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Background: Chemical shift encoding-based water-fat magnetic resonance imaging (CSE-MRI) measures
a quantitative biomarker: the proton density fat fraction (PDFF). The aim was to assess regional and
proximo-distal PDFF variations at the thigh in patients with myotonic dystrophy type 2 (DM2), limb-girdle
muscular dystrophy type 2A (LGMD2A), and late-onset Pompe disease (LOPD) as compared to healthy
controls.

Methods: Seven patients (n=2 DM2, n=2 LGMD?2A, n=3 LOPD) and 20 controls were recruited. A
3D-spoiled gradient echo sequence was used to scan the thigh musculature. Muscles were manually
segmented to generate mean muscle PDFE.

Results: In all three disease entities, there was an increase in muscle fat replacement compared to healthy
controls. However, within each disease group, there were patients with a shorter time since symptom onset
that only showed mild PDFF elevation (range, 10% to 20%) compared to controls (P<0.05), whereas patients
with a longer period since symptom onset showed a more severe grade of fat replacement with a range of
50% to 70% (P<0.01). Increased PDFF of around 5% was observed for vastus medialis, semimembranosus
and gracilis muscles in advanced compared to early DM2. LGMD2A_1 showed an early disease stage with
predominantly mild PDFF elevations over all muscles and levels (10.9%<7.1%) compared to controls. The
quadriceps, gracilis and biceps femoris muscles showed the highest difference between LGMD2A_1 with
5 years since symptom onset (average PDFF 11.1%+6.9%) compared to LGMD2A_2 with 32 years since
symptom onset (average PDFF 66.3%x6.3%). For LOPD patients, overall PDFF elevations were observed
in all major hip flexors and extensors (range, 25.8% to 30.8%) compared to controls (range, 1.7% to 2.3%,
P<0.05). Proximal-to-distal PDFF highly varied within and between diseases and within controls. The intra-
reader reliability was high (reproducibility coefficient <2.19%).

Conclusions: By quantitatively measuring muscle fat infiltration at the thigh, we identified candidate
muscles for disease monitoring due to their gradual PDFF elevation with longer disease duration. Regional
variation between proximal, central, and distal muscle PDFF was high and is important to consider when

performing longitudinal MRI follow-ups in the clinical setting or in longitudinal studies.

Keywords: Water-fat magnetic resonance imaging (water-fat MRI); proton density fat fraction (PDFF);
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Introduction

Neuromuscular diseases (NMD) comprise a group of rare
and pathophysiologically heterogeneous disorders. They
can be inherited or acquired and can affect primarily the
muscle tissue itself or the nerve innervating the muscle
(1,2). Affected muscle tissue typically shows edema, atrophy,
and fatty infiltration or fat replacement, depending on the
stage of disease and time since onset. Specifically, it has been
shown that patients with myotonic dystrophy type 2 (DM2),
limb-girdle muscular dystrophy type 2A (LGMD2A), and late-
onset glycogen storage disease type 2 also known as late-onset
Pompe disease (LOPD) show characteristic involvement of
thigh muscles during disease progression (3-8).

Magnetic resonance imaging (MRI) has evolved as a
mainstay in diagnostics and disease or therapy monitoring,
mainly because it allows for depiction of disease-specific
muscle atrophy and fatty infiltration (9-11). Objective
imaging methods, enabling the assessment of muscular
fat in a quantitative manner include magnetic resonance
spectroscopy and chemical shift encoding-based water-fat
MRI (CSE-MRI). These techniques allow the measurement
of muscular proton density fat fraction (PDFF), which
serves as a surrogate parameter for ectopic intramuscular
fat deposition (12-15). PDFF has been shown to be a
valid biomarker in multiple previous studies and can be
used for tissue entity distinction and for characterization
of musculature in patients with neuromuscular and
other diseases (16-23). Additionally, PDFF was shown to
correlate with isometric muscle strength measurements in
the paraspinal (24) and quadriceps musculature (25) and
with walking distance in the hamstring muscle group (26).
Despite there being some evidence of proximo-distal fat
distribution in Duchenne muscular dystrophy (27-30) and
facioscapulohumeral muscular dystrophy (31), it remains
elusive to this date how muscle PDFF varies at the thigh
between the tendon-adjacent proximal and distal parts of
the muscle and the central muscle body in DM2, LGMD2A
and LOPD. Furthermore, quantitative data on candidate
muscles for disease monitoring is sparse.

