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Abstract.

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

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

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

Results: In muscle disease, histopathology sum scores ranged from O to 11 and correlated significantly with fat percentage as
measured on MRI (Spearman’s rho =0.594, p <0.001). Muscle edema on muscle MRI was associated with increased amounts
of inflammation (p <0.001). Mild abnormalities occured in 95% of control biopsies and were more pronounced in tibialis
anterior (median sum score of 1 &1 in vastus lateralis and 2 £ 1 in tibialis anterior (p =0.048)).

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

Muscle MRI is an increasingly important tool in
the diagnosis and research of muscle disorders. It is
used to detect patterns of fatty infiltration that may
aid in the diagnosis of specific muscle disorders and
sometimes it can be considered as pathognomonic for
a specific disease [1, 2]. The degree of fatty infiltra-
tion of a specific muscle or muscle groups has been
shown to correlate with functional outcome mea-
sures in several muscle disorders such as Duchenne
muscular dystrophy and facioscapulohumeral mus-
cular dystrophy (FSHD), which has strengthened the
position of quantitative muscle MRI as an outcome
measure in clinical trials [3, 4]. Another applica-
tion of muscle MRI is the detection of patterns of
muscle involvement associated with specific muscle
disease, for example in congenital myopathies, IBM
and OPMD [5-7].

Increasing our understanding of the correla-
tion between fatty infiltration on muscle MRI and
histopathological changes may benefit the diagnosis
of muscle disorders and the application of mus-
cle MRI as an outcome measure in clinical trials.
However, studies that investigate the correlation
between muscle MRI and histopathological changes
are limited. A previous study in Duchenne muscular
dystrophy found a correlation between radiological
changes and histopathological abnormalities in 15
muscle biopsies of the extensor digitorum brevis mus-
cle, but used only qualitative assessment of fatty
infiltration on MRI and a qualitative histopathological
assessment [8].

Another application of muscle MRI is the assess-
ment of hyperintense changes on MRI inversion
recovery imaging (TIRM — Turbo Inversion Recovery
Magnitude or STIR — Short TT Inversion Recovery)
that represent muscle edema. In the context of mus-
cle disease, TIRM or STIR hyperintense areas are
often seen in inflammatory myopathies and reflects
edema, as a consequence of muscle inflammation.
Using TIRM or STIR imaging to select an appro-
priate muscle for muscle biopsy has been shown to
increase sensitivity in the diagnosis of inflammatory
myopathies [9, 10]. Apart from muscle inflamma-
tion, TIRM or STIR hyperintensities can also arise
from other pathological changes in muscle such as
denervation, regeneration, necrosis or high intensity
physical exercise.

In this study, we investigate the correlation
between MRI abnormalities — i.e. the amount of
fatty infiltration measured by quantitative MRI or

TIRM hyperintensity which reflects muscle edema
— and histopathological changes measured using a
semi-quantitative histopathology grading scale in 77
vastus lateralis and tibialis anterior muscle biop-
sies obtained from 35 patients with inclusion body
myositis IBM), FSHD or oculopharyngeal muscular
dystrophy (OPMD) and 12 healthy controls.

MATERIALS AND METHODS
Participants

Healthy controls and patients with IBM (fulfilling
the 2010 modified Griggs criteria) and genetically
confirmed FSHD and OPMD were recruited for a
separate study that included muscle MRI and muscle
biopsies of the vastus lateralis and tibialis anterior
[11, 12]. These disorders were selected because they
are relatively common and allowed for inclusion of
patients with either muscular dystrophy or inflam-
matory myopathy within the same age group. All
control participants underwent the same examina-
tions as participants with muscle disease, including
assessment of medical history and medication, mus-
cle strength testing, measurement of creatine kinase
(CK), and muscle MRI to ensure that they had no neu-
romuscular disease. Exclusion criteria were: age < 18
or >65 years, diabetes mellitus, chronic obstruc-
tive pulmonary disease, chronic heart failure, current
malignancy, previous treatment with chemotherapy
and/or radiation therapy, use of corticosteroids during
more than two weeks in the past 5 years, use of statins
in the past 3 months, wheelchair bound, pregnancy,
and contra-indications for MRI or muscle biopsy.
Age matching was applied on the group level, result-
ing in an adjustment of the lower age limit to ~40
years during patient recruitment. Muscle strength was
graded using the MRC grading scale. The Medical
Ethics Review Committee region Arnhem-Nijmegen
approved this study (no. 2011/181). Informed con-
sent was obtained from all individual participants
included in the study.

