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Abstract

Introduction

The primary objectives of this study were to evaluate contractile and non-contractile content

of lower leg muscles of boys with Duchenne muscular dystrophy (DMD) and determine the

relationships between non-contractile content and functional abilities.

Methods

Lower leg muscles of thirty-two boys with DMD and sixteen age matched unaffected con-

trols were imaged. Non-contractile content, contractile cross sectional area and non-con-

tractile cross sectional area of lower leg muscles (tibialis anterior, extensor digitorum

longus, peroneal, medial gastrocnemius and soleus) were assessed by magnetic reso-

nance imaging (MRI). Muscle strength, timed functional tests and the Brooke lower extrem-

ity score were also assessed.

Results

Non-contractile content of lower leg muscles (peroneal, medial gastrocnemius, and soleus)

was significantly greater than control group (p<0.05). Non-contractile content of lower leg

muscles correlated with Brooke score (rs = 0.64-0.84) and 30 feet walk (rs = 0.66-0.80). Dor-

siflexor (DF) and plantarflexor (PF) specific torque was significantly different between the

groups.
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Discussion

Overall, non-contractile content of the lower leg muscles was greater in DMD than controls.

Furthermore, there was an age dependent increase in contractile content in the medial gas-

trocnemius of boys with DMD. The findings of this study suggest that T1 weighted MR

images can be used to monitor disease progression and provide a quantitative estimate of

contractile and non-contractile content of tissue in children with DMD.

Introduction
Muscular dystrophies embrace a large cluster of genetic disorders that result in loss of muscle
fiber integrity, leading to progressive skeletal muscle weakness. Duchenne muscular dystrophy
(DMD) is one of the most common forms of muscular dystrophy affecting approximately 1 in
3500–6000 newborn males [1, 2]. DMD is caused by a mutation(s) in the dystrophin gene lead-
ing to the absence or non-functional structural protein, dystrophin (dys) [3]. Absence of dys
protein affects sarcolemmal integrity leading to progressive fatty tissue infiltration and muscle
atrophy. Loss of muscle strength and skeletal functional mass in DMD negatively affects the
health outcomes leading to an increased risk for disability and morbidity as well as decreased
quality of life [4–6]. During the initial stages of the disease, inflammatory changes and repair
are seen which are followed by fatty tissue infiltration [7]. This progressive fatty tissue infiltra-
tion and muscle weakness leads to loss of ambulation between the ages of 8–12 years [8, 9]. Dis-
ease progression ultimately leads to premature death due to cardiopulmonary complications in
the early twenties [10].

