of which alters how genes are expressed without altering
the underlying DNA sequence. These epigenetic changes may last through cell divisions
for the duration of the cell’s life, and somatic epigenetic inheritance may influence
multiple generations. This means that non-genetic factors cause the genes to behave
differently. A famous example is that individuals born during the famine of the Dutch
Hunger Winter 1944-1945 had a higher risk of metabolic disease in adulthood [42]. In
conclusion, epigenetic changes, which can be due to biological and lifestyle factors, are
likely to influence disease severity in FSHD.
Advances in therapy research
Recent investigations have advanced our understanding of the (epi)genetic disease
mechanisms in FSHD in a way that the research field is moving towards targeted therapy
development [35]. Possible lead points for targeted therapies are: epigenetic repression
of D4Z4, silencing the DUX4 mRNA, and blocking the DUX4 protein or its downstream
pathways [35]. Additionally, treatments such as cognitive behavioural therapy and aerobic
exercise training have been shown to be effective and are further investigated [43].
To test possible therapies, ‘clinical trial-readiness’ is needed. For an efficient clinical trial,
knowledge on the natural history of the disease and validated outcome measures are
helpful. In FSHD, there is an unmet need for both natural history data and meaningful
and objective outcome measures, where outcomes measures aimed at childhood-onset
FSHD are specifically sought after [44, 45]. Knowledge of the natural history can help
determine natural disease progression, disease stages, subpopulations for stratification,
and sample size calculations. Regarding natural history, only case-series of early-onset FSHD
or childhood FSHD patients are described and there are no longitudinal studies. Clinical
research tools can help quantify the intended effect of an intervention and include clinical
outcome measures and biomarkers. Regarding outcome measures, there are no outcome
measures validated in children. Adult outcome measures which are under investigation are:
clinical outcome measures such as the FSHD evaluation scale and the 6-minute walk test,
serum/tissue biomarkers [46, 47], and imaging biomarkers [48, 49]. Specifically in children,
one would ideally apply a clinical research tool which is quick, non-invasive and patientfriendly. Hence, to optimize the participation of children in the therapeutic advances of
FSHD, knowledge on the natural history and clinical research tools are highly needed.
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Figure 6. The genetic mechanisms leading to FSHD, adapted with permission from dr. Hamel [35]. Healthy
individuals have 11-100 repeats on both copies of the 4q35 allele with normal methylation or a contracted
D4Z4 repeat array with a nonpermissive B allele (upper part of figure). FSHD1 patients have one contracted
4q35 copy with hypomethylation of the D4Z4 repeat array, on a permissive allele. In patients with 7-10 repeats,
nonpenetrance is more common and additional epigenetic factors play a larger role. FSHD2 patients have 1
4q35 copy containing 11-20 repeats on a permissive allele and a mutation in SMCHD1 or DNMT3B, causing
hypomethylation of the D4Z4 repeat arrays on both copies.
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AIMS AND GENERAL OUTLINE OF THE THESIS
The general aim of this thesis is to refine the clinical spectrum of FSHD starting in
childhood with the goal to improve the current and future care for children with FSHD
growing into adulthood. The FSHD research group at the Radboud university medical
centre Nijmegen and the Leiden university medical centre have studied the clinical and
genetic aspects of FSHD for more than three decades. As such, this thesis is a part of
the FSHD research conducted at this research centre with a specific focus on children.
In Part I we describe the clinical characteristics of childhood FSHD through our national
FSHD cohort (iFocus study, design chapter 1, outcome chapter 2). In Part II we focus
on the clinical characteristics and natural history of early-onset FSHD with a review
of the current literature using individual patient data (chapter 3) and the description
of our own cohort 22 years after its first publication (early-onset Focus study, chapter
4). In chapter 5 (plusFocus study) we describe early onset as a marker for disease
severity in FSHD. In Part III we aim to increase our knowledge on the pathophysiology,
muscle functioning and biomarkers of FSHD by looking from different perspectives. We
describe retinal abnormalities in FSHD (eyeFocus study, chapter 6), which has more
than meets the eye, and we show the results of our studies on muscle ultrasound in
FSHD (inFocus study, chapters 7 and 8). Figure 7 provides an overview of the studies
described in this thesis.

Figure 7. Framework of studies in this thesis. The iFocus cohort consists of 32 Dutch children aged 0-18 years
with FSHD. The plusFocus cohort consists of 37 adults with early-onset FSHD. To study the retina in FSHD we
collected data from both the iFocus and plusFocus participants in the eyeFocus study. The inFocus study on
muscle ultrasound harbours data from 22 patients with FSHD ranging from 6 to 66 years. The early-onset Focus
study describes the long-term follow-up of 10 early-onset FSHD patient.
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Part I: The clinical characteristics of childhood FSHD
Focus on the clinical and genetic spectrum of FSHD in childhood
In 2015 when we started with our study, no studies specifically aimed at children with
FSHD were published. Our first goal therefore was to describe the clinical phenotype, the
genotype, and the prevalence of childhood FSHD. To this end, we instigated the iFocus
(infantile Focus on FSHD) study at the Radboud university medical centre in 2015. The
iFocus study is the first population-based, nation-wide, single-centre study on childhood
FSHD. In this part we will present the results of the baseline measurements, while the
cohort will serve as a starting point for longitudinal follow-up as well. (Chapter 1 and 2)
Part II The clinical characteristics and natural history of early-onset FSHD
The clinical spectrum of early-onset FSHD
Early-onset FSHD is a subtype of FSHD starting in early childhood and is characterized by
severe muscle weakness and systemic features. Early-onset FSHD is a subtype of FSHD
which has been solely described in case-reports and case-series. Consequently, many
questions about the clinical phenotype and natural history of early-onset FSHD remain
unanswered, thus limiting evidence based clinical management. We therefore conducted
a systematic review using individual patient data to gain more insight into the clinical
spectrum of early-onset FSHD. (Chapter 3)
Long-term follow-up in early-onset FSHD
In general, the current idea is that early-onset FSHD is a more severe disease, however,
long-term follow-up on patients with early-onset FSHD was lacking at the start of our
project. We therefore reassessed a unique cohort of ten severely affected early-onset FSHD
patients, which were published as the first genetically confirmed early-onset FSHD-caseseries 22 years ago by our own research group [4, 50]. Chapter 4 provides highly needed
information on the individual natural histories of early-onset FSHD patients.
Early-onset as a disease marker
One of the most intriguing features of FSHD on a scientific level is its clinical heterogeneity.
Consequently, predicting disease severity and progression rate is very challenging in FSHD.
One of the possible predictors for disease severity is an early onset [41], however, it is
unclear if early-onset FSHD is inherently a more severe, rapidly progressing disease, or
if these patients are simply more severe due to a longer disease duration. To investigate
if early onset is a risk factor for disease severity we compared our cohort of early-onset
patients with a cohort with classic onset FSHD patients, resulting in increased knowledge
on the natural history of early-onset FSHD. (Chapter 5)
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Part III Different perspectives on FSHD
Ophthalmologic findings in FSHD
The majority of FSHD patients have retinal abnormalities, although only a small minority has
visual complaints [51, 52]. It remains unknown why and how the retinal arteries are involved
in this predominate muscle disease. Retinal vasculopathy poses an important knowledge gap
in FSHD, both in terms of patient management (diagnostics, counselling, and therapy) as in
research (molecular mechanism [53] and biomarker potential [54]). Unexpectedly, very little
research has been published on this subject since the two key papers on retinal abnormalities
in FSHD 30 years ago [51, 52]. We therefore studied the prevalence and appearance of retinal
abnormalities in genetically confirmed patients with early-onset FSHD using state of the art
techniques, such as optical coherence tomography and angiography. (Chapter 6)
Muscle ultrasound in FSHD
Muscle ultrasound can provide images of the muscle structure without the influence of
fatigue or cooperation, and it can thus quantify the pathology underlying deterioration
without the need for invasive procedures such as a muscle biopsy. Furthermore, it is patientfriendly; non-invasive, fast, and it can be performed bedside or in the consulting room with
the patient in a wheelchair if required [55]. We therefore imaged muscle structure changes
of FSHD patients with different methods and longitudinally and investigated if muscle
ultrasound could serve as a biomarker in FSHD research. (Chapter 7 and 8).
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ABSTRACT
Background
Facioscapulohumeral muscular dystrophy (FSHD; OMIM 158900 & 158901) is a progressive
skeletal muscle dystrophy, characterized by an autosomal dominant inheritance pattern.
One of the major unsolved questions in FSHD is the marked clinical heterogeneity, ranging
from asymptomatic individuals to severely affected patients with an early onset. An
estimated 10% of FSHD patients have an early onset (onset before 10 years of age) and are
traditionally classified as infantile FSHD. This subgroup is regarded as severely affected and
extra-muscular symptoms, such as hearing loss and retinopathy, are frequently described.
However, information on the prevalence, natural history and clinical management of
early onset FSHD is currently lacking, thereby hampering adequate patient counselling
and management. Therefore, a population-based prospective cohort study on FSHD in
children is highly needed.
Methods
This explorative study aims to recruit all children (aged 0-17 years) with a genetically
confirmed diagnosis of FSHD in The Netherlands. The children will be assessed at baseline
and at 2-year follow-up. The general aim of the study is the description of the clinical
features and genetic characteristics of this paediatric cohort. The primary outcome is
the motor function as measured by the Motor Function Measure. Secondary outcomes
include quantitative and qualitative description of the clinical phenotype, muscle imaging,
genotyping and prevalence estimations. The ultimate objective will be a thorough
description of the natural history, predictors of disease severity and quality of life in
children with FSHD.
Discussion
The results of this population-based study are vital for adequate patient management and
clinical trial-readiness. Furthermore, this study is expected to provide additional insight
in the epigenetic and environmental disease modifying factors. In addition to improve
counselling, this could contribute to unravelling the aetiology of FSHD.
Trial registration
clinicaltrials.gov NCT02625662.

30

Facioscapulohumeral dystrophy in children: design of a prospective,
observational study on natural history, predictors and clinical impact

BACKGROUND
Facioscapulohumeral dystrophy (FSHD) is a muscular dystrophy characterized
by progressive weakness and atrophy of the facial (facio-), shoulder-upper arm
(scapulohumeral-), axial- and leg muscles [6, 56, 57]. FSHD is one of the most prevalent
muscular dystrophies with an estimated prevalence of 12:100.000 [14]. One of the
hallmarks of FSHD is its clinical heterogeneity; the spectrum varies from severely
affected, wheelchair bound children to asymptomatic carriers in late adulthood, even
within families with the same repeat contraction [6, 58, 59]. Typically FSHD has an onset
in adolescence and life expectancy is not impaired [60]. However, a subgroup of patients
has a childhood onset and is associated with more severe disease progression. FSHD is
increasingly recognized as an epigenetic disease, which could be an explanation for this
clinical heterogeneity.
Traditionally, children with very early onset have been classified as a distinct disease
identity named infantile FSHD [2], based on the following criteria [4]: (I) signs or
symptoms of facial weakness before the age of 5 years and (II) signs or symptoms of
scapular weakness before the age of 10 years. The concept of two FSHD types has
gradually developed to an FSHD spectrum, with infantile onset being on the severe
end and asymptomatic carriers on the other end. Accordingly, recent articles mostly
classify the disease severity according to the repeat length of the genetic defect in FSHD1
[19, 21, 22]. However, the correlation between disease severity and repeat length is
inconsistent and is influenced by other genetic and environmental modifiers [61-63]. A
generally accepted definition of severely affected FSHD or early onset “classical” patients
is currently lacking.
Few studies have investigated the prevalence of childhood onset FSHD and these studies
have used different selection criteria. Estimations of early onset FSHD vary between
3-21% of the total FSHD population [6, 64] and 58% of the pediatric FSHD population
(onset at any age < 18 years [18]). Accurate prevalence estimations of childhood onset
FSHD are useful for interpretation of clinical studies, planning and increasing clinical
trial-readiness.
Various extramuscular symptoms such as epilepsy, hearing difficulties, retinal
abnormalities (Coats’ syndrome), mental retardation and cardiac arrhythmias are
associated with FSHD and they are most frequently described in the early onset subgroup
[4, 17-22]. Little is known regarding the prevalence and aetiology of these extramuscular
symptoms in children with FSHD. The current body of knowledge may be skewed by
publication bias, selection bias and no/incorrect molecular diagnoses.
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FSHD is increasingly recognized as an epigenetic disease. The most frequent cause of FSHD
is contraction of the polymorphic D4Z4 macrosatellite repeat array in the subtelomere of
chromosome 4 at 4q35 resulting in FSHD type 1 (FSHD1)[65]. This mutation explains >95%
of the adult cases and all known infantile cases. Healthy individuals have 8 or more D4Z4
repeats on each 4q35 copy, whereas patients with FSHD1 have 1-10 repeats on one copy
of the 4q35 chromosome region and a disease-permissive allele 4A on the chromosome 4q
subtelomere. In contrast to 4A alleles, 4B alleles, which lack a polyadenlylation signal for the
DUX4 gene which is embedded in each repeat of the D4Z4 array, are non-permissive to the
disease[37]. There is a copy of the D4Z4 repeat array on chromosome 10, but in absence
of a DUX4 polyadenylation signal, contractions of this array are also not pathogenic [66].
This causative genotype explains the variability in disease onset and progression only to
some extent. The inverse correlation between residual repeat length and disease severity
(short repeat lengths are associated with an earlier onset, wheelchair dependency and
extramuscular involvement [67, 68]) is imperfect; for example, it does not explain the intrafamilial differences in phenotype. Aberrant epigenetic regulation of the D4Z4 chromatin
structure is thought to play an important role in this clinical heterogeneity, and disruption
of the 4q35 D4Z4 array chromatin structure in somatic cells is associated with all forms
of FSHD [69, 70]. These epigenetic disruptions can be environmentally influenced and
are important therapeutic targets. Epigenetic disruptions in FSHD include chromatin
relaxation through the SMCHD1 or DNMT3B gene defect causing FSHD type 2 (FSHD2)
[40, 61], hypomethylation [62], alternative RNA splicing and nucleosome remodelling
[63]. Investigating novel (epi)genetic characteristics in children with FSHD and linking this
genetic profile to disease severity and age of onset will contribute to better predictors of
prognosis and understanding of the pathogenesis.
A highly needed evidence-based guideline for the diagnosis and management of FSHD has
recently been published [71]. However, a specific guideline for children with FSHD and adult
patients with early onset FSHD is currently lacking. Furthermore, adequate information on
natural history and disease markers are important for clinical trial-preparedness [44], with
fast approaching therapeutic trials [72-74].
In conclusion, data on the natural history, predictors and optimal clinical management of
children with FSHD is limited. Thorough description of the clinical and genetic characteristics
is vital for adequate management and could help to elucidate the underlying aetiology [38,
73]. Here we describe the objectives and methods of this population-based, prospective,
observational study on early onset FSHD.
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Objectives
The primary objective of the study is to assess the clinical, genetic and epigenetic features
of children with FSHD to optimize clinical management.
The secondary objectives are:
2. to define a new comprehensive definition of early onset FSHD;
3. to provide prevalence estimations of early onset FSHD in The Netherlands;
4. to establish a well-characterized baseline cohort for prospective follow-up and
recruitment for future clinical trials;
5. to assess two-year disease progression rate in children with FSHD and develop a
prognostic model.

METHODS AND DESIGN
Project design
The iFocus study is a prospective observational study performed at the department of
paediatric Neurology of the Radboud University Medical Center, The Netherlands; it is a
tertiary referral center for neuromuscular diseases. Genetic and epigenetic studies will be
performed in the department of Human Genetics of the Leiden University Medical Center,
The Netherlands. Participation in the study will not affect the usual care provided by the
patients’ own medical team.
Study population
Eligible patients are children aged 0-17 years with symptoms of facioscapulohumeral
dystrophy and genetically proven FSHD1 or FSHD2 living in The Netherlands. Exclusion
criteria are: inability or unwillingness to provide informed consent. The aim is to include
all children in The Netherlands with a genetically confirmed diagnosis of FSHD. We expect
to include 20-30 patients based on the estimated prevalence in the population [14].
There is no agreement on the classification of children with FSHD. Therefore we chose
to include all patients less than 18 years with genetically confirmed FSHD, including
for example children with isolated hearing loss as well. This enables us to describe the
complete spectrum of children with FSHD. In addition, this study could identify predictors
of severity and prognosis, thereby serving as a reference for working towards a widely
accepted classification.
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Recruitment and screening
Participants will be recruited non-selectively and consecutively in the period from November
2015-November 2016. In order to estimate the prevalence of FSHD in children, we will try
to reach all children with FSHD in The Netherlands through a very intensive recruitment. All
Dutch paediatric neurologists, paediatricians and specialized paediatric physiotherapists will
be personally asked about potential participants. In addition, all patients registered at the
Dutch neuromuscular patient association [75] and the databases CRAMP [76] and Focus
(NL48204.091.14) will be personally informed. Thirdly, we will directly recruit participants
through promotion of our study on patient information days, patient websites and social media.
In order to provide data on the complete spectrum of children with FSHD we aim to identify all
children with clinically suspected FSHD, with or without genetic confirmation of FSHD. For this
study we defined clinically suspected FSHD as: clinical weakness of the facial and/or upper-arm
muscles for which the patient sought medical attention with exclusion of other diagnoses. For
the children without genetic confirmation there are two scenarios:
1. Patients with clinically suspected FSHD and an FSHD-affected family member. Patients will
be included in the study and genetic tests will be performed after obtaining informed consent.
2. Children with clinically suspected FSHD without an FSHD-affected family member will be
invited for a pre-inclusion screening. This pre-screening will involve clinical examination by two
of the authors (CE and RG). If FSHD is clinically highly suspected, the patient will be counselled
for further assessments (i.e. genetic testing and referral to a specialized childhood neurologist
for further rehabilitation care). If the diagnosis is genetically confirmed, the patient can be
included in the study. If clinical suspicion is low or the genetic testing is negative, the children
will not be included in the study and will be referred back to their treating medical staff.
Assessments
Participants will be invited for a baseline visit at the department of paediatric neurology at the
Radboud University Medical Center. If the patient is unable to visit the hospital, the patient
is offered a home visit and auditory, ophthalmologic and ultrasonography procedures will be
omitted. Patients will have a follow-up visit after 2 years.
Demographics
Date of birth, sex, weight (Kg), height (m) and medication will be recorded. Clinical characteristics
of both parents will be directly examined and the genealogy of 3 consecutive generations will
be drawn. The growth curves and medical history and medication use will be registered.
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Figure 1. Flow chart of inclusion.

Outcome measures
The outcome measures are listed in table 1 and are structured according to the format of
the International Classification of Functioning, Disability and Health for children and youth
(ICF-CY [77]). The ICF is the World Health Organization framework for measuring health
and disability at both individual and population levels and is subdivided in body functions,
body structures, activities and participation and environmental factors. All procedures
will be assessed at baseline visit and after two-year follow-up if not otherwise specified.
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Outcome measures are listed in table 1 and are extensive due to the explorative character of
the study. The primary outcome is the motor function as measured by the Motor Function
Measure [78, 79]. This measure specifically includes axial and upper limb functions, is
designed for both ambulatory and non-ambulatory patients and can be continued into
adulthood. Motor performance is supplementary assessed using the 6 minute walking
test, handgrip dynamometer and manual muscle testing MRC-scores. The FSHD evaluation
score and the age-adjusted clinical severity scale are scored to explore the validity of these
scales in children. In addition, non-muscular symptoms are extensively tested based on
earlier literature on childhood onset FSHD [4, 17-21]. Quantitative muscle ultrasonography
(QMUS) will be used to screen for muscle myopathy/inflammation. QMUS is a patientfriendly non-invasive method to screen for dystrophic changes in skeletal muscle [55]. The
technique has been well-validated for screening and follow-up in several childhood and
adult neuromuscular disorders [80]. The following muscles will be measured on both sides,
using a fixed scanning protocol and settings as previously described [81, 82]: depressor
anguli oris, masseter, sternocleidomastoideus, biceps brachii, rectus abdominis, rectus
femoris, gastrocnemicus and tibialis anterior [48, 83].
Extramuscular symptoms will be assessed based on symptoms as reported in literature.
This will include an extensive ophthalmologic screening, including optical coherence
tomography with angiography for specific focus on the retinal arteries [33], a tone- and
speech audiometry, electrocardiogram (ECG) and spirometry. Electro-encephalography
(EEG) and spinal x-ray will be performed if indicated.
Prevalence
An improvement of the prevalence estimations will be assessed by comparing our
recruitment with anonymous data of the genetic testing by the Leiden University Medical
Center, where all Dutch samples are tested. This method is based on earlier research in
the adult population [14].
(Epi)genetic disease-modifying factors
To explore the relationship between (epi)genetic disease-modifying factors and the disease
severity, an extensive qualitative history is taken. Focus is on medical history (traumata,
infections), dietary intake and maternal and perinatal health, including maternal substance
use.

36

Facioscapulohumeral dystrophy in children: design of a prospective,
observational study on natural history, predictors and clinical impact

Table 1. Outcome measures and tests at baseline and follow-up.
Outcome domain

Tests

Age

Motor Function Measure[78, 79]

2-18

Education level (school level)

5-18

EEG[84]*

0-18

Primary outcome measure
ICF: Activities and participation
Motor function
Secondary outcome measures
ICF: body functions
Mental functions

Denver II developmental screening test[85]

0-6

Seeing functions

Visual acuity (Snellen)

4-18

Hearing functions

Tone- and speech audiometry

2-18

Pain

Faces scale pain[86]

6-18

Cardiac function

ECG[87]

0-18

Aerobic exercise tolerance

6-minute walk test MWT[88, 89]

walk

Fatigability

NeuroQol fatigue domain[90]

2-18

Respiratory function

Forced vital capacity and forced expiratory volume
Spirometry[91]

6-18

Digestive, defecation, weight maintenance
and urination functions

Qualitative history

0-18

Ingestion functions

TOMASS-C test[92]

6-18

Neuromuscular disease swallowing status scale [93]

2-18

Dysphagia questionnaire[80, 94]

2-18

Handgrip dynamometer

6-18

Manual muscle testing[95]

0-18

Serum creatine kinase (CK)

0-18

Age-adjusted clinical severity scale[96, 97]

5-18

Muscle functions

FSHD evaluation score[98]
ICF: Body structure
Eye structure

Slit lamp examination

4-18

Dilated fundoscopy

4-18

Optical coherence angiography tomography

6-18

Muscle ultrasonography[55]

0-18

Spine x-ray*

4-18

Communication/social interactions

Social Economic Questionnaire SEV[99]*

4-18

Self-care/life areas

Kidscreen[100]

8-18

Qualitative anamnesis and history

0-18

Movement related structures
ICF: Activities and participation

ICF: Environmental factors
Products and natural environment
* Only if clinically indicated.
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From participants and biological parents (if available) high molecular weight DNA and RNA
will be isolated from peripheral blood mononucleated cell (PBMCs). The sizing of the D4Z4
repeats on chromosomes 4 and 10 will be executed using pulsed field gel electrophoresis
(PFGE) and the haplotype analysis by hybridization of PFGE blots with probes A and B in
combination with PCR-based SSLP analysis[37, 66]. Methylation of the D4Z4 repeat will
be established at the FseI restriction site in the proximal unit of the D4Z4 array[40, 70]. In
case of reduced CpG methylation at D4Z4, gene mutations in SMCHD1 or DNMT3B will be
analysed by Sanger sequencing and predicted splice site mutations or nonsense mutations
will be further analysed using cDNA isolated from PBMCs.
For RNA isolation from PBMCs we use PAXgene Blood RNA tubes which will be processed
for obtaining high quality RNA for whole genome RNA sequencing analysis (RNAseq).
Cohort for future trial acquisition
An additional goal of this study is to obtain a well-documented cohort for longer (>2 years)
follow-up and future trial acquisition. Patients will be asked to participate in the Dutch
FSHD registration study [101] and for biomaterial storage. Serum samples of the participant
and both biological parents will be stored in the Radboud biobank [102] and are available
for future DNA and/or RNA research for researchers worldwide.
Data collection
All parents/legal guardians of participants will receive an online form with the standardized
questionnaires. All participants > 8 years will also receive an online form with the
standardized questionnaires for children. The forms will be sent through Castor and
directly stored in the Castor database (Version 2015, [103]). All data-management and
data-monitoring will be performed within the Castor software.
Statistics
The Statistical Package for the Social Sciences (SPSS version 22, IBM, Armonk, New York)
will be used to conduct all statistical analyses. Due to the explorative nature of the iFocus
study, descriptive statistics will be applied to describe all patient characteristics. Continuous
data are described as mean ± standard deviations. If reference values are available from
literature, we will check for overlapping confidence intervals. Number of non-missing
values is described (missing data are not replaced) unless stated otherwise. For describing
the D4Z4 CpG methylation corrected repeat size, the delta 1 score will be used [62].
Correlations between (novel) molecular markers and clinical severity will be assessed with
Spearman rank correlation. Possible correlations will be assessed on the following variables:
‘corrected repeat length’, ‘age at investigation’, ‘hereditary pattern’ ´age of onset´, various
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extramuscular symptoms, FSHD severity score and motor function measurement scores.
If novel (molecular) variables are found, these will be added in the statistical model. To
minimize the multicolinearity manual backward reduction will be executed.
For the clinical prediction model, multiple linear regressions will be used to explore
the relationship between potential disease modifying variables and disease severity. In
addition, for the 2 year follow-up data, linear mixed models will be applied for analysis of
differences in disease progression. The primary outcome is a continuous variable, FSHD
clinical severity score. The fixed effect predictors are repeat length (divided in 1-3 D4Z4
repeat units (U), 4-6 U and 7-10 U), current age, hereditary pattern and sex.
Time plan
Patients will be included in 2016 and follow-up visits will be scheduled in 2018. The first
results are expected at the end of 2018.

