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1 | INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most

common hereditary muscle disorders.! In FSHD, the amount of
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Abstract

Background: Specific force, that is the amount of force generated per unit of muscle
tissue, is reduced in patients with facioscapulohumeral muscular dystrophy (FSHD). The
causes of reduced specific force and its relation with FSHD disease severity are unknown.
Methods: Quantitative muscle magnetic resonance imaging (MRI), measurement of
voluntary maximum force generation and quadriceps force-frequency relationship,
and vastus lateralis muscle biopsies were performed in 12 genetically confirmed
patients with FSHD and 12 controls.

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

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

may contribute to reduced specific force.

KEYWORDS
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muscle available for force generation is reduced due to fatty infiltra-
tion, fibrosis and fiber atrophy, resulting in reduced muscle
strength.2? Another contributing factor to muscle weakness is impair-

ment of specific force, that is the amount of force generated per unit

Abbreviations: 6MWT, 6-Minute Walk Test; ANOVA, analysis of variance; ASIS, anterior superior iliac spine; BMI, body mass index; CSS, Clinical Severity Scale; CCSA, contractile cross-sectional
area; FCSA, fat infiltrated cross-sectional area; FOV, field of view; FSHD, facioscapulohumeral muscular dystrophy; HPhlox, hematoxylin-phloxine; MFM, Motor Function Measure; MRC, Medical
Research Council; MRI, magnetic resonance imaging; MVC, maximum voluntary contraction; TCSA, total cross-sectional area; TE, echo time; TR, repetition time; TIRM, turbo inversion recovery
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of residual muscle tissue. Specific force has been shown to be reduced
in FSHD as well as in other muscle disorders, such as Duchenne and
Becker muscular dystrophy.®1%-12 The exact mechanisms that result in
reduced specific force in FSHD are unknown.

Previous studies have shown that specific force is reduced in
patients with FSHD. However, one study did not include radiological
assessment of muscle volume to correct for fatty infiltration.'?
Another study was limited by the use of different force measurement
devices and magnetic resonance imaging (MRI) protocols in the
patient and control groups.® Furthermore, previous studies did not
assess specific force in patients with mild disease. Hence, it is unclear
whether reduced specific force is an early feature of FSHD pathology
or a late consequence of atrophy and fatty infiltration. If specific force
is affected early in the FSHD disease course, this may influence the
use of outcome measures in clinical trials. Therefore, we investigated
specific force and its relation to disease severity in the quadriceps of

FSHD patients and controls.

2 | METHODS

21 | Participants

Genetically confirmed FSHD patients were recruited from the
Radboud University Medical Center. Healthy individuals without a his-
tory of neuromuscular disease, mostly spouses and peers of FSHD
participants, were included as controls. Genetic testing was performed
to exclude FSHD in controls who were related to FSHD patients.
Exclusion criteria were: age < 18 or = 65y, diabetes mellitus, chronic
obstructive pulmonary disease, chronic heart failure, current malig-
nancy, previous treatment with chemotherapy and/or radiation ther-
apy, use of corticosteroids during more than 2 wk in the past 5 v,
current use of statins, wheelchair bound, contra-indications for MRI
or muscle biopsy. Age matching was applied at the group level,
resulting in an adjustment of the lower age limit to 40 y during patient
recruitment. FSHD disease severity was assessed using the Ricci Clini-
cal Severity Scale (CSS).*® CSS scores <5 reflect mild-to-moderate dis-
ease that is limited to the face and shoulder girdle, without pelvic or
lower limb weakness. Scores 25 reflect more severe disease with pel-
vic girdle and/or lower limb weakness. To demonstrate differences
associated with mild and severe disease, we grouped patients with
CSS scores <5 (mild to moderate FSHD; described in the subsequent
text and figures as “mild FSHD”) and patients with CSS scores 25
(severe FSHD). The Medical Ethics Review Committee region
Arnhem-Nijmegen approved this study (no. 2011/181). Informed

consent was obtained from all participants.

2.2 | Functional evaluation

Muscle strength was graded with the Medical Research Council (MRC)
scale. Functional performance was assessed using the 6-Minute Walk
Test (6MWT) and Motor Function Measure (MFM), a validated
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quantitative scale which measures the functional abilities of a person
affected with neuromuscular disease.2**> Physical activity was mea-
sured using an actometer, a motion sensing device worn around the
ankle for 14 d.*® The first and last day of recording were discarded,
leaving 12 complete days for analysis of physical activity. Pain was
assessed with the Dutch version of the McGill Pain Questionnaire.”

