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Abstract

Collagen VI-related dystrophies (COL6-RDs) and Duchenne muscular dystrophy (DMD) cause
progressive muscle weakness and disability. COL6-RDs are caused by mutations in the COL6
genes (COL6A1, COL6AZand COL6A3) encoding the extracellular matrix protein collagen VI,
and DMD is caused by mutations in the DMD gene encoding the cytoplasmic protein dystrophin.
Both COL6-RDs and DMD are characterized by infiltration of the muscles by fatty and fibrotic
tissue. This study examined the effect of disease pathology on skeletal muscles in lower extremity
muscles of COL6-RDs using timed functional tests, strength measures and qualitative/ quantitative
magnetic resonance imaging/spectroscopy measures (MRI/MRS) in comparison to unaffected
(control) individuals. Patients with COL6-RD were also compared to age and gender matched
patients with DMD.

Patients with COL6-RD presented with a typical pattern of fatty infiltration of the muscle giving
rise to an apparent halo effect around the muscle, while patients with DMD had evidence of

fatty infiltration throughout the muscle areas imaged. Quantitatively, fat fraction, and transverse
relaxation time (T,) were elevated in both COL6-RD and DMD patients compared to unaffected
(control) individuals. Patients with COL6-RD had widespread muscle atrophy, likely contributing
to weakness. In contrast, patients with DMD revealed force deficits even in muscle groups with
increased contractile areas.
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INTRODUCTION

The congenital muscular dystrophies are a genetically and clinically diverse group of
muscle conditions which present congenitally, are characterized by hypotonia and muscle
weakness and are associated with a dystrophic-appearing muscle biopsy. The collagen
VI-related dystrophies (COL6-RDs) are caused by mutations in the collagen 6 genes
(COL6A1, COL6AZ, and COL6A3) encoding proteins involved in linking the extracellular
matrix and sarcolemma proteins [1, 2]. Both autosomal dominant as well as recessive
mutations in the COL6 genes, can lead to COL6-RD. Based on clinical severity, the COL6-
RD phenotypic spectrum can be subdivided into: Ullrich congenital muscular dystrophy
(UCMD) for patients who either never achieve independent ambulation or lose the ability

to walk independently by 10 years of age, the milder phenotype of Bethlem myopathy

for patients who are able to walk independently until adulthood, and a phenotype of
intermediate severity between the two. In contrast to the COL6-RDs which are characterized
as extracellular matrix disorders resulting in a phenotype of a combined connective
tissue/congenital muscular dystrophy, Duchenne muscular dystrophy (DMD) is a childhood-
onset muscular dystrophy caused by the absence of the intracellular sarcolemmal protein
dystrophin which serves to link the cytoskeleton to a transmembrane protein. Despite these
differences, muscle histopathology findings in both DMD and COL6-RD are characterized
by fatty tissue infiltration, excessive fibrosis and necrosis of muscle fibers.

Muscle biopsy can often be essential for diagnosing a muscular dystrophy, but has some
limitations in monitoring these diseases over time, including limited tissue sampling [3,

4] resulting in regional sampling bias due to the variable tissue involvement. Non-invasive
measures of motor function such as timed function tests including the 6-minute walk test [5],
qualitative assessment tools [5-8], strength testing [9-11], pulmonary function tests [11-13]
and muscle functional scales such as the Motor Function Measure 32 [11] have all been used
to determine disease progression in COL6-RD and DMD. These measures though effective,
have limited sensitivity, especially early in the disease process. With the limitations of the
currently available outcome measures, there is a need for non-invasive quantitative measures
of musculoskeletal changes with high sensitivity in order to assess both disease progression
as well as potential efficacy of therapeutic interventions.

