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Abstract 

Atrophy and fatty infiltration are important causes of muscle weakness in inclusion body myositis (IBM). Muscle weakness can also be 
caused by reduced specific force; i.e. the amount of force generated per unit of residual muscle tissue. This study investigates in vivo specific 
force of the quadriceps and ex vivo specific force of single muscle fibers in patients with IBM. We included 8 participants with IBM and 
12 healthy controls, who all underwent quantitative muscle testing, quantitative MRI of the quadriceps and paired muscle biopsies of the 
quadriceps and tibialis anterior. Single muscle fibers were isolated to measure muscle fiber specific force and contractile properties. Both 
in vivo quadriceps specific force and ex vivo muscle fiber specific force were reduced. Muscle fiber dysfunction was accompanied by reduced 
active stiffness, which reflects a decrease in the number of attached actin-myosin cross-bridges during activation. Myosin concentration was 
reduced in IBM fibers. Because reduced specific force contributes to muscle weakness in patients with IBM, therapeutic strategies that 
augment muscle fiber strength may provide benefit to patients with IBM. 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Sporadic inclusion body myositis (IBM) is one of the most
common acquired muscle disorders in adults over 50 years old
[1,2] . Progressive disease is characterized by atrophy and fatty
infiltration of muscle tissue, resulting in muscle weakness
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3–5] . In early disease, the quadriceps, deep finger flexors
nd the pharyngeal muscles are most frequently affected,
estricting functional ability and quality of life [6–8] . IBM is
he result of a complex and only partially understood interplay
etween muscle inflammation, degeneration and impaired
roteostasis which results in the accumulation of proteins in
immed vacuoles [9] . 

No curative treatment options are currently available for
BM. The use of bimagrumab, a myostatin inhibitor which
ims to ameliorate muscle atrophy by promoting muscle
rowth, resulted in increased thigh muscle volume in a
mall proof of concept trial [10] . However, a subsequent
ss article under the CC BY-NC-ND license. 
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ouble-blind placebo controlled trial did not meet its primary
ndpoint [data not yet published]. A conference abstract on
apamycin treatment reported reduced fatty replacement and
ncreased contractile cross-sectional area, but detected no
hange in quadriceps muscle strength [11] . This suggests that
erely increasing the amount of muscle tissue is not sufficient

o increase muscle strength in patients with IBM. 
Besides loss of muscle mass due to atrophy and fatty

nfiltration, muscle weakness can also be caused by a
eduction in specific force, i.e. the amount of force generated
er unit of residual muscle tissue. An important contributor to
n vivo specific force is muscle fiber strength. In IBM, muscle
ber strength may potentially be affected by inflammation,
hich may trigger and sustain cell stress, resulting in

arcomeric protein degradation, accumulation of unwanted 

roteins and irreversible muscle fiber damage [12–14] . 
This study investigates in vivo specific force of the

uadriceps and ex vivo specific force of single muscle fibers
o determine whether muscle fiber dysfunction contributes
uscle weakness in patients with IBM. 

. Patients and methods 

.1. Participants 

Patients with IBM fulfilling the 2010 modified Griggs
riteria were recruited from the Radboud university medical
enter [15] . Healthy individuals without a history of
euromuscular disease were recruited as controls. Exclusion
riteria for all participants were: age < 18 or ≥65
ears, diabetes mellitus, chronic obstructive pulmonary 

isease, chronic heart failure, current malignancy, previous
reatment with chemotherapy and/or radiation therapy, use
f corticosteroids during more than two weeks in the past
 years, current use of statins, being wheelchair bound,
ontra-indications for MRI or muscle biopsy. Participants
ere age-matched on the group level. All participants
nderwent a neurologic examination and creatine kinase (CK)
as measured. In IBM patients anti-cN-1A reactivity was

stablished using ELISA [16] . The Medical Ethics Review
ommittee region Arnhem-Nijmegen approved this study

no. 2011/181). Informed consent was obtained from each
articipant. 

.2. Quantitative force studies 

Maximum voluntary contraction (MVC) of the quadriceps
as measured with a custom-built setup as described
reviously [17] . The right leg was examined, except in
he presence of asymmetrical muscle weakness as measured
y MRC score in which case the weakest leg was tested.
ubsequent imaging and muscle biopsy were performed in

he same leg. MVC was measured with the hip angle at 90 °
nd the knee angle set at 120 ° Participants were strapped at
he hips and upper body to prevent compensatory movements.
articipants were asked to perform a MVC of the quadriceps
uring 3s. Mean force from 3 contractions was used to
epresent MVC [18] . 

.3. Quantitative muscle imaging 

Transversal T1 weighted, multi-echo T2 and Turbo
nversion Recovery Magnitude (TIRM) images of the upper
nd lower leg were acquired on a 3 Tesla MRI system
Tim TRIO, Siemens, Erlangen, Germany). Upper leg MRI
mages were obtained at 1/3 of the distance between anterior
uperior iliac spine and patella, this level also corresponded
o the approximate site of vastus lateralis muscle biopsy.
ower leg images were obtained at the level that corresponded

o the approximate site of the tibialis anterior muscle
iopsy. Muscle fraction and fat fraction were quantified
rom the multi-echo T2 images [19] . Total muscle cross-
ectional area (TCSA) was determined by manually tracing
he outline of the quadriceps using ImageJ. The amount of
atty infiltration (FCSA) was determined by multiplying the
at fraction with the TCSA. Residual quadriceps contractile
ross-sectional area (CCSA) was determined by multiplying
he muscle fraction with the TSCA. In vivo specific force was
alculated by dividing the quadriceps MVC by the quadriceps
CSA. 