DISCUSSION
Results from the iFocus study will provide insights into the clinical and genetic spectrum of
children with FSHD. These insights are vital for adequate symptomatic management and
clinical trial-readiness. We propose extensive qualitative and quantitative measurements
specified by age and use a modified format of the International Classification of Functioning,
Disability and Health criteria. This structured approach enables us to give an explorative,
full-spectrum, unbiased clinical description of FSHD in children.
Furthermore, this study aims to provide additional insight in the epigenetic and
environmental disease modifying factors. This could help to unravel the aetiology of FSHD
and serve as a basis for prognostic and therapeutic models.
One of the study’s strengths is the excellent recruitment organisation in The Netherlands,
thereby reducing selection bias. There is a well-organized health system with free access
to paediatric neurology for every child. In addition, our centers have a longstanding history
of excellent FSHD research and administration. Finally, all participants can reach the study
center within three hours. These assets make it possible to execute a population based,
nation-wide study.
A critical issue is the small number of participants, making it hard to verify correlations
or differences in subgroups, international collaborations are in preparation. Although, we
expect to find differences in motor functioning after two years of follow-up, this period
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will possibly be too short for changes in other outcome measures such as wheelchair
dependency. Therefore we aim to continue the follow-up of this cohort for a longer period
of time.
In conclusion, the iFocus study is expected to yield new knowledge on children with FSHD,
aiming to optimize clinical management, help unravelling the aetiology of FSHD and serve
as a basis for prognostic and therapeutic studies.
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ABSTRACT
Objective
FSHD is one of the most frequent heritable muscular dystrophies with a large variety in age
of onset and disease severity. The natural history and molecular characteristics of FSHD
in childhood are incompletely understood. Our objective is to clinically and genetically
characterize FSHD in childhood.
Methods
We performed a nationwide, single-investigator, natural history study on FSHD in childhood.
Results
Multiple-source recruitment resulted in 32 patients with FSHD (0-17 years), leading
to an estimated prevalence of 1:100.000 children in the Netherlands. This series of 32
children with FSHD revealed a heterogeneous phenotype and genotype in childhood. The
phenotypic hallmarks of FSHD in childhood are: facial weakness with normal or only mildly
affected motor performance, decreased functional exercise capacity (six-minute walk test),
lumbar hyperlordosis, and increased echo intensity on muscle ultrasonography. In addition,
pain and fatigue were frequent and patients experienced a lower quality of life compared
to healthy peers. In contrast to the literature on early-onset FSHD, systemic features such
as hearing loss, retinal, and cardiac abnormalities were infrequent and subclinical, and
epilepsy and intellectual disability were absent. Genotypically, patients had a mean D4Z4
repeat array of 5 units (range 2-9 units) and 14% of the mutations were de novo.
Interpretation
FSHD in childhood is more prevalent than previously known and the genotype resembles
classic FSHD. Importantly, FSHD mainly affects functional exercise capacity and quality of
life in children. As such, these results are paramount for counseling, clinical management
and stratification in clinical research.
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INTRODUCTION
Facioscapulohumeral dystrophy (FSHD) is one of the most frequent heritable muscular
dystrophies and typically affects the facial, scapulohumeral, tibial and axial muscles [6, 14].
The most frequent cause of FSHD, which is currently the only reported cause of FSHD in
childhood, is partial loss of D4Z4 macrosatellite repeats in the subtelomere of chromosome
4q (FSHD type 1(FSHD1); OMIM 158900). FSHD1 patients have only 1-10 of these D4Z4
repeats, while healthy individuals have 8-100 repeats [37]. The loss of D4Z4 repeats results
in partial D4Z4 chromatin relaxation and derepression of the DUX4 in skeletal muscles
[38], a germ line and cleavage stage transcription factor encoded by a conserved open
reading frame within the D4Z4 repeat. The presence of DUX4 in skeletal muscle activates
a series of transcriptional programs eventually leading to muscle cell death [38]. In the
rare form FSHD2, D4Z4 chromatin relaxation and DUX4 derepression in skeletal muscle is
caused by mutations in the chromatin regulator SMCHD1, or rarely DNMT3B [39, 40]. The
FSHD phenotype encompasses a broad spectrum of severity ranging from non-penetrant
mutation carriers to severely affected patients.
The age at onset of FSHD varies from infancy to late adulthood. While most patients
present in the second or third decade of life, up to 21% of patients are estimated to
present in childhood [104]. Initially, early-onset FSHD was defined by (a) facial weakness
before the age of five years and (b) scapulohumeral weakness before the age of 10 years
[4]. In literature, early-onset FSHD is often described as a severe subtype associated with
1-3 D4Z4 repeats, severe muscle weakness, and frequent systemic complications, including
epilepsy, hearing difficulties, retinal abnormalities (Coats’ syndrome), intellectual disability
and cardiac arrhythmias [4, 17-22].
Currently, FSHD in childhood is often perceived as synonymous to early-onset FSHD.
Therefore, FSHD in childhood is frequently described as being a severely affected subgroup.
However, this is solely based on case-reports and case-series, and in practice, we also
encounter children with milder phenotypes in our tertiary referral centre. The full spectrum
of FSHD in childhood is therefore probably not known. Furthermore, data on the prevalence,
natural history, prognostic markers and clinical management of FSHD in childhood are
limited. These data are critical for a better and focused understanding of childhood FSHD,
optimal patient care, and improved clinical trial-readiness [105]. We therefore instigated
the first population-based, nation-wide, single-centre study on childhood FSHD.
The objectives of this study are i) to clinically and genetically characterize FSHD in childhood,
and ii) to estimate the prevalence of FSHD in childhood in the Netherlands.
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METHODS
Patients and design
A nation-wide, prospective, cross-sectional study was performed. Eligible patients had
clinically suspected FSHD, defined as clinical weakness of the facial and/or upper arm muscles
for which the patient had sought medical attention with exclusion of other diagnoses.
Patients were 17 years or younger and resided in the Netherlands. Patients were recruited via
i) the database of our tertiary referral centre which was established in 1986; ii) neurologists/
pediatricians from all neuropediatric clinics in the Netherlands; iii) the Department of
Clinical Genetics of the Leiden University Medical Centre, the single reference centre for
genetic testing of FSHD in the Netherlands; and iv) via social media groups focusing on
FSHD. This extensive recruitment ensured a high degree of inclusion (protocol published
previously [106]). Patients were recruited from December 2015 until August 2017. Clinical
and molecular data were collected prospectively. This study protocol has been approved by
the Medical Review Ethics Committee region Arnhem-Nijmegen (NL53213.091.15) and is in
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its
later amendments. Written informed consent from participants aged 12-18 years and from
parents/legal guardians of all participants was obtained.
Mutation analysis
Peripheral blood mononuclear cells (PBMCs) were collected from patients, and their
biological parents if available and high-molecular weight DNA and RNA was isolated. The
sizing of the D4Z4 repeats on chromosomes 4 and 10 was performed by pulsed field gel
electrophoresis (PFGE), followed by Southern blotting using probe p13E-11. Haplotype
analysis was done by sequential hybridization of PFGE Southern blots with probes A and B
in combination with PCR-based SSLP analysis [37, 66]. We also established the methylation
of the D4Z4 repeat at the FseI restriction site in the proximal unit of the D4Z4 array [40,
70]. If appropriate we tested for mutations in SMCHD1 or DNMT3B by PCR amplification
of all coding exons followed by Sanger sequencing [40]. Methylation values are expressed
as the Delta1-score, that is, the observed methylation minus the predicted methylation
based on the D4Z4 repeat size [62]. Delay in diagnosing FSHD was defined as the time
course between first symptoms / first medical assessment and the genetically confirmed
diagnosis of FSHD.
Clinical assessments
Clinical outcome measures were structured according to the format of the International
Classification of Functioning, Disability and Health for children and youth (ICF-CY [77],
Appendix A) and all measures were performed by one team (R.J.M.G., neurologist in
training and M.J., pediatric physiotherapist).
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The clinical phenotype was assessed by manual muscle force testing (trapezius, deltoid,
biceps, finger flexors, quadriceps femoris, tibialis anterior, and gastrocnemicus muscle)
[95], endurance by means of the six-minute walk test [88, 89, 107] with calculation of the
percent change in velocity of the first and last minute distance[108]. Patients were graded
by the FSHD clinical score [98] and the age-adjusted clinical severity scale [96, 97]. Both
parents were assessed clinically and the clinical severity scale [96] was determined. We
defined parents with a molecular diagnosis of FSHD as affected, asymptomatic (no reported
symptoms and only mild signs on clinical examination), or as non-penetrant (no reported
symptoms and no signs on clinical examination). Muscle functions were tested by means
of the Motor Function Measure [78, 79] and the shoulder dimension of the Performance
of the Upper Limb (PUL) module [109].
Quality of life and daily functioning was assessed using educational level, pain score, the
Kidscreen questionnaire [100] and the NeuroQol fatigue domain [90]. Normal values of
the Kidscreen and the NeuroQoL were provided by the investigators [90, 100] and results
were expressed as standard deviations from the mean.
Ophthalmologic examinations included visual acuity using a Snellen chart, clinical
examination by an ophthalmologist, fundusphotography, and optical coherence
tomography (OCT), as well as OCT angiography for specific examination of the fovea [33].
A tone- and speech audiometry was performed to detect (sub) clinical hearing loss and an
ECG to detect cardiac abnormalities.
Muscle ultrasound analysis
All ultrasound examinations were performed on a MyLab Twice ultrasound (US) system
(Esaote, Genoa, Italy), using a 3–13 MHz broadband linear transducer (LA533). Quantitative
ultrasound measurements were performed to determine echo intensity of the masseter,
trapezius, biceps brachii, rectus abdominis, rectus femoris, gastrocnemius, and tibialis
anterior muscles, bilaterally. The choice of muscles was based on the frequency of
involvement described in FSHD [110] and the availability of ultrasound normal values
(therefore no facial muscles typically affected in FSHD, were imaged). A fixed scanning
protocol [111] was used and the captured images were analyzed for echo intensity by
means of computer-assisted grayscale histogram analysis, using custom software (QUMIA).
The echo intensity was compared to muscle specific reference values and expressed as
z-score, a robust measure for quantitative muscle US analysis [112].
Statistical analysis
Statistical analysis was performed using SPSS version 22.0 [113] and Prism 5 software
(GraphPad Software Inc., San Diego, CA, USA Graphpad). Parametric variables were
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expressed as mean ± standard deviation. Nonparametric data were expressed as median
[interquartile range]. Student's t- and Mann-Whitney U tests were used for comparing
the numerical data. The results of the NeuroQol fatigue scale, six-minute walk test, and
Kidscreen were expressed as the number of SD from the mean (z-score). A p-value < 0.05
was considered statistically significant.
To investigate possible differences between early-onset FSHD and classic FSHD, subgroup
analysis were done on three subgroups: (i) patients with “early-onset FSHD” based on the
following criteria: a) signs or symptoms of facial weakness before the age of 5 years and b)
signs or symptoms of scapular weakness before the age of 10 years [4], (ii) patients with
“classic FSHD” e.g. those with on onset after the age of 10 years, and (iii) patients who
were too young to be classified in one of the above categories.

RESULTS
Demographics
A total of 38 children were identified as possible participants: 28 via the national genetic
reference centre database and 10 children with clinically suspected FSHD via other
recruitment sources. Of these 10 children with clinically suspected FSHD, FSHD was
molecularly confirmed in four children. In three children a different diagnosis was found
(mitochondrial myopathy, celiac disease and chronic fatigue syndrome) and the other three
had a physiological asymmetry in facial and/or scapular muscles without the underlying
genetic defect known in their families. A total of 32 children with genetically confirmed FSHD
were identified (fig 1). The total number of children aged 0-18 years in the Netherlands is
3.416.581 (Statistics Netherlands, [114]), leading to a lower bound prevalence estimate of
1:100.000. Of the 32 children, 28 participated in the study (19 at the study location, three
at home, and six with medical file review). Four patients did not participate but their age at
onset and genetic characteristics were known: one patient refused participation because
of the parents’ fear for the emotional burden of the genetic results, the other three could
not be identified or traced (fig 1). Participants were aged 2-17 years with a mean age at
examination of 11.5 years and a mean age at onset of 6.7 years. Individual patient data
can be found in table 3. Creatine kinase (CK) was moderately increased with a mean of
180U/L, levels ranged from 37-500U/L (normal to moderate increase).
Genetic characteristics
The average diagnostic delay of FSHD in childhood was 3.1 years (range 0-9 years). Six
patients did not have a genetic diagnosis prior to enrolment in the study. The reason for
abstaining from earlier genetic testing was the possible emotional burden for the child
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combined with the lack of curative treatment. In contrast, five patients from three families
had elected pre-symptomatic testing after genetic counseling.

2

Figure 1: Flow diagram of patient recruitment and inclusion. FSHD = facioscapulohumeral dystrophy.

Of the 28 patients, six declined venipuncture and in the other 22 patients both the child and
parents were genetically tested. In 19 cases (86%) an autosomal dominant transmission
was found, eight paternal and 11 maternal transmissions. In the other three cases (14%),
the mutation had occurred de novo as a germinal mutation. Somatic mosaicism was not
observed. The parents of three patients had been diagnosed after their children were
diagnosed: one was non-penetrant and the other two were asymptomatic with mild facial
and scapular weakness The mean number of units within the pathogenic D4Z4 repeat
was 5.2 (SD 2, range 2-10). In 12 children comprehensive genetic characterization was
performed, showing delta1 scores below -10% in five, but not below the threshold for
FSHD2 (-21%). Another patient was diagnosed with FSHD2 and carried a pathogenic
SMCHD1 variant. No significant correlation between the mean number of units within
the pathogenic D4Z4 repeat and the disease severity (as measured by the FSHD clinical
score, the age-adjusted clinical severity scale, and the motor function measure) or the age
at onset was observed (Spearman r, all p>0.05).
Clinical characteristics
Muscle functioning
Muscle strength and muscle performance ranged from normal to mildly reduced with
a mean MRC-sum score of 68 out of 70 points (range 54-70, SD 2.26), and a Motor
Function Measure (MFM) of 99% out of 100% (range 96-100, SD 1.1). Asymmetry
of the MRC score was seen in four out of eight patients with a decreased MRC sum
score. Lower scores on the MFM were almost exclusively found in the axial and
proximal functioning dimension. Four out of twelve tested patients had a decreased
shoulder-arm function as assessed by the PUL test. These four patients were not able
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to stack or raise cans on different axes and all showed compensatory strategies such as
protraction or elevation of the trunk. In five out of twelve tested patients a hamstring
shortening was noticed.
Table 1. Clinical and genetic characteristics
Demographics

N

Mean

Range

SD

Age at examination (y)

32

12

4 – 17

5

Male sex – no. (%)

14 (44)

D4Z4 repeat arrays – mean (range, SD)

32

5.2

2 – 10

2.0

Methylation score – mean (range, SD)

12

-6.18

-13 – 5

5.2

De novo mutations – no./total no. (%)

3/22 (14)

Mosaic inheritance– no./total no. (%)

0/22 (0)

SMCHD1 mutation

1/22

1.1

Motor functioning
Facial weaknessa

21/25

Scapular weakness (PUL)b

4/12

Motor function measure

18

99.4%

96 – 100%

MRC sum score (0-70)

12

68.1

54 – 70

Six-minute walk test (number of SD)

12

-2.2

-5.24 – -0.9

Clinical severity scale (CSS, 0-10)

20

2.5

0-6

1.5

Age-corrected CSS (0-2000)

20

448

0 – 1200

306

FSHD evaluation score (0-15)

20

2.3

0–6

1.5

Systemic features

Measured

Complaints

Investigational findings

Hearing loss

29

0

3/19 high frequency loss on
audiometry (16%)

Vision loss

22

0

5/9 retinopathy on fundoscopy
(56%)

Epilepsy - no./total no.

27

0

0/2 abnormalities on EEG

Intellectual disability

27

0

Cardiac abnormalities

22

1

4/22 abnormalities on ECG

Lumbar hyperlordosis

24

3

9/24 e

Assisted ventilation

32

0

1/9 decreased spirometry

c

d

Swallowing difficulties

22

1

0/12 swallowing abnormalities

Dysarthria

22

5

3/22 mild dysarthria on speech
language examination

a
b

Based on one or more points on the facial weakness domain of the FSHD clinical score.
Performance of the upper limb shoulder module [109].

Defined by school level; none of the patients attended specialized education.
Based on complaints of upper or lower back pain.
e
Based on clinical examination of the spine.
c

d
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The functional exercise capacity, measured by the six-minute walk test, was significantly
below the mean for sex and age (mean -2.1 SD, range -5.2 – 0.9, SD 1.5, one sample t-test
of t=5.29, p<0.0001). The patient with the poorest performance on the six-minute walk test
(z-score of-5.2) used a wheelchair for longer distances. The average gait velocity decrease
between the first and last minute was 9.6% (82 m in the first minute vs. 73 m in the sixth
minute, paired t-test p=0.002). The mean (range, SD) clinical severity scale was 2.5 out of
10 points (0-6, 1.5 points) and the mean (range, SD) FSHD evaluation score was2.3 out of
15 points (0-6, 1.5 points).
Muscle ultrasound
Quantitative muscle ultrasound showed increased echo intensity (i.e. mean grey level of
muscle images), pointing to muscle fibrosis and/or fatty degeneration in the trapezius,
biceps brachii, rectus femoris, tibialis anterior, rectus abdominis and gastrocnemius
on both sides. Echo intensity asymmetries between left and right side were seen in all
muscles. The masseter was the only unaffected muscle in all patients. The severity of
muscle ultrasound abnormalities was heterogenic ranging from completely normal (n=6)
to severely affected (mean MUS echo intensity 2.5 SD above average; n=4). The composite
sum score of all measurements combined showed a mean of 1.4 SD above average (fig 2).
All clinically affected muscles had an increased echo intensity, but not all the muscles with
increased echo intensity were clinically affected.
Systemic features
Mild spinal posture abnormalities were frequent; five out of 18 patients had an increased
lumbar hyperlordosis and two out of 18 patients had a scoliotic posture. In none of them
surgical correction was required. Three of these five patients with lumbar hyperlordosis
showed severe abdominal muscle involvement and two mild abdominal muscle involvement
on muscle ultrasound.
Clinically relevant systemic features of FSHD were rare in this cohort: none of the patients
or parents reported difficulties of hearing, vision, intellect or development, epilepsy,
heart or pulmonary functioning. We only detected subclinical findings with additional
investigations. In three out of 19 patients subclinical hearing loss was detected with
audiometry; two patients had high tone frequency loss (which is associated with FSHD)
and one patient had a conductive hearing deficit (which is not associated with FSHD). All
patients had a normal visual acuity and none had abnormalities during ophthalmologic
examination. On fundoscopy, retinal abnormalities were frequently seen (6/10 patients)
consisting of tortuosity of arterial retinal vessels. Capillary leakage or other progressive
symptoms of retinal vasculopathy were not found (fig 3). One patient experienced
fatigue and dyspnea at the age of 8 years caused by a patent ductus arteriosus, no other
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cardiac symptoms were found. ECG revealed minor cardiac abnormalities without clinical
consequences; one patient with first degree atrioventricular block, one with premature
ventricular contractions, and one with right axis deviation. Speech language exam revealed
mild dysarthria in three patients due to decreased lip and facial muscle function and one
patient with swallowing difficulties. No other gastrointestinal or feeding difficulties were
reported. None of the patients had symptoms of decreased respiratory function or needed
assisted ventilation.

Figure 2. Combined ultrasound measurements of 14 participants showing the z-score of quantified echo
intensity. The z-score corresponds to the number of standard deviations from the mean score for age and
gender and weight using established reference values. This shows that the masseter is similar to reference
values while all other muscles (trapezius, biceps brachialis, rectus femoris, tibialis anterior, rectus abdominis
and gastrocnemius) have increased echo intensity.

Figure 3. Fundusphotography of two independent FSHD patients showing veins (darker and larger in diameter)
and arteries (brighter with a central luminance and thinner diameter). A) Patient 7 with normal appearance
of retinal arteries. B) Patient 9 with severe tortuosity and broader reflex of the retinal arteries (white arrows),
but normal appearance of the retinal veins.
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Pain and daily life activities
Pain was a frequent complaint (63%, 15/24). Pain during or after prolonged exertion was
frequent and located in the lower back, shoulder region and/or legs. Fatigue was reported
in 83% (20/24), and the NeuroQol fatigue questionnaire showed that all participants
experienced more fatigue than in the general pediatric population (mean 1.1 SD above
average). Quality of life was lower on all domains with a mean SD of 0.9 below average.
Specifically, the physical domain was below average (1.5 SD) which corresponds to feelings
of exhaustion, feeling unwell and low energy levels. All patients attended regular education
and participated in after school activities such as sports or music. The parent questionnaires
were comparable to the scores of their children.

Table 2. Quality of life in children with FSHD as measured by the Kidscreen and the NeuroQol fatigue
scale
N

Mean SD
childA

Mean SD
parentA

NeuroQoL 8 item fatigue bank

10

1.1

1.2

Kidscreen total

9

-0.9

-0.7

Meaning
Experiencing more fatigue

Kidscreen sub domains:
Physical well-being

-1.5

Feeling exhausted, unfit

Psychological well-being

-1.0

Dissatisfaction with life

Autonomy

-0.7

Feeling restricted

Parent relation and home life

-0.8

Feeling alone, overlooked

Financial resources

-0.7

Feeling financially disadvantaged

Social support and peers

-0.8

Feeling excluded, not accepted

-0.7

Disliking school, not doing well

School environment
Social acceptance

A

Insufficient
number of
replies

compared to healthy subjects.
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Systemic features

MUSe

SMWT

Ac scored

FSHD score

Hereditary
pattern

MFM (%)

Delta scorec

D4Z4b

Onset type

Onset agea

Age, sex

Table 3. Individual clinical and genetic features of patients aged 0-18 years with FSHD.

0, M

pre

na

4

maternal

na

0

0

na

n

-.58

2, F

pre

na

4

maternal

na

0

0

na

n

-.33

4, M

pre

na

5

paternal

na

0

0

na

n

4, M

1

e

2

-3

paternal

100

2

1000

-1.65

-7

-2.08

6, F

1

na

2

6, M

3

na

5

paternal

100

2

667

maternal

100

2

667

6, M

pre

na

7

familial

8, M

4

e

4

maternal

0

0

100

3

250

0

0

96

2

222

8, F

3

e

5

maternal

9, F

1

e

8

maternal

mild RT hearing loss
severe RT

1.59

n
u
-3.00

n

-3.20

mild RT
n

0.21

-2.71

LH, severe RT hearing
loss

3.55

ECG1
2.85

9, F

8

c

4

-12

paternal

99

3

667

10, M

7

e

2

-11

sporadic

96

6

1200

10, M

5

e

5

2

400

11, F

6

c

7

-8

maternal

99

3

182

-5.24

LH, mild RT

1.42

11, M

1

e

5

-10

maternal

99

6

364

-2.50

LH, S

2.86

maternal

u

11, F

4

c

4

-2

paternal

100

3

182

-1.44

LH, mild RT

0.44

11, F

1

e

2

-11

sporadic

99

6

182

-0.95

LH, severe RT

3.53

-4

-2.14

n

-0.29

14, F

11

c

7

14, M

12

c

6

14, F

u

c

8

familial

15, M

2

c

3

maternal

15, F

8

c

5

16, F

15

c

6

-4

16, M

12

c

6

-14

17, F

10

c

7

5

17, M

13

c

5

17, F

16

c

7

17, F

u

c

17, M

3

e

maternal

98

2

143

paternal

100

0

0

n

100

3

333

LH

u

maternal

100

1

67

paternal

99

2

313

maternal

100

2

125

u

99

1

59

u

100

2

176

maternal

100

1

118

10

paternal

100

2

118

5

paternal

-13

u
-3.17

S, ECG2

.90

n

-1.60

mild RT hearing loss

ECG3
1.05

n
n
u

17, F

9

c

5

u

100

3

17, F

13

c

5

u

100

1

118

ECG4

17, M

15

c

FSHD2

paternal

100

2

111

u
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Table 3. Continued
Age at first symptom.
Mean number of units within the pathogenic D4Z4 repeat.
c
The observed methylation minus the predicted methylation based on the D4Z4 repeat size.
d
The age-adjusted clinical severity scale.
e
Mean z-score of the echo intensity per muscle.
Abbreviations: # - case number; Ac - age corrected; c- classic-onset FSHD; e - early-onset FSHD; ECG1- patent
ductus arteriosus; ECG2 - right axis deviation; ECG3 - 1st degree AV-block; ECG4 - sporadic premature ventricular
contractions; F - female; FSHD – facioscapulohumeral dystrophy; LH - mild lumbar hyperlordosis posture; M –
male; MFM – Motor Function Measure; n - normal/no abnormalities; na - not applicable; pre – presymptomatic;
RT - retinal tortuosity; S - scoliotic posture; SMWT – six-minute walk test; u - unknown.
a
b

Early-onset FSHD classification
Nine patients fulfilled the criteria for early-onset FSHD[4], 17 patients had a classic
onset, and six patients were too young for classification. The mean (range, SD) current
age was 10 years (4-17, 3.5) in the early-onset group and 15 years (9-17, 2.6) in
the classic onset group. Early-onset FSHD patients had a shorter repeat length (3.9
vs. 5.8 number of units within the pathogenic D4Z4 repeat, Mann-Whitney U 29.50,
p=0.03), a higher FSHD evaluation score (3.7 vs. 1.8, Mann-Whitney p=0.03) and a
higher quantitative MUS score (3.2 vs. 0.8 mean standard deviations above average,
non-paired t-test p<0.005) compared to the classic-onset group. The 6MWT, MFM, and
MRC sum score did not differ significantly between the two groups.