Mounting evidence suggests that effects of dystrophin deficiency vary among species, indi-
viduals and muscles. Hypertrophic and atrophic changes have not only been documented in
children with DMD but also in the preclinical models of DMD. For example, in themdxmouse
model diaphragm muscle is affected much earlier in life compared to the peripheral skeletal
muscles [11]. Furthermore, skeletal muscles ofmdxmice exhibit hypertrophic changes between
10–40 weeks of age followed by skeletal muscle atrophy during later life [12, 13]. On the other
hand, the feline model of DMD displays persistent muscle hypertrophy throughout their life
span [14, 15]. In contrast, the golden retriever model of muscular dystrophy (GRMD) demon-
strates skeletal muscle atrophy and is believed to most closely resemble the pathophysiology of
patients with DMD [16, 17]. Selective muscle involvement is also seen in boys with DMD,
which is evident from atrophy, hypertrophy, and even sparing of different limb skeletal mus-
cles. For example, in DMD patients there is a significant loss of skeletal muscle mass of the pel-
vis and thigh muscles [18–21]. Alternatively, studies have suggested selective sparing as well as
hypertrophy of gracillis (Gr), sartorius (Sar), semimembranosus (SM) [18, 19], and tibilais pos-
terior (TP) muscles [22, 23]. Moreover, leg muscles, especially, the ankle plantar flexors dem-
onstrate an enlarged appearance commonly termed as ‘pseudo-hypertrophy’. Pseudo-
hypertrophy, a hallmark sign of DMD is caused by replacement or infiltration of muscles by
fatty and/or collagenous tissue. Pseudo-hypertrophy has been reported in boys with DMD in
the gastrocnemius, infraspinatus, deltoid, and temporalis muscles [24, 25]. Along with pseudo
hypertrophic changes, hypertrophy has also been reported in gastrocnemius, gracillis and sar-
torius [19, 26]. Collectively, these studies show that some muscles are undergoing both hyper-
trophic and pseudo hypertrophic changes at the same time in DMD. In order to measure the
size and composition of the muscles, various invasive and non-invasive techniques have been
incorporated.
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Muscle biopsy has been regarded as a gold standard to assess the muscle involvement in
patients with neuromuscular diseases. However, it becomes impractical to perform repeated
muscle biopsies on children with DMD. Also, since DMD has selective muscle involvement,
biopsy of a single muscle may fail to provide an accurate assessment of the disease progression.
Therefore, there is a dire need for a sensitive, non-invasive biomarker in order to effectively
monitor the disease progression as well as evaluate the potential therapeutic interventions in
boys with DMD. A variety of imaging techniques, such as CT and ultrasound, have been used
to monitor the disease progression in neuromuscular disorders [27–29]. On the other hand,
developments in advanced magnetic resonance imaging (MRI) techniques have encouraged
investigators to explore the potential of advanced techniques for better spatial and contrast res-
olution. MRI has been used to monitor alterations in skeletal muscles in conditions like obesity
[30], sarcopenia [31], cachexia [32] and spinal cord injury [33, 34]. Furthermore, MRI has also
been used to monitor disease progression in various myopathies [35, 36]. An increased body of
evidence suggests that MRI may have the potential to be a sensitive biomarker of muscle
involvement in DMD. MRI methods, such as T1- and T2- weighted imaging as well as three
point DIXON imaging, have been utilized to estimate intramuscular fatty infiltration in
patients with DMD [21, 35, 37, 38]. Recently, our group demonstrated age related changes in
cross sectional area (CSA) of lower extremity muscles and specific torque production in boys
with DMD [20]. Assessing muscle CSA is an important measure in muscular dystrophy
patients because it provides information about changes in size of the muscles [19, 20]. How-
ever, quantifying CSA fails to provide vital information regarding the contractile and non-
contractile content of a muscle, which may reveal additional, and more clinically useful infor-
mation pertaining to the muscle quality [37]. Indeed, our group and others have estimated the
contractile and non-contractile content in thigh muscles of boys with DMD [18, 37, 39]. On
the contrary, there are only a few studies that have quantified the amount of contractile and
non-contractile tissue in lower leg muscles [23, 40]. The reason for paucity of such studies may
be the relatively slower rate of disease progression in distal leg muscles compared to the proxi-
mal muscles. However, examination of lower leg muscles may also be advantageous as muscle
involvement is slower, thereby providing a greater range of ages to test the potential therapeutic
interventions.

Therefore, the purpose of this study was to assess contractile and non-contractile content of
individual lower leg muscles. Specifically, the aims included: 1) to assess the contractile and
non-contractile content of individual leg muscles in boys with DMD and age matched healthy
controls; 2) to evaluate age related changes in contractile and non-contractile content of lower
leg muscles in boys with DMD; and 3) to evaluate the relationship between non-contractile
content and functional ability of boys with DMD

Research Design and Methods

Ethics Statement
Ethical approval was obtained from the Institutional Review Board (IRB) at the University of
Florida (UF). The study was in compliance with the Health Insurance Portability and Account-
ability Act (HIPAA). A parent/guardian of each subject was required to sign the consent form
approved by the IRB. Subjects were also required to provide signed assent to participate.

Participants
A cohort of thirty-two boys with DMD group (DMD) and sixteen healthy boys from the gen-
eral population (Ctrl) volunteered to participate in this observational cross-sectional study.
Ambulatory status and physical characteristics of all subjects are shown in Table 1. A report
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confirming the diagnosis of DMD using molecular genetic testing (e.g. PCR amplification)
and/or immunohistochemical staining from muscle biopsy was obtained from each of the
DMD subjects. In the DMD group, twenty-nine boys were ambulatory and three boys were
non-ambulatory. All DMD subjects were being treated with corticosteroids (either Prednisone
or Deflazacort). Ctrl subjects were relatively sedentary, in that they did not participate in sport
specific training 2 or more times per week.

MRI acquisition
MRI was performed on a 3.0T (Achieva, Phillip Medical System) whole-body scanner. Subjects
were placed in a supine position with their lower leg positioned in an 8-channel sensitivity
encoding, receive-only extremity coil (3.0T) for lower leg imaging. Three-dimensional trans-
axial gradient echo images without fat suppression were acquired with the following parame-
ters: field of view (FOV) 120 X 120 X 146 mm3, repetition time (TR) 4.9 ms, echo time (TE)
1.9 ms, flip angle 20°, and slice thickness 5.6 mm.