.4. Muscle biopsies 

A needle biopsy of both the vastus lateralis and of the
ibialis anterior was obtained. The vastus lateralis – part
f the quadriceps – was chosen because this muscle is
nvolved early and severely in patients with IBM. The tibialis
nterior was included to obtain additional tissue from a less
everely affected muscle in the lower limb. Biopsy specimens
ere snap-frozen in isopentane and stored at −80 °C for
istological analysis and deposited in a solution containing
alf glycerol and half relaxing solution and stored at −20 °C
or single fiber studies (the composition of this solution is
escribed elsewhere [20] ). 

.5. Histopathological analysis 

Frozen sections underwent HPhlox and ATPase staining
o evaluate fiber size and type distribution. HPhlox was
sed to evaluate variability in fiber size, extent of central
ucleation, necrosis and regeneration, interstitial fibrosis and
nflammation. Severity was graded as normal (0), mild (1),

oderate (2) or severe (3) for each of these parameters and
cores were added to provide a cumulative histopathological
everity score [21] . Inflammation was graded separately.
ll histopathology and inflammation severity scores were

ssigned by an experienced neuropathologist who was not
ware whether a biopsy belonged to the control or IBM
roup. Morphometric analysis was performed to establish
he percentages of each fiber type by a final-year pathology
esident and randomly checked by an experienced pathology
nalist. 
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2.6. Single muscle fiber studies 

2.6.1. Muscle fiber preparation 

Biopsy material was placed in a relaxing solution
containing 1% Triton X-100 and kept at 4 °C during
isolation of single muscle fibers [22] . Triton permeabilizes the
plasma membranes, resulting in ‘skinned’ muscle fibers. This
procedure permits studies of sarcomeric function. Protease
inhibitors were added to the solution to prevent protein
degradation. Skinned single muscle fibers were isolated and
fiber ends were attached to aluminum t-clips. The clips were
mounted between a length motor on one end, and a force
transducer on the other. Sarcomere length was set at 2.5 μm
for measurement of maximum force, cross-bridge cycling
kinetics, and calcium sensitivity. After adjusting sarcomere
length, fiber length and cross-sectional area were measured. 

2.6.2. Muscle fiber specific force and contractile properties 
We determined the maximum force generation by

activating the fibers with a saturating Ca 2 + solution (pCa
4.5). Specific force was determined by dividing the generated
maximum force by the fiber cross-sectional area, thus
reflecting the force generated by the sarcomeres. After
peak force was reached, a rapid unloaded shortening and
restretching of the muscle fiber was used to determine the
rate constant of force redevelopment (ktr). Ktr depends on the
attachment and detachment rate of actin-myosin cross-bridges
during activation, and thereby reflects the fraction of strongly
bound cross-bridges . After peak force is reached a second
time, slight length perturbations ( −0.9, −0.6, −0.3, 0.3, 0.6
and 0.9%) are imposed on the muscle fiber to determine
the active stiffness, which is dependent on the number of
attached cross-bridges during activation . The tension/stiffness
ratio reflects the amount of force generated per cross-bridge
(assuming the myofibrils are intact). 

After measurement of maximum force and cross-bridge
cycling kinetics, the fiber is rested for 5 min and sarcomere
length is verified and adjusted if necessary. Next, calcium
sensitivity of force generation was measured by transfer of
the muscle fiber to solutions with increasing concentrations
of Ca 2 + . Force-pCa data were fitted to the Hill equation to
provide the pCa 50 , which is the pCa at which 50% of maximal
active tension is reached. 

2.6.3. Muscle fiber protein analysis 
After contractile experiments, individual fibers were stored

in 25 μl of SDS sample buffer until MHC isoforms analysis.
MHC isoform composition and concentration of isolated
single fibers was determined using sodium dodecyl sulfate
polyacrylamide gel electrophoresis(SDS-PAGE) [17] . Sample
volumes of 8 μl were loaded per lane. Gels were run for 24 h
at 15 °C and a constant voltage of 275 V. The composition
of the sample buffer and stacking gel is described elsewhere
[23] . In hybrid fibers (9% of fibers in both the control and
IBM group), fiber type was assigned as type 1 or type 2 based
on the predominant MHC isoform. Because there were only a
imited amount of type 2X fibers ( N = 5) these were analyzed
ogether with type 2A fibers. 

.7. Statistics 

Statistical analysis was performed with IBM SPSS
tatistics 22. We used sex as a covariate where appropriate

o account for the overrepresentation of men in the IBM
roup. Continuous data were analyzed using independent
amples t -test. Ordinal data were analyzed using Pearson
hi-square. Single fiber measurements were analyzed with

inear mixed models. A random intercept was modeled for
ndividual biopsies and individual subjects, using a “Variance
omponents” covariance structure. Data are mean ± standard
rror of the mean (SEM) unless otherwise specified. 

.8. Data availability 

A study protocol has been published previously [17] .
nonymized data are available on request. 