Therefore, the aim of this study was to assess regional and
proximo-distal variations of thigh muscle PDFF in patients with
DM2, LGMD2A, and LOPD as comparted to healthy controls.
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Methods
Ethics

Written informed consent was obtained from all subjects
for the publication of any potentially identifiable images or
data included in this article.

Study design

The local institutional review board of our institution
approved this single center, prospective study. All subjects
gave written informed consent before participating in this
study. Due to the rare nature of the diseases studied, a
power analysis was not performed.

We included seven patients with NMD (3 males, 4
females) from our outpatient clinics. Two patients were
diagnosed with DM2 (patient label DM2_1 and DM2_2),
two patients with LGMD2A (patient label LGMD2A_1 and
LGMD2A_2), and three patients with LOPD (patient label
LOPD_1, LOPD_2, LOPD_3) (Table ).

As control cohort, twenty healthy volunteers were
included (10 males, 10 females).

Magnetic resonance imaging

Bilateral thigh muscles were scanned on a 3 Tesla MRI
scanner (Ingenia, Philips Healthcare, The Netherlands). A
16-channel anterior coil was used, which was placed on the
top of the subject at the hip and thigh region. As posterior
coil, the built-in 12-channel coil was employed.

For controls and NMD patients, a six-echo 3D-spoiled
gradient echo sequence was used for chemical shift
encoding-based water-fat separation. All six echoes were
acquired in a single repetition time (TR) using non-flyback
(bipolar) read-out gradients. A flip angle of three degrees
was used to minimize T',-bias effects (32-34).

For controls, two stacks with no gap were acquired to cover
the area from the hip to the patella bilaterally. For NMD
patients, scanning was performed with three consecutive axial
stacks (proximal, central, and distal) bilaterally (Figure 1, left
panel). The scan parameters are listed in 7able 2. The scan
protocols were different because data from patients and control
subjects were prospectively surveyed in different studies but

Quant Imaging Med Surg 2021;11(6):2610-2621 | http://dx.doi.org/10.21037/qims-20-1098



2612

Table 1 Patient characteristics

Greve et al. Thigh muscle fat infiltration in NMD

Patient Label Sex Age (years) Disease Years since onset of symptoms Gene mutation

DM2_1 Male 52.6 DM2 1 ZNF9 gene: Tetranucleotide (CCTG) repeat
DM2_2 Female 66.9 DM2 11 ZNF9 gene: Tetranucleotide (CCTG) repeat
LGMD2A _1 Female 52.6 LGMD2A 5 CPN3 gene: ¢.759_761_del_GAA, c.1746-20C>G
LGMD2A 2 Female 45.6 LGMD2A 32 CPN3 gene: ¢.801+1G>A, ¢.1468C>G
LOPD_1 Female 76.9 LOPD 26 GAA gene: c.-45T>G, c.1942G>A
LOPD_2 Male 84.4 LOPD 8 GAA gene: ¢.-32-13T>G, c.1655T>C
LOPD_3 Male 48.0 LOPD 7 GAA gene c.-45T>G, ¢.1438-1G>C

DM2, myotonic dystrophy type 2; LGMD2A, limb-girdle muscular dystrophy type 2A; LOPD, late-onset Pompe disease; VL, vastus latera-

lis; VM, vastus medialis; VI, vastus intermedius.

retrospectively pooled for this study.