2.3 | Quantitative imaging

Transverse T1 weighted and multi-echo T2 images of the upper and
lower leg were acquired on a 3T MRI system (Tim TRIO, Siemens,
Erlangen, Germany).1® A fish-oil marker was placed at about one-third
of the distance between anterior superior iliac spine (ASIS) and patella
to mark the prospective muscle biopsy site and to be able to measure
quadriceps cross-sectional area at a consistent level across all partici-
pants (Supporting Information Figure S1, which is available online).
Scout images were acquired in three orthogonal directions for accurate
positioning of the MRI slices, centered on the fish-oil marker. Eight
transverse slices (field of view [FOV] 175x175 mm?, thickness 4 mm,
gap 6 mm, base resolution 256) were acquired with a T2 multi spin
echo sequence (repetition time [TR], 3000 ms; 16 equally spaced echo
times [TEs], 7.7-123.2 ms). Next 23 transverse slices (thickness 4 mm,
gap 0.4 mm) were obtained with a T1 turbo spin echo sequence (FOV,
250x244.5 mm?; TR/TE, 600 ms/13 ms; base resolution, 448).

T1 images were used to determine the anatomical border of
severely fat infiltrated muscles. Total cross-sectional area (TCSA;
cmz), muscle fraction and fat fraction were quantified from the multi-
echo T2 images at the level of the fish-oil marker.*” TCSA was deter-
mined by manually tracing the outline of individual muscles or muscle
groups using Imagel. Muscle and fat fraction were quantified using
the method described by Kan.'® We used TCSA, muscle fraction and
fat fraction to calculate the relative contribution of lean muscle (con-
tractile cross-sectional area: CCSA; cm?) and fatty infiltration (fat infil-
trated cross-sectional area: FCSA; cm?) to the quadriceps TCSA. All
muscle biopsies and MRI scans were performed in the right leg, except
in the presence of asymmetrical weakness, in which case the weakest

leg was biopsied.

24 | Quantitative force studies

24.1 | Maximum voluntary contractile strength

Maximum voluntary contraction (MVC) of the quadriceps was mea-
sured in the right leg, except in the presence of asymmetrical weak-
ness in which case the weakest leg was chosen (Supporting
Information Figure S2). MVC was measured on a fixed quadriceps
dynamometer, with the hip angle in 90° and the knee angle set at
120°.%® Participants were strapped at the hips and upper body to pre-
vent compensatory movements. Participants were asked to perform
an isometric MVC during 3 s, mean force from three contractions was

used to represent MVC.2°
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24.2 | Contractile properties
After a 5-min resting period, electrical pulses were administered
through two self-adhesive surface electrodes placed proximally over

the rectus femoris and distally over the vastus medialis portion of the

quadriceps muscle.?* A 100 Hz electrical current was applied to con-
tract the quadriceps at 30% of the MVC. After another 5-min resting
period, six 1-s bursts ranging from 1 Hz to 100 Hz were applied to
determine the force-frequency relationship. The force-frequency rela-

tionship shows the amount of force generated in response to

Control Mild FSHD Severe FSHD p TABLE1 Participants
Age (y) 538+ 1.7 52.6+29 541+14 .888
Sex (male %) 50.0 60.0 28.6 515
BMI (kg/m?) 273+ 15 242 +1.0 26.1+1.9 470
CSS (median [range]) N/A 3(2-4) 6 (6-8) <.001
Disease duration (y) N/A 20.2+5.2 35.0+4.0 .045
D4Z4 repeat (units)? N/A 7.8+09 7.7 +03 .9132

®Mean for five participants with mild FSHD1 and three participants with severe FSHD1.