. Results 

.1. Participants and biopsies 

We included 8 IBM patients aged 49–64 years (7M/1F)
nd 12 healthy control subjects aged 42–65 years (6M/6F).
wo IBM patients fulfilled the 2010 modified Griggs criteria
or pathologically defined IBM, four fulfilled the criteria for
linically defined IBM, and one patient fulfilled the criteria
or possible IBM. We were unable to find enough female
BM patients that fulfilled the inclusion criteria, which is why
 higher number of female controls participated. To account
or the overrepresentation of men in the IBM group we used
ex as a covariate in appropriate statistical analyses. Muscle
iopsies of both the vastus lateralis and tibialis anterior
ere obtained from all participants, except in two. In one

BM participant, advanced fatty infiltration prohibited vastus
ateralis muscle biopsy. Another IBM participant declined a

uscle biopsy of the tibialis anterior. For each muscle biopsy,
–20 single muscle fibers were measured (median 12 fibers
er biopsy). We measured a total of 299 control muscle fibers
type 1 muscle fiber: 50.2%, type 2 muscle fiber: 49.8%)
nd 189 IBM muscle fibers (type 1: 69.8, type 2: 30.2%).
dditional information about participants, laboratory findings

nd muscle biopsy characteristics is provided in Table 1 . 

.2. In vivo quadriceps specific force 

.2.1. Quantitative force studies 
Quadriceps MVC was significantly decreased in IBM

atients (MVC: 217 ± 58 N in IBM vs. 572 ± 53 N in
ontrols, p < .001, Fig. 1 A). 

.2.2. Quantitative muscle MRI 
To determine the amount of atrophy and fatty infiltration

e determined the TCSA and FCSA relative to control
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Fig. 1. Quadriceps muscle strength . A. Maximum voluntary contractile force of the quadriceps is reduced in IBM patients compared to healthy controls. 
B. Reduced TCSA, indicating muscle atrophy, and increased FCSA, indicating fatty replacement of muscle tissue, in IBM patients result in a reduced amount 
of available contractile tissue, or CCSA. Stars indicate p -value for TCSA (line above bars), FCSA (within bar chart), and CCSA (within bar chart). C. Specific 
force is significantly reduced in IBM patients compared to healthy controls. D. Upper leg MRI for a control and IBM participant. Individual muscles of the 
quadriceps are indicated in the control image. Participant C4, right leg: TCSA 98%, FCSA 4%, CCSA 94%. Participant I2, left leg: TCSA 65%, FCSA 31%, 
CCSA 34%. 
Abbreviations: CCSA = contractile cross-sectional area. IBM = inclusion body myositis. MVC = maximum voluntary contraction. RF = rectus femoris. 
VI = vastus intermedius. VM = vastus medialis. VL = vastus lateralis. p < .05 is considered significant, ∗ p < .05, ∗∗ p < .01, ∗∗∗ p < .001. 
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uscles ( Fig. 1 B). TCSA was reduced by 28% in IBM
atients (TCSA: 72.3 ±5.9% in IBM vs. 100 ± 2.5% in
ontrols, p = .002, Fig. 1 B). Of the remaining muscle tissue,
3% was replaced by fat (FCSA: 32.9 ±6.5% in IBM vs.
.7 ±2.0% in controls, p = .005, Fig. 1 B). As a result of
trophy and fatty replacement of muscle tissue, CCSA was
educed by 53% in IBM patients (CCSA: 39.4 ±10% in IBM
s. 92.3 ±2.4% in controls, p = .001, Fig. 1 B). 

.2.3. Quadriceps specific force 
We calculated in vivo quadriceps specific force (MVC

 CCSA) to determine whether reduced contractile quality
f remaining muscle tissue also contributed to quadriceps
uscle weakness. There was a linear relationship between

uadriceps MVC and CCSA ( r 2 = 0.832, p < .001, Fig. 1 C).
pecific force was reduced in IBM patients compared to
ontrol individuals, which indicates dysfunction of residual
uscle tissue ( p = .003). 

.3. Ex vivo single muscle fiber studies 

.3.1. Vastus lateralis single muscle fiber specific force 
We isolated single muscle fibers from vastus lateralis

uscle biopsies to determine whether reduced in vivo
uadriceps specific force was caused by reduced muscle fiber
pecific force ( Fig. 2 A). Single muscle fiber specific force was
educed in IBM (type 1 specific force: 151.4 ±5.9 mN/mm 

2 

n IBM vs. 181.9 ±4.4 mN/mm 

2 in controls; type 2 specific
orce: 179.5 ±7.9 mN/mm 

2 in IBM vs. 215.3 ±6.7 mN/mm 

2 

n controls, p = .003, Fig. 2 B). 

.3.2. Vastus lateralis single muscle fiber contractile 
roperties 

In permeabilized single muscle fibers, specific force
epends largely on (1) the fraction of strongly bound actin-
yosin cross-bridges, (2) the number of available cross-

ridges, and (3) the force per cross-bridge [24,25] . Reduced
orce generation should be accompanied by a change in one
r more of these parameters. 