The gradient echo imaging data were processed online
using the multi-echo mDIXON quantification method
provided by the manufacturer (Philips Healthcare, The
Netherlands). Specifically, a complex-based water-fat
decomposition was performed using a single T,* correction
and a pre-calibrated fat spectrum, accounting for the
presence of the multiple peaks in the fat spectrum. A seven-
peak fat spectrum model was employed. The imaging-based
PDFF map was computed as the ratio of the fat signal over
the sum of fat and water signals.

Image segmentation

Muscle segmentation was performed by manually drawing
regions of interest (ROIs) on the axial PDFF maps using
the open access image viewer software MITK (German
Cancer Research Center, Division of Medical and Biological
Informatics, Medical Imaging Interaction Toolkit) (Figure 1,
right panel). The ROIs delineated the following muscles
at the outer muscle contour: each muscle compartment of
the quadriceps femoris muscle group, i.e., vastus lateralis
(VL), vastus medialis (VM), vastus intermedius (VI), and
rectus muscles (REC); the sartorius muscle (SAR); the
gracilis muscle (GRA); and each muscle compartment of
the hamstring muscle group, i.e., the biceps femoris (BIC),
semitendinosus (SET), and semimembranosus (SEM)
muscles. The ROIs extended from the cranial insertion of
the muscle groups down to the muscle tendon transition
at the knee joint and were subdivided into the proximal,
central, and distal third of the thigh. We aimed to segment
all available slices per muscle for NMD patients. There
were 30 slices in the proximal, 30 in the central and 30
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in the distal segment for NMD patients. For controls, a
total of 126 slices were acquired, so that for reasons of
comparability, only 30 slices per segment were segmented.
The average segmentation time amounted to approximately
60 minutes per stack and side.

The segmentation task was shared between two readers
[2 years (reader 1) and 4 years (reader 2) of experience in
radiology] and reviewed by a board-certified radiologist
(10 years of experience). To assess reproducibility analysis,
the segmentation on three patients (LGMD2A_1,
LOPD_2, LOPD_3) on the proximal stack and the right-
sided thigh muscles was repeated by reader 1 (intra-reader
reproducibility) and reader 2 (inter-reader reproducibility).

The SEM and BIC muscles were highly variable at the
proximal stack due to their relatively low proximal tendon
insertion and were therefore excluded from the analysis at
this stack. The same applied to the REC muscle at the distal
stack, where it is was highly variable due to its relatively
high localization of the distal tendon insertion.

Statistical analyses

Statistical analyses were performed with SPSS (version
26.0; IBM SPSS Statistics for Windows). The Kolmogorov-
Smirnov test showed normal PDFF distribution for
all muscles, stacks, and sides using pooled data from
healthy controls. There was no statistically significant
difference between right- and left-sided PDFF as assessed
by parametric paired testing with two-sample 7-tests.
Therefore, right- and left-sided PDFF values were
averaged. Age between male and female controls was
normally distributed and was compared using the two-
sample z-test.
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Figure 1 Exemplary image stack placement and muscle
segmentation. Left panel: Schematic view of the localization of the
proximal (green bars), central (blue bars), and distal (yellow bars)
stacks at the thigh in patients with NMD. Right panel: Exemplary
axial images at the three thigh levels from a 48-year-old man
with LOPD. Red areas are regions of interest for assessed muscle
groups with label abbreviation of the muscle. VL, vastus lateralis;
VM, vastus medialis; VI, vastus intermedius; REC, rectus; SAR,
sartorius; GRA, gracilis; BIC, biceps femoris; SET, semitendinosus;

SEM, semimembranosus; L, left side.

The repeated measures ANOVA was performed to
compare the per-muscle PDFF (proximal, central, distal)
in the healthy cohort (n=20) and was corrected for multiple
comparison using the Bonferroni method. Due to the small
sample sizes, only descriptive analysis was performed for the
PDFF values per muscle at the proximal, central, and distal
third of the thigh in the NMD patients.