TABLE 2 FSHD participants and muscle biopsies
Clinical features Quadriceps Vastus lateralis
Sex Age (y) CSS MRC MRI fat (%) MVC (N) Specific force (N/cm?) MRI fat (%) Histology sum score
Controls
M 44 N/A 5 5 590 19.3 2 8
M 50 N/A 5 9 630 21.7 8 1
M 50 N/A 5 4 440 13.9 1 1
F 51 N/A 5 9 630 27.8 3 0
F 51 N/A 5 7 545 31.1 8 1
F 52 N/A 5 -2 325 -2 -2 0
F 53 N/A 5 2 410 21.3 9 1
M 53 N/A 5 4 880 27.0 4 1
M 57 N/A 5 8 800 23.0 8 2
M 58 N/A 5 4 800 251 3 1
F 62 N/A 5 25 350 20.3 26 2
F 65 N/A 5 8 465 23.6 5 1
Mild FSHD
M 52 2 5 8 510 16.1 9 4
M 59 2 5 4 425 16.5 5 1
F 44 3 5 9 385 18.6 8 3
F 59 3 5 8 245 12.3 2 3
M 49 4 5 3 300 13.2 2 1
Severe FSHD
F 48 6 4.5 8 155 9.6 10 4
F 57 6 5 17 75 43 21
M 61 6 45 83 84 211 61 -
M 56 6 5 24 435 20.1 12
F 52 7 5 41 300 20.6 39 6
F 49 8 25 87 43 17.5 92 11
F 56 8 4 15 200 16.4 3 4

®MRI scanning not performed due to claustrophobia.
bInsufficient material for histopathological analysis.
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electrical stimulation at different frequencies, and is affected by fiber

type distribution.?1:22

2.5 | Muscle biopsies

Bergstrom needle biopsies of the vastus lateralis were performed at the
level of the fish oil capsule. In controls, an incision was made ~5 cm from
the site of the fish-oil marker. Needle depth and angle were monitored to
reach the approximate level of the fish-oil marker without imaging guid-
ance. In FSHD patients, MRI guidance was used to confirm the position
of the needle prior to muscle biopsy.>® Frozen sections underwent
hematoxylin-phloxine (HPhlox) staining to evaluate variability in fiber size,
extent of central nucleation, necrosis and/or regeneration, and interstitial
fibrosis, which were graded as normal (0), mild (1), moderate (2) or severe
(3). Severity scores of these four parameters were then added to provide

2.2% All scores

a cumulative histopathological sum score between 0 and 1
were assigned by an experienced neuropathologist (B.K) who was

unaware whether the biopsy belonged to the FSHD or control group.

2.6 | Statistics

Statistical IBM SPSS Statistics
22 (Armonk, NY, USA). Continuous data were analyzed using one-way

analysis was performed with

analysis of variance (ANOVA) with post-hoc comparisons using

Bonferroni's correction for multiple comparisons. Ordinal data were
analyzed using chi-squared test. Correlations were analyzed using
Pearson's correlation coefficient. Data are reported as mean + SEM or

median * IQR unless otherwise specified.

3 | RESULTS

3.1 | Participants

We included 12 FSHD patients with varying degrees of disease severity
and 12 controls. Five patients had a CSS of 2-4 and were classified as mild
FSHD, and seven patients had a CSS of 6-8 and were classified as severe
FSHD. FSHD subgroups and control participants did not differ in age, sex
distribution, or body mass index (BMI) (Table 1). All participants with mild
FSHD and three participants with severe FSHD had FSHD1. Of the other
four severe FSHD patients, one was mosaic with a two-unit D4Z4 repeat
in 65% of leukocytes, and three had FSHD2 due to a SMCHD1 mutation.
An overview of all FSHD participants is provided in Table 2.

3.2 | Functional performance
6MWT, MFM, and daily physical activity level were normal in patients
with mild FSHD, whereas patients with severe FSHD had reduced

walking distance, reduced performance on the MFM, and reduced

A B
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mild FSHD (Figure 1A-C). Mild lower back and pelvic pain were

800
700
600
500
400
300
200
100

0

300

250

Control Mild Severe
FSHD FSHD
ok

~ * n.s 1
r 1T 1
[

Control

Mild
FSHD

Severe

FSHD

MVC (N)

(A) (B)
200 180

5150

3 3

]

100 o

o 1Y

“- o
50 [

0

(©)

-~

£

]

E

s

£

Y

-}

R

o’

]

E 0 L L L s )

w 0 20 40 60 80 100

Frequency (Hz)

LASSCHE ET AL

p < .00l
=816

-O- Control
-@- Mild FSHD

4

—@- Severe FSHD

CCSA (cm?)