The rate constant of force redevelopment (ktr) represents
ross-bridge attachment and detachment rates during 

ctivation and provides information on the fraction of strongly
ound cross-bridges. Ktr was not decreased in IBM muscle
bers (type 1 Ktr: 5.9 ±0.9 s − 1 in IBM vs. 4.9 ±0.3 s − 1 

n controls, p = .380; type 2 Ktr: 12.6 ±0.8 s − 1 in IBM vs.
3.2 ±0.5 s − 1 in controls, p = .743, Fig. 2 C). 
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Fig. 2. Reduced specific force and altered actin-myosin interactions in vastus lateralis single muscle fibers. A. Representative force tracing showing transfer 
of the muscle fiber to a saturating Ca 2 + solution, followed by generation of force. After peak force is reached, a rapid unloaded shortening and restretching 
of the muscle fiber is used to determine the Ktr, which is an estimate of the attachment and detachment rate of actin-myosin cross-bridges during activation. 
After peak force is reached a second time, slight length perturbations ( −0.3, −0.6, −0.9, 0.3, 0.6 and 0.9%) are imposed on the muscle fiber to determine the 
active stiffness, which is an estimate of the number of attached cross-bridges during activation. B. Specific force is reduced in vastus lateralis IBM muscle 
fibers. C. Ktr is not changed in IBM fibers, reflecting preserved attachment and detachment rate of actin-myosin cross-bridges during activation. D. Active 
stiffness is reduced in IBM fibers, indicating a reduced number of cross-bridges during activation. E. No reduction in the tension / stiffness ratio, reflecting 
preserved force generated per cross-bridge. p < .05 is considered significant, ∗ p < .05, ∗∗ p < .01, ∗∗∗ p < .001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Correlation between single fiber specific force and quadriceps 
strength. Ex vivo single muscle fiber specific force correlates with in vivo 
quadriceps quantitative strength. 
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Active stiffness, which reflects the number of attached
cross-bridges during activation, was reduced in IBM
fibers of both fiber types (type 1 active stiffness:
69.6 ±4.5 mN/mm 

2 / �L in IBM vs. 89.6 ±3.4 mN/mm 

2 / �L
in controls; type 2 active stiffness: 64.3 ±3.8 mN/mm 

2 / �L
in IBM vs. 79.3 ±2.6 mN/mm 

2 / �L in controls, p = .015,
Fig. 2 D). 

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

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

3.3.3. Tibialis anterior single muscle fiber specific force 
Specific force in single muscle fibers obtained from

tibialis anterior biopsies was lower in IBM, but not
significantly different from control fibers (type 1 specific
force: 162.1 ±5.4 mN/mm 

2 in IBM vs. 175.1 ±5.5 mN/mm 

2 
n controls; type 2 specific force: 182.8 ±17.8 mN/mm 

2 in
BM vs. 212.0 ±5.3 mN/mm 

2 in controls, p = .195). 

.3.4. Correlation with disease severity 
Vastus lateralis single muscle fiber specific force correlated

easonably well with in vivo quadriceps strength ( p = .018,
ig. 3 ). We found no significant correlation with disease
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Table 1 
Participants and muscle biopsy characteristics. 

Control IBM p 

Participants 
N 12 8 –
Age (years) 53.8 ±1.7 58.5 ±1.8 .081 
Sex 6 M/6F 7 M/1F .085 
BMI (cm/m 

2 ) 27.3 ±1.5 26.6 ±1.6 .752 
Disease duration (years) N/A 6.4 ±1.3 –
IBM criteria 

Pathologically defined N/A 2 –
Clinically defined N/A 4 –
Possible N/A 1 –

Laboratory findings 
CK (U/L) 158 ± 41 772 ± 261 .045 
cN-1A reactivity (N) N/A 2/8 –

Muscle and biopsy characteristics 
Vastus lateralis 
MRC score (quadriceps) 5.0 ±0.0 4.0 ±0.9 .005 
MRI 

Fatty infiltration (%) 8.3 ±2.5 51.6 ±12.1 .009 
Inflammation or edema (N) 0/12 3/8 .021 

Histopathology 
Histopathology severity score 1.0 ±1.0 7.0 ±6.0 .021 
Inflammation score 0.0 ±0.0 2.0 ±0.3 < 0.001 
Fiber type distribution (type 1%) 57.6 ±4.0 57.7 ±9.1 .997 

Tibialis anterior 
MRC score 5.0 ±0.0 4.5 ±0.8 .005 
MRI 

Fatty infiltration (%) 3.9 ±0.8 29.6 ±10.2 .006 
Inflammation or edema (N) 0/12 2/8 .068 

Histopathology 
Histopathology severity score 2.0 ±1.0 6.0 ±6.0 .037 
Inflammation score 0.0 ±0.0 2.0 ±1.0 .005 
Fiber type distribution (type 1%) 68.3 ±20.5 76.9 ±5.2 .343 

Data are reported as mean ± SEM for continuous data, and median ± IQR 

for ordinal data. 
Abbreviations: CK: creatinine kinase. IBM: inclusion body myositis. MRC: 
Medical Research Council. 
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Fig. 4. Calcium sensitivity of force in IBM muscle fibers. A. Representative 
force tracing showing transfer of the muscle fiber to solutions with increasing 
concentrations of Ca 2 + , resulting in incremental force generation. After peak 
force is reached at a saturating Ca 2 + solution (pCa 4.5) the fiber is transferred 
to a relaxing solution. B. Specific force-pCa curve for type 1 and type 2 
fibers. There is no difference in pCa 50 , the pCa at which 50% of maximum 

force is reached, between groups. 
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uration ( p = .159), MRI fat percentage ( p = .548) or
istopathology severity score ( p = .476). 