Quantitative imaging

MRI protocol

Prior to MRI imaging, the prospective muscle
biopsy site was marked on the skin with a fish-oil
marker. Prospective biopsy sites were positioned on
a line connecting the anterior superior iliac spine
(ASIS) and patella; 2/3 from the ASIS and 1/3 from
the patella for the upper leg, and on the maximum
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muscle bulk of the tibialis anterior for the lower leg.
The right leg was biopsied except in the presence of
asymmetrical weakness, in which case the weakest
leg was biopsied.

Transversal T1 weighted, multi-echo T2 images
and Turbo Inversion Recovery sequences (TIRM) of
the upper and lower leg were acquired on a 3 Tesla
MRI system (Tim TRIO, Siemens, Erlangen, Ger-
many) using a spine array coil and two phased-array
coils placed around the legs. Patients were placed in
the scanner feet first supine. The table was positioned
to have first the upper and subsequently the lower
leg in the isocenter of the magnetic field for imag-
ing of the upper and lower leg respectively. Scout
images were acquired in three orthogonal directions
for accurate positioning of the MRI slices, centered
on the fish-oil marker to facilitate correlation between
radiological findings and tissue-based studies. Eight
transversal slices (FOV 175 x 175 mm?2, thickness
4 mm, gap 6 mm, base resolution 256) were acquired
with a T2 multi spin echo sequence (TR: 3000 ms,
16 equally spaced echo times 7.7-123.2 ms). Next
23 transversal slices (thickness 4 mm, gap 0.4 mm)
were obtained with a T1 turbo spin echo sequence
(FOV 250 x 244.5 mm?2, TR/TE 600 ms/13 ms, base
resolution 448), and with a Turbo Inversion Recovery
sequence (TIRM) (FOV 175 x 175 mm?, TR/TE/TI
4100 ms/41 ms/220ms, base resolution 256). The
same imaging protocol was used for both the upper
and lower leg.

MRI-guided FSHD vastus lateralis muscle biop-
sies were performed immediately after MRI scanning
[13]. All other biopsies were performed on the same
day, targeting the marked biopsy site.

MRI analysis

Multi-echo T2 images were analyzed using a
custom-made data analysis program as described pre-
viously [14]. The amount of fatty infiltration of the
vastus lateralis and tibialis anterior was quantified by
manually tracing the outline of the individual mus-
cle on the multi-echo T2 images corresponding to
the level of the fish-oil marker. TIRM images were
evaluated for the presence or absence of TIRM hyper-
intensities by the first author (SL).

Muscle biopsy collection

One Bergstrom needle biopsy of the vastus later-
alis and one of the tibialis anterior were obtained
from each participant by an experienced neurology
resident (SL) taking routine antiseptic precau-

tions [15]. An MRI-guided muscle biopsy of the
vastus lateralis was performed in FSHD partici-
pants [13]. Biopsy specimens were snap-frozen in
isopentane and stored at —80°C for histological
analysis [16].