To evaluate intra-reader and inter-reader reproducibility,
the reproducibility coefficient was determined according to
Vaz et al. (35).
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Results
Patient cobort

The basic demographics and genetic mutations of the seven
included patients are listed in 7able 1. The average age of
the seven included patients was 61.0+14.1 years (range,
42-84 years). Upon acquisition of CSE-MRI, the time
since diagnosis was highly variable in the patient cohort:
DM2_1 only suffered symptoms for 1 year, while DM2_2
had symptoms for 11 years. LGMD2A_1 had symptoms for
5 years, while LGMD2A_2 showed advanced progressive
disease and symptom duration of 32 years. LOPD_1
showed first symptoms 26 years ago and started enzyme
replacement therapy (ERT) with Myozyme 10 years ago.
LOPD_2 showed first symptoms 8 years ago but did not
receive ERT due to allergy. LOPD_3 suffered symptoms
for 7 years and received ERT for 6 years.

Comparing DM2 patients to controls, we noted elevation
of overall PDFF in SET (12.7%+1.1% vs. 1.8%+0.6% in
controls), SEM (14.1%+3.4% vs. 2.3%=0.2% in controls),
and SAR (15.4%=+2.9% vs. 5.8%+0.5% in controls) muscles
(Table 3). Comparing patient DM2_1 (disease duration 1
year) and DM2_2 (disease duration 11 years), we saw PDFF
elevations of around 5% in VM (proximal & central), GRA
(proximal & distal), SEM (central & distal) and proximal SAR
muscles in DM2_2 compared to DM2_1 (Table 4, Figure 2).

Patients with LGMD?2A showed increased PDFF
in all muscles compared to healthy controls. However,
LGMD2A_1 showed an early disease stage with
predominantly mild PDFF elevations over all muscles and
levels (10.9%=+7.1%). Severe overall PDFF elevation was
only observed in SEM (74.8% vs. 2.3%20.2% in controls)
and SET (71.5% vs. 1.8% in controls) muscles for this
patient (Table 3). The patient LGMD2A_2 manifested
an advanced disease stage with severe fatty infiltration
over all muscles and levels (70.1%=10.6%) with relative
sparing of SAR (22.5% wvs. 5.8%+0.5% in controls). In
particular, the quadriceps, GRA and BIC muscles showed
the highest difference between LGMD2A_1 with 5 years
since symptom onset (average PDFF of quadriceps, GRA
and BIC was 11.1%6.9%) compared to LGMD2A_2 with
32 years since symptom onset (average PDFF of quadriceps,
GRA and BIC was 66.3%+6.3%).

LOPD patients showed variable PDFF elevations.
Compared to controls, overall PDFF elevations were
observed in VM (30.8% vs. 2.0%+0.6% in controls), VI
(26.3% wvs. 1.7%+0.4% in controls) and SEM (25.8%
vs. 2.3%=+0.2% in controls, P<0.05) (Table 3), thereby
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Table 2 Scan parameters
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Parameters Controls NMD patients
TR/TEmIn/ATE (ms) 6.4/1.1/0.8 10/1.04/0.8
Field of view (FOV) (mm?) 220x400 262x424
Acquisition matrix 68x150 84x211
Acquired slice thickness (mm) 4 8
Reconstructed matrix size 432x432 512x512
Voxel size (mm?) 3.2x2.2x4 3.2x2x4
Number of slices 63 30
Receiver bandwidth (Hz/pixel) 2,484 2,325

Frequency direction

Acceleration

Navg

Scan time

A/P (to minimize breathing artifacts)

1

1 min and 25 s per stack

A/P (to minimize breathing artifacts)

SENSE in L/R direction with reduction factor R

=2
1

20 s per stack

TR, repetition time; TE, echo time; NMD, neuromuscular disease; A/P, anterior/posterior; L/R, left/right; Navg, number of averages; SENSE,

sensitivity encoding.