p <.00I at all frequencies

0 20 40 60 80 100
Frequency (Hz)
-O- Control
-@- FSHD

-O- Control
-@- FSHD

FIGURE 2 Reduced specific
force in patients with mild and severe
FSHD. A, MVC is significantly
reduced in severe FSHD. B,
Quadriceps CCSA correlates
significantly with MVC. Specific force
(MVC/CCSA\) is reduced in all FSHD
patients, independent of disease
severity. This results in a ~ 33%
reduction in specific force in FSHD
patients compared to healthy
controls (mild FSHD: 34%, severe
FSHD: 32%, C). P < .05 is considered
significant, * P < .05, ** P < .01,

= p<.001

reported more frequently in patients with severe FSHD (8.3% of con-

trols with a mean pain score of 1/10; 40% of mild FSHD with a mean

FIGURE 3 Force-frequency
relationship. A, Incremental currents were
applied at 1-10-20-30-50-100 Hz; force
generated was measured to determine
force-frequency relationships. B, Absolute
stimulated force was less in severe FSHD
participants, reflecting lower MVC. C,
Force-frequency relationship corrected
for maximum force was shifted to the
right in participants with severe FSHD,
but did not differ between mild FSHD and
control participants. P < .05 is considered
significant, * P < .05, ** P < .01,

= p<.001
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pain score of 3/10; 67% of severe FSHD with a mean pain score of
2/10, p = .035).

3.3 | Quantitative muscle imaging

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

3.4 | Quadriceps strength and specific force

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

3.5 | Quadriceps force-frequency relationship

Stimulated measurements were not tolerated by all participants. As a
consequence, data were acquired in 11/12 controls and 10/12 FSHD
participants: 4 with mild FSHD and 6 with severe FSHD. Absolute
force responses to stimulation at different frequencies were lower in
severe FSHD patients compared to controls, reflecting reduced MVC

(Figure 3A,B). When normalized for peak force, the force-frequency

relationship was shifted to the right in severe FSHD patients com-
pared to controls (Figure 3C). The force-frequency relationship was

not different in mild FSHD compared to controls.

3.6 | Vastus lateralis fiber type distribution
Morphometric analysis of muscle biopsies showed that fiber type
distribution was not changed in FSHD compared to control biopsies,
independent of disease severity (mean percentage of type 1 fibers:
57.6 £4.0 in control vs. 50.0 £ 7.6 in mild FSHD vs. 64.4 + 2.4 in
severe FSHD, p = .208).

3.7 | Vastus lateralis histopathological studies

Histopathological analysis showed mild myopathic abnormalities in
biopsies obtained from patients with mild FSHD, with a significant
increase in internal nuclei (Figure 4) and interstitial fibrosis
(Figure 4). Histopathological analysis showed more severe myo-
pathic and dystrophic abnormalities in biopsies obtained from
patients with severe FSHD, with a significant increase in internal
nuclei, interstitial fibrosis, and necrosis and/or regeneration. There
was no significant correlation between the severity of interstitial
fibrosis and specific force (p = .327) or other parameters that were

scored on muscle biopsy.

4 | DISCUSSION

This study demonstrates that reduced quadriceps specific force is an
early feature of FSHD that occurs prior to the onset of fatty infiltra-
tion or clinical lower extremity weakness. Reduced specific force was
also present in more severely affected patients with fatty infiltration

of the quadriceps and lower extremity muscle weakness.