DISCUSSION
This study shows that the clinical spectrum of FSHD in childhood is more heterogeneous
than previously reported. In this nation-wide study with the largest cohort to date, FSHD
in childhood is characterized by facial weakness with otherwise normal muscle strength
and performance, limited functional exercise capacity, lumbar hyperlordosis, a decreased
quality of physical well-being, and the presence of fatigue and pain. Systemic features are
rarely reported. Children with FSHD attend regular schools and extracurricular activities.
In general, these findings show that in children the complete spectrum of classic FSHD is
seen, instead of the very severe phenotype of early-onset FSHD.
We found a lower bound estimated prevalence of FSHD in childhood of 1 per 100.000.
This is markedly higher than the previously reported 0.29 per 100.000 [115]. The higher
prevalence is likely to be caused by active recruitment resulting in inclusion of the mildly
affected children who were not included in earlier prevalence studies. Hence, FSHD
is a relatively frequent muscular dystrophy in childhood, approaching the prevalence
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of myotonic dystrophy in children (1.41 per 100.000). Consequently, it should be
considered in children with facial weakness, axial weakness with spinal deformities
and/or scapulohumeral dysfunction. As such, it is an important differential diagnosis of
congenital myopathies and congenital myasthenic syndromes. Total FSHD prevalence
estimates in literature are on average 5:100.000 [14], leading to an estimated 20% who
has a childhood-onset.
The genetic characteristics in our cohort were similar to genetic characteristics reported
in the adult population: both regarding the repeat size (mean 5.3 units in our cohort vs.
5.8 units in an adult Caucasian FSHD population [116]) and the frequency of FSHD2 (3.7%
vs. 5% [40]). Additionally, whereas the frequency of de novo mutations tends to be higher
in early-onset FSHD (73% [117]), our cohort showed a lower frequency (14% in the whole
group, 22% in the early-onset subgroup), which is more in line with classic onset FSHD
with de novo mutations in up to 30% [118]). A correlation between disease severity and
the repeat size, as found in earlier research [41] was not demonstrated in this cohort. This
could be due to the difficulty defining disease severity at a very young age and the cohort
size. We did find a shorter repeat length in the early-onset group compared to the classic
onset group. In conclusion, the genotype of FSHD in childhood resembles the genotype
of FSHD in adults.
This study has identified two important motor features in childhood FSHD. First, we
observed a limited functional exercise capacity and structural muscle abnormalities on
muscle ultrasonography in patients with normal to mildly reduced muscle strength as
measured with MMT, and normal muscle performance on the MFM. This is in line with
observations in Duchenne muscular dystrophy showing widespread muscle fibrosis early
in the disease course, first resulting in decreased functional exercise capacity, followed
by muscle weakness [119]; our data could suggest a similar sequence in FSHD. Another
explanation could be the insensitivity of the MFM on muscle performance. Secondly,
we frequently observed postural abnormalities and abdominal muscle involvement on
muscle ultrasonography, thereby pointing to early axial muscle involvement in FSHD, as
described in adults by others [120] and our group [121]. In addition, hamstring shortening
was frequently observed which can be caused by increased thoracic kyphosis which was
seen in sitting position. Early recognition of spinal deformities is important because for
adequate management of pain and respiratory function [122].
The relative low prevalence of central nervous system features in our cohort also supports
the heterogeneous clinical spectrum of FSHD in childhood: the frequency of hearing loss,
vision loss, epilepsy and intellectual disability was low and similar to those in adults with
classic FSHD [20, 123]. The hypothesis that central nervous system signs present later in life
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is unlikely due to the suspected underlying genetic mechanisms [19, 53]. The most likely
explanation for the discrepancy with previous studies on early onset FSHD [4, 19, 21] is
selection and publication bias of the published cases.
Many patients reported fatigue (83%), pain (63%), and a decreased quality of life (70%).
This is in accordance with a previous study in adults showing high disease burden with
61% having severe fatigue [23], 56% reporting at least mild/moderate pain and all quality
of life domains being impaired [124]. This decreased quality of life is in contrast to reports
on Duchenne muscular dystrophy where a quality of life similar to healthy peers was found
[125]. Explanations could be the sampling method of the questionnaires, the burden of
facial weakness resulting in impaired social contact, the high frequency of pain [126], and/
or a limited functional exercise capacity, which could be amplified by the absence of visible
signs of a myopathy.
Based on our results, the management of FSHD in childhood should focus on facial
weakness, pain, fatigue, functional exercise capacity, and quality of life. Recommended
sensitive outcome measures for clinical trials are the six-minute walk test, which has been
validated and frequently used in other pediatric neuromuscular diseases [127, 128] and
muscle ultrasonography, which even showed abnormalities in patients with otherwise
completely normal neurological examination in our cohort similar to infants with Duchenne
[129]. In future studies, it would be interesting to look at additional functional exercise
capacity tests targeting the upper extremities as well. Currently, there are no evidencebased therapies for FSHD in childhood. It could therefore be useful to test the effect of
symptomatic interventions such as aerobic exercise training [130] or cognitive behavioral
therapy [43] on fatigue and quality of life in children.
This study has a number of limitations. Most importantly, missing data were frequent due
to the specific patient population. Some patients and parents wished to participate only
via home visits or medical file investigations; some patients were too young for testing
(minimal ages can be found in Appendix A), or had difficulty with understanding the
instruction, or had unsatisfactory motivation (specifically in quality of life questionnaires,
the blood withdrawal, and spirometry frequently failed due to inadequate mouth closure).
Another limitation is the incomplete inclusion. Four of the 32 patients were not included in
the study. However, clinical follow-up showed that three were asymptomatic or only mildly
affected and the fourth was lost to follow-up. Therefore, our disease severity may rather
be an overestimation than an underestimation. Lastly, the tests for motor functioning
were possibly not sensitive enough, for future testing we would recommend hand-held
dynamometry or quantified muscle testing (QMT) methods and more exercise capacity
measurements.
59

2

Chapter 2

In this nation-wide study, FSHD in childhood is characterized by facial weakness without
impaired muscle strength and performance, decreased functional exercise capacity,
decreased quality of life and a broader clinical phenotype and genotype than previously
expected. This research will serve as a basis for future natural history studies. Additionally,
muscle ultrasonography and the six-minute walk test are sensitive for disease pathology
in childhood FSHD and therefore additional longitudinal studies on these promising
biomarkers are justified.
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Appendix A. Outcome measures as defined in research protocol (Goselink et al., 2016).
Outcome domain

Tests

Age

Primary outcome measure
ICF: Activities and participation
Motor function

Motor Function Measure (Berard et al., 2005; de Lattre et al., 2013)

2-18

Education level (school level)

5-18

Secondary outcome measures

2

ICF: body functions
Mental functions
Seeing functions

Visual acuity (Snellen)

4-18

Hearing functions

Tone- and speech audiometry

2-18

Pain

Faces scale pain (Hicks et al., 2001)

6-18
0-18

Cardiac function

ECG(van Dijk et al., 2014)

Functional exercise capacity

Six-minute walk test (Laboratories, 2002; McDonald et al., 2010)

walk

Fatigability

NeuroQol fatigue domain (Gordijn et al., 2011)

2-18

Respiratory function

Forced vital capacity and forced expiratory volume Spirometry (Jat,
2013)

6-18

Digestive, defecation, weight
maintenance and urination
functions

Qualitative history

0-18

Ingestion functions

Neuromuscular disease swallowing status scale (Wada et al., 2015)

2-18

Dysphagia questionnaire (van den Engel-Hoek et al., 2009; van den
Engel-Hoek et al., 2013)

2-18

Muscle functions

Performance of the upper limb shoulder dimension (Mayhew et
al., 2013)
Manual muscle testing (Vanhoutte et al., 2012)

0-18

Serum creatine kinase (CK)

0-18

Age-adjusted clinical severity scale (Ricci et al., 1999; van Overveld
et al., 2005)

5-18

FSHD evaluation score (Lamperti et al., 2010)
ICF: Body structure
Eye structure

Movement related structures

Slit lamp examination

4-18

Dilated fundoscopy

4-18

Optical coherence angiography tomography

6-18

Muscle ultrasonography (Pillen et al., 2007)

0-18

Kidscreen (Ravens-Sieberer et al., 2005)

8-18

Qualitative anamnesis and history

0-18

ICF: Activities and participation
Self-care/life areas
ICF: Environmental factors
Products and natural
environment
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ABSTRACT
Infantile or early onset is estimated to occur in around 10% of all facioscapulohumeral
dystrophy (FSHD) patients. Although small series of early onset FSHD patients have been
reported, comprehensive data on the clinical phenotype is missing. We performed a
systematic literature search on the clinical features of early onset FSHD comprising a total
of 43 articles with individual data on 227 patients. Additional data from four cohorts was
provided by the authors. Mean age at reporting was 18.8 years, and 40% of patients were
wheelchair-dependent at that age. Half of the patients had systemic features, including
hearing loss (40%), retinal abnormalities (37%) and developmental delay (8%). We found
an inverse correlation between repeat size and disease severity, similar to adult-onset
FSHD. De novo FSHD1 mutations were more prevalent than in adult-onset FSHD. Compared
to adult FSHD, our findings indicate that early onset FSHD is overall characterised by a
more severe muscle phenotype and a higher prevalence of systemic features. However,
similar as in adults, a significant clinical heterogeneity was observed. Based on this, we
consider early onset FSHD to be on the severe end of the FSHD disease spectrum. We
found natural history studies and treatment studies to be very scarce in early onset FSHD,
therefore longitudinal studies are needed to improve prognostication, clinical management
and trial-readiness.
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INTRODUCTION
Facioscapulohumeral dystrophy (FSHD) is one of the most frequent hereditary muscular
diseases with an estimated prevalence of 5-13 in 100.000[14, 131]. In 3-21% of patients
the symptoms start at an early age [6, 64]. Currently, two genetically distinct types of FSHD,
called FSHD1 and FSHD2, are known. In both types, inefficient epigenetic repression of the
retrogene DUX4 plays a key role in the pathogenesis [38, 66]. FSHD1 accounts for 95% of
all patients and almost all early onset cases [57], it is associated with contraction of the
D4Z4-repeat at chromosome 4q35 in combination with a disease-permissive 4qA allele
[65, 132]. In the general population, the number of D4Z4 repeat units varies between
11 to more than 100, while patients with FSHD1 have only 1-10 repeat units. There is a
roughly inverse correlation between repeat size and disease severity; most patients with
short repeats have a severe disease phenotype [68, 96].
Historically, infantile FSHD was considered a distinct disease based on clinical onset before
the age of two years (Brooke criteria, 1977 [2]). This concept evolved to early onset FSHD
and was regarded a subgroup of FSHD, defined by signs or symptoms of facial weakness
before the age of 5 and signs or symptoms of scapular weakness before the age of 10
(Brouwer criteria, 1994 [4]). Whereas the typical, classic form of FSHD is characterized by
slowly progressive, often asymmetrical muscle weakness of facial- and shoulder muscles
starting in the second decade of life [6, 56], the subgroup of early onset FSHD patients
is characterized by severe muscle weakness, faster disease progression and systemic
features. These systemic features include epilepsy, mental retardation, hearing loss, retinal
vasculopathy, spinal deformities, respiratory problems and cardiac arrhythmias [4, 6, 1721]. It should be noted that clinical variability in terms of age at onset and disease severity
is typical of FSHD. Age at onset ranges from birth to 70 years of age and disease severity
may vary from asymptomatic carriers to patients with severe muscle weakness causing
functional dependence.
Our current understanding of disease severity, systemic features and prognosis in early
onset FSHD is based on small case-series. Consequently, many questions about the clinical
phenotype and natural history of early onset FSHD remain unanswered, thus limiting
evidence based clinical management. Here, we systematically review the literature using
individual patient data to gain insight into the clinical spectrum of early onset FSHD. The
ultimate goals are to improve recognition and understanding of early onset FSHD and to
advance clinical management.
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METHODS
Search strategy
We searched Embase (index period 1970-2016) and PubMed (index period 1970-2016)
for articles reporting early onset FSHD cases (Appendix 1). We applied a sensitive search
strategy using search terms as described in table 1. Additional studies of potential interest
were searched via cross-referencing.
Table 1. Search terms used in Pubmed and Embase.
FSHD

AND

case OR patient OR series

OR

OR

facioscapulohumeral dystrophy

child OR infant OR infantile OR early-onset OR severe
OR

OR

epilepsy OR mental retardation OR hearing loss

landouzy

OR
Coats OR retinal OR teleangiectasis

Eligibility screening
We included articles presenting empirical data on early onset FSHD patients. We excluded
conference abstracts, posters, publications not reporting original data (e.g. reviews, book
chapters) and studies not reported in English. Articles of potential interest were screened
on the basis of title and abstract after which full-text evaluation was performed on the
remaining articles (R.G.).
After article selection, two authors (R.G. and T.S.) independently assessed the eligibility of
individual patients and disagreements were resolved by consensus. We included patients
who fulfilled the criteria by Brooke (signs of FSHD within the first two years of life [2]) or
the criteria by Brouwer (signs or symptoms of facial weakness before the age of five and
signs or symptoms of shoulder weakness before the age of ten [4]). Cases were excluded
if a concomitant, neuromuscular disease was present.
Data-extraction
For every reported patient, we collected the following parameters: demographics (sex, race,
age at onset, age at examination), clinical characteristics (clinical severity, age at wheelchair
dependency, muscle involvement pattern), systemic features (developmental abnormalities,
perinatal complications, mental capacity, hearing loss, retinal abnormalities, epilepsy, spinal
deformities, respiratory problems and cardiac problems), and genetic characteristics (hereditary
pattern and repeat length). For assessment of the clinical severity the Clinical Severity Score by
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Ricci (‘Ricci score’ [96]) was used. We obtained the score from the article or estimated it based
on the clinical description. The age corrected CSS, correcting for age at examination published
by van Overveld [97] was also calculated. The authors from the two largest cohorts and two
other cohorts [4, 22, 50, 64] supplied additional individual patient data.
Statistics
Descriptive statistics were performed for continuous and categorical data as appropriate.
We performed exploratory statistical analyses to assess relations between variables
of demography, disease severity, systemic features and genetic parameters. We used
linear regression if the dependent variable was continuous and logistical regression for
dichotomous variables. Correction for multiple testing was not applied and our analyses
should be considered as hypothesis generating [133]. To this end, we only considered
relations with p<0.05 of potential interest. All statistical analyses were performed using
IBM SPSS (version 22.0, IBM Corp, Armonk, NY).

RESULTS
Search and selection results
The combined searches yielded 953 records, of which 303 were duplicates, leaving a total
of 650 unique articles (figure 1). This resulted in 43 articles including 1683 patients of which
227 are early-onset FSHD patients.
Clinical description of early onset FSHD
Mean age at assessment was 18.8 years (range 2-72 years, SD 11.9 years). Symptoms
started at a mean age of 2.8 years (range 0-5 years, SD 2.8 years). 56/227 of patients
(25%) showed symptoms in the first year of life, mainly facial weakness resulting in
feeding difficulties and less frequently inadequate eye closure. Perinatal complications
(prematurity, low birth weight, and dysmorphic features) were reported in five cases (5/99,
5%) and none was related to muscle weakness of the child.
At assessment, the mean Ricci-score was 7 out of 10 (SD 2.6) and the mean age-corrected
clinical severity score 1040 (SD 800). In general, the pattern of muscle involvement was
similar to the classical FSHD phenotype with facial, scapulohumeral, axial and peroneal
muscle weakness. Forty percent of patients were wheelchair dependent; the average
age of wheelchair dependency was 17 years (SD 7.8) (figure 2). Mean duration from age
at onset to wheelchair dependency was 14.6 years (SD 7.8, range 4-37 years). Skeletal
deformities were present in 70% of patients and included lumbar hyperlordosis (51%),
kyphoscoliosis (9%) pectus excavatum (2%) and multiple deformities (8%).
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Figure 1. Flow-chart of study and case selection.

Approximately 50% of early onset FSHD patients had systemic features (hearing loss, vision
loss, epilepsy, intellectual disability, pulmonary abnormalities, and cardiac abnormalities)
(table 3). Of these, approximately two thirds had a single systemic feature, the other third
had multiple systemic features. Clinical hearing loss, predominantly high frequency loss
without need of hearing aids was the most frequent feature (40%), and 7% of patients had
subclinical hearing loss at auditory testing. Clinical vision loss was described in 13 out of 227
patients (6%) and signs of retinopathy were detected in 41 of 112 tested patients (37%).
Spirometry results were available for 112 patients, and decreased percentage predicted
forced vital capacity was detected in approximately one third. Eighteen out of the total 227
patients were on assisted ventilation at the time of assessment. Cardiac abnormalities were
found in 9% of the 93 conducted electrocardiograms in 93 patients, consisting of incomplete
right bundle branch blocks (4 patients), right ventricular hypertrophy (2 patients), right
atrial hypertrophy (1 patient), and 1st degree atrioventricular block (1 patient). Epilepsy was
present in 18 patients (8%); 5 patients had localization-related (focal) epilepsy, 2 patients
had generalised epilepsy and 11 patients had unclassified epileptic seizures.
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Genetic confirmation of the diagnosis FSHD was present in 171 of 227 reported cases. For
93 patients, DNA from parents was available. In 68 out of these 93 families, a ‘de novo’
mutation was found (73%). The mean repeat length was 14,2 Kb (SD 4.8, range 9-31).
Eleven out of 93 patients were mosaic (12%).
Associations with disease severity
A complete overview of all calculated associations between disease variables is shown
in appendix 2. We here focus on the clinically most relevant associations. A shorter
D4Z4 repeat length was associated with a higher age-corrected clinical severity score
(standardized beta -0.202, p=0.019), more wheelchair dependency (OR 0.178, p=0.035),
more hearing loss (OR 0.254, p=0.002), and more epilepsy (OR 0.205, p=0.014). An earlier
age at onset is correlated with more frequently hearing loss (OR 0.827, p=0.001) and
hearing loss is correlated with vision loss (OR 6.370, p=0.007) and intellectual disability
(OR 2.272, p=0.028). Intellectual disability is associated with epilepsy (OR 80.0, p=0.000).
Wheelchair dependency is associated with skeletal deformities (OR 1.855, p=0.034) and
with assisted ventilation (OR 4.839, p=0.000).

Figure 2. Age at loss of ambulation from subgroup of wheelchair dependent patients (n=78). Mean age is 17
years (standard deviation 7.8 years).
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Table 2. Summary of included articles
First Author[ref]

Year

Country

Study type

#iFSHD

#cases

Selection criteria

Hanson[134]

1971

USA

Case-series

3

3

iFSHD

Carroll[135]

1979

USA

Case-series

11

11

iFSHD

Taylor[136]

1982

USA

Case-series

2

2

iFSHD +
retinopathy

Wulff[137]

1982

USA

Case-report

1

1

iFSHD

McGarry[138]

1983

USA

Case-report

2

2

iFSHD

Meyerson[139]

1984

USA

Case-report

2

3

iFSHD + hearing
loss

Gieron[140]

1985

USA

Case-report

3

4

iFSHD

Gurwin[141]

1985

GBR

Case-report

3

4

iFSHD

Korf[142]

1985

USA

Case-series

6

6

iFSHD + hearing
loss

Bailey[143]

1986

USA

Case-report

1

8

iFSHD

Voit[144]

1986

DEU

Case-series

7

10

iFSHD + hearing
loss

Yasukochi[145]

1988

JPN

Case-series

2

2

iFSHD +
retinopathy

Genetic
confirmation

Shapiro[146]

1991

USA

Case-series

9

9

iFSHD

Kamata[147]

1993

JPN

Case-report

1

1

iFSHD

Brouwer [4]*

1994

NLD

Case-series

6

6

iFSHD

#

Jardine[148]

1994

GBR/
DEU

Case-series

19

27

iFSHD

#

Brouwer[50]*

1995

NLD

Case-series

4

4

iFSHD

Je Hyeon[149]

1995

JPN

Case-report

1

1

iFSHD

#

Nakagawa[150]

1996

JPN

Case-report

1

2

iFSHD

#

Nakagawa[151]

1997

JPN

Population
cohort

7

42

FSHD

#

Okinaga[152]

1997

JPN

Case-series

2

3

iFSHD

#

Funakoshi[17]

1998

JPN

Population
cohort

20

127

FSHD

$

Miura[153]

1998

JPN

Case-series

2

2

iFSHD

#

Lapena[154]

2001

AUS

Case-series

1

1

Vocal cord
paralysis

$

Dorobek[155]

2004

POL

Case-report

1

2

iFSHD

$

Wohlgemuth[156]

2004

NLD

Case-series

4

10

FSHD + assisted
ventilation

$

Felice[157]

2005

USA

Case-report

2

3

iFSHD

$

Bindoff[158]

2006

NOR

Case-series

2

2

iFSHD

$
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Table 2. C ontinued
First Author[ref]

Year

Country

Study type

#iFSHD

#cases

Selection criteria

Genetic
confirmation

Klinge[18]

2006

GBR

Case-series

7

7

iFSHD

$

Saito[159]

2007

JPN

Case-report

1

1

iFSHD

Shields[160]

2007

USA

Case-report

1

1

iFSHD

$

Kolski[161]

2008

CAN

Case-report

1

1

iFSHD

$

Kriswalsky[162]

2008

USA

Case-report

1

1

iFSHD

$

Trevisan[19]

2008

ITA

Case-series

5

7

iFSHD + 10-13Kb

$

Lee[163]

2009

JPN

Case-report

1

1

iFSHD

$

Grosso[164]

2011

ITA

Case-report

3

7

iFSHD

$

Sakellariou[165]

2012

GRE

Population
cohort

3

127

FSHD

$

Wang[166]

2012

TWN

Population
cohort

7

24

FSHD

$

Chen[21]

2013

TWN

Case-series

9

9

iFSHD + 10-13Kb

$

Statland[33]

2013

USA

Case-series

3

10

FSHD +
retinopathy

$

Kana[167]

2013

JPN

Case-report

1

1

iFSHD

$

Dorobek[64]*

2015

POL

Population
cohort

22

103

FSHD

$

Nikolic[22]*

2016

ITA

Population
cohort

36

850

FSHD + 1-3 D4Z4
RU

$

3

* Additional data provided by the authors.
# Southern blot p13E.
$ Double digested EcoRI/BlnI.
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Table 3. Patient characteristics of published early onset FSHD cases (n=227)
Demographics
Age at reporting (yrs)

18.8 ± 11.9

Male sex – no.

103 (45%)

African background – no./total no.*

2/227 (1%)

Asian background – no./total no.*

56/227 (25%)

Caucasian background – no./total no.*

169/227 (74%)

Clinical history
Perinatal complications – no./total no.

5/99 (5%)

Age at onset – mean (yrs)^

2.8 ± 2.8

Clinical severity score (CSS) – mean ± SD

7.4 ± 2.6

Age corrected CSS – mean ± SD

1042 ± 800

Wheelchair dependency – no./total no.

87/217 (40%)

Age at wheelchair dependency (yrs)

17.2 ± 7.8

Systemic symptoms
Hearing loss - no./total

91/227 (40%)

Subclinical hearing loss - no./total no.

15/210 (7%)

Retinopathy – no./total no.

41/112 (37%)

Vision loss - no./total no.

13/227 (6%)

Epilepsy - no./total no.

18/227 (8%)

Developmental delay- no./total no.§

35/227 (15%)

ECG abnormalities - no./total no.

8/93 (9%)

Spinal deformities - no./total no.

105/152 (70%)

Decreased forced vital capacity (%FVC)
- no./total no.

37/121 (31%)

Assisted ventilation - no./total no.

18/227 (8%)

Genetic characteristics
Repeat length – mean (range, SD)

14.2 Kb (9-31 Kb, 4.8)

De novo mutations – no./total no. (%)

68/93 (73%)

Mosaic inheritance– no./total no. (%)

11/93 (12%)

*based on study location. ^ as reported by the parents/caregivers.
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DISCUSSION
Based on data from 227 early onset FSHD cases, we conclude that early onset FSHD is on the
severe end of the FSHD spectrum. The genetic defect, the distribution pattern of muscular
weakness and the type of systemic features are similar to the classical FSHD phenotype.
Early onset FSHD distinguishes itself from the adult-onset patients by a more severe muscle
weakness, more rapid progression and more frequently occurring systemic features. Some
systemic features (cognitive disability, epilepsy) are only associated with early onset FSHD.
Early onset FSHD patients demonstrate high CSS scores (mean 7.35, SD 2.6; median 7,
IQR 5.5-10) and age corrected CSS (mean 1008, SD 645; median 842, IQR 571-1273). Of
note, standard deviations and interquartile ranges are indicative of substantial clinical
variation that is characteristic of FSHD. Also, these severity scores have not been validated
in early onset FSHD populations. However, the percentage of early onset patients being
wheelchair-dependent (40%) versus that in the general FSHD population (6.4% [15])
underscores the severe muscle weakness in the former group. This is reflected by the
high prevalence of spinal deformities, especially lumbar hyperlordosis, indicative of early
axial weakness. Respiratory abnormalities are associated with spinal deformities in this
and other studies. Therefore, the higher prevalence of assisted ventilation in our early
onset population (8%) versus the general FSHD populations (0-7%) is not surprising [156,
168, 169]. The latter findings underline the need for regular pulmonary monitoring by
spirometry in early onset FSHD patients[41]. In addition, we confirm the progressive nature
of FSHD in the early onset population (appendix 2; wheelchair dependency and respiratory
failure increase with age).
Furthermore, systemic features occur frequently in early onset FSHD. The most frequent
systemic feature in this population was hearing loss (40%). It was characterized by sensorineural
loss of preferentially higher frequencies of limited severity, and hearing aids are usually not
necessary. The frequency of hearing loss in the general FSHD population is unclear due to
widely varying frequencies (ranging from no association to 64% in selected populations,
mean 15%[20, 41, 52, 123, 170]. The high frequency of hearing loss underscores the need
for screening hearing function by audiometry, especially during speech development.
We found a lower prevalence of subclinical retinopathy (37%) than reported in literature
(50-75%) [51, 52], This is probably due to suboptimal screening methods (no fluorescence
angiography). Another explanation might be the later onset of retinal abnormalities. We
did find a higher rate of clinical vision loss compared to the general FSHD population (6%
vs. 0.8%-1.7%[33, 52]). Of note, this percentage is significantly higher than previously
reported.
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Electrocardiographic anomalies were present in 9% of early onset FSHD patients, a
prevalence roughly corresponding to literature on the general FSHD population (albeit
being very heterogenic (range 0-60% [41, 171-173], for an overview see Tawil et al. [41])
and consisted of arrhythmia and other minor abnormalities. The clinical consequences of
arrhythmia seem to be minor since none of the patients required pacemaker intervention.
Interestingly, we found electrocardiographic changes mainly in patients of Asian origin.
This geographic difference has not been previously reported and deserves attention in
future studies, especially because we also found significantly different prevalence of mental
impairment and epilepsy between patients from Caucasian and Asian descent.
We found a high percentage of ‘de novo’ mutations in the early onset FSHD patients: 73%
versus 30% in the general FSHD population[118]. Presumably, severe muscular weakness
limits procreation in early onset FSHD patients. Of note, we did not find significant
differences between early onset patients with ‘de novo’ mutations versus those with
a positive family history. An association between repeat length and the age-corrected
disease severity score previously reported in the general FSHD population [62], could be
confirmed in the early onset FSHD patients.
Limitations and future directions
Besides its strength of a multinational systematic review of individual patient data on a large
number of patients, this study has a number of limitations. Case reports and case series
bear the potential of publication and selection bias, which might lead to overestimation
of the severity of disease and prevalence of systemic features. Inclusion criteria in some
of the included studies, such as selection of patients with short repeat lengths or those
with hearing difficulties, increases such bias. Moreover, utilising the criteria for early
onset/infantile FSHD by Brooke and Brouwer, which address motor symptoms, leads to the
possible exclusion of patients with atypical (i.e. non-motor) onset of FSHD; we are aware
of cases with a retinal vasculopathy presentation[174, 175]. Due to the cross-sectional
nature of the current review and the studies included herein, we remain unaware on the
longitudinal course of early onset FSHD. The average age at assessment was approximately
18 years. Considering the progressive nature of the disease and the fact that these patients
are on the severe end of the FSHD spectrum, progressive handicap and complications could
be expected. The nature of our data and the limitations discussed above underline the
need for well designed, larger longitudinal cohort studies in early onset FSHD. Such studies
are underway and have the potential of improving the prognostication and classification of
early onset FSHD patients [106, 176]. For now, classification on the basis of age of onset has
practical utility both in clinical practice and clinical trials; the authors therefore recommend
using the criteria by Brouwer to define early-onset FSHD.
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APPENDIX
Appendix A. Table 4. Embase search
1.

(Facioscapulohumeral or FSHD or landouzy or facioscapulo*).mp. [mp=title, abstract, original title,
name of substance word, subject heading word, keyword heading word, protocol supplementary
concept word, rare disease supplementary concept word, unique identifier]

2.

(child* or infant* or pedi* or early onset or severe).mp. [mp=title, abstract, original title, name of
substance word, subject heading word, keyword heading word, protocol supplementary concept word,
rare disease supplementary concept word, unique identifier]

3.

(coat* or retina* or teleangi*).mp. [mp=title, abstract, original title, name of substance word,
subject heading word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier]

4.

(hearing or epilepsy or retardation).mp. [mp=title, abstract, original title, name of substance word,
subject heading word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier]

5.

(patient or case or cohort or series).mp. [mp=title, abstract, original title, name of substance word,
subject heading word, keyword heading word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier]

6.

2 or 3 or 4 or 5

7.

1 and 6

8.

limit 7 to (English language and yr=”1970 -Current”)
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Table 5. Associations between variables using linear regression (scalar dependent variables) and logistic regression
(dichotomous dependent variables), top row denotes dependent variables.
Dependent →
Independent ↓
Age (years)
Sex (♂/♀)
Race

Sex
(♂/♀)

Race

Perinatal

Age at

(caucasian/

compl.

onset

asian)

(no/yes)

(years)

(score)

Age corr.

Wheel-

Age loss

CSS

chair

ambul.

(score)

(no/yes)

(years)

0,991

0,980

0,985

0,353

0,366

-0,612

1,084

0,503

p=0,420

p=0,174

p=0,654

p<0,001

p<0,001

p<0,001

p<0,001

p<0,001

-

0,817

2,604

-0,203

0,097

0,105

1,970

-0,123

p=0,519

p=0,248

p=0,002

p=0,157

p=0,129

p=0,018

p=0,290

-

(caucasian/ asian)
Perinatal

CSS

-

-

0,000

-0,020

-0,207

-0,079

0,650

0,001

p=0,997

p=0,762

p=0,002

p=0,254

p=0,190

p=0,993

-

complications

-0,165

0,071

-0,001

1,500

-0,098

p=0,017

p=0,317

p=0,989

p=0,575

p=0,418

(no/yes)
Age at onset (years)
CSS (score)
Age corrected CSS

-

-

-

-

-0,023

-0,360

0,983

0,532

p=0,738

p<0,001

p=0,727

p<0,001

-

0,183

6,115

-0,109

p=0,008

p<0,001

p=0,342

-

(score)

1,000

-0,497

p=0,991

p<0,001

Wheelchair (no/yes)

-

-

-

-

-

-

-

-

Age at loss ambulation

-

-

-

-

-

-

-

-

Hearing loss (no/yes)

-

-

-

-

-

-

-

-

Vision loss (no/yes)

-

-

-

-

-

-

-

-

Epilepsy (no/yes)

-

-

-

-

-

-

-

-

Developmental delay

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Repeat size (kb)

-

-

-

-

-

-

-

-

Inherited (no/yes)

-

-

-

-

-

-

-

-

(years)

(no/yes)
ECG
Abnormalities (no/yes)
Spinal
Deformities (no/yes)
Assisted ventilation
(no/yes)

Standardized β (linear regression) and exp(B) (logistic regression) are presented, as well as p-values. Significant findings (p<0.05)
are depicted in bold font.
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Hearing

Vision

loss

loss

(no/yes)

(no/yes)

Epilepsy
(no/yes)

Develop.