.3.5. Calcium sensitivity 
To investigate other potential causes of muscle fiber

eakness we evaluated calcium sensitivity of force generation
 Fig. 3 A). The pCa 50 , which represents the calcium
oncentration at which 50% of maximum force is reached,
id not differ between affected IBM and control fibers (type 1
Ca 50 : 5.82 ± 0.01 in IBM vs. 5.77 ± 0.01 in controls; type
 pCa 50 : 5.82 ± 0.02 in IBM vs. 5.79 ± 0.01 in controls,
 = .073). The Hill coefficient, a measure of myofilament
ooperativity, was also unchanged in IBM fibers (type 1 n H 

:
.9 ±0.1 in IBM vs. 3.0 ±0.1 in controls; type 2 n H 

: 3.5 ±0.1
n IBM vs. 3.6 ±0.1 in controls, p = .845) ( Fig. 4 ). These
esults indicate that the amount of force generated in response
o a specific calcium concentration does not differ between
bers of IBM patients and healthy controls. 

.3.6. Myosin heavy chain concentration 

Reduced single muscle fiber specific force due to a
ecreased number of attached cross-bridges during activation
ay be caused by impaired actin-myosin interactions or
yosin loss. After force studies, MHC concentration was

etermined in a subset of single muscle fibers ( N = 90).
yosin concentration was significantly reduced in IBM type

 fibers (type 1: 63.3 ±5.7 μg/ μl in IBM vs. 106.6 ±8.2 in
ontrols μg/ μl, p = .034) ( Fig. 5 ). Myosin concentration was
lso reduced in type 2 fibers, however this finding failed to
each significance, most likely due to the low number of
ype 2 fibers ( N = 6) that was encountered due to type 1
redominance in the IBM fibers (type 2: 61.84 ± 12.3 in
BM vs. 84.4 ±4.85 in controls, p = .108). 
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Fig. 5. Single muscle fiber MHC concentration. Single muscle fiber MHC 

concentration is reduced in IBM type 1 fibers. A reduction is also present 
in type 2 fibers, however this failed to reach significance probably due to a 
lower number of type 2 fibers in this subset. 
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4. Discussion 

Atrophy and fatty infiltration of the quadriceps are
hallmark features of IBM and reduce the amount of muscle
tissue available for contraction, resulting in quadriceps muscle
weakness. This study demonstrates that quadriceps strength in
patients with IBM is further decreased due to reduced specific
force. An important contributor to in vivo specific force is
muscle fiber strength, which is reduced by 17% due to a
decreased number of attached cross-bridges during activation,
suggesting myosin loss or impaired actin-myosin interaction. 

A previous study on contractile function in IBM muscle
fibers obtained from biceps and vastus lateralis has previously
reported preserved contractile function [26] . However, this
study included a small number of patients ( N = 5 biopsies,
N = 115 IBM fibers) with relatively short disease duration (1–
5 years). IBM is a progressive disease and biopsies obtained
at an early stage may fail to show characteristic muscle
abnormalities [27] . Our cohort included more patients and
a longer disease duration of 2–10 years ( N = 14 biopsies,
N = 236 IBM fibers). Discrepancies between our results and
the previous study may also be related to confounding factors
such as age, lifestyle and comorbid disease that are difficult
to control for in human studies. Advanced cell models,
for example skeletal muscle-on-a-chip platforms that allow
contractile studies in terminally differentiated striated muscle
fibers, may complement studies that used patient-derived
muscle tissue. 

We observed that muscle fiber specific force was reduced
in vastus lateralis, but not in tibialis anterior. In IBM, the
quadriceps is affected early in the disease course. This
was reflected in the current study: the quadriceps had
a lower MRC grade, more severe fatty infiltration and
higher histopathology sumscores compared to tibialis anterior.
Furthermore, ex vivo vastus lateralis single muscle fiber
specific force correlated with in vivo quadriceps quantitative
strength. These findings suggest that reduced muscle fiber
pecific force in IBM is a consequence of progressive disease.
e found no correlation between single muscle fiber specific

orce and disease duration or fatty infiltration, most likely
ecause rates of disease progression may differ significantly
etween IBM patients, and because extensive inflammation
ay be present in biopsies from clinically and radiologically

pared muscles [28,29] . 
In single muscle fiber preparations, the plasma membranes

re eliminated using a ‘skinning’ solution which enables
he study of sarcomeric function without the confounding
nfluence of endomysial connective tissue, membranous
tructures and endoplasmatic reticulum calcium handling. As
 consequence, reduced single muscle fiber specific force
eflects dysfunction of the sarcomere. The mechanisms that
esult in sarcomeric weakness may be disease specific and
nclude loss of structural proteins and impaired interaction
etween sarcomeric proteins [30] . A potential cause of
educed muscle fiber specific force as seen in our patient with
BM is myosin loss. 

Myosin concentration was indeed reduced in IBM muscle
bers in this study. Due to myosin loss, less actin-
yosins crossbridges can be formed resulting in muscle
ber weakness. Reduced muscle fiber specific force due to
yosin loss is also observed in patients with ICU-acquired
eakness, and in these patients is caused by upregulation of

he ubiquitin-proteasome pathway [31] . Some studies have
uggested that this pathway is also disrupted in IBM [32] .
ustained cell stress due to inflammation may also result

n sarcomeric protein degradation and muscle fiber damage
12–14] . Loss of sarcomeric proteins has been reported in
BM, with more severe depletion of type 2 structural proteins
ncluding myosin heavy chain [33] . 