Magnetic resonance imaging (MRI) has been shown to be an objective, sensitive and specific
marker of musculoskeletal injuries [9, 14-18]. In COL6-RDs, however, muscle MRI has
mainly been used to provide a qualitative assessment of muscle appearance [16, 19]. The
overall objective of this study was to assess if muscle MRI could be used as a quantitative,
non-invasive biomarker in collagen VI-related dystrophies. We hypothesized that patients
with COL6-RDs are characterized by muscle atrophy and the progressive replacement of
muscle by connective and fatty tissue as measured by quantitative MRI in comparison
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to age-matched controls. We also hypothesized that muscle involvement as measured by
quantitative MRI in patients with COL6-RD would occur in patterns different from those

in patients with DMD. Finally, we hypothesized whereas both dystrophies are characterized
by inflammation and replacement of the muscle with fatty tissue, the relationship between
muscle size and ability to produce force will be different between DMD and COL6-RDs.

In the first aim of the study, thirteen patients with a genetically confirmed diagnosis of
COL6-RD and a clinical phenotype of either Bethlem myopathy or Intermediate COL6-RD
volunteered to take part in this study (male = 12, female = 1) (Table 1). Patients with
COLG6-RD were compared to 14 age-matched unaffected (control) individuals (Male = 10,
Female = 4) (Table 1).

In second sub-aim, a subgroup of patients with COL6-RD (7= 7) was age and gender-
matched to a group of patients with DMD (7= 8) and unaffected (control) individuals
(n=7) (Table 1). Diagnosis of DMD was confirmed on the basis of (1) DMD specific
clinical feature before 5 years of age, (2) serum creatine kinase level above normal, and

(3) absence of dystrophin expression, on immunostaining or Western blot (<2%), and/or
DNA confirmation of a dystrophin mutation. The study was approved by the University of
Florida Institutional Review Board. Written informed consent was obtained from the patient
or parents/legal guardians of the subject (if the subject was below 18 years) before beginning
the study. All patients underwent a muscle MRI scan of approximately 60-90 minutes
duration. Following the MRI scan, patients performed strength testing on a computerized
isokinetic dynamometer (Biodex, System 3.0, Biodex Corp, Shirley, NY) and were asked to
perform a battery of functional tests as described below.

MR acquisition

MR images of lower extremity were acquired using a 3.0 T whole body scanner (Philips
Achieva Quasar Dual 3T, Philips, Best, the Netherlands). All patients were asked to

avoid any excessive physical activity 48 hours prior to MRI. While on site, patients were
transported between different testing locations in a wheelchair to minimize the effect of
fatigue. To acquire the MRI scans, the patients were asked to lie down in a supine position,
and the right leg was secured using foam wraps and sandbags to minimize motion artifacts
during the MRI. For the children, a parent and one of the team members accompanied the
patients inside the MR environment during the scan. A sixteen channel transmit/receive coil
(/nvivo, Gainesville, Florida) and an eight-channel FLEX coil (/nvivo, Gainesville, Florida)
were used to acquire images from the lower leg and thigh, respectively. T1-weighted 3D
gradient echo transaxial images of right lower leg and thigh were acquired (In subjects
where we were not able to image right leg due to contractures or metal implants, left leg was
scanned) with spectral selection attenuated inversion recovery with fat suppression (SPIR).
Specific MRI acquisition parameters were as follows for the lower leg: Field of View (FOV)
=120 x 120 x 146 mm3, repetition time/echo time (TR/TE = 17/1.9 ms; thigh: FOV = 170
x 170 x 146 mm3, TR/TE = 24/1.8 ms) and without fat suppression [lower leg: Field of
View (FOV) = 120 x 120 x 146 mm3, TR/TE = 4.9/1.9 ms and thigh: FOV = 170 x 170 x
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146 mm3, TR/TE = 6.1/1.4 ms). T,-weighted multi-slice spin echo (SE) images without fat
suppression were also acquired from the thigh and the calf as described previously by Forbes
et al (2013)[20] and Willcocks et al (2014)[21] (12 to 18 axial slices, slice thickness = 7

mm, TR =3 s, 5 echo train (TE = 20, 40, 60, 80, and 100 ms), with a refocusing angle of
180°

In addition to these MRIs, single voxel 1H-MRS data were acquired (TE = 108 ms; TR

= 3's; NA = 64) for assessment of lipid fraction using stimulated-echo acquisition mode
(STEAM) from the soleus (Sol) and vastus lateralis muscle (VL) and were corrected for T1
and T2 relaxation. Details of MR acquisition parameters were reported earlier by Forbes et
al. (2013) [22] and Triplett et al. (2013) [23].