Histopathological analysis

Hematoxylin-phloxine (Hphlox) staining was used
to evaluate variability in fiber size, extent of central
nucleation, necrosis and/or regeneration, and intersti-
tial fibrosis. Severity was graded semi-quantitatively
as normal (0), mild (1), moderate (2) or severe (3) for
each of these parameters and scores were added to
provide a cumulative histopathological severity score
ranging from O to 12 [17]. Inflammation on Hphlox
was graded separately as normal (0), mild (1), mod-
erate (2) or severe (3). A minor increase in internal
nuclei <3% was considered normal and scored as 0.
The presence of any necrosis and/or regeneration was
considered abnormal and scored as >1 depending on
the severity of abnormalities. Interstitial fibrosis in
a localized part of the muscle biopsy was scored as
1, more extensive interstitial fibrosis was scored as
>2 depending on the severity of abnormalities. The
presence of any inflammation was considered abnor-
mal and scored as >1 depending on the severity of
abnormalities. All histopathology and inflammation
severity scores were assigned by an experienced neu-
ropathologist (BK) who was aware that the dataset
included biopsies from healthy controls and patients
with IBM, FSHD and OPMD, but was blinded to the
exact diagnosis.

Statistics

Statistical analysis was performed with IBM SPSS
Statistics 22. Continuous data were analyzed using
paired r-test or one-way ANOVA with post-hoc
comparisons using Bonferroni’s correction for mul-
tiple comparisons. Ordinal data were analyzed using
Chi-square. Correlations were analyzed using the
Spearman correlation coefficient. Data are reported
as mean & SEM or median = IQR unless otherwise
specified.

RESULTS

Participants and muscle biopsies

We included 12 healthy control subjects and 35
patients with acquired and hereditary muscle dis-
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Table 1
Participants
Control IBM FSHD OPMD P

N 12 8 13 14
Age (years) 538+1.7 585+1.8 532414 51.8+1.9 0.101
Sex 6M/6F TM/1F 6M/7F 6M/8F 0.196
BMI (cm/m?) 273+1.5 26.6+0.6 253+ 1.1 25.7+1.1 0.693
Disease duration (years) N/A 64+25 28.5 4+ 3.5 102£2.5 <0.001
MRC score

Quadriceps 5.0+0.0 4.0 +0.9** 50+0.38 5.0+0.0 0.003

Tibialis anterior 5.0£0.0 4.5+ 0.8** 45+3.0 5.0+0.0 0.005
CK (U/L) 136.3+24.6 772.3 £261.1** 263.0+31.3 292.8+76.5 0.002

Data are reported as mean = SEM for continuous data, and median £ IQR for ordinal data. Abbreviations: CK: creatine kinase. IBM: inclu-
sion body myositis. FSHD: facioscapulohumeral muscular dystrophy. OPMD: oculopharyngeal muscular dystrophy. *p <0.05, **p <0.01,

#*%p <0.001.

orders (8 IBM, 13 FSHD, 14 OPMD) aged 39-65
years. Healthy controls and patients groups did not
differ in age, sex distribution, or BMI. Detailed infor-
mation about participants is provided in Table 1.
From these participants, we obtained 77 muscle
biopsies with matched T1, T2 and TIRM images
(37 vastus lateralis, 40 tibialis anterior). Represen-
tative MRI and histopathology images are provided
in Fig. 1 and supplemental figure 1. An overview
of all muscle biopsies is provided in supplemental
tables 1-4.

Healthy controls

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

Quantitative MRI

Mean muscle fat percentage was 5.2+ 1.2% in
control subjects (range 0.5-25.9%). There was no
significant difference between fat percentage of the
vastus lateralis compared to the tibialis anterior
(6.7 £ 2.1 in vastus lateralis vs. 4.1 & 0.8 in tibialis
anterior, p=0.268). An increased fat percentage of
25.9% was observed in the vastus lateralis of one
control participant; a 62-year-old obese woman with
a BMI of 34. Fat percentage was <10% in all other
investigated control muscles.