ECG

Spinal

Assisted

Repeat

Delay

abnorm.

deform.

vent.

size

(no/yes)

(no/yes)

(no/yes)

(no/yes)

(kb)

Inherited

Mental
Retard.
(no/yes)

(no/yes)

0,980

0,985

0,984

0,940

1,017

1,015

1,041

0,118

1,000

0,978

p=0,096

p=0,581

p=0,498

p=0,049

p=0,531

p=0,234

p=0,004

p=0,165

p=0,984

p=0,219

1,179

1,527

1,060

3,208

0,113

1,144

0,819

-0,043

0,945

0,765

p=0,548

p=0,478

p=0,906

p=0,046

p=0,043

p=0,631

p=0,592

p=0,613

p=0,838

p=0,466

0,961

0,000

3,404

0,354

10,020

0,195

2,020

-0,166

0,872

2,726

p=0,900

p=0,998

p=0,014

p=0,176

p=0,006

p<0,001

p=0,072

p=0,047

p=0,669

p=0,009

1,410

4,909

0,000

6,333

3,939

9,943

0,750

0,334

0,923

0,810

p=0,634

p=0,084

p=0,999

p=0,036

p=0,228

p=0,035

p=0,791

p<0,001

p=0,914

p=0,846

0,827

0,849

0,777

0,728

1,061

0,982

0,916

0,008

1,025

0,885

p=0,001

p=0,184

p=0,055

p=0,029

p=0,624

p=0,723

p=0,237

p=0,927

p=0,614

p=0,118

1,113

0,926

0,955

1,108

1,140

1,287

1,447

-0,160

0,930

1,030

p=0,052

p=0,510

p=0,622

p=0,312

p=0,395

p<0,001

p<0,001

p=0,058

p=0,178

p=0,676

1,000

1,000

1,000

1,001

0,999

1,000

1,000

-0,202

1,000

1,000

p=0,356

p=0,575

p=0,657

p=0,001

p=0,392

p=0,838

p=0,238

p=0,019

p=0,669

p=0,272

1,608

0,654

0,947

1,215

2,581

1,855

4,839

-0,178

0,597

1,146

p=0,094

p=0,498

p=0,913

p=0,694

p=0,202

p=0,034

p<0,001

p=0,035

p=0,077

p=0,716

0,975

1,046

1,019

0,947

0,962

0,986

0,932

0,191

0,996

0,992

p=0,407

p=0,411

p=0,726

p=0,376

p=0,592

p=0,647

p=0,074

p=0,193

p=0,899

p=0,855

-

6,370

1,975

1,549

0,893

1,322

0,746

-0,254

0,467

2,272

p=0,007

p=0,169

p=0,374

p=0,879

p=0,324

p=0,447

p=0,002

p=0,009

p=0,028

-

4,067

3,273

0,000

1,377

0,000

0,004

1,464

1,768

p=0,059

p=0,104

p=0,999

p=0,602

p=0,999

p=0,972

p=0,515

p=0,418

-

2,587

0,1697

0,539

0,667

-0,205

0,598

80,000

p=0,166

p=0,630

p=0,263

p=0,600

p=0,014

p=0,346

p<0,001

-

0,000

1,390

0,667

-0,130

0,653

3,103

p=0,998

p=0,527

p=0,600

p=0,119

p=0,440

p=0,035

-

2,333

47,750

-0,072

1,646

0,000

p=0,255

p<0,001

p=0,393

p=0,489

p=0,999

-

3,200

0,097

0,734

0,785

p=0,005

p=0,272

p=0,283

p=0,539

-

-0,132

1,444

0,292

p=0,116

p=0,323

p=0,102

-

1,068

0,753

p=0,078

p=0,001

-

0,446
p=0,060
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ABSTRACT
Aim
To assess the long-term natural course of early-onset facioscapulohumeral dystrophy
(FSHD), which is important for patient management and trial-readiness, and is currently
lacking.
Methods
We had the unique opportunity to evaluate 10 patients with early-onset FSHD after 22
years follow-up. Patients underwent a semi-structured interview, physical examination
and additional genotyping.
Results
Nine initial study participants (median age 37 years) were included, one patient died shortly
after first publication. At first examination, one patient was wheelchair dependent, one
patient walked aided, and eight patients walked unaided. After 22 years, four patients were
wheelchair dependent, three walked aided, and two walked unaided. Systemic features,
including hearing loss (56%), intellectual disability (44%), and a decreased respiratory
function (56%), were frequent. Patients participated socially and economically with most
patients living in a regular house (n=6) and/or having a paid job (n=4).
Discussion
Patients with early-onset FSHD generally had a severe phenotype compared to classical
onset FSHD. However, after 22 years of follow up they showed a wide variation in severity
and, despite these physical limitations, participated socially and economically. These
observations are important for patient management and should be taken into account
in clinical trials.
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INTRODUCTION
Facioscapulohumeral muscular dystrophy (FSHD, OMIM: 158900) is one of the most
prevalent muscular dystrophies[14]. Early-onset FSHD is defined by signs or symptoms of (1)
facial weakness before the age of 5 years and (2) shoulder girdle weakness before the age
of 10 years, and is considered as a severe subtype of FSHD[18, 21], although information about
the natural history is currently lacking. We therefore reassessed a unique cohort of ten
severely affected early-onset FSHD patients, which were published as the first genetically
confirmed early-onset FSHD-case-series 22 years ago[4, 50].

METHODS
The ten patients with early-onset FSHD described in two case series published by our
group in 1994 and 1995[4, 50] were all retrieved by the original authors (GWP and OFB)
and from the archive of our tertiary referral centre for FSHD. Patients were ranked conform
the original table[50]. The study was approved by the local ethics committee and written
informed consent was obtained from all patients.
Patients underwent a semi-structured interview on muscle weakness and other symptoms,
hearing and vision loss, epilepsy, intellectual disability, spinal or respiratory problems, and
daily functioning. Subsequently, a physical examination including manual muscle testing
(Medical Research Council scores) and assessment of clinical severity (clinical severity[96]
and FSHD clinical scores[98]) was conducted. Wheelchair-dependency was defined as not
being able to walk even with walking aids. Visual acuity was measured using a distance
acuity chart, with correction if necessary. Respiratory function was tested according to
the ATS/ERS criteria[177], in sitting position using a handheld spirometer (MicroLoop,
MicroMedical®) and a face mask. In addition, medical histories were extracted from
the initial publications and clinical files[4, 50]. The clinical severity score at baseline was
estimated based on the available information.
For more accurate genetic analysis, we used high quality genomic DNA isolated from
peripheral blood cells. We determined the D4Z4 repeat size and haplotype by pulsed
field gel electrophoresis (PFGE); followed by Southern blot hybridization and polymerase
chain reaction (PCR) based simple sequence length polymorphisms (SSLP) analysis[66].
Descriptive statistics and linear regression for comparison between D4Z4 repeat length
and clinical severity were done using SPSS version 22.
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RESULTS
Eight patients were examined between October and December 2016, one participated
with chart review only, and one died 21 years ago, shortly after first description, due to
respiratory infection. The median age at follow-up was 37 years (range 31-58 years, SD 7.9
years). Detailed data on all participants is presented in table 1. Seven patients had FSHD
type 1 with a mean D4Z4 repeat length of 3 units (range 2-5 units). There was a correlation
between D4Z4 repeat length and the clinical severity score at follow-up (slope of -1.4, R2
0.7031, p=0.009). Three complex pathogenic chromosomes were found in this cohort:
patient 2 had a contracted D4Z4 repeat at chromosome 10 (previously published as case
F4[66]), patient 6 had a p13E-11 deletion, and patient 8 was mosaic for the contraction.
All patients had signs from infancy (age 0-1 year). The first sign was facial weakness in all
patients, frequently reported as sleeping with the eyes open or an inability to smile. Two
patients had an additional symptom simultaneously: scapular weakness (patient 4) and
hearing loss (patient 5).
Table 1. Characteristics of individual patients.
Patient

1

2

3

4

5

6

7

8

9

10

Overall

Patient characteristics
Sex

F

M

M

M

F

M

M

M

M

M

80% male

Age at onset (y)

1

0

0

1

0

1

1

0

1

0

0.5

D4Z4 repeat (units)

5

#a

4

U

3

2

4

2b

2

2

3 (SD 1.2)

Methylation score

-4

-8

-13

U

U

18

-4

24

U

1

2 (SD 13)

De novo mutation

-

-

+

-

+

+

-

+

-

+

50% de novo

Age

30

5

8

31

18

12

20

17

11

13

17 (SD 9)

Clinical severity score

5

5

3

10

9

6

6

7

6

6

6.3/10 (SD 2)

Baseline 1994/1995

Follow-up 2016
Age (y)

57

31

33

43

37

43

39

33

36

39 (SD 8)

Clinical severity score[96]

5

10

6

10

10

8

10

8

7

8/10 (SD 2)

11

12/15 (SD 3)

-

44% wheelchair
dependent
67% regular

Living situation

R+

R+

R

R+

R+

I

S

S

R

Family situation

family

11
-

partner

15
20

single

11
-

single

15
18

single

14
21

partner

9
-

single

15
8

single

6
-

partner

FSHD clinical score[98]
Age of wheelchair
dependency (y)

Educational level (ISCED
2011)c

2

1

6

2

6

1

1

1

7

44% specialized
education

Paid work

+

-

+

-

-

-

-

+

+

44%
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Table 1. Continued
Patient

1

2

3

40

-

-

4

5

6

7

8

9

10

Overall

1

5

-

7

3

-

11 (SD 16)

Systemic features
Hearing loss (y)
High frequency

-

-

-

+

+

-

+

+

-

44%

Hearing aids

-

-

-

+

-

-

-

+

-

22%

Intellectual disability

-

+

-

-

-

+

+

+

-

44%

Epilepsy

-

-

-

-

-

-

+

-

-

11%

FEV1 (% of predicted)

33

59

59

32

30

-

79

49

FVC (% of predicted)

33

51

51

31

28

47

73

45

Non invasive ventilation (y)

-

-

-

-

-

-

35

-

-

11%

Lumbar hyperlordosis

+

+

-

+

+

+

+

+

-

78%

Scoliosis

-

+

-

-

+

-

+

+

-

44%

Coats’ syndrome

-

-

-

-

-

-

-

+

-

11%

Abbreviations: U, unknown; y, years; R, regular house; +, with assistance in self care; I, institution; S, supervised
living situation in adapted house; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
FSHD-associated D4Z4 contraction on chromosome 10.
Mosaic: 40% 2 D4Z4 units, 60% >10 units in serum.
c
ISCED = International Standard Classification of Education, 2011 operational manual; 0 (pre-primary education)
up to 8 (doctoral or equivalent)
a

b

At follow-up, the mean FSHD clinical score was 12/15 (range 6-15, SD 3.1); the mean
clinical severity score was 8/10 (range 5-10, SD 2 compared to 6.3/10 at baseline). Four
patients (44%) were physically severely impaired and wheelchair dependent. All tested
patients had a restrictive pattern respiratory function with four of seven having a forced
vital capacity (FVC) below 50% of predicted value based on age, sex, and height. One
patient received non-invasive nocturnal ventilation, two patients did not have any signs of
nocturnal hypoventilation, and in one patient the finding was new and he was referred for
further investigations. Detailed information on the respiratory function and cause of death
of the patient who died was lacking. For information on hearing loss, spinal abnormalities,
Coat’s syndrome, and epilepsy see table 1.
At a functional level, six patients lived in a regular house, of which four required assistance
in self-care. Two patients lived semi-independently in an institution and one patient lived in
a full care institution, primarily because of his intellectual disability. The educational level
of patients varied from four attending specialized education to three having a bachelor
or university level. Four patients had paid jobs matching their educational level and four
other patients executed voluntary work. Three patients had a long-term relationship and
one patient had children.
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DISCUSSION
Here we present the natural history of a unique cohort of 10 early-onset FSHD patients with
22-year follow-up with detailed information on physical as well as functional level. The main
finding is that early-onset FSHD, known to be at the severe end of the FSHD spectrum, has
a variable progressive course. These children grow up to be adults with a variable degree
of disease severity and keep their functional abilities and social participation. Most of the
patients have severe muscle weakness, and the prevalence of wheelchair dependency is
higher compared to the general FSHD population (here: 44% at a mean age of 39 years; in a
retrospective cohort: 22% at a mean of 52 years[178]). Early-onset FSHD is therefore rightly
considered to be a severe subtype of FSHD with severe muscle weakness and frequent
systemic features[18, 21]. However, our patients showed remarkable heterogeneity in
disease severity at follow-up, which is relevant for patient management and counseling
and warrants careful reconsideration of including early onset cases in clinical trials as was
suggested based on the assumption of a rapid and more uniform natural history.
Hearing loss, a restrictive pattern of respiratory function, scoliosis, and intellectual disability
were frequently reported in this cohort. A new finding is that hearing loss, generally with
a subclinical onset in childhood, was progressive over the years. Scoliosis, a risk factor for
decreased respiratory function[122], was present in four out of nine patients. Three patients
had a severe scoliosis needing bracing or surgery, but two patients refused surgical treatment
fearing to lose their walking ability if their compensatory lumbar hyperlordosis would be
corrected. One of these patients was on non-invasive nocturnal ventilation. Cognitive
function varied widely. In literature, intellectual disability is described in combination with
epilepsy[19, 21]; this combination was observed in only one patient. Vision loss, attributed
to Coats syndrome, was found in one patient in our cohort, which is in line with other
studies reporting a low incidence of 0.7-1.7%[33]. The evidence based FSHD guideline[41]
recommends frequent hearing and respiratory function screening, specifically in patients
with severe muscle weakness and scoliosis; all based on class B evidence. Our findings
support these recommendations; in addition, we would like to highlight spinal management,
with special attention for compensatory mechanisms, thereby reducing the risk for decreased
respiratory function and postponing assisted ventilation.
The genotype in our cohort showed short repeat lengths which correlated with more
severe disease, frequent de-novo mutations, and a large variety in methylation scores, in
line with previous studies on early-onset FSHD[117]. The most severely affected patient
had a mosaic mutation, which usually results in a milder phenotype. This discrepancy could
theoretically be explained by a higher percentage of affected muscle cells compared to
blood levels, or by genetic variants in disease modifiers.
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Prognostic information on social and economic participation (important factors for quality
of life) is of utmost importance for patients, parents/care-givers. This is the first report of
social activity in early-onset FSHD patients and it is noteworthy that most patients were
socially active with paid or voluntary work and a regular home situation. In spite of severe
muscle weakness, patients were able to participate socioeconomically thereby underlining
the importance of rehabilitation care and working environment adjustments.
In conclusion, early-onset FSHD is more severe than classical FSHD with a high proportion
of patients being wheelchair bound at a young age and more systemic features. However,
this follow-up study revealed a variable course and a high percentage of socio-economic
participation, which is important for patient management and future clinical trials.
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ABSTRACT
Objective: To assess the relation between age at onset and disease severity in
facioscapulohumeral muscular dystrophy (FSHD).
Methods: In this prospective cross-sectional study, we matched adult FSHD patients with
an early disease onset with two sex-matched FSHD control groups with a classic onset;
the first group was age-matched; and the second group was disease duration-matched.
Genetic characteristics, muscle performance, respiratory functioning, hearing loss, vision
loss, epilepsy, educational level, and work status were compared with the two control
groups.
Results: Twenty-eight early-onset FSHD patients were age- (n=28) or duration-matched
(n=27) with classic-onset patients. Early-onset FSHD patients had more severe muscle
weakness (mean FSHD clinical score of 11 vs. 5 in the age-matched and 9 in the durationmatched group, p<0.05), and a higher frequency of wheelchair dependency (57%, 0%,
and 30%, respectively, P<0.05). In addition, systemic features were more frequent in earlyonset FSHD; most importantly hearing loss, decreased respiratory function and spinal
deformities. There was no difference in work status. Genetically, the shortest D4Z4 repeat
arrays (2-3 units) were exclusively found in the early-onset group and the largest repeats
arrays (8-9 units) only in the classic onset groups. De novo mutations were more frequent
in early-onset patients (46% vs. 4%).
Conclusions: Patients with early-onset FSHD more often have severe muscle weakness
and systemic features. The disease severity is higher than in classic onset patients that
are matched for disease duration, suggesting that the progression is faster in early-onset
patients.
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INTRODUCTION
Facioscapulohumeral dystrophy (FSHD, OMIM 158900), one of the most common adult
muscle diseases, is a hereditary, progressive muscular dystrophy with a striking disease
heterogeneity, both between and within families. Consequently, predicting disease severity
and progression rate is very challenging in FSHD.
FSHD has historically been divided in two clinical subgroups: (I) early-onset FSHD with
facial weakness before the age of five years and scapulohumeral weakness before the
age of 10 years [4], and (II) classic FSHD with a typical onset between 15-30 years, but
often being diagnosed throughout the adult lifespan [33, 34]. An estimated 7-15% of FSHD
patients have the early-onset subtype [4, 6, 17]. Patients with early-onset FSHD have been
described with a more severe disease [4, 18, 21]; however what is unclear is if earlyonset FSHD is inherently a more severe, rapidly progressing disease, or if these patients
are simply more severe due to longer disease duration. To the best of our knowledge no
study has systematically attempted to verify this observation. The finding of early-onset as
a prognostic factor and its underlying causes, would facilitate patient counseling, clinical
management and trial-readiness.
This study investigates whether patients with an early onset of symptoms are different
from patients with a classic onset regarding genotype, hearing loss, vision loss, epilepsy
and educational level, muscle and respiratory functioning, and work status.

PATIENTS AND METHODS
Patient recruitment
This prospective cross-sectional case-control study was performed at the Radboud
university medical center, Nijmegen, the Netherlands, between September 2016 – January
2017. Eligible participants had genetically confirmed FSHD1 [4]. Early-onset patients
(patients that fulfilled the clinical criteria for early onset FSHD [4]) were recruited via the
Dutch national FSHD registry [76] and among the population known at the Neurology
department of the Radboud University Medical Center, a tertiary referral center for FSHD
patients. Classic onset FSHD participants were recruited among participants of a large
observational cohort study conducted in 2014-2015 (n=203 FSHD participants, aged 1884 years) [49]. Asymptomatic mutation carriers and patients with FSHD2 were excluded.
Participants were matched by sex and by age or disease duration.
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Standard Protocol Approvals, Registrations, and Patient Consents. All participants
provided written informed consent, and the Medical Ethics Review Committee region
Arnhem-Nijmegen approved the study. by.
Clinical assessment
Age at onset was retrieved from the medical file to minimize the effect of recall bias
and if this was not available a patient reported age at onset was used. Information on
hearing difficulties, visual problems, cardiac abnormalities, respiratory abnormalities,
central nervous system complications, educational level, and work status were obtained
from medical files and patient questionnaires. Clinical assessments were performed at the
outpatient clinic of the Radboud university medical center and included: manual muscle
testing (shoulder external rotators, elbow flexors, knee extensors, foot dorsiflexors and
foot plantar flexors), the FSHD clinical score (range 0-15, 0=unaffected and 15=severe
involvement of facial, upper limb, leg, scapular and pelvic girdle, and abdominal muscles
[98]), and visual inspection of the spine (scoliosis and/or lumbar hyperlordosis classified
as normal/mild/severe). Respiratory function was assessed using a handheld spirometer
with a face mask (MicroLoop, MicroMedical®) and the percentage of expected forced vital
capacity (based on sex and height) was reported.
Genetic analysis
Genetic analysis on peripheral blood mononuclear cells (PBMCs) was performed at the
department of Human Genetics of the Leiden University Medical Center, the Netherlands,
and consisted of: pulsed field gel electrophoresis (PFGE) for the sizing of the D4Z4 repeats
on chromosomes 4 and 10, haplotype analysis by hybridization of PFGE blots with probes
A and B in combination with PCR-based SSLP analysis [37, 66], and methylation analysis of
the D4Z4 repeat at the FseI restriction site in the proximal unit of the D4Z4 array [40, 70].
Methylation values are expressed as the Delta1-score, that is, the observed methylation
minus the predicted methylation based on the D4Z4 repeat size [62].
Statistics
All eligible participants with early-onset FSHD were invited for participation and after
inclusion matched with classic-onset patients two times in a 1:1 way. Descriptive statistics
were applied to describe patient characteristics with continuous data reported as mean ±
standard deviation. For comparing motor scores between two groups, two-tailed t-tests
were used for numerical data and Fisher's exact test for categorical data. The primary aim
was to investigate if an early onset is a risk factor for more severe disease, independent
from current age or disease duration. We therefore compared early-onset with both
control groups separately (comparing group 1 with group 2 and group 1 with group 3), and
did not adjust for three group analyses. The Pearson correlation coefficient was calculated
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for correlations between genotype and phenotype. After data-analysis a subdivision in the
early-onset group was suspected, therefore additional subgroup analyses were performed
on patients with an onset before the age of eight years and onset between 8-10 years.
We performed linear regression analyses to compare age at onset with disease severity.
Relations with p<0.05 were considered statistically significant. Statistical analyses were
performed using GraphPad Prism [179].

RESULTS
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Demographics
A total of 62 patients with early-onset FSHD were identified and 28 participated. The
exclusion reasons for the other 34 patients were: one had died, four had FSHD type 2, 12
could not be contacted and 17 were not able to come to the study location or refused
participation. The participants were matched with 28 age- and sex-matched patients with
classic onset FSHD and with 27 duration- and sex-matched patients with classic onset FSHD
(figure 1, demographics table 1). In the early-onset group, age at onset was stated in the
medical file in 12/28 patients and was similar to the patient reported age at onset in 10
patients. In the other two patients the age at onset was two and three years earlier than
reported by the patient.
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Figure 1. Group characteristics.
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Muscle weakness
The early-onset FSHD patients had more severe muscle weakness defined by the FSHD
clinical score, the MRC sum score, and the percentage of wheelchair dependency (table
1, figure 2). In the early-onset group the frequency of wheelchair dependency was higher,
occurred at an earlier age, and after shorter disease duration. The early-onset population
had a smaller variability in the severity of muscle weakness. There was a ceiling effect in the
FSHD clinical score, mostly in the early-onset group, for wheelchair-dependent patients.
***

*

FSHD clinical score
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Figure 2. FSHD clinical score from early-onset patients compared with the 2 control groups.

Systemic features
Central nervous system complications such as hearing loss, vision loss, and epilepsy are
summarized in table 2. Hearing loss was diagnosed between the ages of 1 to 36 years (mean
9 years) in the five patients in the early-onset group, and at a mean age of 12 years for the
patient in the duration-matched group. Hearing loss consisted of bilateral high frequency
loss and 4/5 (80%) of the patients in the early-onset group required hearing aids. Vision loss
was found in one early-onset patient in whom Coats’ syndrome was diagnosed. Idiopathic
epilepsy without structural brain abnormalities on imaging was found in two patients with
early-onset FSHD. Intellectual disability was not observed in any of the patients, and there
was no difference in mean educational level, although there were more patients who
received specialized education in the early-onset group (5 vs. 2 patients). Complications of
severe axial weakness, such as spinal deformities and respiratory complications were more
frequent in the early-onset group. Five patients needed nocturnal non-invasive ventilation
(NIV), starting at a mean age of 46 years. All five were wheelchair dependent and had
severe axial weakness.
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Table 1. Clinical and genetic characteristics of patients with early-onset and classic (age-matched or duration
matched) onset FSHD.
Early-onset

Age-matched
classic onset

Durationmatched
classic onset

28

28

27

Demographics
Number of participants
Sex - % male

46

46

44

Age at examination - yrs ± SD

43 ± 15

44 ± 15

63 ± 8

Age at disease onset - yrs ± SD

6 ± 3.7

24 ± 7.7

25 ± 9.6

Age at diagnosis - yrs ± SD

13 ± 6

32 ± 14

37 ± 13

Disease duration from onset - yrs ± SD

38 ± 14.4

20 ± 14.5

38 ± 14.8

FSHD clinical score (0-15) - mean ± SD

10.8 ± 4.2

4.8 ± 2.8*

8.7 ± 3.4*

MRC sum score (0-50) - sum ± SD

31 ± 10

43 ± 5*

36 ± 7

Clinical history

Wheelchair dependency - %

57%

0%*

30%*

Mean age at wheelchair dependency - yrs ± SD

31 ± 17

-*

58 ± 6

Disease duration at wheelchair dependency - yrs ± SD

26 ± 15

-*

39 ± 7

Number of D4Z4 repeats - mean ± SD (range)

3.6U ± 1.3 (2-7)

6.2U ± 1.4
(4-9)*

6.3U ± 1.3
(3-9)*

De novo mutations - no. (%)

13 (46%)

3 (11%*

3 (11%)*

Mosaic mutations - no. (%)

1 (4%)

1 (4%)

2 (7%)

Methylation - Delta1 score ± SD

-0.5 ± 14
(-34 – 18)

-2.2 ± 10
(-23 – 17)

-3.8 ± 7
(-20 – 40)

5

Genetic characteristics

* Significantly different from early-onset, p <0.05. Delta1-score: the observed methylation minus the predicted
methylation based on the D4Z4 repeat size.
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Figure 3. Correlation between the (A) D4Z4 repeat array size and (B) FSHD clinical score and distribution of age
at onset in the early-onset FSHD group.
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Genetic characteristics
The mean number of D4Z4 repeat units of the disease allele in the early-onset patients
was significantly lower than in the classic onset patients (3.6 vs. 6.2 units, table 1). The
methylation value, as measured by the Delta1-score, did not significantly differ between
the groups. All patients with very short repeat array sizes (2-3 units) had an early disease
onset and all patients with large repeat array sizes (8-9 units) had a classic age at onset
(figure 3). Systemic features were mostly seen in patients with short repeats (2-3 units) but
occurred in patients with 5-8 units as well. Somatic mosaicism for the D4Z4 repeat array
contraction was found in two patients: one early-onset patient had a repeat array size of
2 units in 40% of PBMCs and a normal repeat array size (14 units) in 60%, the classic onset
patient had 8 units in 90% of PBMCs and 7 units in 10%.
Table 2. Systemic features in patients with early-onset and classic onset FSHD.
Systemic features

Early-onset (n=28)

Age-matched
classic onset
(n=28)

Duration-matched
classic onset
(n=27)

FSHD related hearing loss*

5

0

1

Hearing aids

4

0

0

FSHD related vision loss (Coats syndrome)

1

0

0

Epilepsy without other known cause

2

0

0

Severe spinal deformities

14

0

5

Non invasive ventilation

6

0

2

Forced vital capacity (% of expected ± SD)

56 ± 22

79 ± 14

75 ± 17

Educational level ISCED 2011

4.7 ± 1.8

4.5 ± 1.6

4.2 ± 1.9

Work status: % patients with paid job or
retired after paid job.

64

73

58

* Defined as high frequency hearing loss before the age of 65 years without other known cause for hearing
loss. ISCED: International Standard Classification of Education.