Qualitative MR measures

T1-weighted trans-axial images of lower leg and thigh were observed qualitatively by trained
analyzers to examine the pattern of muscle involvement in patients with COL6-related
dystrophies. Further, these images were compared with images from patients with DMD to
differentiate between both muscular dystrophies.

Quantitative MR measures

Maximum Cross-Sectional Area (CSAmax): T1 Weighted images were used to
determine the (CSAnax) Of the quadriceps [vastus lateralis (VL), vastus medialis (VM),
vastus intermedius (V1), rectus femoris (RF)] and the plantarflexors [lateral gastrocnemius
(LG), medial gastrocnemius (MG), soleus (Sol)]. Regions of interest (ROIs) were manually
traced using OSIRIX (Pixmeo SARL 8.0) software to obtain the CSA of each muscle.
CSAmax Was defined as the average of the slice with the largest CSA and one slice proximal
and distal to it [9, 22, 24].

Non-fat Area: The ROIs used for the measurement of CSAmax Were also used to

calculate the degree of muscle replacement by fat. The images acquired were corrected

for heterogeneity using N4 correction algorithm(25) A custom written IDL (Interactive
Data Language; Harris Geospatial Solution, v8.5) program was used to obtain a non-fat
area based on signal intensity thresholding(22) using a center of valley output (based on

the signal intensity of fat and the preserved muscle). This acquired percentage was then
multiplied by CSAnax to obtain an estimate of non-fat area(22). ROIs for CSA, ROIs were
also drawn in subcutaneous fat just external to the muscle for fat content analysis. To
determine the signal intensity of unaffected muscle, ROIs were traced from muscles that are
typically less affected including tibialis posterior (TP) in the lower leg and the sartorius (Sar)
and gracilis (Gra) of the thigh [16, 22, 26].

T, measurement: T, maps were generated using custom-written IDL software (Harris
Geospatial Solution, 8.5). This software applied a monoexponential decay model to four
echo times (40, 60, 80, and 100 ms) to determine the T, for each pixel in the image. The VL,
Bicep Femoris Long Head (BFLH), Gracilis (Gra), Medial Gastrocnemius (MG), Peroneals
(Per), Soleus (Sol), Tibialis Anterior (TA) were manually circled on three slices ina T,
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map.Values from each slice were averaged to obtain MRI T, values of the muscle of interest.
The details of T, analysis were reported by Willcocks et al (2014) [21].

'H MRS Fat Fraction (FF): 1H-MRS measures of lipid fraction and T, were performed
for the Sol and VL using automated processing of spectra. FF was assessed using area
integration of the phase corrected spectra for the lipid (0.5-2.75 ppm) and 1H,0 (4.3-
5.10 ppm) region of the spectrum using custom-written software in IDL(Harris Geospatial
Solution, 8.5) and corrected for T1 and T2 relaxation. The details of the analysis were
reported earlier by Lott et al (2014) [27] and Forbes et al (2013) [22].

Strength testing

Isometric muscle strength testing was performed for both the knee extensor (KE) and plantar
flexor (PF) muscle groups using an isokinetic computerized Biodex dynamometer (Biodex;
Shirley, NY). For KE strength testing, patients’ right knee and hip were placed at 90 degrees
of flexion. For PF strength testing, the knee was placed at 0 to 10 degrees of flexion, while
the ankle was placed in a neutral position. For both KE and PF testing, the subject was asked
to push against a static pad as hard as possible for approximately five seconds to calculate
isometric torque, followed by a rest period of one minute. Patients were asked to perform

a minimum of five trials but continued to perform trials until at least a 10% decrement

in torque production was observed [9, 28]. Torque was normalized to the non-fat area for
quadriceps and calf muscles to obtain specific torque per unit area of muscle.