Histopathology

Median sum score in healthy control biopsies was
1 £ 1 (range 0-3) in vastus lateralis and 2 & 1 (range
0-4) in tibialis anterior (p = 0.048). Most vastus later-
alis muscle biopsies had a sum score of 1 (7/11, 64%),
most tibialis anterior muscle biopsies had a sum score
of 2 (5/11, 45%) or 3 (4/11, 36%). A sum score of
0, indicating no abnormalities, was obtained in only
1/22 (5%) control biopsies, both vastus lateralis. A
sum score of 4 was measured in 1/22 (5%) control
biopsies; a tibialis anterior biopsy that also showed
fiber type grouping and nuclear clumps indicative
of neurogenic changes. This participant had previ-
ously undergone surgery for a herniated lumbar disc
L3-L4, but did not report L5 radiculopathy. Because
the sum score of 4 in this biopsy could be attributed
to neurogenic changes we excluded this biopsy from
subsequent analyses.

Scores for the different elements of the histopatho-
logical evaluation where always either normal or
mild. Distribution for separate histopathology sub-
scales are shown in Fig. 2.

Muscle disease

Quantitative MRI

Seven biopsies were performed in TIRM-
hyperintense muscles (TIRMpops, 6 IBM, 1 FSHD).
TIRM-hyperintense changes affect T2 relaxation
times, resulting in falsely increased values for muscle
fat percentage. In TIRM-negative diseased mus-
cles (TIRMngg), mean muscle fat percentage was
17.2£3.3% (N =48, range 1.6-91.7%). Mean mus-
cle fat percentage was 18.1 +4.8% (N =24, range
1.1-97.4%) in vastus lateralis and 16.24+4.7%
(N'=24, range 1.1-97.4%) in tibialis anterior.
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Control

HPhlox

Fig. 1. MRI imaging and muscle biopsy sections. Representative T1 and TIRM images and corresponding muscle biopsy sections (HPhlox
staining) from the tibialis anterior of control, IBM, FSHD and OPMD participants. Control Participant C3, MRI shows 3% fatty infiltration
and negative TIRM. The muscle biopsy has a histopathological severity sum score of 3 and shows mildly increased variability in fiber size, a
mild increase in internal nuclei, no necrosis and/or regeneration, and mild fibrosis. Inflammation was scored as none. IBM Participant 12, MRI
shows fatty infiltration and TIRM-hyperintense changes. Quantitative assessment of fatty infiltration is not reliable in TIRM hyperintense
muscles. The muscle biopsy has a histopathological severity sum score of 11 and shows severely increased variability in fiber size, a moderate
increase in internal nuclei, severe necrosis and/or regeneration, and severe fibrosis. Inflammation was scored as severe. FSHD Participant
F2, MRI shows 20% fatty infiltration and negative TIRM. The muscle biopsy has a histopathological severity sum score of 7 and shows
moderately increased variability in fiber size, a moderate increase in internal nuclei, mild necrosis and/or regeneration, and moderate fibrosis.
Inflammation was scored as none. OPMD Participant O14, MRI shows 3% fatty infiltration and negative TIRM. The muscle biopsy has
a histopathological severity sum score of 5 and shows mild increased variability in fiber size, a moderate increase in internal nuclei, mild
necrosis and/or regeneration, and mild fibrosis. Inflammation was scored as none.
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Fig. 2. Mild histopathological changes are common in healthy
middle-aged controls. Distribution of the presence and severity of
histopathology sub scores for healthy control vastus lateralis and
tibialis anterior muscle biopsies. The amount of central nucleation
was significantly increased in tibialis anterior compared to vas-
tus lateralis control biopsies. *p =<0.05 **p=<0.01 / **p <0.001
compared to vastus lateralis.