Reduced muscle fiber specific force due to impaired
ctin-myosin interaction has also been reported in nemaline
yopathy due to mutations in NEB , ACTA1 , TPM2 and TPM3

34] . Mutations in these genes all induce structural changes
n sarcomeric proteins that are components of the actin-based
hin filament, resulting in contractile abnormalities due to
mpaired actin-myosin interaction. Whole exome sequencing
tudy found no abnormalities in nemaline myopathy-related
enes in 30 Finnish IBM patients [35] . However, we can’t
xclude the possibility that IBM and nemaline myopathy
hare common pathways in the development of muscle
eakness. 
Studies on single muscle fiber contractile function

n other muscle disorders are limited. Reduced single
uscle fiber specific force was reported in small studies

ncluding muscle biopsies from patients with Duchenne
uscular dystrophy ( N = 4), myotonic dystrophy ( N = 2)

nd facioscapulohumeral muscular dystrophy ( N = 4)
36–38] . This suggests that reduced muscle fiber specific
orce may be a general consequence of muscle disease.
owever, these studies are small and our experience in

arger datasets of muscle fibers from facioscapulohumeral
 N = 28) and oculopharyngeal muscular dystrophy ( N = 23)
uscle biopsies is that progressive muscle pathology is not

enerally associated with reduced muscle fiber specific force
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unpublished data). Furthermore, muscle degeneration in
obility-limited older adults was not associated with reduced

ingle muscle fiber specific force [39] . 
Recent therapeutic trials in IBM resulted in an increased

mount of muscle mass, but did not improve functional
erformance or quadriceps strength [10,11] . Reduced specific
orce due to muscle fiber dysfunction may explain why merely
romoting muscle growth or reducing fatty infiltration may
ot result in clinical improvement. Therapeutic strategies
hat augment muscle fiber contractile strength may provide
enefit to patients with IBM, either alone or combined with
herapeutic agents that increase or preserve muscle mass. Our
ndings also underline the importance of functional outcome
easures, as muscle imaging will not reflect all components

f muscle weakness. 
We included a relatively small number of IBM patients

nd were unable to include enough women that fulfilled
he inclusion criteria. Hence, we used sex as a covariate
n statistical analysis where appropriate to account for the
verrepresentation of men in the IBM group. There were no
ignificant differences between men and women. 

Quadriceps muscle strength was assessed by voluntary
uscle contraction, which is influenced by pain, fatigue or

ack of motivation. However, we do not expect these factors
o have negatively influenced voluntary force generation in
BM participants. Five out of eight IBM patients reported no
ain, and experimental protocols included resting periods to
egate the influence of fatigue. 

Skinned single muscle fiber preparations are, by design,
imited to evaluation of the contractile apparatus of the

uscle fiber. Hence, our experiments do not address upstream
echanisms of force generation such as sarcoplasmic

eticulum Ca 2 + handling or mitochondrial abnormalities,
hich require intact muscle fibers that cannot be obtained

rom routine muscle biopsies. 

. Conclusions 

Specific force is reduced in IBM single muscle fibers and
ontributes to in vivo reduced specific force of the quadriceps.
uscle fiber weakness is caused by a decreased number of

ctin-myosin cross-bridges during activation, which is caused
y myosin loss. Therapeutic strategies that augment muscle
ber strength may provide benefit to patients with IBM. 

thics approval and consent to participate 

The Medical Ethics Review Committee region Arnhem-
ijmegen approved this study (no. 2011/181). Informed

onsent was obtained from each participant. 

vailability of data and material 

The anonymized datasets used and/or analysed during the
urrent study are available from the corresponding author on
easonable request. 
unding 

This study was supported by the Prinses Beatrix Spierfonds
nd Stichting Spieren voor Spieren (grant no. W.OR10-
0 to BvE and CO). The funding parties agreed with the
tudy design. The funding parties were not involved in data
cquisition, analysis and interpretation of data or in the
reparation of the manuscript. 

cknowledgments 

We would like to thank Ms. M. Linkels and Ms. K.
ardux for performing the SDS-PAGE gels for MHC isoform

omposition, and Ms. K. Kardux for her assistance in the
ingle fiber measurements. 

upplementary materials 

Supplementary material associated with this article can be
ound, in the online version, at doi: 10.1016/j.nmd.2019.03.
01 . 

eferences 

[1] Badrising UA , Maat-Schieman M , van Duinen SG , Breedveld F , van
Doorn P , van Engelen B , et al. Epidemiology of inclusion body myositis
in the Netherlands: a nationwide study. Neurology 2000;55(9):1385–7 . 

[2] Phillips BA , Zilko PJ , Mastaglia FL . Prevalence of sporadic inclusion
body myositis in Western Australia. Muscle Nerve 2000;23(6):970–2 . 

[3] Cox FM , Reijnierse M , van Rijswijk CS , Wintzen AR , Verschuuren JJ ,
Badrising UA . Magnetic resonance imaging of skeletal muscles
in sporadic inclusion body myositis. Rheumatology (Oxford)
2011;50(6):1153–61 . 

[4] Guimaraes JB , Zanoteli E , Link TM , de Camargo LV , Facchetti L ,
Nardo L , et al. Sporadic inclusion body myositis: MRI findings
and correlation with clinical and functional parameters. AJR Am J
Roentgenol 2017;209(6):1340–7 . 

[5] Tasca G , Monforte M , De Fino C , Kley RA , Ricci E , Mirabella M .
Magnetic resonance imaging pattern recognition in sporadic
inclusion-body myositis. Muscle Nerve 2015;52(6):956–62 . 

[6] Sadjadi R , Rose MR , Muscle Study G . What determines quality
of life in inclusion body myositis? J Neurol Neurosurg Psychiatry
2010;81(10):1164–6 . 