Functional testing

Participants were asked to perform three timed performance tasks (the 10m walk/run,
climbing 4 stairs, supine to stand) [11, 21, 28, 29] and a six-minute walk test [18, 30].
Patients performed all timed tasks except the six-minute walk test three times, and the fastest
time recorded was used for analysis. During timed functional tests, patients were given

an adequate time interval between each trial and also each test, to minimize the effect of
fatigue. In the six-minute walk test, patients were asked to walk around cones placed 25
meters apart for six minutes and the total distance traveled was recorded [30].

Graphpad Prism (Version 8.0) was used for statistical analysis. Independent t test with
Bonferroni correction was used to compared control to COL6RD. One-way ANOVA with
Tukey post hoc analysis was used to compare control, COL6 RD and DMD. Level of
significance was set at p < 0.05.

RESULTS

Patients with COL6-RD in this study had a unique pattern of muscle involvement on MRI,
namely an inward (outside-in) progression (starting from fascial planes and progressing

into the vastus lateralis (VL), lateral gastrocnemius (LG) and central shadowing in rectus
femoris (RF)) of fibro-fatty material based on T, weighted images. This inward progression
of fibro-fatty transformation leads to the formation of a ring of lipid rich structure around the
muscle (Fig. 1), the thickness of which increases with disease severity, as the muscle tissue
gives way to fibro-fatty material as the disease progresses (Fig. 1).
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In contrast, the pattern of muscle involvement in patients with DMD was characterized by a
diffuse infiltration pattern of lipids throughout the muscle compartments (Fig. 2).

CSAnmax of individual muscles in both thigh and lower leg of all patients are shown in Table
2. CSAmax Was reduced for all muscles analyzed in patients with COL6-RD in comparison
to controls. This decrement in CSA,x Was more pronounced and significant in thigh
muscles (average 43% lower for thigh muscles; a significant decline in CSAmax of VI, VM,
and RF; p<0.05) in comparison to lower leg muscles (26% lower for lower leg muscles).

When comparing a subgroup of patients with COL6-RD to age and gender- matched patients
with DMD and unaffected (control) participants, patients with DMD were found to have the
highest CSAmax for all the lower leg muscles analyzed (p < 0.05) (Fig. 3), and patients with
COL-6RD had the smallest CSAmax. Both patients with DMD and patients with COL6-RD
had lower CSAnax in the thigh muscles when compared to the control group (Fig. 3).
Patients with COL6-RD had the smallest CSAnax of all three groups for thigh muscles with
significantly atrophied VL, VM and RF muscles (p < 0.05) (Fig. 3)

Non-fat area measurements showed similar trends as for CSAnax. The non-fat areas of the
thigh muscles (VI, VM, RF) for patients with COL6-RD were significantly lower than those
of the control group (p < 0.05; average 52% lower than controls) (Table 2). Also, the lower
leg muscles of patients with COL6-RD had a lower non-fat area when compared to the
controls, but this difference did not reach significance (average 27% lower than controls).

Similar to CSAmax, patients with DMD had the greatest non-fat area for the lower leg
muscles of all three groups (Fig. 4), while patients with COL6-RD possessed the smallest
non-fat areas. Both patients with COL6-RD and those with DMD had significantly lower
non-fat areas for all the thigh muscles (except for the RF in patients with DMD) (Fig. 4)
compared to the control group (p < 0.05). Between patients with DMD and those with
COLG6-RD, individuals with COL6-RD had lower non-fat areas (p < 0.05).