Table 3 Proton density fat fraction of control subjects and patients

DM2 LGMD2A LOPD

Muscle  Controls

DM2_1 DM2_2 P LGMD2A_1 LGMD2A 2 P LOPD_1 LOPD_2 LOPD_3 P
VL 3.0+0.5 15.6 184 . 8.4 71.3 * 7.9 14.0 22.2
VM 2.0+0.6 18.9 16.7 8.2 61.6 7.2 31.6 53.4
VI 1.7+£0.4 121 141 8.4 69.2 8.7 27.0 43.5
REC 3.2+0.3 8.7 11.9 6.8 63.2 14.9 10.1 20.4
GRA 3.1+0.8 8.5 13.2 8.5 56.9 8.5 9.0 9.2
SEM 2.3+0.2 10.7 17.4 74.8 83.1 i 25.1 31.8 20.4 *
SET 1.8+0.6 13.8 11.6 71.5 84.3 8.8 14.0 9.3
BIC 2.1+0.6 12.9 13.5 26.6 75.5 14.8 32.3 13.7
SAR 5.8+0.5 12.6 18.3 13.7 22,5 9.9 9.5 12.9

*, P<0.05; **, P<0.01; ***, P<0.001. PDFF (%) is noted as mean + standard deviations for all 20 control subjects, after averaging the left
and right side. PDFF values for each muscle of the 7 patients (DM2_1, DM2_2, LGMD2A_1, LGMD2A_2, LOPD_1, LOPD_2, LOPD_3) are
shown as mean of all 90 slices including all three stacks (proximal, central, and distal) after averaging left and right side. PDFF values per
disease were compared to pooled controls (row-by-row comparison) with significant P values for this comparison coded with asterisks.
DM2, myotonic dystrophy type 2; LGMD2A, limb-girdle muscular dystrophy type 2A; LOPD, late-onset Pompe disease; VL, vastus late-
ralis; VM, vastus medialis; VI, vastus intermedius; REC, rectus femoris; GRA, gracilis; SET, semitendinosus; SAR, sartorius; PDFF, Proton

density fat fraction.

encompassing all major hip flexors and extensors.
Comparing proximal, central, and distal ectopic fat
deposition patterns (Tuble 4, Figure 2), there was high intra-
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and inter-disease variation. Local significant variations

rarely followed common trends across patients of the same
disease: The most striking difference was noted in the
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Table 4 Proton density fat fraction of control subjects and patients at the proximal, central, and distal part of the muscle
Muscle  Level Control DM2_1 DM2_2 LGMD2A_1 LGMD2A_2 LOPD_1 LOPD_2 LOPD_3
VL P 2.4£1.2 16.0 17.8 67.2 5.9 16.6 22.5
C 2.8+1.6 14.0 19.2 72.2 7.8 8.2 12.7
D 3.7+1.0 16.7 18.3 74.6 9.9 17.2 31.5
VM P 2.0£1.0 9.3 14.4 57.2 5.6 34.8 39.1
C 1.2+0.8 9.5 16.2 63.2 5.2 31.1 70.2
D 2.7+1.0 37.8 16.4 64.4 10.8 29.0 51.0
Y P 1.3+1.4 12.6 16.4 72.8 13 29.7 42.2
C 1.6+1.3 10.7 13.3 67.6 5.5 20.8 42.7
D 2.2+0.7 13.0 12.6 67.1 7.6 30.5 45.5
REC P 2.9+15 9.0 10.3 67.8 20.9 9.8 17.3
C 3.4+1.8 8.3 13.5 58.6 8.8 10.3 23.4
GRA P 2.6+1.6 8.0 12.4 10.5 711 9.9 9.6 8.1
C 4.3+1.2 11.0 14.7 48.2 7.3 8.6 10.4
D 2.5+1.3 6.5 12,5 51.5 8.2 8.9 9.0
SEM C 2.5+1.7 10.0 16.7 77.6 79.1 15.5 29.9 21.4
D 2.1+2.5 11.4 18.1 72.0 87.0 34.7 33.7 19.4
SET P 1.3x1.7 16.5 12.8 73.6 82.4 9.8 16.2 11.3
C 2.7£2.0 121 11.2 64.5 87.0 5.5 12.9 8.8
D 1.4+1.7 12.8 10.7 76.3 83.6 11.0 12.8 7.9
BIC C 2.6+2.0 13.3 13.4 38.4 80.0 17.0 42.4 16.0
D 1.5+1.9 12,5 13.6 14.8 70.9 12.6 22.2 11.3
SAR P 52+2.4 10.8 18.4 28.3 9.8 10.0 12.8
C 6.5+2.8 13.6 19.2 19.0 10.1 9.1 14.5
D 5.6+2.3 13.3 17.2 10.9 20.1 9.9 9.3 11.3