[7] Gibson C , Johnson NE , Eastwood E , Heatwole C . Inclusion body
myositis: what most impacts patients’ lives. J Clin Neuromuscul Dis
2016;18(2):67–71 . 

[8] Badrising UA , Maat-Schieman ML , van Houwelingen JC , van
Doorn PA , van Duinen SG , van Engelen BG , et al. Inclusion body
myositis. Clinical features and clinical course of the disease in 64
patients. J Neurol 2005;252(12):1448–54 . 

[9] Benveniste O , Stenzel W , Hilton-Jones D , Sandri M , Boyer O , van
Engelen BG . Amyloid deposits and inflammatory infiltrates in sporadic
inclusion body myositis: the inflammatory egg comes before the
degenerative chicken. Acta Neuropathol 2015;129(5):611–24 . 

10] Amato AA , Sivakumar K , Goyal N , David WS , Salajegheh M ,
Praestgaard J , et al. Treatment of sporadic inclusion body myositis with
bimagrumab. Neurology 2014;83(24):2239–46 . 

11] Lilleker JB , Rietveld A , Pye SR , Mariampillai K , Benveniste O ,
Peeters MT , et al. Cytosolic 5 ′ -nucleotidase 1A autoantibody profile
and clinical characteristics in inclusion body myositis. Ann Rheum Dis
2017;76(5):862–8 . 

12] Li H , Malhotra S , Kumar A . Nuclear factor-kappa B signaling in skeletal
muscle atrophy. J Mol Med (Berl) 2008;86(10):1113–26 . 

http://dx.doi.org/10.13039/501100004243
https://doi.org/10.1016/j.nmd.2019.03.001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0001
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0002
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0002
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0002
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0002
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0003
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0004
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0005
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0006
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0006
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0006
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0006
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0007
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0007
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0007
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0007
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0007
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0008
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0009
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0010
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0011
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0012
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0012
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0012
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0012


476 S. Lassche, A. Rietveld and A. Heerschap et al. / Neuromuscular Disorders 29 (2019) 468–476 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

 

[13] Tawara N , Yamashita S , Zhang X , Korogi M , Zhang Z , Doki T ,
et al. Pathomechanisms of anti-cytosolic 5 ′ -nucleotidase 1A
autoantibodies in sporadic inclusion body myositis. Ann Neurol
2017;81(4):512–25 . 

[14] Keller CW , Schmidt J , Lunemann JD . Immune and myodegenerative
pathomechanisms in inclusion body myositis. Ann Clin Transl Neurol
2017;4(6):422–45 . 

[15] Hilton-Jones D , Miller A , Parton M , Holton J , Sewry C , Hanna MG .
Inclusion body myositis: MRC centre for neuromuscular diseases,
IBM workshop, London, 13 June 2008. Neuromuscul Disord
2010;20(2):142–7 . 

[16] Herbert MK , Stammen-Vogelzangs J , Verbeek MM , Rietveld A ,
Lundberg IE , Chinoy H , et al. Disease specificity of autoantibodies to
cytosolic 5 ′ -nucleotidase 1A in sporadic inclusion body myositis versus
known autoimmune diseases. Ann Rheum Dis 2016;75(4):696–701 . 

[17] Lassche S , Ottenheijm CA , Voermans NC , Westeneng HJ , Janssen BH ,
van der Maarel SM , et al. Determining the role of sarcomeric proteins in
facioscapulohumeral muscular dystrophy: a study protocol. BMC Neurol
2013;13:144 . 

[18] Degens H , Sanchez Horneros JM , Heijdra YF , Dekhuijzen PN ,
Hopman MT . Skeletal muscle contractility is preserved in
COPD patients with normal fat-free mass. Acta Physiol Scand
2005;184(3):235–42 . 

[19] Kan HE , Scheenen TW , Wohlgemuth M , Klomp DW , van
Loosbroek-Wagenmans I , Padberg GW , et al. Quantitative MR imaging
of individual muscle involvement in facioscapulohumeral muscular
dystrophy. Neuromuscul Disord 2009;19(5):357–62 . 

[20] Stienen GJ , Kiers JL , Bottinelli R , Reggiani C . Myofibrillar ATPase
activity in skinned human skeletal muscle fibres: fibre type and
temperature dependence. J Physiol 1996;493(Pt 2):299–307 . 

[21] Statland JM , Shah B , Henderson D , Van Der Maarel S , Tapscott SJ ,
Tawil R . Muscle pathology grade for facioscapulohumeral muscular
dystrophy biopsies. Muscle Nerve 2015;52(4):521–6 . 

[22] Ottenheijm CA , Hooijman P , DeChene ET , Stienen GJ , Beggs AH ,
Granzier H . Altered myofilament function depresses force generation in
patients with nebulin-based nemaline myopathy (NEM2). J Struct Biol
2010;170(2):334–43 . 

[23] Ottenheijm CA , Knottnerus AM , Buck D , Luo X , Greer K , Hoying A ,
et al. Tuning passive mechanics through differential splicing of titin
during skeletal muscle development. Biophys J 2009;97(8):2277–86 . 

[24] Brenner B . Effect of Ca2 + on cross-bridge turnover kinetics in
skinned single rabbit psoas fibers: implications for regulation of muscle
contraction. Proc Natl Acad Sci U S A 1988;85(9):3265–9 . 