MRI T, and 1H MRS FF

MRI T, for all the thigh and lower leg muscles of interest were significantly higher in
patients with COL6-RD compared to the controls (Fig. 5A; p < 0.05). When comparing 1H
MRS fat fraction for VL and soleus muscles between the two age and sex matched groups,
FF for both the muscles was also significantly higher in patients with COL6-RD (Sol = 0.17
+0.1; VL = 0.37 £ 0.3) than controls (Sol =0.03 £ 0.01; VL = 0.03 0.01; p< 0.05).

Patients with COL6-RD and those with DMD had a significantly higher MRI T, (Fig. 5B; p
<0.05) and H MRS FF (Fig. 6; p< 0.05) in comparison to age-matched controls. Further,
there was no significant difference found in MRI T, and 1H MRS FF between age and sex
matched patients with COL6-RD and DMD (Fig. 6).
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Torque production

Torque production for both KE and PF was significantly lower in patients with COL6-RD
(KE=21.2 +£17.9 ft Ib; PF = 37.6 + 28.0 ft Ib) compared to the controls (KE = 89.9 +

61.4 ft Ib; PF =79.8 £ 35.2 ft Ib) p< 0.01 and p < 0.05, respectively (Table 3). KE and

PF torque, when normalized to non-fat area (specific torque) showed a significantly lower
amount of force production per unit area in patients with COL6-RD compared to the healthy
participants (Table 3).

Isometric torque for both KE (Fig. 7A) and PF (Fig. 7B) demonstrated that patients with
COL6-RD (KE=15.1+7.1ftlb; PF =275+ 13.8 ft Ib) and DMD (KE =11.0 + 5.8 ft

Ib; PF = 31.4 £+ 10.8 ft Ib) have significantly lower torque production than the unaffected
age match control group (KE = 57.5 + 31.4 ft Ib; PF = 74.9 + 26.7 ft Ib, p < 0.05). Patients
with COL6-RD (KE = 0.7 + 0.1 ft Ib/cm?; PF = 1.5 + 0.5 ft Ib/cm?) and DMD (KE = 0.3
+0.2 ft Ib/em?; PF = 0.7 + 0.4 ft Ib/cm?2) had significantly lower specific torque production
compared to the controls for both KE (Fig. 7B) and PF (Fig. 7B) (KE = 1.2 0.4 ft Ib/cm?;
PF = 3.0 + 0.8 ft Ib/cm?2, p < 0.05). Further, when comparing patients with COL6-RD

to DMD, patients with COL6-RD had significantly higher specific torque production in
comparison to patients with DMD in their knee extensors (Fig. 7B).

Functional performance

Patients with COL6-RD required significantly more time to complete timed performance
tasks compared to the controls (Table 3). Ability to perform all the timed performance tasks
was significantly decreased in patients with DMD and those with COL6-RD when compared
to their control counterparts (Table 4). When comparing patients with DMD to those with
COLG6-RD, patients with COL6-RDs performed significantly better than DMD (Table 4).

In comparison to patients with COL6-RD, only 50% of patients with DMD were able to
complete all timed performance tasks.

DISCUSSION

This study provides quantitative insight into previously confirmed qualitative muscle

MRI findings of a classically associated pattern of muscle involvement in COL6-RDs.
Furthermore, this study also demonstrates the ability of MR to differentiate between two
different forms of muscular dystrophy on a morphological as well as functional level,
pointing to fundamentally different mechanisms of disease causation. Patients with COL6-
RD presented with striking muscle atrophy in comparison to patients with DMD; yet, those
with COL6-RD performed functional tasks significantly better and demonstrated higher
force production in lower extremities than in age-matched patients with DMD.

As reported previously, fatty infiltration in highly involved muscles of COL6-RDs
demonstrate the specific pattern which are a hallmark of these conditions, including a
“sandwich” and a “rim” [6, 13, 40] except for the RF where a high-intensity area around
the prominent fascia in the middle of the muscle gives rise to a “central shadow” or “target
[13, 40] (Fig. 1). In contrast, patients with DMD were noted to have a diffuse pattern of
fatty tissue deposition throughout the muscle that increased with disease progression (Fig.
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2). Following qualitative findings, quantitatively, both COL6RD and DMD, presented with
increased MRI T, and FF in COL6-RD patients when compared to the control group.
These findings are similar to previous results from our lab showing increased FF in a

large cohort of DMD and COL6-RD patients (Triplett et al., 2014) [31]. Thus, using
quantitative rather than qualitative measures for both fatty infiltration and muscle damage
across different lower leg muscles, we provide objective MR tools for following COL6-RD
disease progression longitudinally.