Isometric muscle strength testing
Isometric peak torque of ankle plantar flexors (PF), and dorsiflexors (DF) of the right leg was
measured using a Biodex dynamometer. For PF and DF, the knee was placed between 0° to 10°
of flexion and the ankle was placed in a neutral position (e.g. the talocrural joint flexed at 90°
angle, for PFs) or 30° of plantar-flexion (for DFs). The subject was instructed to push or pull as
hard as possible for 5 seconds, followed by a 1–2 minute rest. Five trials were performed for
each muscle group, and the highest torque value was used for analysis (peak torque). This pro-
tocol was tested for between-day reliability (2-month interval) by the same tester, in a subset of
children with DMD (n = 6) and controls (n = 10). ICCs were calculated for both groups of sub-
jects. High reliability was found for PFs: ICC = 0.88 in DMD and 0.98 in controls, and DFs:
ICC = 0.87 in DMD and 0.95 in controls; p = .001 for all ICCs).

Functional abilities
Subjects were asked to perform timed functional tasks. These tasks included the time to walk
30 feet (30 feet Walk), time to rise from floor (Supine up), time to rise from a chair (Chair Up),
the pediatric timed up and go (TUG) and ascend four stairs (4 stairs) [41]. Subjects were asked
to perform each test three times, and the fastest time was recorded for analysis. The functional
ability was also ranked using the Brooke Lower Extremity Functional scale [42]. This scale is
ranged from grade 1 (able to walk and climb stairs independently) to grade 10 (confined to
bed).

Table 1. Subject Demographics of Duchenne muscular dystrophy (DMD) and agematched control (Ctrl) boys.

Age group Ctrl/DMD Age (years) Height (m) Weight (kg) BMI (kg/m2) BSA (m2)

5–7.9 years Ctrl (n = 5) 6.68 (0.61) 1.21 (0.03) 22.70 (2.45) 15.38 (0.99) 0.87 (0.06)

DMD (n = 13) 6.51 (0.82) 1.13 (0.09) ** 21.63 (2.40) 16.89 (1.78) 0.73 (0.05)

8–9.9 years Ctrl (n = 4) 8.67 (0.52) 1.43 (0.07) 39.45 (8.09) 19.26 (4.01) 1.25 (0.14)

DMD (n = 12) 9.01 (0.54) 1.26 (0.07)** 30.37 (8.23)** 19.00 (3.60) 0.86 (0.09)

> 10 years Ctrl (n = 7) 12.31 (1.85) 1.56 (0.09) 42.33 (8.27) 17.37 (2.75) 1.35 (0.17)

DMD (n = 7) 12.51 (1.89) 1.34 (0.06)** 44.14 (8.41) 24.47 (3.81) ** 1.28 (0.15)

** p<0.05 versus Ctrl group within age group.

Values are mean (SD); Body mass index (BMI); Body surface area (BSA)

doi:10.1371/journal.pone.0128915.t001
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MRI data analysis
Medical Image Processing, Analysis and Visualization (MIPAV) software (version 4.2.1;
National Institutes of Health, MD) was used to analyze the MR images. We selected a single
image that corresponded to the most proximal slice in which the flexor digitorum longus
(FDL) could be visually confirmed. Furthermore, to improve the coverage and reliability we
selected the subsequent proximal and distal slices for data analysis (three slices total per sub-
ject). We identified 5 individual muscles on the image: tibialis anterior (TA), extensor digi-
torum longus (EDL), peroneal (PER), medial gastrocnemius (MG) and soleus (SOL) (Fig 1).

Contractile cross sectional area (C-CSA), non-contractile cross sectional area (NC-CSA),
and non-contractile content (%) (NCC) in the lower leg muscles were calculated using a similar
image analysis technique as previously described [31, 43]. The first step of the analysis was to
correct for image heterogeneity caused by sub-optimal radiofrequency coil uniformity, or gra-
dient-driven eddy currents, using a well-established nonparametric non-uniform intensity nor-
malization (N3) algorithm [44]. This step was essential for subsequent analyses that assume
homogenous signal intensity across the images. Optimized image correction parameters (N3)
were determined (end tolerance 0.0001; maximum iterations 100, signal threshold 1; field dis-
tance 33.33 mm; subsampling factor 2; Kernel full width half maximum of 0.15; Wiener filter
noise 0.01), and the same parameters were applied to all images.