Correlating age at onset with disease severity
In the early-onset group, the age at onset had a bimodal distribution with a peak of onset
between 0 and 2 years, and between 8 and 10 years (figure 3). Patients aged 0-7 years
at onset were clinically more homogeneous with pronounced muscle weakness (FSHD
clinical scores 9-15) and with more frequent systemic features. Patients with an onset age
between 8-10 years were genetically and clinically more heterogeneous with five having a
mild clinical severity (FSHD clinical scores 2-6, wheelchair at a later age or lasting ambulant,
rarely systemic features) and more frequently familial cases (table 3).
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Table 3. Differences between earlier onset and later age at onset.
Early onset,
onset < 8 years

Early onset,
onset at 8-10 years

Number of participants (% male)

17 (53%)

11 (36%)

Age at examination - yrs ± SD

40 ± 11

48 ± 19

Demographics

Clinical history
Clinical severity score mean (range 0-10)

9.06 (6-10)

5.73 (1-10)

FSHD clinical score mean (range 0-15)

12.9 (9-15)

7.9 (2-14)

Wheelchair dependency - %

11 (65%)

4 (36%)

Age at wheelchair dependency - mean (range)

23 years (7-43 years)

54 years (43-60y)

Number of D4Z4 repeats - mean ± SD (range)

3.33 (2-6)

3.99 (3-7)

De novo mutations - no. (%)

11 (65%)

2 (18%)

Genetic characteristics

Systemic features
FSHD related hearing loss*

5 (29%)

1 (9%)

Non invasive ventilation

4 (24%)

2 (18%)

5

* High frequency hearing loss before the age of 65 years without other known cause for hearing loss.

We assessed the correlation between age at onset and clinical severity using the agecorrected clinical severity score. In the early-onset group, age at onset accounted for 43%
(R2 0.43, p<0.0001) of the variability in the age-adjusted CSS, compared to 24%(R2 0.24,
p<0.0001, figure 4) in the total cohort (figure 4).
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Figure 4. Correlation between the age at onset and the FSHD clinical score for (A) all patients (B) early-onset group.
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DISCUSSION
This study shows that disease severity is related to age at symptom onset in FSHD. Patients
with an early age at onset have more severe muscle weakness and more frequently
systemic features compared to both age-matched and duration-matched FSHD patients
with a later disease onset. As such, age at onset can potentially serve as a prognostic
marker for disease severity. Recognizing this subgroup of FSHD patients could improve
counseling, clinical management, and future therapeutic trials.
Patients with an early disease onset experienced severe muscle weakness and wheelchair
dependency at a younger age, when compared FSHD patients with a classic onset.
Therefore, the more severe disease in early-onset FSHD is not explained by current age or
disease duration only. In addition, a shorter D4Z4 repeat array size (1-3 units) alone was
not associated with a higher frequency of systemic features, meaning disease severity is
also not explained by repeat array size only. One possible explanation for the different
phenotype could be the general underlying genetic profile, in which both the D4Z4 repeat
array size as well as other modifying factors interact. As DNA methylation only captures one
aspect of the D4Z4 chromatin structure, in the future it will be interesting to test variants in
modifiers of other features of the D4Z4 chromatin structure, such as the recently described
NuRD and CAF-1 complexes [180]. Another explanation could be the particular vulnerability
to DUX4 on the developing muscles and nervous system during childhood and puberty. An
argument for the developmental instead of degenerative pathophysiology of FSHD could
be the finding that within the early-onset group, but not in the classic onset groups, an
earlier onset was associated with a more severe phenotype.
This study showed a higher frequency of systemic features in patients with early-onset
FSHD, thereby confirming results of earlier studies [4, 19, 104]. These findings emphasize
the need for regular screening of hearing loss, retinal abnormalities and pulmonary
complications in early-onset patients [41]. We did not find patients with intellectual
disability in our group and therefore cannot confirm the intellectual disability as part of
FSHD observed in other studies. Patients with intellectual disability reported in several
case-reports frequently showed other features such as dysmorphic features [50] and
epilepsy [21, 50] which could suggest other co-morbidity. In 20% of the early-onset patients
asymptomatic cardiac arrhythmias were found without clinically relevant symptoms, which
is in concordance with available literature [171, 172, 181].
Two additional factors that could facilitate prognostication in FSHD were identified in this
study. First, the age at onset was directly correlated with the FSHD evaluation score in
our early-onset subgroup, while this was not the case for the classic onset groups. It is
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possible, therefore, to hypothesize that in childhood every disease-free year is important,
while in classic onset, the exact age at onset is contributing far less to disease severity.
Secondly, our results suggest a faster disease progression and possibly also a developmental
pathophysiology in patients with early-onset FSHD, although this needs confirmation in
longitudinal studies.
The strengths of this study are the extensive clinical and genetic assessments and the two
controls groups. One limitation is the patient-reported age at disease onset with the risk
of recall bias; one could suspect an increased number of familial cases in the early-onset
group because symptoms are recognized earlier than in sporadic or index cases. However,
the frequency of sporadic cases was much higher in the early-onset group (46% vs. 11%),
suggesting that familial cases were not overrepresented. Secondly, the absence of patients
with intellectual disability and of mildly affected sporadic patients, may represent inclusion
bias. Lastly, the current study is hypothesis generating, and implementation as a prognostic
marker would require a prospective longitudinal follow-up for confirmation.
This study suggests that early onset is a marker for a more severe disease in FHSD, which
facilitates counselling and future trial tailoring.
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ABSTRACT
Ophthalmological abnormalities in FSHD may lead to treatable vision loss, facilitate
diagnostics, could help unravelling the pathophysiology, and serve as biomarkers. Here,
we provide a detailed description of the ophthalmological findings in a well-defined
cohort of FSHD patients using state of the art retina imaging techniques. Thirty-three
genetically confirmed FSHD patients (aged 7-80 years) and 24 unrelated healthy controls
(aged 6-68 years) underwent clinical ophthalmological examination, fundus photography,
optical coherence tomography/angiography, genotyping, and neurological examination.
All patients had normal corrected visual acuity and normal intraocular pressure. In 27/33
patients, weakness of the orbicularis oculi was observed. Central retinal pathology, only
seen in FSHD patients and not in healthy controls, included twisting (tortuosity) of the
retinal arteries in 25/33 patients and retinal pigment epithelium defects in 4/33 patients.
Asymmetrical foveal hypoplasia was present in 3 patients and exudative abnormalities
were observed in 1 patient. There was a correlation between the severity of retinal
tortuosity and the D4Z4 repeat array size (R2 0.44, p<0.005). Follow-up examination in a
subgroup of six patients did not show any changes after two years. To conclude, retinal
abnormalities were frequent but almost always subclinical in FSHD patients and consisted
primarily of arterial tortuosity and foveal abnormalities. Retinal tortuosity was seen in the
retinal arterioles and correlated with the D4Z4 repeat array size, thereby providing clinical
evidence for an underlying genetic linkage between the retina and FSHD.
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INTRODUCTION
Facioscapulohumeral dystrophy (FSHD) is one of the most frequent muscular dystrophies
and is hallmarked by progressive and irreversible muscle weakness [57]. However, systemic
complications such as vision loss, hearing loss, intellectual disability, and epilepsy may
occur as well [19, 21, 22, 104]. Ophthalmological features have received little attention
in FSHD since the original description in 1987 [51], which is remarkable given that retinal
abnormalities in FSHD may; (I) lead to treatable vision loss, (II) facilitate diagnosing FSHD
in patients with and without a muscular phenotype [182-184], (III) help to unravel the
pathophysiology of FSHD, and (IV) serve as a biomarker [54].
Signature ophthalmological pathology in FSHD consists of capillary abnormalities in the
retinal periphery which may lead to Coats like syndrome [33, 51, 175]. The term Coats like
syndrome is derived from Coats disease, a nonhereditary retinal condition which usually
occurs unilaterally in young males. Coats like syndrome and Coats disease are assumed to
have an identical underlying mechanism of abnormal retinal vessel architecture leading
to exudations, retinal detachment and secondary glaucoma [51, 185-188]. Coats like
syndrome may cause severe visual impairment up to blindness in FSHD if not treated timely
[185]. Current guidelines advise referral to ophthalmological specialists for FSHD patients
with visual complaints or with a severe pathogenic variant [41]. However, data on the
frequency and techniques for accurate ophthalmological monitoring in FSHD is lacking [41].
There is an important knowledge gap in retinal vasculopathy in FSHD, both in terms of
patient management, i.e. diagnostics, counselling, and therapeutic management, as in
terms of research, such as molecular mechanisms [53] and biomarker potential of retinal
changes [54]. Novel, non-invasive and high-resolution imaging techniques such as optical
coherence tomography (OCT) and optical coherence tomography angiography (OCT-A)
provide a detailed imaging of retinal structure and vessel perfusion in three dimensions
and may provide complementary information on retinal pathology in FSHD. We applied
these techniques to study the prevalence, appearance, and natural history of retinal
abnormalities in patients with genetically confirmed FSHD compared to a healthy control
group.
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METHODS
Participants
Participants were recruited from the patient database of the national FSHD referral centre
(Radboud university medical centre Nijmegen, the Netherlands). Patients participated in an
observational cohort study on multiple aspects of FSHD which included ophthalmological
examination. Patients clinically affected by FSHD with a genetically proven diagnosis
were eligible for inclusion. An age-matched healthy control group was selected from the
OCTA database of the Radboud university medical centre Nijmegen, and was analyzed
retrospectively. This study has been approved by the Medical Review Ethics Committee
region Arnhem-Nijmegen (NL53213.091.15). Written informed consent was obtained from
participants and also from parents/legal guardians if participants were under 18 years.
Clinical assessment
Patients underwent a complete ophthalmological examination including best corrected
visual acuity, refraction measurement, intraocular pressure measurement, slit lamp exam
and fundoscopy by an experienced ophthalmologist. In addition, the muscle phenotype
was assessed in FSHD patients by manual muscle force testing [95] and graded by the FSHD
clinical score [98] and the age-adjusted clinical severity scale [96, 97].
Image acquisition and processing
Both the 45° color fundus photographs of the posterior pole and the swept source OCT(A)
images were obtained by a combined fundus camera and OCTA device (DRI Triton™ OCT,
Topcon Corporation, Tokyo, Japan).
Color fundus photographs were qualitatively assessed by two independent graders (RG
and VS), scoring vessel tortuosity, micro aneurysms, vascular density, and the presence
of other vascular abnormalities. Vessel tortuosity describes an abnormal course of the
vessel with increased twists and turns. For the vessel tortuosity a three-point grading
scale (no-mild-severe tortuosity) was used. The graders were blinded for the patient/
control characteristics. Discrepancies between graders were solved by open adjudication.
For quantitative analysis, we used Fiji software (version 1.51, freely available at https://
imagej.nih.gov/ij/download.html [189]). We manually selected the four largest arteries in
the fundoscopy for arterial tortuosity index calculation by dividing the sum of actual branch
lengths with the sum of straight lengths between branches [190].
Fovea-centered 3x3 millimeter OCTA images were obtained and standardized following
earlier described protocol [191]. Qualitative assessment of the OCT B-scans (graders VS and
TT) and OCTA scans (VS and RG) included structural abnormalities such as vascular tortuosity,
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microaneurysms, capillary non-perfusion, foveal avascular zone (FAZ) abnormalities,
and vascular density. Quantitative analysis of OCTA included vessel density and vessel
tortuosity measurements. Vessel density was measured as an area percentage on both
the complete 3x3mm images as well as superior, nasal, inferior and temporal circular
quadrants separately (figure 1). The vessel tortuosity was assessed by quantification of
the tortuosity index on the complete skeletonized images [190] and calculated the arterial
tortuosity index dividing the sum of actual branch lengths with the sum of straight lengths
between branches [190].
Statistics
For comparison of the tortuosity index between patients and controls the non-paired
t-test, and for the two-year follow-up analysis the paired t-test was performed. To assess
the correlation between qualitative and quantitative scoring of the tortuosity severity, and
between the tortuosity and the genetic defect and disease severity, linear regressions were
used. Statistical analyses were performed using GraphPad Prism [179].
Data availability
The data from this study cannot be made publicly available, as no patient approval has
been obtained for sharing coded data. Output of statistical analyses (GraphPad Prism) will
be made available upon reasonable request.
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RESULTS
Demographics
A total of 60 eyes of 33 patients were included in this study. Twenty patients were female
(57%) and the mean (SD; range) age was 35 years (21.0; 7-80). All patients were clinically
affected with a mean (SD; range) muscle weakness of 7.8 points (5.2; 1-15) on the 15-point
FSHD clinical score. Thirty-one patients had FSHD type 1 with a mean (SD; range) number of
D4Z4 repeat units of 4.3 (1.9; 2-8), the other two patients had FSHD type 2 with a SMCHD1
pathogenic variant. The healthy control cohort consisted of 26 eyes of 24 participants (53%
female). The mean (SD; range), age was 46 years, (25; 11-67). All but one FSHD patient
had a normal best corrected visual acuity and normal intraocular pressure. Twenty-seven
patients had problems closing their eyes completely due to weakness of the orbicularis
oculi; forced closure of the eyes was possible in 16 of these patients, while 11 patients
kept an incomplete eyelid closure (lagophtalmus). Eight patients used eye drops (artificial
tears) to treat dry eyes and five patients had topical antibiotic treatment for eye infections
in their medical history.
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Table 1. Demographics. NA = not applicable
FSHD patients
(33 participants,
60 eyes)

Healthy controls
(24 participants,
26 eyes)

% female

57%

53%

Age (y); mean (SD; range)

35 (21; 7-80)

46 (25; 11-67).

FSHD clinical score (0-15); mean (SD; range)

7.8 (5.2; 1-15)

NA

Visual acuity OD/OS

1/1

1/1

Number of D4Z4 units (FSHD1 only); mean (SD; range)

4.23 (1.93; 2-8)

NA

Color fundus photographs
Qualitative assessment of 41 out of 60 (68%) FSHD fundus photographs showed increased
tortuosity in retinal arteries (11 severe and 30 mild tortuosity, figure 1). Tortuous retinal
arteries were not seen in any of the controls and there was no tortuosity of the venous
structures in patients or controls. Qualitative scoring of the fundus photographs revealed
one retinal venous occlusion in one eye of one patient and no other abnormalities such
as micro aneurysms or an abnormal vascular density.

Figure 1. Sample patients with A absent, B mild and C severe tortuosity of the retinal arteries.
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Quantitative assessment also showed that the arterial tortuosity index was higher in the
patient group compared to the control group (1.13 vs. 1.25, p<0.0001, figure 2). The
qualitative scoring correlated with the quantitative scoring (R2 0.55, p<0.0001).
We found a negative correlation between the severity of retinal tortuosity and the residual
D4Z4 repeat array size (R2 0.44, p<0.005,), i.e. patients with the shortest D4Z4 repeat
array lengths (2-3U) had severest tortuosity. We did not detect a correlation between the
severity of retinal tortuosity and the severity of muscle weakness (FSHD clinical score, R2
0.06, p=0.19) nor a correlation between retinal tortuosity and patient age. The regression
analysis of these sub studies is depicted graphically in figure 3.

6
Figure 2. Tortuosity index of patients versus controls showing an increased arterial tortuosity in FSHD patients.

OCT
We found abnormalities in seven out of 33 FSHD patients; focal retinal pigment epithelium
defects were seen in 5 eyes of 4 patients, foveal hypoplasia was present in 6 eyes of 3
patients, and intraretinal fluid accumulation with associated intraretinal hyperreflective
dots was observed in 1 eye (figure 4). In this patient, retinal changes were located in
the outer nuclear layer on the temporal inferior side of the fovea, without showing any
abnormalities on color fundus photography. None of the patients experienced visual
deterioration, and therefore treatment was not indicated. All seven patients with retinal
abnormalities on OCT were severely affected early-onset FSHD patients with a mean FSHD
clinical score of 12.9 (range 11-15) and 3-7 D4Z4 repeat array units (mean 3.4U compared
to 4.2U in the complete group).
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Figure 3. Regression analysis of tortuosity and: (A) genetic severity as measured by the repeat size, (B) disease
severity as measured by the FSHD clinical score, and (C) age at examination.

Figure 4. Types of retinal abnormalities detected on OCT scans of FSHD patients. A Focal retinal pigment
epithelium defect (44-year old male; arrow), B foveal hypoplasia (17-year old female), C exudative abnormalities
(72-year old female, arrow).
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OCTA
In 26 eyes of 28 healthy controls and 62 eyes of 33 FSHD patients OCTA was performed. In
11 eyes (7 patients, 4 controls) image quality was insufficient for analysis, mostly due to
the inability of the very young patients for stable fixation during the exam. Mild vascular
tortuosity of the largest vessels was seen in the superficial capillary plexus (SCP) of 10
FSHD eyes (figure 6). In the 6 FSHD eyes showing foveal hypoplasia on structural OCT, an
exceptionally small foveal avascular zone was observed on OCTA in all three vascular plexus.
One of those patients showed capillary non-perfusion.
Quantitative analysis of the vessel density of the superficial capillary plexus (SCP), the
intermediate capillary plexus (ICP), and the deep capillary plexus (DCP), did not show
significant differences compared to healthy controls (figure 5), independent of whether
the macular area was analyzed as a whole or quadrant wise. Also, vessel tortuosity did not
differ compared to healthy controls (figure 5).

6
Figure 5. Sample OCTA images of an FSHD patient: (A) inner vessel layer; (B) intermediate vessel layer; (C) outer
vessel layer. Note the tortuosity of the largest retinal vessels in the inner layer.

Follow-up assessment
Six patients (aged 6-18 years) had ophthalmological follow-up examination after a twoyear interval. Qualitative examination of the fundus photographs, OCT/A images did not
show any changes over two years (figure 7). Quantitative analysis of the arterial tortuosity
did not show a significant difference in tortuosity index (TI of 1.37 at baseline and 1.34 at
follow-up; mean of differences 0.03, p=0.10).
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Figure 6. Comparison of the macular vessel density (A) and vessel tortuosity (B) between FSHD patients and healthy
controls. None of the layers showed a significantly different density or tortuosity (unpaired t-tests: 1.21 vs. 1.20
p=0.25 for inner vessel layer, 1.26 vs. 1.26 p=0.87 for intermediate vessel layer, 1.43 vs. 1.42 p=0.68 for outer
vessel layer). The variation of vessel tortuosity was broader in FHSD patients in the DCP layer. Abbreviations: SCP,
superficial capillary plexus; ICP, intermediate capillary plexus; DCP, deep capillary plexus (DCP).

Figure 7. A male patient at A baseline (age 11 years) and B after two-year follow-up (age 13 years). Arterial
tortuosity is seen which is unchanged after a two-year follow-up period.

DISCUSSION
In this study we refined the ophthalmological phenotype of FSHD type 1 and 2 by applying
modern ophthalmological imaging methods. Our main findings were: (I) posterior pole
retinal abnormalities were frequent but almost always subclinical in patients with FSHD,
(II) foveal abnormalities were present in 7/33 patients, (III) retinal tortuosity is restricted
to the retinal arterioles and inversely correlated with residual D4Z4 repeat array size, and
(IV) retinal abnormalities appeared stable over a 2-year period.
The prevalence of retinal abnormalities in our study was high and in concordance with
historical prevalence estimations (49-75% [51, 52]). None of the retinal changes in our
current study caused patient complaints or vision loss. Retinal arteriole tortuosity was seen
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in the majority of fundus photographs, and foveal abnormalities such as retinal pigment
epithelium alterations, foveal hypoplasia and exudative abnormalities, were seen with
OCT in a minority of patients. Thus, the new imaging modalities provided a more detailed
insight in the structural and functional retina alterations and refined the ophthalmological
phenotype of FSHD.
With OCT-A, we observed tortuosity only in the large arterioles of the retinal posterior
pole, while the venous and capillary vascular structures remained unchanged. This
is in contrast with other diseases causing tortuosity such as genuine Coats disease or
diabetic retinopathy which primarily affect the capillary system [190]. In contrast to retinal
arterioles, the capillaries do not contain smooth muscle in the vessel wall. It is possible,
therefore, that the tortuosity in FSHD may be related to a defect of the muscular vessel
wall, consistent with the earlier observation of transcriptional deregulation of genes
expressed in endothelial or smooth muscle cells [192].
In our current study we found a correlation between the severity of tortuosity and the
residual D4Z4 repeat array size. This finding might well provide clinical evidence for
the suspected genetic linkage between the retina and FSHD [192]. In FSHD epigenetic
dysregulation of D4Z4 leads to disease pathology, and various FSHD-related pathways,
like the Wnt-Norrin-PAX6 [53, 193, 194] and PGC1α/ERRα [195] pathways are linked with
(retinal) vascular functions [53, 192, 196]. We further hypothesize involvement of the
CXCR4-SDF1 axis [197, 198] which has a role in endothelial tip cell morphology and vascular
branching [199]. The CXCR4-SDF1 axis is controlled by DUX4, which is located in the D4Z4
repeat array and becomes epigenetically dysregulated in FSHD [66], and defective CXCR4
signaling might result in retinal tortuosity. Further evidence for the developmental origin
of retinal tortuosity in FSHD is that severe tortuosity is seen at an early age, and the
association with the D4Z4 repeat array size, which has recently been shown for facial
weakness as well [200].
It is of interest, that retinal vascular developmental disorders have been shown to hinder
the normal maturation of the fovea centralis of the retina [201-203], leading to foveal
hypoplasia. If no foveal avascular zoned is observed, foveal function and thus visual acuity
may be reduced [204]. However, in our patients, foveal hypoplasia was associated with a
FAZ, albeit reduced, which may prevent foveal dysfunction [204]. According to our study
results, foveal hypoplasia with preserved visual function may thus be a ocular property of
FSHD in patients with abnormalities of large retinal vessels. Intraretinal fluid may also be
a consequence of abnormal retinal vessel formation in FSHD.
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Non-invasive retinal imaging is emerging as biomarker strategy in neurodegenerative
diseases. In Alzheimer’s disease a decreased vessel density and in multiple sclerosis
decreased retinal blood flow is seen [205]. In FSHD, we did not observe changes of retinal
tortuosity over time or a correlation with the severity of muscle weakness in asymptomatic
patients. Therefore, our findings provide no further support for retinal tortuosity as a general
biomarker for progression in FSHD, which is in contrast to earlier work [54]. In contrast,
symptomatic patients with Coats like syndrome or posterior pole abnormalities may progress
over time.
A limitation of this study is the absence of detailed images of the retinal periphery
and fluorescence angiography. Therefore, the presence of these abnormalities cannot
be excluded as they are most frequently located in the retinal periphery in FSHD [51].
It is important to mention that in our cohort, we neither found symptomatic patients
nor observed advanced stages of retinal disease such as microaneurysms, edema, and
exudates in the central part of the retina.
Providing adequate clinical management of retinal complications in FSHD is challenging. It
is unclear which patients require monitoring and with which techniques. On the one hand
Coats like syndrome tends to affect FSHD patients with the shortest D4Z4 repeat array size
[33], on the other hand FSHD patients with longer repeat lengths can certainly present
with vision loss even before muscular symptoms [182, 184]. Severe retinal tortuosity
was seen from an early age and screening should be commenced preferably soon after
diagnosis, with continued yearly screening only if indicated. Today no predictive factors
for the development of Coats like syndrome in FSHD are known. We therefore would
recommend future studies to focus on the natural history of retinal abnormalities with
longitudinal ultrawidefield OCTA imaging, to investigate the retinal periphery, to improve
detection of patients at risk of vision loss.
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ABSTRACT
Objective
With drug trials starting soon, responsive, relevant, and patient-friendly biomarkers are
highly needed in facioscapulohumeral dystrophy (FSHD). Our objective was to assess
muscle ultrasound as an imaging biomarker in patients with FSHD.
Methods
One-year observational, longitudinal study of both quantitative and qualitative muscle
ultrasound changes in FSHD.
Results
Twenty-two patients with symptomatic FSHD1 underwent a clinical examination and
muscle ultrasound, at baseline and after one-year follow-up. The qualitative MUS sum score
increased from 18.59 to 20.32 (p=0.005), the quantitative MUS sum z-scores increased
from 19.96 to 24.72 (p=0.003). The clinical scores did not change over one year. Muscle
echogenicity correlated with the FSHD clinical score at baseline (r=0.61, p=0.002).
Conclusions
Muscle ultrasound shows a significant increase in echogenicity in FSHD over one year.
Both quantitative and qualitative muscle ultrasound correlate cross-sectionally with clinical
severity in FSHD and identifies structural muscle changes in a clinically stable group of
patients. Muscle ultrasound thus seems a potential responsive biomarker, that could be
standardized between centers. We therefore recommend its use in therapeutic trials.
Classification of Evidence
This study provides Class I evidence that in patents with FSHD1, muscle ultrasound findings
correlate with baseline FSHD clinical scores.
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INTRODUCTION
Facioscapulohumeral dystrophy (FSHD) is one of the most prevalent muscular dystrophies,
causing progressive muscle weakness in a typical, yet individually variable, pattern.
Novel insights in the disease mechanism in FSHD currently enable the dawn of targeted
therapy development [35]. To perform trials of these possible therapies, an ’FSHD clinical
trial toolbox’ is required which contains clinical outcome measures, serum and tissue
biomarkers, and imaging biomarkers [44]. Clinical outcome measures, such as the motor
function measure and the 6-minute walk test, are clinically meaningful but are limited by
inter-observer variability, clinical daily variations, patient cooperation, and a low sensitivity
to change [206-208].
Muscle ultrasound (MUS) is an imaging technique that has similar properties but also
complementary qualities to muscle MRI [81, 209]. MUS, like MRI, non-invasively assesses
structural muscle changes, without the influence of fatigue or cooperation. MUS is a patientfriendly technique, even more than MRI: it is fast, and it can be performed at bedside or in
the consulting room with the patient in a wheelchair if required [55]. Additionally, MUS in
patients with FSHD can detect muscle abnormalities in muscles that still appear normal on
MRI [209] and was shown to be a responsive tool for the follow-up of Duchenne muscular
dystrophy patients [210, 211].
MUS can be analyzed both qualitatively by visual evaluation and quantitatively by measuring
the echogenicity of the muscle. Reported sensitivities are 70% for visual evaluation and
90% for quantitative analysis [212]. The comparability between centers in a multi-center
trial is regarded as a possible limitation of quantitative MUS. We therefore investigated
both qualitative and quantitative MUS and compare both methods. The aim of our study
was to assess the potential value of quantitative and qualitative MUS as a longitudinal
imaging biomarker in patients with FSHD of all ages.

METHODS
Design and patients
This prospective, observational cohort study was performed according to the Standards for
Reporting Diagnostic Accuracy (STARD) criteria. Eligible patients had genetically confirmed
FSHD1. Data were obtained during regular medical care outpatient clinic visits at baseline
and after approximately one year (interval 9-15 months).
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Clinical assessment
The following clinical measures were collected: age, sex, length and weight; manual muscle
testing Medical Research Council scores (MRC) of the muscles that were scanned, and an
MRC-sum score. In addition, we administered the adjusted clinical severity scale (ranging
from 0=no clinical signs to 10=wheelchair bound, [96]) and the FSHD clinical score (based
on weakness in six different regions, ranging from 0=no weakness to 15=severe weakness
in all regions, [98]).
Muscle ultrasound protocol
The MUS scans were performed according to current standards [210], with examination of
the following muscles bilaterally: trapezius (upper portion), biceps brachii, rectus femoris,
rectus abdominis (at the level of the 10th thoracic rib), and tibialis anterior, following strict
measurement protocols with standardized muscle positions and equipment settings [210].
Our choice of muscles was driven by known information on early muscle involvement in
FSHD [110, 121] and by the accessibility of specific muscles for ultrasound examination.
Image and data analysis
For qualitative MUS assessment, images were graded using the four-point Heckmatt scale
[210], by one of the authors (NvA), who was blinded for the clinical status, baseline or
follow-up measurements, and for the quantitative measures. A Heckmatt score of ≥2 was
considered abnormal. Quantitative MUS analysis consisted of echo-intensity (EI) measures
(absolute gray values) in regions of interest of the ultrasound images, as described
previously [210]. In case of a Heckmatt score of ≥3 only the upper third part of the muscle
image was selected. To control for differences in muscle texture that are unrelated to
the muscle disease, the measurements are routinely corrected for weight, age, and sex
and compared to muscle specific reference values from a healthy control population,
and expressed as z-scores (i.e. number of standard deviations above the mean) [210]. An
abnormal EI was defined as a z score of ≥2.
The changes of clinical and ultrasound measures over time were evaluated using paired
t-tests; the relation between MUS and clinical variables was assessed using Spearman’s
ρ correlation coefficients (ρ) for ordinal data. We chose the study size and study duration
based on a typical and realistic therapeutic trial in FSHD. All statistical analyses were
performed using GraphPad Prism (version 5.00 for Windows, GraphPad Software, San
Diego California USA, www.graphpad.com). A p-value of <0.05 was considered statistically
significant. The classification of evidence assigned to the primary research question is
based on the information from the review.
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Data availability
The data from this study cannot be made publicly available, as no patient approval was
obtained for sharing coded data. Aggregated data will be made available upon reasonable
request.
Standard Protocol Approvals, Registrations, and Patient Consents
Approval of the medical ethical board (CMO Arnhem-Nijmegen) was obtained and all
patients gave prior informed consent. Data were handled according to the guidelines for
Good Clinical Practice.