PDFF (%) is noted as mean + standard deviations for all 20 control subjects, after averaging the left and right side. PDFF values for each
muscle of the 7 patients (DM2_1, DM2_2, LGMD2A_1, LGMD2A_2, LOPD_1, LOPD_2, LOPD_3) are shown as mean of all 30 slices per
stack [proximal (P), central (C), and distal (D)] after averaging left and right side. DM2, myotonic dystrophy type 2; LGMD2A, limb-girdle
muscular dystrophy type 2A; LOPD, late-onset Pompe disease; VL, vastus lateralis; VM, vastus medialis; VI, vastus intermedius; REC, rec-
tus femoris; GRA, gracilis; SET, semitendinosus; SAR, sartorius; PDFF, proton density fat fraction.

patient DM2_1 in VM, where the distal level showed a
PDFF of 37.8% whereas the proximal and distal showed a
PDFF of around 9%. Other differences on the proximo-
distal axis were less pronounced. There was a slightly higher
PDFF at the distal VL compared to proximal and central
levels in LGMD2A_2 (74.6% compared to 72.2% and
67.2%) and all patients suffering from LOPD. The same
observation was made in the VM muscle in, LGM2DA_1,
and LOPD_1 & LOPD_3. Other local variations are noted

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in Table 4 but did not follow a common trend across one
disease or across diseases, respectively.

Control subjects

The average age in the control cohort was 30.8+6.1 years
(range, 21-41 years). Between the 10 males and 10 females
in the control group, age did not significantly differ (P>0.05).

However, control subjects were significantly younger than
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PDFF (%) [eDM2_1 eDM2_2 oLGMD2A_1 eLGMD2A_2 eLOPD_1 oLOPD_2 oLOPD_3]
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Figure 2 Distribution of the proton density fat fraction (%) for all assessed muscles for healthy controls and patients (left and right side

averaged) at the proximal, central, and distal level. Single data points represent outliers as defined by surpassing a value of 1.5x interquartile

range. Data points of outliers are color-coded depending on patient identifier and disease. PDFFE, proton density fat fraction; DM2,

myotonic dystrophy type 2; LGMD2A, limb-girdle muscular dystrophy type 2A; LOPD, late-onset Pompe disease.

patients (P<0.001).

The overall average PDFF value was 3.0%+2.4% (range,
0-16.4%), without significant differences between male and
female controls (P>0.05).

Comparing PDFF at proximal, central, and distal levels,
we noted that the anterior thigh muscles showed a lower
PDFF at the central part of the muscle (order of 1-2%)
whereas the posterior thigh muscles showed the inverse

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

relationship (Table 4). These differences were significant in
all muscles (P<0.01 for VL, SET and BIC; P<0.001 for VM,
VI, GRA, SAR) except for REC and SEM (P>0.05).