Mild Severe
Control FSHD FSHD
100% — — — 5 kR ok Histopathology score
80% BER || I O None
FIGURE 4 Histopathological studies. | O Mild
Evaluation of (1) variability in fiber size, (2) extent 60%
of central nucleation, (3) increase in interstitial B Moderate
fibrosis, (4) necrosis and/or regeneration in vastus 40% | | | Ll B Severe
lateralis muscle biopsies. None or mild 20% L] L
abnormalities were encountered in healthy |
controls, which were all between age 40 and 65. 0%
Muscle biopsies obtained from participants with 2 > & O 2 & 6 O 2 D> & O
mild FSHD showed significantly increased é‘;’\w&(g&;@o é,}'\«@%o«,}o é‘:’\"'&%&’\o’i\o
amounts of internal nuclei and interstitial fibrosis. ) 0‘@0@ < ‘gf‘@ ) o‘:‘o(\@ < qg}‘e (\‘C@&@ < Qg}\z
All parameters were increased in biopsies ;\\c\\ (O 5& \\d\ (0 5& ,\\c\\ (04 b&
obtained from participants with severe FSHD. i\'p\ < * {(p\ ) \f,"’(\ {\7§’\ & 3
P < .05 is considered significant, * P < .05, ** il & T éos il & X
P <.01,** P < 001 i <~ <~
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Our results show that quadriceps specific force is reduced in patients
with mild and severe FSHD. Our results in severe FSHD confirmed previ-
ous published data.®*? Specific force values were relatively similar in
patients mild FSHD, but values varied widely in patients with severe
FSHD. The overall amount of reduction in specific force was similar in
mild compared to severe FSHD participants. Several factors may have
contributed to the increased variability in patients with severe FSHD. The
amount of fatty infiltration of the quadriceps in patients with severe
FSHD varied between 8 and 83%. Counter-intuitively, specific force was
higher in FSHD patients with more severe fatty infiltration. In FSHD,
quadriceps involvement starts with distal atrophy and fatty infiltration.*2>
Given that the absolute amount of force generated by a muscle is deter-
mined by its largest cross-sectional area, reflecting the number of sarco-
meres in parallel, distal atrophy and fatty infiltration in patients with
severe FSHD may result in overestimation of specific force.

Non-neuromuscular factors also influence force generation and may
be more pronounced in patients with severe FSHD. In this study, muscle
strength was measured using quadriceps MVC, which can be influenced by
fatigue and pain. Both are highly prevalent in FSHD, considering that 61%
of FSHD patients report severe fatigue and 89% report pain.2?” Pain was
indeed reported more frequently by patients with severe FSHD, of which
67% reported back and pelvic pain with a mean pain score of 2/10. Sub-
maximal effort may also have contributed to reduced quadriceps endur-
ance in a previous study.*? Future studies should consider using electrically
evoked quadriceps force measurements to exclude motivational factors.

One potential cause of reduced specific force is predominance of
type 1 muscle fibers. We investigated the force-frequency relationship
to investigate potential fiber type shifts in FSHD participants. The force-
frequency relationship reflects the amount of force generated in
response to electrical stimulation at different frequencies between 1 and
100 Hz. A leftward shift of the force-frequency relationship usually indi-
cates an increased amount of type 1 fibers, as slower contraction and
relaxation speeds facilitate force summation in these fibers.2%?2 Our
results show that force-frequency curves in patients with mild FSHD are
not different from controls, which indicates that reduced quadriceps spe-
cific force is not caused by fiber type shift. Vastus lateralis muscle biopsy
studies in the same participants confirmed these findings, which are in
line with previous studies on fiber type distribution in FSHD.2® The right-
ward shift of the quadriceps force-frequency relationship that we
observed in patients with severe FSHD is most likely caused by impaired
propagation of the electrical stimulus in fat infiltrated tissue.

Previous studies have suggested that reduced specific force may
be caused by changes in muscle architecture, including increased
amounts of interstitial fibrosis. Histopathological analysis showed mild
myopathic abnormalities in vastus lateralis muscle biopsies obtained
from participants with mild FSHD: increased amounts of internal
nuclei and increased interstitial fibrosis. This is compatible with previ-
ous studies which showed that in FSHD patients without lower
extremity weakness, muscle biopsies are either normal or show mild
myopathic changes.?* Furthermore, muscle ultrasound can demon-
strate structural abnormalities in muscles that appear normal on mus-

cle MRI, most likely due to increased interstitial fibrosis which is not

detected on MRI.?’ Increased amounts of interstitial fibrosis reduce
the amount of contractile material per cross-sectional area and disturb
force transmission, resulting in reduced specific force.3° However, the
role of interstitial fibrosis in the reduction of specific force is probably
small, as only mild or no fibrosis was observed histologically in the
mild FSHD group.

Specific force may also be reduced by impaired sarcomeric func-
tion of the muscle fiber. We have previously investigated sarcomeric
function in muscle fibers isolated from the same biopsies that
were used in this study, and showed maximum and specific force
generation are preserved in FSHD single muscle fibers.3!

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

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

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

performance.
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