RESULTS
Demographics
Twenty-five patients were asked for participation; 22 patients participated, in three
patients a clinical visit after one year was not deemed necessary and therefore could
not be re-evaluated. The 22 patients (12 males) with a mean age of 38 years (range 8-67
years) and a mean number of 5.2 D4Z4 repeat arrays (range 2-8, SD 1.8) received two
ultrasound measurements with a mean follow-up interval of 13 months (range 9-17). The
manual muscle testing, adjusted clinical severity score and FSHD clinical score did not
change over time (table e-1). Overall, 21/22 patients had an abnormal quantitative and
qualitative MUS, independent of disease duration or clinical disease severity (see figure
e-1A and figure e-1B). The only patient with completely normal MUS was an 8-year old
girl with facial weakness only.
Qualitative MUS
The Heckmatt scores were abnormal in the tibialis anterior, the rectus abdominis, and the
trapezius muscles in 16/22 patients and in the rectus femoris in 15/22 patients (see figure
e-1A). The mean Heckmatt score per muscle was 1.92 (SD 0.49). The Heckmatt sum score
increased significantly over time (figure e-2). In the individual muscles, the rectus femoris,
rectus abdominis, and the trapezius muscles showed a significant change in Heckmatt
grade (table e-2 and figure e-1C). A misleading improvement in a severely affected muscles
was seen in 11/220 muscles and in 7/220 muscles a technical error was observed (see
figure e-1C and figure e-1D).
Quantitative MUS
The EI was abnormal in the trapezius muscle of 18/22 patients, and in the rectus femoris of
15/22 patients. The rectus femoris, rectus abdominis, trapezius and the sum scores of both
the absolute EI as well as the z-scores increased significantly over time (see table e-2 and
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figure e-1D). The biceps brachii and tibialis anterior muscles did not change significantly
over time. On a single-patient level, the rectus abdominis muscle changed in 14, the
trapezius in 13, and the rectus femoris in 12 out of 22 patients (figure e-1C and e-1D).

TAR
TAL
BBR
BBL
RAR
RAL
RFR
RFL
TRR
TRL

2

2

2

Quantitative severity at baseline
2 2 2
TAR
TAL
BBR
BBL
RAR
RAL
RFR
RFL
TRR
TRL
Qualitative change over 1 year
2 2
TAR
TAL
BBR
BBL
RAR
RAL
RFR
RFL
TRR
TRL

2

Quantitative change over 1 year
2 2 2
TAR
#
TAL
#
BBR
BBL
RAR
RAL
RFR
RFL
TRR
TRL

3

3

3

3

3

3

3

4

5

5

6

6

6

7

7

8

8

13

15

3

3

3

3

3

3

3

4

5

5

6

6

6

7

7

8

8

13

15

3

3

3

3

3

3

3

4

5

5

6

6

6

7

7

8

8

13

*

15

*

*

3

3

3

3

#
*
#

#

3

3

3

4

5

5

6

6

#

6

7
*

7

8

8
*

13

15

*
*

#

*

*

*

Figure 1.
Figure 1. Heatmaps
of muscle ultrasound abnormalities in FSHD patients. Subjects are arranged (left to right) from
Heatmaps showing the severity of muscle ultrasound abnormalities in individual FSHD patients. Subjects are arranged (left to
right)FSHD
from lowest
to highestscore
FSHD with
evaluation
scorescores
with higher
scores reflecting
more severe
disease.
Qualitative MUS
lowest to highest
evaluation
higher
reflecting
a moreasevere
disease.
A AQualitative
MUS
severity at baseline with Heckmatt score ranging from 1 (white) to 4 (dark red). B Quantitative MUS at baseline with # of zand B Quantitative
MUS at
baseline.
C to
Qualitative
and D Quantitative
MUS
change
thechange
courseinof
1 year.
scores ranging
from
<2 (white)
>6 (dark red).MUS
C Qualitative
MUS change over
the course
of 1over
year with
Heckmatt

score ranging from -1 (green), no change (white) to +1 (red). D Quantitative MUS change over the course of 1 year with change

Abbreviations:
TA = tibialis
anterior;
R =toright;
L red).
= left;
BB = biceps
brachii;canRA
rectus
abdominis;
= rectus
in z-score
ranging from
-1 (green)
>3 (dark
Asymmetrical
involvement
be =
seen
with both
techniques.RF
Abbreviations:
= tibialis anterior;
R = right; L = left;
= biceps brachii;
RA = rectus
RF = rectus
TR =error.
trapezius;
femoris; TR =TA
trapezius;
EI=echogenicity.
*=BBMisleading
decrease
inabdominis;
echogenicity,
# = femoris;
Technical
EI=echogenicity. *= Misleading decrease in echogenicity, # = Technical error.

138

Muscle ultrasound is a responsive biomarker in FSHD

Comparison qualitative and quantitative MUS
The qualitative scoring correlated with the quantitative scoring (Spearman r=0.79, p<0.001).
In 89 of the 218 muscles the z-score increased >0.5 while in 30 of the 218 muscles the
Heckmatt score increased with 1 point. A total of 15/220 muscles showed a decreased
echogenicity/Heckmatt score over time after filtering out technical errors, with 8 of these
muscles improving more than 10% of the baseline value (see figure e-1C and e-1D). Three
patients had started muscle training and reported improved muscle function and general
fitness at follow-up. With both qualitative and quantitative analysis, baseline measures
did not predict change over time, except for very severely affected muscles which did not
progress over time (i.e. a Heckmatt grade 4 muscle cannot - by definition - become worse
on that scale).
Table 1. Mean MUS values at baseline and follow-up in individual muscles measured bilaterally and all 10
muscles combined.

83.39

83.99

0.63

1.22

1.09

0.210

72.13

75.69

0.12

0.65

1.27

0.06

Rectus femoris

1.84

2.25

<0.001

87.48

94.97

0.001

2.94

3.81

0.005

Rectus abdominis

1.77

1.96

0.019

88.78

92.53

0.04

1.06

1.47

0.03

Trapezius

2.11

2.32

0.048

96.36

101.3

0.014

4.11

4.71

0.02

Sum muscles

18.59

20.32

0.005

827.1

894.6

0.0029

19.96

24.72

0.003

p-value

Follow-up

0.785

1.64

Baseline

2.00

1.55

p-value

Follow-up

2.03

Biceps brachii

Baseline

Baseline

C. Z-scores (quantitative)

p-value

B Absolute echogenicity
(quantitative)

Tibialis anterior

Muscle

Follow-up

A Heckmatt score
(qualitative)

0.34

P-values of paired t-tests between baseline and follow-up with statistically significant changes over time marked
in orange. (A) Qualitative scoring with Heckmatt scores ranging from 1 (normal) to 4 (high echogenicity with
complete loss of bone reflection). (B) Quantitative scoring using the absolute grey value of echogenicity. (C)
Quantitative scoring using the number of standard deviations above the healthy control population (z-scores).

Correlation clinical severity – quantitative MUS
The FSHD clinical score demonstrated positive correlations with the baseline mean EI
z-scores (Spearman r=0.61, p=0.002) and the mean Heckmatt scores (Spearman r= 0.81,
p-value<0.001) at baseline.
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Figure 2. Distribution of the measured muscles at baseline and at follow-up. A Qualitative analysis using
Heckmatt scores and B Quantitative analysis using z-scores.

DISCUSSION
This study shows that both qualitative and quantitative MUS assessments correlate with
clinical severity in FSHD1 at baseline, and identify structural muscle changes over time in
a clinically stable cohort. MUS thus appears to be a responsive biomarker for patients with
FSHD1 even over the course of one year and in early disease stages, which is particularly
important for early-phase clinical trials.
The clinical scores remained unchanged in our 1-year follow-up study, which is generally
consistent with earlier work on FSHD finding no clinical change [206, 207] or only in large
patients groups [208, 213]. This reflects the need for more responsive outcome measures
in FSHD. As longitudinal MUS findings represent the structural changes in muscle, and
MUS correlates cross-sectionally with clinical scores, the technique seems an intuitive
biomarker, that also can cover a broad range of muscles from limbs to axial and facial
muscles [82]. The high number of abnormal muscles on MUS at baseline and early in
the disease found in this study also makes MUS a potentially useful screening method
for inclusion of patients in a trial. Further research, with more sensitive clinical outcome
measures such as patient reported outcome measures or endurance tests, or with an
extended follow-up time, is needed to define a clinically meaningful change in MUS scores.
In this study we used both qualitative and quantitative analysis of the MUS images. For
qualitative analysis no ultrasound equipment-specific reference values are needed, which
makes it easily applicable across multiple centers. However, qualitative MUS requires
an experienced observer for interpretation, a role that in a trial setting may need to be
centralized. Advantages of quantitative analysis include the possibility to compare results
with a control population, no need for an experienced observer, and a larger sensitivity
to change. However, an obstacle to the use of quantitative MUS as an outcome measures
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across different centers at this point is the need for equipment-specific reference values
that need to be collected for each different center and equipment setup. Additionally, a
potential limitation of quantitative MUS in more advanced disease stages is the possibility
of a falsely “normal” EI value in end-stage muscles due to complete fatty degeneration
[209]. Currently, we would therefore recommend the use of qualitative MUS in a trial
setting in FSHD.
Unexpectedly, muscle EI of some muscles decreased in some patients during the 1-year
follow-up. After filtering out technical errors, we hypothesize that this either could be
muscle edema or an actual improvement in muscle structure over time. It is unclear what
the range of change over time in healthy muscles is, although one 4-year follow-up study
in healthy children described individual fluctuations in echogenicity of around of 10% of
the grayvalue [214]. A reason for improvement of muscle structure can be training, which
has been shown on MRI [215]. Feedback on technical errors, which occurred in three
percent of the muscles, was send to the sonographer to improve future measurements.
The muscles which appeared most responsive to change over time were the rectus femoris,
trapezius, and rectus abdominis. This matches earlier longitudinal MRI studies of the leg
and [206, 213, 216], paraspinal muscles [213]. The tibialis anterior, on the other hand, did
not show deterioration over time. If an imaging biomarker is needed that can be performed
fast we would recommend a single muscle protocol which can be performed in less than 5
minutes, for example of the rectus femoris muscle, which showed the largest change over
time. The severity of the baseline MUS abnormalities did not predict change in muscle
structure or MUS responsiveness over time, so baseline findings cannot be used to select
the most likely responsive muscles over time for an individualized protocol. As FSHD is an
asymmetrical myopathy and we found asymmetrical values, as can be appreciated in figure
e-1, we would recommend bilateral measures. If time allows it, a more encompassing set
of MUS measurements is recommend which decreases the variability and thereby the
sample size requirements. A set of five muscles with use of a summated Heckmatt- or
z-score takes about 30 minutes.
Translating our results to trial practice, MUS seems a responsive biomarker in early and
advanced disease stages and can potentially decrease sample sizes compared to clinical
outcomes measures.
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ABSTRACT
A need exists for biomarkers to diagnose, quantify and longitudinally follow
facioscapulohumeral muscular dystrophy (FSHD) and many other neuromuscular disorders.
Furthermore, the pathophysiological mechanisms leading to muscle weakness in most
neuromuscular disorders are not completely understood. Dynamic ultrasound imaging
(B-mode image sequences) in combination with speckle tracking is an easy, applicable and
patient-friendly imaging tool to visualize and quantify muscle deformation. This dynamic
information provides insight in the pathophysiological mechanisms and may help to
distinguish the various stages of diseased muscle in FSHD. In this proof-of-principle study,
we applied a speckle tracking technique to 2-D ultrasound image sequences to quantify the
deformation of the tibialis anterior muscle in patients with FSHD and in healthy controls.
The resulting deformation patterns were compared with muscle ultrasound echo intensity
analysis (a measure of fat infiltration and dystrophy) and clinical outcome measures. Of the
four FSHD patients, two patients had severe peroneal weakness and two patients had mild
peroneal weakness on clinical examination. We found a markedly varied muscle deformation
pattern between these groups: patients with severe peroneal weakness showed a different
motion pattern of the tibialis anterior, with overall less displacement of the central tendon
region, while healthy patients showed a non-uniform displacement pattern, with the
central aponeurosis showing the largest displacement. Hence, dynamic muscle ultrasound
of the tibialis anterior muscle in patients with FSHD revealed a distinctively different tissue
deformation pattern among persons with and without tibialis anterior weakness. These
findings could clarify the understanding of the pathophysiology of muscle weakness in
FSHD patients. In addition, the change in muscle deformation shows good correlation
with clinical measures and quantitative muscle ultrasound measurements. In conclusion,
dynamic ultrasound in combination with speckle tracking allows the study of the effects
of muscle pathology in relation to strength, force transmission and movement generation.
Although further research is required, this technique can develop into a biomarker to
quantify muscle disease severity.
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INTRODUCTION
In many neuromuscular diseases there is a need for biomarkers to characterise the
severity and pattern of muscle involvement. With advances in the quality and availability
of radiologic technologies, the role of muscle imaging is growing in the evaluation of
patients with suspected neuromuscular disorders [217]. Skeletal muscle imaging is used
as a diagnostic tool to screen and identify the presence and pattern of pathology, and
can be used to guide muscle biopsies. Ultrasound (US) has well recognized advantages of
being a cheap, non-ionizing, point of care imaging modality with proven clinical validity in
detecting neuromuscular disorders [112, 217-220](Simon et al., 2016, Arts et al., 2012).
Previous studies have shown that static ultrasound images can be of value in the diagnosis
of neuromuscular disorders by enabling muscle thickness assessment, quantify muscle
atrophy (or hypertrophy) and also quantify muscle morphology changes [55, 81, 112, 221,
222]. Neuromuscular disorders can lead to an increase in muscle echo intensity, i.e. a muscle
becomes whiter in appearance. An increase in fat and fibrous tissues is responsible for the
high echo intensity appearance of muscles, as they increase the number of reflections
within the muscle and therefore the mean grey value (echogenicity) of the muscle in the
ultrasound image [223, 224].
Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common forms of
hereditary myopathy in adults [67, 225]. It derives its name from the muscle groups that
are mainly affected at the initial stage of the disease: facial and shoulder girdle muscles.
The disease is characterized by asymmetric loss of force and atrophy of muscular tissue
starting in the face and shoulder region, with early involvement of the tibialis anterior in
many patients [226, 227].
Although we can monitor the progress of neuromuscular diseases using imaging
techniques, the pathophysiological mechanisms that lead to muscle weakness in different
muscle disorders, such as FSHD, are not completely understood. With disease progression,
healthy muscle tissue will increasingly be replaced by fat and fibrosis. This process can
be quite asymmetric and variable along the length of the muscle in FSHD [48]. Since fat
and fibrosis do not have electrically-activated contractile properties, these tissues will not
contribute to force production during muscle contractions. However, this may not be the
only reason that force production changes during disease progression. On the one hand,
the progression of muscle tissue replacement not just decreases the amount of muscle
tissue available for contraction, but also very likely decreases force transduction over the
dystrophic segments to the tendons. On the other hand, even individual FSHD muscle
fibres have decreased contractile properties [228].
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Quantification of tissue deformation during contraction will be of interest in fundamental
and clinical questions with respect to changes in functional behaviour of muscles at different
stages of the dystrophic process in FSHD. Measuring local skeletal muscle deformation in
vivo might provide new insights how pathological muscle tissue contracts and transmits
force, which leads to a better understanding of weakness in muscle disease, and might
provide a functional outcome measure to study disease evolution.
Therefore, in this explorative study, we examined muscle tissue deformation during in
vivo contractions of the tibialis anterior muscle in patients with different clinical stages
of FSHD and healthy controls, by using dynamic 2Dultrasound imaging combined with
speckle tracking.

MATERIALS AND METHODS
Subjects
This observational study was conducted at the Radboud University Medical Center,
Nijmegen, The Netherlands. Four patients with a DNA-confirmed diagnosis of FSHD who
regularly visited the out-patient clinic and four healthy controls were included. Data were
obtained between August 2016 and December 2016. All subjects gave their informed
consent according to the approval from our institutional review board. The study was in
accordance with the World Medical Association Declaration of Helsinki on Ethical Principles
for Medical Research Involving Human Subjects.
Clinical assessment
The following clinical measures were collected: age, sex, length, weight and manual
muscle testing scores of the tibialis anterior muscle using the Medical Research Council
(MRC) grading system [95]. The age-adjusted clinical severity scale [96, 97] and the FSHD
evaluation score [98] were assessed. Both scales have demonstrated a good inter- and
intra-reliability in adults. In addition, the ‘walking on heels’ test of the Motor Function
Measure [229] was used as a specific functional measure for tibialis anterior muscle
strength. The tibialis anterior muscle was chosen for its good accessibility to ultrasound
imaging, and because studies have shown that this muscle is one of the most early and
severely involved muscles in the lower extremities in FSHD [48, 226, 230].
Ultrasound data acquisition
All ultrasound examinations were performed on an Esaote MyLab Twice ultrasound system
(Esaote, Genoa- Italy), using a 3-13 MHz broadband linear transducer (LA533) with an axial
and lateral image resolution of 0.3 mm and 0.9 mm, respectively. Patients were examined
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in a supine, relaxed position. Ultrasound data were acquired at the muscle belly of the
tibialis anterior with a standardized transducer location at one-third of the distance on the
line from interior aspect of the patella to the lateral malleolus [111]. The tibialis anterior
muscle was identified on the US image and a region of interest (ROI) was drawn manually
in the ultrasound images by two different experienced clinicians (NvA and SL). Ultrasound
image sequences were acquired from both legs with the ultrasound transducer placed
longitudinally, creating a sagittal plane representation of the muscle (figure 1, right panel).
In this plane the (dominant) translational motion of the muscle was visualized. Subjects
were instructed to contract their foot dorsiflexors maximally for 3 seconds while their foot
was constrained by a dynamometer (CITEC, CIT Technics, Haren – The Netherlands) that
recorded the maximum exerted force during contraction. During the contraction of the
muscle, ultrasound data were acquired in DICOM format at a frame-rate of 25 Hz.
Speckle tracking of dynamic muscle ultrasound
Tissue displacement was computed retrospectively using a customized Matlab (MathWorks
Inc., Natick, MA, USA) based 2D displacement estimation and tracking algorithm, which was
developed and validated on simulated, phantom and in vivo data[231-233]. This algorithm
estimates the displacement between two consecutive frames by cross-correlating 2D
segments of ultrasound data. A grid of nodes (spaced apart 0.5 mm in axial and 1 mm in
lateral direction) was positioned within the ROI, at every node displacement estimations
were calculated. A kernel of ultrasound data (5.2 x 2.9 mm) centred on the nodes was
cross-correlated with a larger search kernel (14.6 x 5.7 mm) within the consecutive frame.
For sub-pixel displacement estimation the cross correlation peak was detected using
spline fitting of the cross correlation function. Inter-frame axial and lateral displacement
estimations were filtered with a median filter of 5 x 5 mm to remove outliers.
Accumulated displacement estimates over the entire contraction were computed from the
inter-frame displacements using bilinear interpolation [232]. The longitudinal displacement
maps of the muscles at their maximum contraction were visualised on top of the B-mode
images, and muscle motion was expressed as the average longitudinal displacement within
the ROI. Additionally, the longitudinal displacement maps of all subjects were compared
at time points where the averaged longitudinal displacement matched. This allows to
compare the deformation pattern at the same level of muscle motion.
Displacement profiles were computed by averaging the longitudinal displacements across
the thickness of the muscle and normalised to their maximum measured displacement to
allow comparison between subjects. The displacement profiles were expressed as quiver
plots.
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Quantitative analysis of static ultrasound images
For quantitative muscle greyscale analysis, or ‘echogenicity’ measurement, 3 images
were obtained of tibialis anterior muscles of the left and right leg in the transverse plane
(Figure 1, left panel), using a standardized scanning protocol with a fixed pre-set and
image parameters, as previously described [111]. Echogenicity was determined offline
by averaging the mean grey value (on a scale from 0-255) of the 3 measurements from
the ROI. Muscle echogenicity was then compared to tibialis anterior specific echogenicity
reference values [234], which are corrected for sex, age, height and weight, and results
were expressed as a z-score (i.e., the number of standard deviations from the mean
[235]). A z-score of >2 (i.e. a grey value larger than the p95 value for the population) was
considered abnormal.

Figure 1. Transducer positions for measuring the tibialis anterior and example ultrasound images.
Muscle atrophy was determined using grey scale analysis (echogenicity) of static ultrasound data in the
transverse plane (left panel). Dynamic ultrasound data was acquired during an isometric contraction in
the sagittal plane (right panel).
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RESULTS
Table 1 summarizes the clinical data of the patients and healthy controls. Four patients
with genetically confirmed FSHD were included with clinical FSHD scores ranging between
2 and 12. Two patients (Pat3, Pat4) had peroneal weakness (MRC ≤ 3) and two patients
only had mildly peroneal weakness on clinical examination.
Table 1. Clinical data of patients and healthy controls

HC1

age

Sex

MRC score
[left, right]

FSHD score

24

Male

-

-

HC2

32

Male

-

-

HC3

47

Female

-

-

HC4

27

female

-

-

Pat1

31

female

[5,5]

2

Pat2

24

Male

[4,4]

3

Pat3

50

Male

[3,3]

8

Pat4

37

male

[2,3]

12

Abbreviations: FSHD= facioscapulohumeral dystrophy. HC#= healthy control number. MRC=medical research
council. Pat#=patient number.

The longitudinal tissue displacement of the tibialis anterior of all healthy subjects at
maximum contraction is visualized in Figure 2. For all healthy subjects a non-uniform
deformation pattern was observed across the thickness of the muscle, with the middle
region at the central aponeurosis consistently exhibiting larger displacements than the
superficial and deep outer layers of the muscle. The normalized displacement profiles
show a parabolic shape with steep flanks. The average longitudinal tissue displacement
within the ROI of all healthy subjects was -9.7 ± 1.8 mm.
Patients with only mild tibialis anterior weakness (Pat1 and Pat2) showed similar
deformation patterns as healthy subjects (Figure 3), but the average tissue displacement
was slightly lower than healthy controls (-6.5 ± 2.5 mm).
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Figure 2. Muscle motion of four healthy controls at their maximum voluntary contraction. The
displacement maps depict the longitudinal (horizontal) motion [mm] of the muscle in the sagittal
ultrasound plane. The arrows represent the averaged normalised muscle motion (displacement profile)
across the thickness of the muscle; the mid region at the central aponeurosis shows the largest motion.
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Figure 3. Muscle motion of patient #1-2 with mild peroneal weakness. Although the average displacement
is slightly lower than healthy controls, the displacement patterns are similar; the mid region at the central
aponeurosis shows the largest motion.

Figure 4. Muscle motion of patient #3 with severe peroneal weakness. The displacement patterns are
more homogenous across the thickness of the muscle. The superficial and deeper regions are exhibiting
almost equal displacement as the mid region.

Two patients (Pat3 and Pat4) showed severe tibialis anterior weakness at clinical
examination. Dynamic ultrasound data revealed that the muscle tissue displacement of
these patients was lower (-2.1 ± 1.0 mm) and deformed in a completely different manner.
In figure 4, the displacement of muscle tissue of patient #3 is depicted. The deformation
pattern is almost homogenous across the thickness of the muscle, with the superficial
and deeper regions of the muscle exhibiting similar displacement as the middle region.
Patient #4 was the most severely affected patient of this study. At maximum contraction
we observed a uniform deformation pattern in the superficial/mid region of the muscle,
while the deeper region showed almost no tissue displacement with a tendency in the
opposite direction than the contraction direction (Figure 5).
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Figure 5. Muscle motion of patient #4 with severe peroneal weakness. The superficial and mid region
of the muscle show a homogenous displacement pattern along the depth, but the deeper region shows
almost no motion with a tendency in the opposite direction than the contraction direction.

All muscle deformation patterns were analysed at the point of maximum muscle motion.
Additionally, the difference in the muscle deformation patterns between subjects without
and patients with peroneal weakness was independent of the contraction phase. For equal
muscle tissue displacement (for patients at their plateau, and for healthy subjects early in
the contraction phase) the difference in deformation pattern was already visible (Figure 6).

Figure 6. Muscle displacement maps of a minimally affected patient and a severely affected patient
with peroneal weakness. The selected frames are matched according to their average measured muscle
motion. The motion patterns within the muscles are quite different which indicates that for similar muscle
‘activity’ there is a difference in contraction pattern.
Abbreviations: HC#= healthy control number. Pat#=patient number.

The resulting deformation patterns were compared to muscle echogenicity values,
clinical outcome measures and maximum exerted force and showed good agreement
(table 2). Similar to the averaged measured displacement in the muscles, the peak force
measurements acquired by the dynamometer showed that FSHD patients produced less
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muscle force than the healthy controls (56 ± 45 N versus 162 ± 20 N). Figure 7 shows the
good correlation between measured force and muscle motion, with a linear coefficient
of determination (R2 value) of 0.91. In addition to the detected weakness, ultrasound
echogenicity z-scores were highest for patients with clear tibialis anterior weakness with
z-scores between 2.7 and 4.78 corroborating that these muscles were (severely) affected.
The echogenicity of patients with only mild tibialis anterior weakness were considered
normal, since the z-scores did not exceed levels higher than 2.

Figure 7. Linear regression of peak force [N] and muscle motion [mm]. R2 value = 0.91.