[25] Geiger PC , Cody MJ , Macken RL , Sieck GC . Maximum specific force
depends on myosin heavy chain content in rat diaphragm muscle fibers.
J Appl Physiol (1985) 2000;89(2):695–703 . 
26] Krivickas LS , Amato AA , Krishnan G , Murray AV , Frontera WR .
Preservation of in vitro muscle fiber function in dermatomyositis and
inclusion body myositis: a single fiber study. Neuromuscul Disord
2005;15(5):349–54 . 

27] van der Meulen MF , Hoogendijk JE , Jansen GH , Veldman H , Wokke JH .
Absence of characteristic features in two patients with inclusion body
myositis. J Neurol Neurosurg Psychiatry 1998;64(3):396–8 . 

28] Cox FM , Titulaer MJ , Sont JK , Wintzen AR , Verschuuren JJ ,
Badrising UA . A 12-year follow-up in sporadic inclusion body myositis:
an end stage with major disabilities. Brain 2011;134(Pt 11):3167–75 . 

29] Dahlbom K , Geijer M , Oldfors A , Lindberg C . Association
between muscle strength, histopathology, and magnetic resonance
imaging in sporadic inclusion body myositis. Acta Neurol Scand.
2019;139(2):177–82 . 

30] Winter JM , Joureau B , Lee EJ , Kiss B , Yuen M , Gupta VA ,
et al. Mutation-specific effects on thin filament length in thin filament
myopathy. Ann Neurol 2016;79(6):959–69 . 

31] Welles L , Lopez-Vazquez CM , Hooijmans CM , van Loosdrecht MC ,
Brdjanovic D . Impact of salinity on the aerobic metabolism
of phosphate-accumulating organisms. Appl Microbiol Biotechnol
2015;99(8):3659–72 . 

32] Mastaglia FL , Needham M . Inclusion body myositis: a review of clinical
and genetic aspects, diagnostic criteria and therapeutic approaches. J
Clin Neurosci Off J Neurosurg Soc Australas 2015;22(1):6–13 . 

33] Parker KC , Kong SW , Walsh RJ Bch , Salajegheh M , Moghadaszadeh B ,
et al. Fast-twitch sarcomeric and glycolytic enzyme protein loss in
inclusion body myositis. Muscle Nerve 2009;39(6):739–53 . 

34] de Winter JM , Ottenheijm CAC . Sarcomere dysfunction in nemaline
myopathy. J Neuromuscul Dis 2017;4(2):99–113 . 

35] Johari M , Arumilli M , Palmio J , Savarese M , Tasca G , Mirabella M ,
et al. Association study reveals novel risk loci for sporadic inclusion
body myositis. Eur J Neurol 2017;24(4):572–7 . 

36] Wood DS , Sorenson MM , Eastwood AB , Charash WE , Reuben JP .
Duchenne dystrophy: abnormal generation of tension and Ca ++
regulation in single skinned fibers. Neurology 1978;28(5):447–57 . 

37] Krivickas LS , Ansved T , Suh D , Frontera WR . Contractile properties
of single muscle fibers in myotonic dystrophy. Muscle Nerve
2000;23(4):529–37 . 

38] Lassche S , Stienen GJ , Irving TC , van der Maarel SM , Voermans NC ,
Padberg GW , et al. Sarcomeric dysfunction contributes to muscle
weakness in facioscapulohumeral muscular dystrophy. Neurology
2013;80(8):733–7 . 

39] Reid KF , Doros G , Clark DJ , Patten C , Carabello RJ , Cloutier GJ ,
et al. Muscle power failure in mobility-limited older adults: preserved
single fiber function despite lower whole muscle size, quality and rate
of neuromuscular activation. Eur J Appl Physiol 2012;112(6):2289–301 .

http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0013
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0014
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0014
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0014
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0014
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0015
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0016
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0017
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0018
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0019
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0020
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0020
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0020
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0020
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0020
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0021
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0022
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0023
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0024
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0024
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0025
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0025
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0025
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0025
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0025
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0026
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0027
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0028
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0029
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0029
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0029
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0029
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0029
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0030
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0031
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0032
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0032
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0032
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0033
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0034
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0034
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0034
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0035
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0036
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0037
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0037
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0037
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0037
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0037
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0038
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039
http://refhub.elsevier.com/S0960-8966(18)31300-2/sbref0039

	Muscle fiber dysfunction contributes to weakness in inclusion body myositis
	1 Introduction
	2 Patients and methods
	2.1 Participants
	2.2 Quantitative force studies
	2.3 Quantitative muscle imaging
	2.4 Muscle biopsies
	2.5 Histopathological analysis
	2.6 Single muscle fiber studies
	2.6.1 Muscle fiber preparation
	2.6.2 Muscle fiber specific force and contractile properties
	2.6.3 Muscle fiber protein analysis

	2.7 Statistics
	2.8 Data availability

	3 Results
	3.1 Participants and biopsies
	3.2 In vivo quadriceps specific force
	3.2.1 Quantitative force studies
	3.2.2 Quantitative muscle MRI
	3.2.3 Quadriceps specific force

	3.3 Ex vivo single muscle fiber studies
	3.3.1 Vastus lateralis single muscle fiber specific force
	3.3.2 Vastus lateralis single muscle fiber contractile properties
	3.3.3 Tibialis anterior single muscle fiber specific force
	3.3.4 Correlation with disease severity
	3.3.5 Calcium sensitivity
	3.3.6 Myosin heavy chain concentration


	4 Discussion
	5 Conclusions
	Ethics approval and consent to participate
	Availability of data and material
	Funding
	Acknowledgments
	Supplementary materials
	References