A region of interest (ROI) was drawn by manually tracing the tibialis posterior (TP) muscle
and subcutaneous fat. TP was chosen as the reference muscle as it has been shown to be rela-
tively spared in DMD subjects [23]. The total number of pixels, histogram of all the pixels and
signal intensities within the ROIs were produced. To separate contractile and non-contractile
tissues in the pixel number-signal intensity histogram with minimal bias, we implemented the
Maximum Entropy method [37]. Furthermore, in order to minimize manual tracing errors,
three trials were averaged, and the values were applied to all muscles of interest for each slice of

Fig 1. T1 weighted images of lower leg muscles. Representative T1 weighted 3-D gradient echo images of A) control, and B) DMD subject. Outline of
regions of interest (A) showing different muscles namely TA, tibialis anterior; EDL, extensor digitorum longus; Per, peroneal; MG, medial gastrocnemius;
SOL, soleus; TP, tibilais posterior; FDL, flexor digitorum longus. (B) Showing areas of fatty tissue infiltration in leg muscles.

doi:10.1371/journal.pone.0128915.g001
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interest. After tracing all muscles of interest, the following parameters were computed: 1) total
number of pixels with in ROI; 2) the number of pixels with signal intensity lower than the
threshold value (contractile tissue); and 3) the number of pixels with a value higher than the
threshold value (non-contractile tissue). The proportion of contractile and non-contractile
content of each muscle was calculated as described previously [37]. Intra class correlation coef-
ficient in individual muscles between analyzers ranged from 0.93 to 1.00 for non-contractile
content.

Statistical analysis
Statistical analysis was performed using Graph Pad prism version 6.0. Data were described
using means and standard deviations (SD). A Non-parametric (MannWhitney U-test) was
performed to compare non-contractile content, contractile CSA and non-contractile CSA
between DMD and Ctrl groups. Within-group comparisons were made using Wilcoxon (two
related sample) test and Bonferroni correction was used for multiple comparisons. The signifi-
cance (two-tailed) values (p) were reported for all the comparisons. For the functional tests, the
subjects with DMD who were physically unable to perform a test were given the highest score
in that activity. Therefore, Spearman’s rank correlation test was used to determine the relation-
ships between two independent variables. The level of significance was set at p� 0.05.

Results

Subject demographics
Boys with DMD were shorter in height across all age groups and boys over 10 years of age had
higher body mass index compared to controls (Table 1). No significant differences were found
in age and body surface area (BSA) between DMD and Ctrl groups. Furthermore, the mean
Brooke score was 2.2±0.4 in DMD boys indicating that most patients in this group were ambu-
latory, except for three subjects who were non-ambulatory.

Comparison of lower leg muscles of control and DMD group
Using MR T1 weighted images, considerable differences in leg muscles were observed in the
DMD group. C-CSA (cm2), NC-CSA (cm2), and NCC (%) of lower leg muscles of the DMD
and Ctrl groups were calculated. We did not observe any significant difference in C-CSA
between the DMD and Ctrl groups when all age groups were combined (Fig 2A). However,
NC-CSA of Per, MG and SOL differed significantly between the DMD and Ctrl groups (Fig
2B). Additionally, we found that NCC of Per, MG and SOL in the DMD group differed signifi-
cantly from the Ctrl group (Fig 2C). On the other hand, C-CSA, N-CSA and NCC of TA and
EDL did not differ significantly between the DMD and Ctrl groups (Fig 2).

Muscle non-contractile content in control and DMD in each age group
To examine age-related changes in NCC, the participants (Ctrl and DMD) were divided into
three age groups (5–7.9 years, 8–9.9 years,> 10 years; see Fig 3). Overall, in the Ctrl group, we
did not observe an age dependent increase in NCC of the leg muscles. However, significant dif-
ferences were found in the muscles of the DMD group. Specifically, the dorsiflexor muscles
(TA and EDL) had a greater NCC in DMD compared with Ctrl in the oldest age group (> 10
years) only. Furthermore, except for MG, we found that NCC of plantar flexor muscles in the
oldest DMD group (> 10 years) was significantly greater than younger age groups (5–7.9 years
and 8–9.9 years). Surprisingly, we observed a significant increase in NCC of MG in 8–9.9 years
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old DMD group compared to age matched Ctrl group. Collectively, these results indicate that
there is age dependent increase in NCC of lower leg muscles in boys with DMD (Fig 3).

Age related changes in contractile and non-contractile CSA
Muscles of the lower leg were evaluated for age related changes in C-CSA and NC-CSA (Fig 4).
Overall, there was an age dependent progressive increase in both C-CSA and NC-CSA. Boys
with DMD who were> 10 years old displayed a significant increase in NC-CSA in all the mus-
cles compared to the youngest boys with DMD (5–7.9 years). Additionally, between 8–9.9 and
>10 years, NC-CSA was significantly different in PER and MG (p<0.001). On the other hand,
C-CSA of PER and MG and SOL differed significantly between the youngest (5–7.9 years) and
the oldest group (>10 years) (p<0.01). Finally, only the MG displayed significant increase in
contractile area compared to age matched Ctrl in the oldest group (> 10 years).