DISCUSSION
The results of this explorative study suggest that the deformation pattern of the tibialis
anterior muscle with abnormal echogenicity is different from that of a healthy or only
mildly affected muscle without clear US abnormalities. Severely affected muscles most
notably show decreased motion of the central tendon aponeurosis of the tibialis anterior,
which strongly suggests a decrease in force transferred to this central tendon and, hence,
a decrease in force output when attempting to flex the ankle. In the most severely affected
patient a part of the muscle even showed a very small paradoxical movement, suggesting
that this part of the muscle did no longer actively take part in the contractile process,
but was rather moved in a passive fashion as result of other still contractile muscle parts.
The observed difference in displacement patterns for equal muscle motion (figure 6)
indicate that the change in deformation is not a result of lower muscle ‘activity’ as seen
in severely affected patients, but suggests a change in functional behaviour and force
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transmission of affected muscles. Matching the muscle activity between subjects is
difficult, since we did not have continuous force measurements. Electronically triggered
contraction (i.e. twitch contraction) would allow to study displacement/strain rate in a
more controlled fashion [233]. This would also eliminate the possibility of co-contraction
effects. Stimulation, however, is not very comfortable and may introduce additional
practical problems.
Despite that voluntary muscle contractions may not be very accurate to determine
the maximum force, the force measurements indicate that muscles of patients with
normal echogenicity and deformation patterns were weaker. This suggest the existence
of a qualitative mechanism of muscle weakness based on a loss of intrinsic contractile
strength. Lassche et al. demonstrated a reduction in sarcomeric force in type II FSHD
muscle fibres [228] which could play a role in the development of muscle weakness.
Unpublished work by our group corroborate that atrophy and fat infiltration by itself
cannot explain the reduced muscle force, as they calculated lower specific muscle
tension from musculoskeletal models which compensated for the loss of functional
muscle tissue. Furthermore, the distal to proximal progression of fat and fibrotic tissue
infiltration not just decreases the amount of muscle tissue available for contraction,
but also very likely decreases force transduction and deformation pattern over the
dystrophic segments to the distal tendon [236]. Subsequent studies that quantify
muscle contraction along the entire length of the muscle are required to reveal local
differences in contraction patterns. A multi-dimensional imaging modality is needed
for a comprehensive mapping of muscle contraction. Besides the limited field-of-view,
2D displacement estimation techniques are also prone to errors as a result of out-ofplane motion that can arise from muscle twist. Although we were unable to capture the
out-of-plane motion, we are confident in the robustness of this method to track motion
within the image plane as the peak normalised cross-correlation values were high and
qualitative inspection did not reveal significant out-of-plane motion. The presented
work in the paper utilizes DICOM data and the accuracy of the displacement estimation
may benefit from the use of raw ultrasound data (RF-data). This increases the axial
(along the ultrasound beam) resolution. Additionally, the estimation of the lateral
displacement can be improved using compounding techniques, as described by Hansen
and co-workers [237]. However, these techniques require dedicated equipment/
sequences which are not typically available on ultrasound machines used in the clinic.
Three-dimensional ultrasound techniques have been applied to study the contraction
of skeletal muscles [221, 231, 238]. However, there is a trade-off between spatial
resolution, field-of-view and temporal resolution in these 3D techniques. Alternatively,
magnetic resonance imaging (MRI) allows to study muscle contraction over the full
length of the muscle [239-244]. While MRI measures can provide detailed information
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about muscle structures, its ability to quantify muscle deformation during natural
activities (e.g. gait) is limited. Ultrasound imaging systems are developing towards
portable systems and allow to study muscle contraction during highly dynamic tasks
[245].
Our findings as presented in this study are based on a small group of healthy controls
and patients, and more extensive studies are needed to confirm these data. Longitudinal
studies that provide insight in the change of muscle functioning as a function of disease
progression may help to understand why muscles in neuromuscular diseases become
weaker. Local assessment of muscle deformation can be of interest in many other
neuromuscular diseases, such as inclusion body myositis. Furthermore, speckle tracking
also provides a tool to extract detailed information of the presence of fasciculations or
fibrillations as seen in motor neuron diseases [246].
In conclusion, this work provides a tool to quantify muscle motion and evidence of
changing functional behaviour of affected muscles in FSHD patients. The quantitative
characterization of muscle contraction provides new insights in the way pathological
muscle tissue deforms and transmits force, which leads to a better understanding of the
underlying phenomena related to weakness in muscle disease.
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EPILOGUE
The starting point of this thesis was to improve current and future care for children with
FSHD. The strength of this thesis lies in the fact that we were able to combine different
research approaches to provide an integrative picture of FSHD starting in childhood. We
have been able to make use of the long-term FSHD research experience at the Radboudumc,
the outstanding genetic laboratory analysis at the LUMC, and the well-organized patient
organisation and clinical care in the Netherlands. We expect that this integrative picture
will improve current and future patient care for FSHD starting in childhood.
Our first aim was to describe the clinical characteristics of children with FSHD in our national
FSHD cohort (Part I). The second aim was to describe the clinical characteristics of earlyonset FSHD (Part II). These two parts intend to improve our knowledge on individuals with
FSHD starting in childhood. In the third part we looked at FSHD from different perspectives
to help unravel the pathophysiology, to improve prognostication, and to support clinical
trials. In this epilogue, results of all three parts are integrated and compared with other
studies in the field to gain a broader perspective. The general discussion is subdivided in
a section on the phenotype of FSHD starting in childhood, a second section on the care
for patients growing up with FSHD, and a third section on the future possibilities and
challenges in FSHD research.

GENERAL DISCUSSION OF THIS THESIS
I Defining and refining the phenotype of FSHD in childhood
When we started our research in 2015, FSHD was deemed a very rare disorder in children
and received little attention in literature. Promisingly, the studies in this thesis have
contributed to the recognition, counselling and management of children with FSHD and
their families. We showed that the prevalence is 1 per 100.000 children (lower-bound
estimate), which is more than three times higher than the previously reported 0.29 per
100.000 [115]. In comparison, the prevalence of Duchenne muscular dystrophy is 4.8 per
100.000 males [247] and of spinal muscular atrophy 11.9 per 100.000 [248]. In addition,
we showed that the range of clinical severity is much wider and can mimic congenital
myopathies and congenital myasthenic syndromes. Hence, FSHD is a relatively frequent
muscular dystrophy in childhood and is an important differential diagnosis in a range of
clinical phenotypes.
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In parallel to our research in the previous five years, other centres have also published their
data on both early-onset FSHD and FSHD in childhood [22, 249, 250] leading to increased
attention for FSHD starting in childhood (figure 1). Patient descriptions from multiple
centres are critical for a complete characterization of rare diseases such as childhood
FSHD. For example, in the recent case-series on FSHD in childhood in the United Kingdom,
severe forms of dysphagia and intellectual disability were described [250]. Additionally,
a high prevalence of electrocardiographic changes in patients of Asian origin was found
(chapter 3). Although both these features were represented in our literature review, we
did not encounter them in our cohort of patients. Hence, geographic variations can be
a contributing factor to the variations in clinical phenotype. This diversity underlines
the importance of international collaborations for sufficiently large and diverse patient
groups. A recent good example of such an international collaboration is the Cooperative
International Neuromuscular Research Group (CINRG) which published a study on the
motor function of 52 early-onset FSHD patients from 12 centers in five countries (Australia,
Canada, Sweden, UK, and USA [249]).

Figure 1. Increasing number of publications on FSHD starting in childhood.

Disease severity in early-onset FSHD
Both in our systematic literature review and in our cross-sectional cohort study we
clearly showed that patients with early-onset FSHD have a more severe disease at grouplevel than classic-onset FSHD patients, while we also showed that individual differences
of disease severity are very large (figure 2). This is confirmed by publications from
patients’ groups such as the Italian FSHD registry and the Cooperative International
Neuromuscular Research Group (CINRG) [22, 249]. Most studies are cross-sectional,
but we were able to describe this also longitudinally in our long-term follow-up study
(chapter 4). One patient with a severe genotype (repeat array size of 2 D4Z4 units) and
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a severe phenotype at the age of 13 years (facial, scapulohumeral, pelvic, and proximal
leg weakness), had full walking abilities, a family, and a regular job at the age of 36
years. Besides our encounters with early-onset FSHD patients with a mild phenotype
later in life, more observations are found in our cross-sectional study (chapter 5) and
in literature (chapter 3 and [16, 22]). The consequence of an early disease onset is
therefore not necessarily a severe phenotype and it is difficult to predict prognosis
on an individual level.
The question that arises from these observations is why patients with early-onset FSHD
have a more severe disease, and why some have a relatively mild disease. In our crosssectional cohort study (chapter 5) in which we compared classic-onset and early-onset
FSHD patients, we showed that the difference in disease severity is only partly explained
by age or disease-duration. The second most frequently mentioned risk factor for disease
severity is the D4Z4 repeat array size, as early-onset FSHD patients have a shorter D4Z4
repeat array size (chapter 5, [22]). However, the recent genotype-phenotype study of Mul
et al. reveals that the D4Z4 repeat array size only has a limited influence on disease variance
[200]. Therefore, other factors must be at play. A possible contributor to disease variance
could be underlying genetic and epigenetic patterns besides the size of the D4Z4 repeat
array. The underlying epigenetic profile consists not only of mechanisms involved in DNA
methylation but of all epigenetic mechanisms involved in the D4Z4 chromatin structure
which are only recently beginning to be discovered in FSHD [69, 251, 252]. Examples of
this are the recently described NuRD and CAF-1 complexes in FSHD muscle cells [180]
and histone modification [253, 254]. A second explanation may be that the downstream
effects of a contracted D4Z4 repeat array size are more devastating in some children,
causing the more severe disease later in life. One could speculate that the vulnerability
to DUX4 on the developing muscles and nervous system could be larger during growth
and hormonal changes in puberty. Consistent with this clinical hypothesis are in-vitro
studies showing strong DUX4 upregulation during muscle cell differentiation [255], and
probabilistic establishment of variable (epi)genetic expression during development [256].
It is therefore likely that the interaction between these two mechanisms (genetic factors
causing an early start of symptoms and organism factors such as growth and hormonal
changes, worsening the disease course) accumulate in a more severe disease in patients
with an early onset.
Defining FSHD starting in childhood
Childhood FSHD
In this thesis we proposed the term childhood FSHD for patients aged 0-18 years,
independent of classic- or early-onset. We showed that childhood FSHD harbors both earlyonset and classic-onset FSHD patients (figure 3). We think that the distinction of childhood
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FSHD is particularly useful to gain attention for all children with FSHD, for example to study
age-specific symptoms and quality of life in children. As such, this term has been adopted
in recent work by others [250].

 

  

   

 

Figure 2. We confirmed our hypothesis on the severity spectra of the three FSHD subtypes. On a group-level,
early-onset FSHD patients have a more severe disease, while the variance is large on an individual level.
Childhood FSHD has an intermediate severity and classic-onset a milder severity, with again a large variance
on an individual level.



 















Figure 3. In this thesis we proposed the term childhood FSHD for patients aged 0-18 years. We showed that
childhood FSHD harbors both early-onset and classic-onset FSHD patients. The distinction of childhood FSHD
is particularly useful to clearly separate childhood from early-onset FSHD as we want to study age-specific
symptoms and quality of life in all children. As such, this term has been adopted in recent work by others [250].

Early-onset FSHD
Defining early-onset FSHD as a subgroup of FSHD is also useful for prognostication and
stratification. Although some research is published with patients defined by repeat size
array (for example patients with 1-3 repeat size arrays [22]), we prefer starting from a
clinical point, precisely because the underlying (epi)genetic profiles are highly variable.
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The most widely used criteria for early-onset FSHD are: (I) signs or symptoms of facial
weakness before the age of 5 and (II) signs or symptoms of scapular weakness before the
age of 10 (Brouwer criteria, 1994 [4]).

Figure 4. Age at onset in FSHD patients. A from our iFocus study with peak incidences at 0-1 year and at 12-14
years. B adapted from the British natural history study with permission [250], with peak incidences below 5
years and after 10 years.

In both our studies [257, 258] and the British study on the natural history of FSHD in
childhood [250], a clear bimodal age at onset was found; or patients presented very
young (e.g. < 5 years of age but most at birth or in the first two years), or between 1018 years (figure 4). Furthermore, the very-young-onset group had a more homogenic
disease severity with severe muscle weakness and a high frequency of systemic features.
Identifying these patients as an early-onset subgroup, would make the difference with
classic-onset patients even more striking. Therefore, classifying patients with an onset
before the age of 5 years could be considered if a high specificity for severe disease
is wanted. Additionally, some patients present with non-motor symptoms (mostly
retinopathy or hearing loss) [174, 175], which decreases the sensitivity of the current
criteria. All patients, also those presenting with non-motor symptoms, in literature and in
our studies had facial weakness. Vice-versa, a recent article found a more severe disease
and an earlier onset in patients with facial weakness [259]. Therefore, if one would like
to improve the specificity and sensitivity of the criteria for early-onset FSHD, one could
include non-motor symptoms, and decrease the age at onset. We therefore propose the
following diagnostic criteria for early-onset FSHD:
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Table 1. The currently most widely used criteria by Brouwer et al. 1994 [4] and the proposed changes to
increase diagnostic sensitivity and specificity.
Most used diagnostic criteria[4]

Proposed diagnostic criteria

Signs or symptoms of facial weakness before the
age of 5

Signs or symptoms of facial weakness before the age
of 5 years

AND

AND

signs or symptoms of scapular weakness before the
age of 10

Signs or symptoms of scapulohumeral weakness
or an FSHD typical systemic feature (e.g. Coats’
retinopathy, developmental delay, or high-frequency
hearing loss) before the age of 5 years

Disease severity in childhood FSHD – the whole spectrum
The strategy of using nation-wide extensive multiple-source recruitment for childhood
FSHD resulted in the largest cohort as up to date and minimized selection bias (chapter 1
and 2) which is unique in the literature on FSHD in childhood. This enabled us to describe
the clinical characterization of the whole spectrum, including asymptomatic and mildly
affected patients, which is not possible with other strategies such as case-reports and caseseries [117, 250]. Indeed, we found a broad disease spectrum ranging from a 9-year-old
playing the trumpet to a now 22-year-old student with a service dog, her own apartment
and a wheelchair. To prognosticate the possible future lives of these children we also
investigated adults with early-onset FSHD. One of the interesting findings in this longterm follow-up study (chapter 4) was the high standard of daily living; most patients were
socially active with paid or voluntary work and a regular home situation. Despite severe
muscle weakness, patients were able to participate socioeconomically. The description of
childhood-onset patients with mild phenotypes, and of early-onset patients with a high
standard of daily living, is of utmost importance for patients and their family members and
is equally important for caregivers, geneticists and researchers. This information may help
patients and care-givers by providing possible future scenarios.
II Growing up with FSHD
One of our main goals was to improve the care for children with FSHD. In this part, we will
describe the current knowledge and care standards based on our studies and the literature
and provide a possible outline for a clinical guideline for children with FSHD.
All children with FSHD should be able to live rich, fulfilling lives and it is our task as caregivers to optimally support them in achieving this. We think that multidisciplinary care
and patient-centred care are paramount for this, with extensive interest for not only the
“disease”, but also the “illness”, and “sickness” of FSHD.
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Multidisciplinary care
Duchenne dystrophy, a neuromuscular disorder affecting young boys, provides an excellent
example of how multidisciplinary management significantly improved the life expectancy
(figure 5) and the quality of life [260].

Figure 5. Kaplan Meier survival curve of age at death from the 1961-1974 and 1980-2006 Duchenne muscular
dystrophy birth cohorts. Steroid treatment, mechanical ventilation and multidisciplinary management increased
the life expectancy in DMD. Adapted with permission from van den Bergen et al. [261]. Patients with FSHD
have a normal life expectancy, however we think multidisciplinary and supportive care may cause a beneficial
shift of quality of life in FSHD.

The following medical subspecialties and allied health sciences can be required in the
medical care for children with FSHD: neurology, rehabilitation care, paediatrics, primary
care, orthopaedic surgery, acute medical care, genetics, ophthalmology, cardiology,
otolaryngology, pulmonary disease, psychology, physiotherapy, occupational therapy,
dietetics, speech therapy, social work, and spiritual support. One can easily see the added
value of a combined multidisciplinary outpatient clinic where children and their families
see multiple specialists during one visit. Together, these specialists can provide care for
all aspects of FSHD. This provides benefits not only for the children and families, but also
enables care innovations and clinical research integration [262]. Equally important is the
network of the child closer to home; for example, teachers, sport instructors, and patient
organizations, which can improve the quality of life and provide peer support.
Patient-centred care
The second corner stone in care for FSHD in childhood is patient-centred care. Care
should be tailor-based on every patient’s unique medical, physical and psychosocial
needs. Medical factors include current age and disease severity, age at onset, underlying
genotype, and possibly other disease determinants. Psychosocial factors include emotional
stability, resilience, and the family, social and spiritual context. The (paediatric) neurologist
should be the primary medical advisor to children and their families in defining individual
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goals over time, aligning all caregivers, and helping patients to personalise and manage
supportive care. Care should preferably be given in a patient’s home situation or as nearby
as possible, as it reduces travel time and may reduce costs [263].
In 2015, an evidence-based guideline for FSHD was published [41]. This hallmark
paper addressed a range of topics in FSHD and clear guidelines on how care should be
organized. Furthermore, in 2018, the Dutch patient society (Spierziekten Nederland)
published an evidence-based guideline to improve and standardize the care for FSHD
patients with special focus on pain, fatigue, mobility, and communication [264]. In future
updates of these guidelines, we would advocate a specific chapter on pediatric and
transitional care. Important topics which should be specifically considered in children
with FSHD are: developmental status and hearing during early childhood, monitoring
spinal deformities during adolescence, growth and digestive functioning, pain, fatigue
and psychosocial wellbeing in the developing child. Advice on optimal transitional care
and genetic counseling for parents and prospective parents is paramount. For these
additions to the FSHD guidelines, we can again learn from other neuromuscular diseases
starting in childhood with extensive guidelines focusing on growth and development,
well-being, and transitional care [105, 265-267]. In table 2 we present a possible outline
of this guideline for FSHD in childhood, which currently serves as a local Radboudumc
checklist.
Table 2. Current local care checklist for children with FSHD at the Radboudumc, which may serve as a
possible outline for a clinical guideline on childhood FSHD.
Neuromuscular management
Provide a timely and accurate diagnosis
Lead the multidisciplinary clinic; provide patient and family support and education
Assess function, strength, and mobility

FSHD evaluation score[98]

Assess pain and fatigue

Faces scale pain[86]
NeuroQol fatigue domain[90]

Assess developmental status and refer for neuropsychological testing if indicated
Refer to clinical geneticist for genetic counselling
Recommend aerobic and general conditioning exercise (walking, cycling, or other preferred hobby)
Psychosocial management
Facial weakness support and if needed therapy referral

https://eigengezicht.nl/

Assess educational needs, personal goals
Provide education for school personnel and classmates
Assess psychosocial wellbeing and provide ongoing support

Suggested: qualitative, Kidscreen [100]

Promote age-appropriate independence and social development, prepare for transition into adult medical
care
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Table 2. Continued.
Rehabilitation management
Provide comprehensive assessments of motor functioning and
participation

6-minute walk test [88, 89]
Motor Function Measure[78, 79]
Mobility, endurance, falls, functional
scales, muscle weakness

Provide direct treatment by physical, occupational, and language therapists
Advocate for access, participation, and self-actualisation into adulthood
Respiratory management
Assess respiratory function
Refer to specialised home ventilator centre if indicated

Spirometry with cough pressure [268]
If severe facial weakness: consult
respiratory specialist

Orthopaedic management
Monitor for spinal deformities

Physical therapist and rehabilitation
specialist. Spine x-ray

Consult orthopaedic surgeon if indicated
Gastrointestinal and nutritional management
Assess gastrointestinal and nutritional status
Refer to dietician and speech pathologist if indicated

Longitudinal anthropometrics

Assess chewing and swallowing function

No consensus[269], suggested:
Neuromuscular disease swallowing status
scale [93], Dysphagia questionnaire[80,
94], TOMASS[270].

Hearing management
Consult audiometrist

Tone- and speech audiometry

Ophthalmologic management
Assess visual acuity
Monitor eyelid closure and treat symptomatic dry eyes and infections
Consult ophthalmologist

Fundus photography
Optical coherence tomography
Fluorescence angiography if indicated

Cardiac management
Consult cardiologist

At least an electrocardiogram [87]

Neurological and rehabilitation care
Optimal care for children with FSHD relies on several factors. First, optimal care for
children with FSHD starts with a timely and accurate diagnosis. FSHD is more frequent in
childhood than previously expected (chapter 2) and is therefore an important differential
diagnosis of congenital myopathies and congenital myasthenic syndromes. Furthermore,
FSHD can present with systemic complications such as retinopathy and developmental
delay [174, 175].
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A second important aspect of neuromuscular management is the standardization of
functional assessments of motor functioning and balance, development, and psychosocial
functioning (see table 1). Standardization of assessments can improve detecting changes
over time, early interventions, and clinical research integration.
Thirdly, clinicians should pay attention to all dimensions of FSHD, specifically to the impact
of the illness and sickness of FSHD as described in the introduction; which subjective feeling
states or perceptions of their functioning (e.g. mood, pain, weakness, and fatigue) impair
patients? How is the level of performance with reference to expected social activities? How
the patient experiences the disease on a personal and social level is crucial for the quality
of life. For example, pain and fatigue are both frequent (chapter 2 and [16, 271]), and very
important for the quality of life [24, 25]. Moreover, these are the only therapeutic targets
with an evidenced based treatment; both cognitive behavioural therapy and aerobic
exercise training can ameliorate chronic fatigue in adults with FSHD [73]. Fortunately,
aspects of FSHD such as pain and fatigue are increasingly studied, not in the least through
patient-initiated research [272].
Lastly, neurological care-givers should realize that FSHD can also cause problems in other
organ systems besides the muscles, like many other ‘muscular’ diseases such as myotonic
dystrophy and Duchenne muscular dystrophy. This makes the care for neuromuscular
patients challenging and multidisciplinary collaborations are essential. Important organ
systems and their possible symptoms are listed in table 1. Early-onset patients have an
increased risk of systemic features (chapters 3, 4, and 5) and these patients should be
examined extra carefully and frequently. Notably, with the most severe variants, there may
be an appreciable risk of timely mortality (chapter 3 and [250]). In chapter 6 we clearly
showed the retinal phenotype of FSHD. Although patients have rarely ophthalmologic
symptoms, retinal abnormalities are a frequent and characteristic finding in FSHD. If retinal
symptoms occur, timely and adequate diagnosis and management is paramount to prevent
further vision loss.
Psychosocial wellbeing
In our study we found a decreased quality of life in children with FSHD (chapter 2). FSHD
in childhood has a relatively mild “disease burden” compared to other neuromuscular
disorders such as spinal muscular atrophy (SMA) and Duchenne muscular dystrophy
(DMD); patients have a high motor performance, generally a normal life-expectancy and
rarely systemic complications. However, the “burden of the illness” is higher in children
with FSHD when compared to, for example, children with DMD [125]. What could be the
reason for this? One possible explanation is the presence of a ‘disability paradox’; this is
the discrepancy between the ideal and real states which is indicative of the experienced
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quality of life [273]. It could be that the perception of an ideal state in FSHD may be an
ideal healthy state, while in DMD the ideal state is participation in a wheelchair. And, as
the impairments are invisible in FSHD, not only the children themselves but also peers,
family-members, and care-givers may have this ideal healthy state. Another reason for the
high “burden of the illness” in childhood FSHD could be the effect of facial weakness on
communication and social contacts. This has been extensively shown in other disease with
facial weakness such as Bell’s palsy [274, 275] and other facial disfiguring diseases [276].
Although information on the influence of facial weakness in communication and quality
of life in FSHD would be highly valuable, there is currently no literature on this subject.
One of our aims in research and clinical practice is to improve the quality of life and
wellbeing in children and adults with FSHD. The perception of quality of life can change
over time and can be influenced by various factors such as mood and experienced fatigue,
independently of disease severity [29]. Thus, one possible strategy could be to narrow
the discrepancy between the real state and the ideal state from the earlier mentioned
disability paradox. This can be done by treating the actual disease (real state), or by
resetting expectations (ideal state). Currently, there are no therapies for improving the
real disease state of FSHD, but there are therapeutic psychosocial interventions which may
improve quality of life by resetting the ideal state.
Another strategy to improve the quality of life and wellbeing in FSHD is to focus on the
positive aspects such as personal growth and resilience. ‘Neurology’s favourite word is
deficit, denoting an impairment or incapacity of neurological function’ is an important
observation of neurologist Dr. Oliver Sacks in his book ‘the man who mistook his wife for a
hat’ [277]. The fundamental problem of this ‘defectology’ is the absence of attention for
the positive and compensatory strategies from patients. The psychologist dr. Lev Vygotsky
wrote: ‘The positive uniqueness of the handicapped child is created not by the failure of one
or another function observed in a normal child but by the new formations caused by this
lapse. If a blind or deaf child achieves the same level of development as a normal child, then
the child with a defect achieves this in another way, by another course, by other means.
What horizons will open up to the pedagogue, when he recognizes that a defect is not only
a minus, a deficit, or a weakness but also a plus, a source of strength and that it has some
positive implications![278]’. The scientific field of positive neuropsychology focuses on
these paradoxical enhancements [279], which may lead to novel ways of assisting patients
and ameliorating symptoms in FSHD. To inspire other patients and care-givers with the
strength and resilience of FSHD patients, we asked two of them to share something about
themselves (text boxes 1 and 2).

173

E

Epilogue

De positieve kant van FSHD?
“Als ik over mezelf spreek denk ik dat ik
eerder geniet van de kleine dingen om me
heen en dat ik dieper nadenk over de zin van
het leven. Ik leef energie- en pijn gestuurd
en pas daarop mijn agenda aan. Ik denk
dat ik daardoor bewuster bezig ben met
verantwoordelijkheden.
Doordat ik zorgafhankelijk ben, ontmoet ik
mensen met wie ik een band opbouw en
daar houd ik dus ook vrienden aan over.
Verder maak ik gebruik van maatschappelijke
mogelijkheden die in het voordeel voor je zijn
als je in een rolstoel zit. Zo reken ik bijvoorbeeld
bij de Primark af aan een speciale kassa voor
rolstoelers waardoor ik gelukkig niet in die hele
lange rij hoef te staan. :-D Of neem ik vaak
voorrang die rolstoelers hebben bij bepaalde
activiteiten. De Efteling is hier een mooi
voorbeeld van. Ik neem deze lusten maar van
harte omdat de lasten al zo groot zijn.”

Hoi! Ik ben Angelique (rechts op de foto), 26 jaar en ik
werk bij Odion, een organisatie die met zorg het gewone
leven wil ondersteunen. Bijvoorbeeld met het project de
Roze Loper voor sociale activiteiten voor mensen met een
beperking die daarnaast LHBTI zijn. Ik houd ontzettend van
rolstoelhockeyen, films kijken, concerten/festivals bezoeken,
strand- en boswandelingen te maken. Ik woon in een eigen
gelijkvloerse woning. Op mijn zesde is FSHD vastgesteld, mijn
moeder heeft het ook. Sinds mijn 17e, na een operatie aan
mijn achillespees, ben ik rolstoelafhankelijk.

Text boxes 1 and 2. Experiences of two persons with FSHD in Dutch.