MRI analysis revealed that among all the three groups, patients with COL6-RD presented
with the highest degree of muscle atrophy. It has been reported that early myofiber atrophy
presents prior to the appearance of more overtly dystrophic findings in muscle biopsies
from COL6-RD patients [1]; however, the exact pathophysiology of COL6-RD is not fully
understood. Defects in cell growth, myofiber apoptosis, defective autophagy and protein
turnover have all been identified as potential contributors to the development of muscle
atrophy in the mouse model of COL6-RD as well as in patients with COL6-RD [32-36].
Other potential contributors to the pathophysiology of the COL6-RDs include changes in
calpain 3 and nuclear factor-kB signaling [35] as well as the satellite cell niche resulting in
limited regeneration [36].

Muscle quality along with muscle mass is known to play a critical role in maintaining
strength and functional abilities in dystrophies [9, 37] and sarcopenia [38]. Patients with
COLG6-RD in this study presented with atrophied muscles and had both lower force
production (strong correlation was found between non-fat area of the muscle and total
force produced; data not shown) and a decreased ability to perform timed performance tasks
in comparison to an unaffected (control) population. Interestingly, when comparing muscle
quality between DMD and COL6 RD patients, it appears that the muscles in patients with
COLG6-RD have a higher capacity to generate force. Similar to our results here comparing
COL6-RDs and DMD, a previous study, examining the less severe form of DMD, Becker
muscular dystrophy (BMD), to a form of limb-girdle muscular dystrophy (LGMD2l),
reported less torque in BMD than in LGMD2lI, albeit with a higher non-fat area [39]. Based
on previous findings in BMD and our conclusions in DMD, a possible explanation for the
lower force production albeit higher non-fat area can be attributed to the disruption of the
dystrophin-glycoprotein complex (DGC), which acts as a connection between sarcolemma
and muscle contraction machinery [39]. This disruption can lead to impairment of various
other factors that are important in force production such as displaced nNOS [40, 41], a lack
of sarcolemma integrity due to lack of dystrophin [42] and the inability to transfer force
laterally in dystrophic muscles [43]. The COL6-RDs, on the other hand, are extracellular
matrix diseases which maintain an intact DGC complex, and thus collagen VI deficiency
may have a more indirect effect on the integrity of muscle fibers. A study examining the
force production in COL6A3 deficient mice found a reduction in both absolute and specific
force and a decline in specific force was enhanced because of reduced muscle weight albeit
intact DGC complex [44]. In fact, since the collagen VI protein is produced by interstitial
muscle fibroblasts, COL6-RDs is a cell-non-autonomous muscular dystrophy [45]. These
factors in combination could potentially explain lower specific force production in patients
with DMD when compared to patients with COL6-RD.
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CONCLUSION

The current study provides insight into the effect of disease on skeletal muscle in patients
with COL6-RDs, a congenital muscular dystrophy subtype, and its comparison to DMD
using quantitative MRI/MRS in addition to strength and functional measures. It should be
emphasized that the current study focused only on milder patients with COL6-RD and
does not include patients with the more severe COL6-RD phenotype of Ullrich congenital
muscular dystrophy (UCMD). Findings from this current study underlie the importance of
muscle MRI/MRS as a potential noninvasive marker to monitor and differentiate the effect
of disease pathology on skeletal muscle in different muscular dystrophies and also highlight
muscle MRI/MRS as a possible outcome measure in clinical trials. Future studies can build
upon this study to quantify the disease progression in the more severe form of COL6-RD
and also help to improve our understanding of the mechanisms underlying the loss of
strength in different forms of muscular dystrophies.
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Fig. 1.
T1-weighted images (thigh muscles) of patients with COL6-RD in comparison to unaffected