Sub-comparison at the proximal level revealed a higher
PDFF in SAR (5.2%=2.4%; Tiable 4) compared to VI, VM,
REC, SET and GRA (P<0.01). A significantly lower PDFF
was noted in VI and SET compared to REC (P<0.05), GRA
(P<0.05), and VL. (P<0.01).
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Sub-comparison at the central level similarly revealed a
higher PDFF in SAR compared to all other muscles (P<0.01)
except for the GRA muscle (P>0.05). In addition, VM
showed a lower PDFF (1.2%+0.8%, Table 4), compared to
BIC, SET and REC (P<0.05), and to VL. and GRA (P<0.01).
VI also exhibited a lower PDFF than REC, VL (P<0.05)
and GRA (P<0.001).

Sub-comparison at the distal level again showed higher
PDFF values in SAR (5.6%=2.3%, Table 4) compared to VI,
VM, REC, SET, GRA, BIC and SEM (P<0.001). VL also
showed higher PDFF values compared to BIC and SET
(P<0.001).

Inter- and intra-reader reproducibility

Intra-reader reproducibility of PDFF measurements
expressed as reproducibility coefficient was 0.16% in
LGMD2A 1, 2.19% in LOPD_2, and 1.33% in LOPD_3.
The same muscles were segmented by reader 2 in addition
to reader 1, again blinded to segmentation area and PDFF
results of reader 1, to calculate inter-reader reproducibility.
Inter-reader reproducibility of PDFF measurements
expressed as reproducibility coefficient was 0.50%in
LGMD2A_1,0.41% in LOPD_2, and 0.44% in LOPD_3.
The reproducibility coefficient represents the value
below which the absolute difference between two repeated
test results may be expected to lie with a probability of 95%.

Discussion

Using CSE-MRI, we performed quantitative evaluation
of thigh muscles at different levels in patients with DM2,
LGMD2A and LOPD and compared those to healthy
controls. Considering the different times since disease
onset, DM2 and LGMD?2A patients showed a trend
towards a specific fatty infiltration pattern over time, albeit
the limiting factor of low number of included patients.
Proximal-to-distal PDFF distribution was highly variable
within and between diseases. Even in advanced disease
stage, reproducible PDFF measurements were acquired
since the reproducibility coefficient was low for intra- and
inter-reader repeated measurements.

In DM2, we observed mild but significant PDFF
elevations in the SEM, SET and SAR muscles compared to
healthy controls. One study evaluating T2 hyperintensity in
myotonic dystrophy (DM1 and DM2) showed that high signal
was found in early disease in the VI muscle, while patients
with progressive disease showed whole thigh fat replacement
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with predominance of the VI and VM muscles (6).
Another study found predominant fat replacement of
VI and hamstring muscles (8). In another study using a
semi-quantitative grading scheme, DM2 patients showed
involvement only at late disease stages and depicted
sparing of REC and GRA muscles (7). The reason for
the discrepancy between our data and these studies likely
originates from their inclusion of patients with myotonic
dystrophies type I and II (DM2) in the first two mentioned
studies and the semi-quantitative approach using T2-
imaging instead of quantitative measures in all three studies.
Subtle changes in muscle fat infiltration are unlikely to be
accurately evaluated on a semi-quantitative scale.

In LGMD?2A, one patient with an early disease stage
showed prominently elevated PDFF in the hamstring
muscles SEM and SET. The second LGMD2A patient
with advanced disease stage showed diffuse severe fat
replacement of all thigh muscles, while SAR was spared.
Corroborating these results, it was previously shown in
LGMD?2A that at the thigh, the SEM muscle is primarily
affected and that VL, GRA, and SAR muscles are affected
only at later stages (3,4).

In LOPD, we found increased PDFF in the hamstrings
and the intermediate-to-medial part of the quadriceps with
sparing of the REC and SAR muscle. In the literature,
primary involvement in this disease has been ascribed to the
posterior thigh musculature and the VL and VM (5,9,36,37).