An example of a possible strategy to improve the quality of life in FSHD by using positive
neuropsychology and the disability paradox is the capability approach. As up to date,
we used ‘quality of life’ assessments in our studies, which typically focus on deficits in
functioning. In contrast, ‘wellbeing’ assessments typically focus on positive aspects such
as personal growth and resilience [280]. The capability approach is a way to study human
development and wellbeing by focusing on the actual opportunities of people and what
they value instead of focusing on the restrictions [281]. We therefore started a study using
this capability approach to investigate the values and capabilities of children with FSHD.
In our neuromuscular research group and university medical centre various researchers
investigate strategies to ameliorate the illness to improve the wellbeing and possibly
the disease as well in neuromuscular patients. Examples of this are cognitive behavioral
therapy in FSHD [73] and myotonic dystrophy [282], shared medical appointments [283],
and self-management support [284].
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Childhood to adulthood transition
Children with FSHD have a normal life expectancy and they will need to be prepared to live
as independently as possible. How can care-givers (both family members as well as health
professionals) incorporate this in their care? When adolescents become adults, transitions
will take place in all life components such as housing, transportation, relationships with
others, education and employment, sexuality, and health-care. For example, as most
children with FSHD attend regular schools, options for future employment are abundant.
Thinking about current and physical inabilities is advisable in an early stage of choosing an
education or profession, and physically active professions will often have to be discouraged.
A second example is sexual and reproductive care support. Since the underlying gene
defect in FSHD has only been identified in 1992 [65], the current young adults are the
first generation who can and are forced to consider the risks and possibilities before
conception. Possible options for prospective parents are: no prenatal testing, chorionic
villus sampling testing in the early stage of pregnancy with eventual pregnancy termination,
in-vitro fertilization pre-implantation genetic diagnosis (PGD IVF), or adoption. These are
complicated and difficult decisions, with ethical dilemmas [285, 286] in which professional
support is indispensable. Further research on prenatal care in FSHD is highly needed and
should consist of both improving current prenatal diagnostic and therapeutic techniques
as well as gathering evidence to provide answers to the ethical dilemmas. To optimize
the process of growing into adulthood, more emphasis is needed on transitional care. In
studies on DMD an extensive list of requirements for a successful transition resulted in
achieving better levels of education, more autonomy, and societal inclusion [287]. Further
patient- and researcher combined research is needed to address these questions in FSHD
as well.
III Possibilities and challenges for future research
The aim of this thesis was to improve current and future care for childhood and earlyonset FSHD. Future care is mostly focused on the search for a therapy. Publications on
possible therapy targets in FSHD are exponentially increasing and success stories in other
diseases such as SMA are published [288]. It therefore seems that we are at the dawn of
therapy breakthroughs in FSHD. The most recent research targets include; (I) epigenetic
repression of D4Z4, (II) silencing the DUX4 mRNA, and (III) blocking the DUX4 protein or
its downstream pathways. To epigenetically repress D4Z4, several epigenetic modulators
are found in myogenic cell cultures which are accessible for small molecule therapies
[180, 289]. To silence the DUX4 mRNA, the AAV-vector has been successfully used in FSHD
mouse models [290], and CRISPR-dCAS9 [291, 292] and the DICER-AGO pathway [293]
in myogenic cell cultures. It is important to realize however, that the road to a successful
therapy is long. Of the many challenges which have been encountered to date in FSHD,
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one of the largest is the translation from cell and animal models to humans [294]. The
DUX4 retrogene is only present in primates, and consequently laboratory animal models
who express endogenous DUX4 or naturally occurring features of FSHD, are absent. It is
therefore very difficult to apply results from cell- and animal models on human patients.
This is called the therapeutic gap, and dr. Dubowitz warned for this therapeutic gap as early
as in 2002 with his article on the hype and the hope in Duchenne muscular dystrophy [295].
There is a big difference between mice and men and phrases such as ‘rescuing dystrophic
symptoms’ should not be applied on animal model studies. Because of these ‘successes’,
it has become an important task for physicians to explain fundamental research results
and to manage patient expectations.
Another therapeutic target in FSHD is the perceived burden of the disease. FSHD is more
than impaired muscle function and a large part of the experienced burden consists of
perpetuating factors of fatigue such as pain, sleep disturbance and physical inactivity [12].
The success of this approach is proven in the randomized controlled trial by Voet et al. in
which cognitive behavioural therapy and aerobic exercise training were effective on the
experienced fatigue [73]. Further leads to target the burden of FSHD are optimizing life
balance and increasing resilience for example by peer support groups [296] and improving
transitional care [297].
When a possible therapy would come to trial, it is of utmost importance to be able to
conduct a successful clinical trial. For the execution of such a successful clinical trial
are needed: access to patients, knowledge on the natural history, and research tools to
quantify the intended effect of an intervention. In 2013, the FSHD research field gathered to
discuss the status of clinical trial-readiness in FSHD [45]. It emphasised the need for clinical
research tools such as clinical outcome markers, tissue and imaging biomarkers, specifically
in children and early-onset FSHD [45]. In the next part we will discuss observations from
our studies in this thesis which can help in trial designing.
Regarding the natural history of FSHD starting in childhood, one should realise that not all
children with FSHD have a severe type of FSHD (chapter 3), although this is often suggested
in literature [45]. Secondly, the exact age of onset is important in prognostication, where
early-onset patients have a more severe disease (chapter 5). Specifically, in early-onset
patients, every disease-free year was important, as it was directly correlated with the
FSHD evaluation score. Therefore, if a group of severely affected patients is requested
for a specific clinical trial, selection on the age at onset may be worthwhile (chapters
3-5). Furthermore, one should keep in mind that the natural history is highly variable in
individuals FSHD, also in early-onset FSHD (chapters 3-5), and the natural changes over
time should be considered. Moreover, the disease course differs between patients in a
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natural history study and control patients in a therapeutic trial, regardless of the therapy
[208]. Currently, there is an unmet need for longitudinal studies on childhood and earlyonset FSHD. With the natural history data of our cohort, in which two-year follow-up is just
completed, and hopefully other cohorts as well [249, 250], more clarity on the prognosis
can be offered to patients and researchers.
For clinical outcome measures in children we would recommend using functional exercise
capacity assessments such as the six-minute walk test (chapter 3) and ideally also
assessments targeting the exercise capacity of the upper extremities. Clinical scores on
the other, such as the FSHD clinical score and the clinical severity score, are not responsive
to change over 1 year (chapter 7 and in other longitudinal imaging studies [206, 207]) and
are therefore not advisable. New clinical scores such as the FSHD-com and FSHD-HI have
been developed and are currently tested longitudinally [298, 299].
Regarding imaging biomarkers, we showed that muscle ultrasound is a well-tolerated
biomarker which detected disease progression over the course of 1 year (chapter 7) and
has a range of additional assessments such as dynamic measures of muscle deformation
(chapter 8). The most important qualities of muscle ultrasound are the detection of
abnormal muscle structure early in the disease course and the high responsiveness to
change. In most muscles from children and adults, structural abnormalities on muscle
ultrasound were seen whilst the muscle strength and performance were normal. This is
specifically important for a therapy mechanism early in the disease course. The second
important quality of muscle ultrasound is the high responsiveness to change. The ultrasound
changes over one-year follow-up were highly variable; most patients deteriorated but some
muscles were complete stable or even improved. This is an important issue for further
research, both in patients and healthy controls. The most studied imaging biomarker in
FSHD is MRI but we think muscle ultrasound should be considered as well. Both because
it is easily applicable and it has complementary features in regard to MRI [209]. Another
tissue which is easily available for imaging is the retina. However, we did not find evidence
for retinal tortuosity as a relevant clinical research tool (chapter 6), as its occurrence and
severity were widespread over all ages and remained stable in a subgroup over two years.
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In medical research, and especially in search of research funding, diseases should be
‘fought’, and therapies are always ‘around the corner’. However, as up to date, very few
diseases have been ‘conquered’ or ‘banished’. The neuromuscular treatment successes
such as in Pompe’s disease and SMA have led to a more favorable disease course and not
to a cure, which is the most feasible possibility for FSHD as well. While the focus of therapy
development is on the biological disease level, we should also acknowledge therapeutic
possibilities on the illness and sickness level. Therefore, I would encourage researchers
to investigate how to improve the capability and wellbeing of patients. In this, we can
collaborate with researchers across all specialties, as the capacity to build resilience and
cope adversity would benefit all humans with disease, illness, or sickness. ‘Medicine is
to cure sometimes, to relieve often, and to comfort always’ is a 15th century folk saying
and still holds today. We therefore should teach our future professionals also how to
comfort. A key factor for this is to broaden our horizons, with the help of for example art,
spiritual ancient lessons, and philosophy. We should always strive to improve the wellbeing,
resilience, personal growth, and the plus of the deficit in children and adults with FSHD by
honoring the whole person, their families, and their social context.
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ENGLISH SUMMARY OF THE THESIS
Facioscapulohumeral dystrophy (FSHD) is one of the most frequent heritable muscular
dystrophies and typically affects the facial, scapulohumeral, tibial and axial muscles. It
is primarily perceived as an adult disorder, as most patients present in early adulthood.
However, an estimated 21% of patients present in childhood and information on the clinical
and genetic characteristics of FSHD in childhood remains scarce.
FSHD may cause a decreased mobility, activity impairment, facial weakness, emotional
distress, pain, fatigue, and difficulties in communication. Furthermore, systemic
complications may occur and include: epilepsy, hearing difficulties, retinal abnormalities
(Coats’ syndrome), intellectual disability and cardiac arrhythmias. The FSHD phenotype
encompasses a broad spectrum of severity ranging from non-penetrant mutation carriers
to severely affected patients. Therefore, a subgroup of FSHD is classified as early-onset
FSHD. Early-onset FSHD is defined by (a) facial weakness before the age of five years and
(b) scapulohumeral weakness before the age of 10 years. In literature, early-onset FSHD is
often described as a severe subtype associated with a severe genetic mutation, extensive
muscle weakness, and frequent systemic complications. As up to date, FSHD in childhood
is often perceived as synonymous to early-onset FSHD, although the full spectrum of FSHD
in childhood is probably not known.
FSHD is a hereditary disease caused by complex genetic and epigenetic interactions.
Patients with FSHD1 have a contracted number of D4Z4 repeat arrays on the permissive
A allele on chromosome 4q which causes a stable DUX4 protein production through derepression of the chromatin structure. This DUX4 plays a central role in the pathophysiology,
possibly through cell death induction, myogenesis inhibition, RNA alterations, and immune
suppression. This recent advance in our understanding of the (epi)genetic disease
mechanisms in FSHD has led to possible targeted therapy development. To test potential
therapies, ‘clinical trial-readiness’ is needed. For an efficient clinical trial, the natural history
of the disease must be known, and outcome measures must be validated. In FSHD, there
is an unmet need for both natural history data and meaningful and objective outcome
measures, where outcomes measures aimed at childhood-onset FSHD are specifically
sought after.
Gaps in knowledge on FSHD in children have thus far impeded current clinical management
and future therapy development. Furthermore, data on the prevalence, natural history,
prognostic markers and clinical management of FSHD in childhood are limited. These data
are critical for a better and focused understanding of childhood FSHD, optimal patient care,
and improved clinical trial-readiness.
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In this thesis, we aim to improve the current and future life of children with FSHD growing
into adulthood by refining the clinical spectrum of FSHD starting in childhood.
In Part I we describe the clinical characteristics of childhood FSHD through our national
FSHD cohort. Part II focuses on the clinical characteristics and natural history of adults with
early-onset FSHD with a review of the current literature, a long-term follow-up study, and
a cross-sectional case-control study comparing early-onset FSHD with classic-onset FSHD.
In Part III we aim to increase our knowledge on the pathophysiology, muscle functioning
and biomarkers of FSHD by looking from different perspectives.
Part I
In chapter I, we describe the rationale and methods of the natural history study on FSHD
in childhood. Strengths of this study are that it is a nationwide, single-centre, single
investigator study with thorough, multiple-source recruitment. The results of this study
are presented in chapter II. Thirty-two children were identified, leading to a lower-bound
estimated prevalence of 1:100.000 children in the Netherlands. The study revealed a
heterogeneous phenotype and genotype in childhood. The phenotypic hallmarks of FSHD
in childhood are: facial weakness with normal or only mildly affected motor performance,
decreased functional exercise capacity (six-minute walk test), lumbar hyperlordosis, and
increased echo intensity on muscle ultrasonography. In addition, pain and fatigue were
frequent and patients experienced a lower quality of life compared to healthy peers. In
contrast to the literature on early-onset FSHD, systemic features such as hearing loss,
retinal, and cardiac abnormalities were infrequent and subclinical, and epilepsy and
intellectual disability were absent. Genotypically, patients had a mean D4Z4 repeat array
of 5 units (range 2-9 units) and 14% of the mutations were de novo.
Part II
In chapter 3 we describe the results of a systematic literature search on early-onset FSHD
comprising 227 individual patients. The mean age at reporting was 18.8 years, and 40% of
patients were wheelchair-dependent at that age. Half of the patients had systemic features,
including hearing loss (40%), retinal abnormalities (37%) and developmental delay (8%).
An inverse correlation between repeat size and disease severity like adult-onset FSHD was
found while de novo FSHD1 mutations were more prevalent. Our findings indicate that
early onset FSHD is overall characterised by a more severe muscle phenotype and a higher
prevalence of systemic features compared to classic-onset FSHD, although large variations
occurred. Chapter 4 confirmed these findings, as we saw a more severe phenotype when
compared to classical onset FSHD with wide variation, in 10 early-onset FSHD patients after
22 years of follow-up. Another important finding of this study was the relatively high social
and economic participation despite their physical limitations.
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In chapter 5 we assessed the relation between age at onset and disease severity in FSHD
through a prospective cross-sectional study. Twenty-eight adult FSHD patients with an early
disease onset were matched with two sex-matched FSHD control groups with a classic
onset; the first group was age-matched; and the second group was disease durationmatched. We found that early-onset FSHD patients had more severe muscle weakness
(mean FSHD clinical score of 11 vs. 5 in the age-matched and 9 in the duration-matched
group, p<0.05), and a higher frequency of wheelchair dependency (57%, 0%, and 30%,
respectively, P<0.05). In addition, systemic features were more frequent in early-onset
FSHD; most importantly hearing loss, decreased respiratory function and spinal deformities.
There was no difference in work status. Genetically, the shortest D4Z4 repeat arrays (2-3
units) were exclusively found in the early-onset group and the largest repeats arrays (8-9
units) only in the classic onset groups. De novo mutations were more frequent in earlyonset patients (46% vs. 4%). These results suggest that the progression is faster in earlyonset patients.
Part III
Broadening our horizons, may lead to new insights on FSHD. We therefore looked at the
eyes and muscles of FSHD patients with state-of-the-art techniques. In chapter 6, we aimed
to provide a detailed description of the ophthalmological findings in a well-defined cohort
of 33 FSHD patients. The main findings were that retinal abnormalities were frequent
but almost always subclinical in FSHD patients and retinal tortuosity correlated with the
genetic mutation, providing evidence for genetic linkage between the retina and FSHD.
In chapter 7 results are presented of the longitudinal, observational study investigating
quantitative and qualitative muscle ultrasound as a biomarker in FSHD. Twenty-two
patients with symptomatic FSHD 1 underwent a clinical examination and muscle ultrasound
at baseline and after one-year follow-up. There, we showed that muscle ultrasound can
detect disease progression in FSHD over 1 year, correlates with disease severity and
identifies muscle deterioration earlier than clinical assessments. Thus, we propose muscle
ultrasound as a recommended biomarker in therapeutic trials. In chapter 8, we further
describe the possibilities of muscle ultrasound by investigating dynamic ultrasound imaging
in combination with speckle tracking. We applied a speckle tracking technique to the
tibialis anterior muscle and found a markedly varied deformation pattern between affected
and non-affected tibialis muscle groups. Hence, dynamic muscle ultrasound of the tibialis
anterior muscle in patients with FSHD revealed a distinctively different tissue deformation
pattern among persons with and without tibialis anterior weakness. These findings may
help clarify the understanding of the pathophysiology of muscle weakness in FSHD patients
and has biomarker potential.
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Several results of this thesis may be valuable for current and future care of children with
FSHD and are highlighted in the epilogue. From this thesis it is evident that patients with
early-onset FSHD have a more severe disease than classic-onset FSHD patients at grouplevel, while we also showed that individual differences of disease severity are very large.
Furthermore, the description of childhood-onset patients with mild phenotypes, and
of early-onset patients with a high standard of daily living, is of utmost importance for
patients and their family members and is equally important for caregivers, geneticists and
researchers.
Cornerstones for improving current and future clinical care for children with FSHD are
multi-disciplinary care, transitional care, and patient-centered care, with attention to all
the aspects of the disease with its systemic features, its illness and sickness and its impact
on the lives of the children and their families.
Soon, increasing numbers of clinical trials are expected to investigate potential therapies.
To test the effectiveness of these potential therapies, access to patients, knowledge on the
natural history and research tools to quantify the intended effect of an intervention are
essential. We recommend testing the exercise capacity in children and muscle ultrasound.
While awaiting a cure, care-givers and researchers are encouraged to care for the individual
patients’ needs by improving the wellbeing, resilience, personal growth, and the plus of
the deficit in children and adults with FSHD.
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NEDERLANDSE SAMENVATTING
Inleiding
Facioscapulohumerale dystrofie (FSHD) is een van de meest voorkomende erfelijke
spierziekten en veroorzaakt zwakte van de gezichts-, schouder- romp-, en beenspieren.
FSHD is vooral bekend bij volwassenen maar een aanzienlijk deel krijgt al op de kinderleeftijd
verschijnselen. Over de verschijnselen en de genetische achtergrond van FSHD op de
kinderleeftijd is tot nu toe weinig bekend.
FSHD kan leiden tot een verminderde mobiliteit, een verminderd activiteitenniveau,
gezichtszwakte, psychologische klachten, pijn, vermoeidheid en communicatieproblemen.
Daarnaast kunnen ook klachten buiten de spieren ontstaan zoals epilepsie, slechthorendheid,
slechtziendheid en hartritmestoornissen. Het verschil in ziekte-ernst tussen verschillende
personen is groot. Er zijn personen die de mutatie dragen zonder klachten en er zijn
personen die al op jonge leeftijd rolstoel gebonden zijn. In het verleden is er binnen FSHD
een subclassificatie gemaakt van early-onset patiënten op basis van de volgende criteria:
(a) gezichtszwakte voor de leeftijd van 5 jaar en (b) schouder/bovenarmzwakte voor de
leeftijd van 10 jaar. Deze groep early-onset FSHD-patiënten wordt in de literatuur vaak
beschreven als ernstig aangedaan. Tot op heden worden alle kinderen met FSHD vaak
beschouwd als early-onset FSHD, echter het hele spectrum van FSHD op de kinderleeftijd
is niet bekend.
FSHD is een erfelijke ziekte veroorzaakt door een complex samenspel van genetische
en epigenetische factoren. Kort samengevat hebben patiënten met FSHD1 specifieke
chromatine veranderingen in het DNA op chromosoom 4. Hierdoor wordt het DUX4 eiwit
aangemaakt, dit wordt bij gezonde personen normaal gesproken onderdrukt. Het DUX4
eiwit veroorzaakt schade in de spieren. Deze recente inzichten in het ontstaan van FSHD
hebben geleid tot een aandachtverschuiving naar de ontwikkeling van gerichte potentiële
behandelingen voor FSHD. Om in een wetenschappelijk onderzoek een potentiële
behandeling te testen moet eerst bekend zijn wat het natuurlijk verloop van de ziekte
is en welke betekenisvolle en objectieve maten geschikt zijn om de uitkomst van een
behandeling te meten. Binnen FSHD, en vooral bij kinderen met FSHD, is er onvoldoende
bekend over het natuurlijk beloop en geschikte uitkomstmaten.
Bovenstaande lacunes in de kennis over FSHD op de kinderleeftijd leiden ertoe dat we geen
optimale zorg en behandeling kunnen bieden aan kinderen met FSHD. Dit proefschrift heeft
als doel de huidige en toekomstige zorg voor kinderen met FSHD te verbeteren.
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In deel I beschrijven we de klinische karakteristieken van FSHD op de kinderleeftijd. Deel II
richt zich op de klinische karakteristieken van early-onset FSHD bij volwassenen om meer
over het lange termijn beloop te leren. Deel III heeft als doel om meer te leren over het
ontstaansmechanisme en geschikte uitkomstmaten, dit doen we door vanuit verschillende
perspectieven te kijken.
Deel I
In hoofdstuk 1 beschrijven we het doel en de opzet van de landelijke studie naar FSHD
op de kinderleeftijd in Nederland. Sterke punten van het onderzoek zijn dat het een
nationale studie is, uitgevoerd in 1 centrum door 1 onderzoeker en met zeer actieve
werving. De resultaten worden beschreven in hoofdstuk 2. Tweeëndertig kinderen van
2-18 jaar werden geïdentificeerd, dit leidt tot een minimale prevalentie van 1:100.000
kinderen in Nederland. De studie toonde een breed klinisch en genetisch beeld van
FSHD op de kinderleeftijd. Klinische karakteristieken zijn: gezichtszwakte, normaal
motorisch functioneren, verminderd inspanningsvermogen, hyperlordose van de lumbale
wervelkolom en spierechografie afwijkingen. Daarnaast hadden de kinderen vaak pijn en
vermoeidheid en ervaren ze een mindere kwaliteit van leven dan gezonde leeftijdsgenoten.
Verschijnselen zoals epilepsie, slechtziendheid en hartritmestoornissen werden nauwelijks
gezien. Genetische karakteristieken zijn: een uiteenlopende lengte van het genetisch defect
en 14% had een nieuwe mutatie in de familie.
Deel II
In hoofdstuk 3 analyseren we systematisch alle in de literatuur beschreven patiënten
met early-onset FSHD. Het betrof in totaal 227 patiënten met een gemiddelde leeftijd
van 18.8 jaar waarbij 40% rolstoel gebonden was op die leeftijd. De helft had tevens
systemische verschijnselen zoals gehoorverlies (40%), netvliesveranderingen (37%)
of een ontwikkelingsachterstand (8%). Nieuwe mutaties in de familie kwamen vaker
voor dan bij classic-onset FSHD. Uit de studies concludeerden wij dat early-onset FSHD
gemiddeld een ernstiger ziektebeeld geeft met frequent rolstoelafhankelijkheid en vaak
systemische verschijnselen, hoewel de individuele variatie groot was. Deze resultaten
werden bevestigd in het lange termijn onderzoek waarbij we 10 patiënten 22 jaar later
opnieuw onderzochten (hoofdstuk 4). Een andere belangrijke bevinding was de relatief
hoge sociale en economische participatie ondanks fysieke belemmeringen. In hoofdstuk 5
onderzochten we de relatie tussen de ontstaansleeftijd en de ziekte-ernst middels een
prospectieve cross-sectionele studie. Achtentwintig volwassenen met FSHD met een
vroege ontstaansleeftijd werden gekoppeld met 28 classic-onset FSHD-patiënten van
hetzelfde geslacht en leeftijd en met 28 classic-onset FSHD patiënten van hetzelfde geslacht
en ziekteduur. We vonden dat early-onset FSHD patiënten ernstigere spierzwakte en een
hogere frequentie van rolstoelgebondenheid hadden in vergelijking met beide controle
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groepen. Ook de systemische verschijnselen waren frequenter in de early-onset FSHD
groep en zij hadden de meest ernstige genetische afwijkingen. Hieruit concluderen wij dat
niet alleen de duur van de ziekte de ernst bepaalt maar dat er andere factoren moeten
zijn waardoor early-onset FSHD een snellere achteruitgang en systemische verschijnselen
heeft.
Deel III
Het verbreden van onze horizon kan leiden tot nieuwe inzichten in FSHD. Daarom
hebben we vanuit verschillende invalshoeken naar de ogen en spieren van patiënten met
FSHD gekeken. In hoofdstuk 6 hadden we als doel een gedetailleerde beschrijving van
oogafwijkingen bij FSHD te beschrijven in een groep van 33 patiënten. De belangrijkste
resultaten waren dat retinale afwijkingen frequent voorkomen maar vrijwel nooit klachten
geven en dat de retinale afwijkingen correleerden met de genetische afwijking, wat bewijs
levert voor de genetische link tussen de retina en FSHD. In hoofdstuk 7 presenteren
wij de resultaten van een longitudinale, observationele studie naar spierechografie
als uitkomstmaat in FSHD onderzoek. Tweeëntwintig patiënten (6-66 jaar) kregen een
klinisch onderzoek en een spierechografie aan het begin en na een jaar. We zagen dat
spierechografie achteruitgang van de spieren kon aantonen terwijl we met het klinisch
onderzoek geen verschil vonden. Daarom verwachten we dat spierechografie een zinvolle
uitkomstmaat is in verder onderzoek naar FSHD. In hoofdstuk 8 beschrijven we een
speciale techniek, speckle tracking, om naar bewegende beelden van de tibialisspier te
kijken. In patiënten met zwakte van deze spier zagen we een ander bewegingspatroon dan
in gezonde spieren. Deze resultaten kunnen leiden tot een beter begrip van hoe spieren
beschadigen door FSHD en de techniek kan mogelijk gebruikt worden als uitkomstmaat.
Epiloog
Verschillende resultaten uit dit proefschrift zijn waardevol voor de huidige en toekomstige
zorg voor kinderen met FSHD en deze worden belicht in de epiloog. Het is duidelijk
geworden dat patiënten met early-onset FSHD over het algemeen een ernstiger ziektebeeld
hebben maar dat de individuele verschillen heel groot zijn. Tevens is duidelijk dat niet elk
kind early-onset FSHD heeft en dat het spectrum op de kinderleeftijd veel breder is. De
beschrijving van patiënten met milde klachten en een hoge levensstandaard is belangrijk
voor patiënten, hun families, zorgverleners en onderzoekers.
Hoekstenen voor een goede begeleiding van kinderen met FSHD zijn multidisciplinaire
behandeling, transitiezorg en persoonsgerichte zorg, met aandacht voor alle aspecten van
de ziekte en de impact daarvan op het leven van de kinderen en hun omgeving.
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In de nabije toekomst worden onderzoeken verwacht naar potentiële behandelingen.
Om de effectiviteit van deze potentiële behandelingen goed te testen is het belangrijk
om te weten waar patiënten last van hebben en hoe het natuurlijk beloop van deze
klachten is. Daarnaast zijn zinvolle en sensitieve uitkomstmaten essentieel. We adviseren
duurvermogentests en spierechografie als uitkomstmaten. In afwachting van een
genezende behandeling, moedigen wij zorgverleners en onderzoekers aan om aandacht
te hebben voor de individuele behoeften van een patiënt door het welzijn, de veerkracht,
de persoonlijke groei en de positieve effecten van het tekort, proberen te stimuleren in
kinderen en volwassenen met FSHD.
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Epilogue

SAMENVATTING VOOR KINDEREN TUSSEN DE 10-16 JAAR
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Summary of the thesis in English, Dutch, and for children aged 12-18 years

E

Door Bas van Leeuwen, leerling atheneum 2 Niftarlake college, Maarssen.
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Research data management

RESEARCH DATA MANAGEMENT
Findable:
All data described in this thesis are stored and can be found both online via https://data.
castoredc.com/, study numbers 103749, and at the department of Neurology of the
Radboud University Medical Center in Nijmegen, the Netherlands.
Accessible:
The data and protocols can be obtained on request from the department of Neurology of
the Radboud University Medical Center in Nijmegen, the Netherlands.
Interoperable:
The 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 PORTFOLIO
PhD training

Year

ECTS

Master of Neuroscience

2005-2007

60

Management for PhD’s

2015

2

Academic writing

2016

3

Expert academic writing

2018

3

Basic course rules and organization clinical researchers (BROK)

2015

2

Statistics course

2017

3

World muscle society, Brighton UK: poster presentation

2015

1

FSHD society conference Boston, USA: 2 poster presentations

2017

2

World muscle society, Saint Malo, France: poster presentation

2017

1

European Academy of Neurology congress, Oslo, Norway

2019

2

Boerhaave Prinses Beatrix Spierfonds symposium on neuromuscular diseases

2015-2017

3

Muscles2Meet, young talent symposium on neuromuscular diseases: poster

2016

2

Spierziektencongres for patients: 2015-2018 posters, 2016 oral presentation

2015-2018

3

2018

0.5

2015-2018

4

2016

3

2016-now

1

Research skills

International conferences

Courses, seminars and workshops

Nederlandse Vereniging voor neurologie science days: poster presentation
Teaching activities
Teaching 5th year medical students at Radboud UMC Nijmegen, The Netherlands
Supervisor Master thesis of C. van Kernebeek
Other
Reviewer
Reviewing activities for various journals
Awards
Subscription prize award for poster on retinal abnormalities in FSHD

2017

FSHD stichting research grant (15.000€) for retinal abnormalities in FSHD

2017
Total
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DONDERS GRADUATE SCHOOL
FOR COGNITIVE NEUROSCIENCE
For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially
recognised as a national graduate school in 2009. The Graduate School covers training at
both Master’s and PhD level and provides an excellent educational context fully aligned
with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related
disciplines. Selective admission and assessment centers guarantee the enrolment of the
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni show
a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang
University in South Korea, NTNU Norway, University of Illinois, North Western University,
Northeastern University in Boston, ETH Zürich, University of Vienna etc.. Positions outside
academia spread among the following sectors: specialists in a medical environment,
mainly in genetics, geriatrics, psychiatry and neurology. Specialists in a psychological
environment, e.g. as specialist in neuropsychology, psychological diagnostics or therapy.
Positions in higher education as coordinators or lecturers. A smaller percentage enters
business as research consultants, analysts or head of research and development. Fewer
graduates stay in a research environment as lab coordinators, technical support or policy
advisors. Upcoming possibilities are positions in the IT sector and management position
in pharmaceutical industry. In general, the PhDs graduates almost invariably continue with
high-quality positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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