Histopathology

Histopathology sum scores in TIRMngg mus-
cle biopsies ranged from O to 11. There was a
moderate correlation between muscle fat percent-
age and histopathology sum score (Spearman’s
rho=0.594, p<0.001, Fig. 3A). We performed a
separate analysis to investigate histopathological
changes in biopsies obtained from muscles with
normal fat percentages (FATNgG, cut-off defined as
control mean =+ SD: 10.6% fatty infiltration). Median
histopathology sumscore was 3 =+ 2 in FATNgg biop-
sies (p=0.062 compared to controls) and 6£5
in FATpps biopsies (p<0.001 compared to con-
trol and FATNgG biopsies). Distribution for separate
histopathology subscales are shown in Fig. 4A. Nor-
mal histopathology sum scores (cut-off defined as
control mean =& SD: <2 for vastus lateralis, <3 for tib-
ialis anterior) were observed in 14/28 FATNgG muscle
biopsies (50%, N =5 FSHD, N =9 OPMD biopsies).

TIRM hyperintensity

Histopathology sum scores in TIRMpps muscle
biopsies ranged from 3 to 11. Because 6/7 (86%)
TIRMpos biopsies were obtained from patients with
IBM, we compared histopathological changes asso-
ciated with TIRM hyperintensity in IBM biopsies
only. Median histopathology sumscore was 6 + 6 in
TIRMnNEgG IBM biopsies (p <0.001 compared to con-
trols) and 8.5+ 6 in TIRMpps biopsies (p<0.001
compared to controls). Distribution for separate

histopathology subscales are shown in Fig. 4B. TIRM
hyperintensity does not necessarily reflect structural
changes, but represents edema associated with mus-
cle inflammation or an active regenerative process.
The amount of inflammation was evaluated sepa-
rately and was more severe in TIRMppg IBM biopsies
(Fig. 4C, p<0.001 compared to controls, p=0.003
compared to TIRMngg IBM biopsies).

DISCUSSION

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

We found a moderate correlation between MRI
fat percentage and histopathological changes, show-
ing that MRI abnormalities indeed reflect structural
changes in diseased muscle and may serve as
an outcome measure for disease progression in
muscle disease. Longitudinal studies that combine
muscle MRI and muscle biopsy could provide
additional insight into the correlation between
fatty infiltration and histopathological abnormali-
ties within individual patients. Muscles with normal
MRI fat percentages <10.6% may show both nor-
mal histopathology or mild myopathic changes
(histopathology sum score range 0-7). This limits
the applicability of muscle MRI fat percentage as an
outcome measure in early disease. Addition of mus-
cle ultrasound or novel MRI techniques which may
detect fibrosis and other changes in muscles with a
normal MRI T1 may complement MRI imaging in
therapeutic trials [18-20].

Based on the findings in healthy controls, we
determined a histopathology sum score of >2 in the
vastus lateralis and >3 in the tibialis anterior as the
cut-off for an abnormal biopsy in this age group
(40-65 years). Normal histopathology sum scores
were present in diseased biopsies with normal and
mildly increased amounts of fatty infiltration up to
20.7%. The histopathology sum scores we used in
this study was developed and validated for FSHD
[17]. However, the score is composed of items that
are routinely assessed in the evaluation of muscle
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Fig. 3. Correlation between fatty infiltration and histopathology sum score. 3A Histopathology sum score correlates moderately with fatty
infiltration on MRI in TIRMngG muscle biopsies from patients with IBM, FSHD and OPMD. Gray shading marks fatty infiltration <10.6%
(control mean =+ SD) and histopathology sum scores <3 (control median £ IQR). 3B Normal amounts of fatty infiltration (<10.6%) can be
associated with histopathology sum scores within the control range, but also with intermediate scores (range 0—7). Normal histopathology
sum scores (<2 for vastus lateralis, <3 for tibialis anterior) are encountered in muscles with up to 20.7% fatty infiltration.

biopsies (variability in fiber size, extent of central
nucleation, necrosis and/or regeneration, and inter-
stitial fibrosis), which makes this score suitable for
other muscle disorders.