Assessment of intra-disease variability theoretically
allows identifying candidate muscles for disease and therapy
monitoring by finding muscles that show gradually increasing
PDFF values with clinically progressive disease or longer
disease duration. This was observed for DM2 patients in
the VM (proximal & central), GRA (proximal & distal),
SEM (central & distal) and proximal SAR muscles and for
LGMD2A patients in the quadriceps, GRA and BIC muscles.
Candidate muscles in LOPD were difficult to identify due to
the high heterogeneity in muscular fat infiltration.

Although there have been multiple reports on specific fat
replacement patterns between the three disease studied (11),
there is to our knowledge no comparable analysis on
intra-disease trends of gradual elevation of quantitatively
increased fat infiltration.

On the proximal-to-distal axis, great variability across
NMD patients and healthy controls with only few trends
were observed. One trend was a higher PDFF at the distal
VL muscle in patients suffering from LOPD. This was also
observed in the quadriceps muscles in healthy controls,
however to a milder extent (Figure 2). Due to the low
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number of patients per disease group, other subtle trends
were non-significant.

Literature on proximal-to-distal changes in ectopic
fat deposition in individual muscles is sparse. Studies in
facioscapulohumeral dystrophy showed an increasing PDFF
from the proximal to the distal thigh over all assessed
muscle groups (31,38), although relative increment was
comparatively moderate with 3.9% (31). One study in
Duchenne muscular dystrophy showed higher fat fractions
in proximal and distal parts of VL and BIC compared to the
muscle body (39).

Our findings may illustrate that regional, proximal-
to-distal variation of muscle PDFF in NMD does not
generally follow the same direction as in healthy controls.
Intra-individual proximal-to-distal as well as intra-
disease PDFF variations should be carefully taken into
consideration when subjecting patients to longitudinal
MRI scans in clinical or study protocols or when designing
studies correlating muscle fat replacement to strength
measurements. In the latter regard, some previous studies
have taken into consideration the entire quadriceps muscle
and positively correlated it to muscle strength (25). Other
studies predominantly assessed muscle fat replacement at
the central thigh level, thereby mostly assessing the muscle
body (6,9,23,26,40-42).

When interpreting the results of this study we have
to bear some limitations in mind. The most important
limitation of our study is the small sample size within each
disease group. There is a high variability within patients
of the same type of NMD comparing proximal, central,
and distal levels, and even patients suffering from the
same disease tended to show fat replacement in different
muscles and at different levels. However, DM2, LGMD?2A,
and LOPD represent rare disease entities with a limited
population to recruit patients from (9,37). Another limiting
factor is the increasingly difficult muscle segmentation with
progressive fat replacement, possibly resulting in increased
inter-reader variability, as opposed to healthy adults where
fully automated and semi-automated algorithms have proven
increasingly apt to accelerate muscle segmentation (43).
A further limitation is the cross-sectional design of the
study, including patients with different disease stages rather
than longitudinally following up individual developments
in muscle fat replacement of each patient. The scan
protocols were different because data from patients and
controls were prospectively surveyed in different studies
but retrospectively pooled for this analysis. Given the
nature of the study, both in terms of prospective design
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and its quantitative biomarker aim, the slight differences in
acquisition protocol between healthy controls and patients
are a potential source of bias. However, this approach was
considered legitimate, as there is sufficient evidence in
the literature concerning the robustness of CSE-MRI to
changes in scan parameters (44-46).

Finally, there was a significant age difference between
patients and controls, which has to be considered when
evaluating the results of this study.

Conclusions

Using CSE-MRI for quantitative measurement of muscle
fat infiltration at the thigh, we identified possible candidate
muscles for disease diagnosis and monitoring due to their
significant PDFF elevation in patients with longer disease
duration for DM2 (VM and SEM muscles) and LGMD2A
(quadriceps and GRA muscles). Further, regional variation
between proximal, central, and distal muscle PDFF was high
not only within the same disease but also within controls. It
showed very few observable intra- and inter-disease trends.
High regional variation within the same muscle is important
to consider when performing longitudinal MRI follow-ups
in the clinical setting or in longitudinal studies.
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