(control) individuals (first axial slice), indicating the pattern of fibro-fatty material with
increased disease severity (B—E). There is a characteristic inward progression of fibro-fatty
material from fascia to deep inside the vastus lateralis muscle. Also, there is a characteristic
central shadow (target)-like appearance in the rectus femoris (RF) muscle (white arrow).
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Control COL6-RD COL6-RD progressed

Fig. 2.
T1-weighted trans-axial images of the lower leg of age-matched patients with COL6-

RD, DMD and unaffected (control) individuals showing the different patterns of disease
progression with fibro-fatty infiltration in two different forms of muscular dystrophies. The
characteristic inwards progression (fascia to deep inside muscle compartment) of fibro-fatty
material (shown by white arrow) in the lateral gastrocnemius (LG) of subject with COL6-
related dystrophy is seen. Note: Representative scans of COL6-RD progressed in figure are
from left lower leg.

J Neuromuscul Dis. Author manuscript; available in PMC 2021 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Batra et al. Page 15

Ng 30 | @ Control
: : B COL6-RD
w
& : o [J omMD
r 20- |
< ] i
= +
g ' +*
5 u :
w 10+ + 4+ ]
n
0 I
7] I
(@] I
o I
(&) 0-
\'/| VL VM RF Sol MG LG

Fig. 3.

Cgmparison of cross-sectional area max (CSAmax) between COL6-RD, DMD and control
groups. *significantly different from control; * significantly different from COL6 p<

0.05; COL6-RD-Collagen VI related dystrophy, DMD- Duchenne Dystrophy, VIVastus
Intermedius, VL- Vastus Lateralis, VM- Vastus Medialis, RF- Rectus Femoris, Sol- Soleus,
MG- Medial Gastrocnemius, LG- Lateral Gastrocnemius.
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Fig. 4.
Comparison of thigh and lower leg Non-Fat area between COL6-RD, DMD and control

groups. +significantly different from control. *significantly different from COLS6; p<

0.05; COL6-RD-Collagen VI related dystrophy, DMD- Duchenne Muscular Dystrophy, VI-
Vastus Intermedius, VL- Vastus Lateralis, VM- Vastus Medialis, RF- Rectus Femoris, Sol-
Soleus, MG- Medial Gastrocnemius, LG- Lateral Gastrocnemius.
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Fig. 5.

(A?) Comparison of MR T, in both thigh and lower leg muscles between COL6-RD, DMD,
and control groups (Whole data). (B) Comparison of MRI T, between Control, COL6-RD
and DMD groups (Age and Sex Matched subset). *Significantly different from controls

at p< 0.05. COL6-RD- Collagen VI related dystrophy, VL- Vastus Lateralis, Sol- Soleus,
MG- Medial Gastrocnemius, BFLH — Bicep Femoris Long Head, GRA - Gracilis, PER -
Peroneus, TA — Tibialis Anterior.
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Fig. 6.

1H MRS FF comparison between age matched COL6-RD, DMD and control groups for Sol
and VL muscles. *Signifcantly different from controls at p < 0.05. COL6-RD- Collagen VI
related dystrophy, VL- Vastus Lateralis, Sol- Soleus, 1H MRS - 1H Magnetic Resonance

Spectroscopy.
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Fig. 7.
(A) Comparison of peak torque production in COL6-RD, DMD and control groups.

(B) Comparison of peak torque normalized to Non-Fat area between COL6-RD, DMD

and control groups. *significantly different between DMD and COL6-RD at p < 0.05.
*Significantly different from control at p < 0.05. COL6-RD- Collagen VI related dystrophy,
DMD- Duchenne Muscular Dystrophy, KE — Knee extensors, PF — Plantar Flexors.
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