TIRM hyperintensity is considered to reflect mus-
cle edema indicative of muscle inflammation and
regeneration [21]. In our cohort, TIRMpos IBM

biopsies showed increased amounts of inflammation
compared to TIRMNgg muscle biopsies. This con-
firms the use of MRI inversion recovery imaging as
a biomarker for disease activity in IBM.
Unexpectedly, mild histopathological abnormali-
ties were present in nearly all control biopsies (95%),
and were more severe in tibialis anterior. The higher
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Fig. 4. Histopathological abnormalities associated with fatty infiltration and TIRM hyperintensity. 4A Histopathology sub scores for vastus
lateralis and tibialis anterior biopsies obtained from healthy controls and TIRMNgG/FATNEG and TIRMNgG/FATpos biopsies. More severely
abnormalities are present in TIRMngg/FATpos biopsies compared to controls and TIRMngg/FATNEG biopsies. For legibility, p-values are
provided for comparison to controls. Comparisons between TIRMNgG/FATNgG and TIRMngG/FATpos are all significant at p <0.05. 4B
Distribution of the presence and severity of histopathology sub scores for vastus lateralis and tibialis anterior muscle biopsies obtained from
healthy controls and TIRMngg and TIRMpog IBM biopsies. Histopathological sub scores were increased in both TIRMngg and TIRMpos
IBM biopsies compared to controls, independent of the presence or absence of TIRM hyperintensity. 4C TIRMngg IBM biopsies show
either normal or mild-to-moderate inflammation whereas all TIRMpgos IBM biopsies show moderate-to-severe inflammation. *p =<0.05

**p=<0.01 / ***p <0.001 compared to vastus lateralis.

histopathology sum scores in the tibialis anterior
may partially be explained by the relatively frequent
occurrence of lumbar degenerative changes in this

age group. Another explanation may be that tibialis
anterior undergoes greater mechanical stress dur-
ing walking and other activities of daily living. The
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increased amount of mild histopathological changes
in the tibialis anterior, which also has a different com-
position with an increased amount of type 1 fibers
(70-90%) may limit the reliability of this muscle as
an outcome measure in clinical trials,

In subjects in this age group (45-65 years old),
muscle complaints are common, whereas myopathies
are relatively rare. Although this study was not
designed to determine sensitivity and specificity in
a clinical setting, in this age group a biopsy result
of ‘mild myopathic changes’ or ‘limited unspecific
changes’ should be interpreted with caution. This is
compatible with existing evidence that age-related
muscle decline starts in the fifth decade [22, 23].

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

A limitation of this study is that our histopatholog-
ical evaluation may have underestimated the amount
of fibrosis because all parameters were assessed on a
HPhlox staining without additional trichrome stain-
ing. The amount of biopsies with increased amounts
of fatty infiltration was relatively low (20% of all
biopsies), which may account for the only moderate
correlation between fatty infiltration and histopathol-
ogy sum score. The high amount of muscles with
normal MRI can in part be explained by the inclusion
of patients with OPMD; a late-onset myopathy that
debuts after age 40 and usually doesn’t involve the
quadriceps or tibialis anterior until later in the disease
course [6]. The amount of TIRMppg biopsies was
low in the FSHD group, which limited comparison of
TIRMpos and TIRMngg biopsies to the IBM group.
TIRMpos biopsies were analyzed separately because
TIRM hyperintensity affects T2-based determination
of fatty infiltration. MRI scanning using the Dixon
method would have been able to provide a more
reliable quantification of fat fraction in TIRMpog
muscles, however this method was not routinely used
in our center at the time the first participants were
included.

Our findings underscore that different techniques
measure distinct aspects of disease. Quantitative MRI
of fatty infiltration reflects structural changes asso-
ciated with accumulated muscle damage, whereas
histopathological analysis and imaging of muscle
edema are better suited to reflect active disease and
inflammation. The findings from this study may facil-
itate the choice for appropriate imaging modalities as
outcome measures in therapeutic trials, but need to
be confirmed in different cohorts and different dis-
eases. In a diagnostic setting, our findings show that
mild myopathic changes are common in middle-aged
healthy controls and are not indicative of a muscle
disease.
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