Fig 2. Contractile cross sectional area (C-CSA), non-contractile cross sectional area (NC-CSA), and non-contractile content (NCC) of all the lower
leg muscles of boys with DMD and healthy control subjects. Significant difference was found in NC-CSA and of peroneal (Per), medial gastrocnemius
(MG), and soleus (SOL) (denoted by **, p<0.05). No differences were observed in C-CSA of DMD and Ctrl leg muscles when all age groups were combined.
Data is presented as mean (SD).

doi:10.1371/journal.pone.0128915.g002
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Relationships between non-contractile content of lower leg muscles and
functional abilities
The relationships between the NCC in muscle groups, strength measurements, timed func-
tional tests and Brooke score were examined in DMD subjects (Table 2). (A) Significant corre-
lations were found in NCC of all muscles and the 30-feet walk (rs = 0.66–0.80, p<0.0001)
(Fig 5) and Brooke score (rs = 0.64–0.84, p<0.0001) (Fig 6). (B) In addition, we found that
both peak torque and specific torque of DF and PF were significantly reduced in DMD as com-
pared to Ctrl group. As expected, there was a significant increase in DF and PF force produc-
tion with age in the Ctrl group but the DMD group did not show any increase in force
production with age (Fig 7).

Discussion
Muscle MRI is being increasingly used as a diagnostic tool in various inherited neuromuscular
disorders [20, 21, 38]. In DMD, T1 weighted images have been used to demonstrate heteroge-
neity in fatty tissue infiltration among the lower limb muscles in older boys [45]. However,
there is a dearth of studies quantifying the fatty tissue infiltration in the lower leg muscles. In
this study we provided a quantitative estimate of fatty tissue accumulation in the lower leg skel-
etal muscles of DMD and unaffected controls using T1 weighted MR images. The main findings
of this study were: (1) boys with DMD had significant increased proportion of NCC and

Fig 3. Percent non-contractile content (NCC) in leg muscles of Ctrl and DMD in different age groups.NCC of leg muscles of DMD at the age of >10
years was significantly different from 5–7.9 and 8–9.9 years age groups (denoted by #, p<0.05). NCC of TA, EDL, Per, MG, and SOL of DMD were
significantly different than Ctrl in > 10 year age group (denoted by *, p<0.05). Additionally, only MG showed significant differences between DMD and Ctrl
group at the age of 8–9.9 year. Data is presented as mean (SD).

doi:10.1371/journal.pone.0128915.g003
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NC-CSA in the PER, MG and SOL compared to age matched controls; (2) DMD boys had a
relatively greater increase in NC-CSA with age compared to C-CSA; (3) MG in older DMD
boys exhibited greater contractile area as compared to age matched controls; (4) DF and PF
specific torque production were significantly reduced in DMD boys as compared to healthy
control boys; and (5) the proportion of NCC of leg muscles correlated with functional ability as
assessed by 30 feet walk and Brooke score, and muscle strength measurements from dynamom-
eter muscle testing.

Variable muscle involvement in DMD
There is an increasing body of evidence showing progressive and selective pattern of involvement
in muscles of DMD patients [18, 19]. Accordingly, our results generally support the findings of

Fig 4. Comparison of C-CSA and NC-CSA among different age groups in DMD and control groups.Red and blue color represents N-CSA and C-CSA
respectively. Symbol colors are accordant with the bar colors (red; N-CSA, blue; C-CSA). * Represents significant differences between DMD and age
matched Ctrl group (p<0.05); # represents significant differences across the age groups (p<0.05).

doi:10.1371/journal.pone.0128915.g004

Table 2. Comparison of timed functional tests between control (Ctrl) and subjects with Duchenne muscular dystrophy (DMD).

Timed Functional measurements 30- feet walk Fastest supine up Chair up TUG 4 stairs

Ctrl 4.7 ± 0.53 1.6 ± 0.27 0.6 ± 0.18 5.9 ± 0.87 1.8 ± 0.44

DMD 6.48 ± 1.53** 4.33 ± 2.47** 0.88 ± 0.41 6.76 ± 1.21 3.73 ±1.42**

**p<0.05 versus Ctrl group.

Values are mean (SD).

doi:10.1371/journal.pone.0128915.t002
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previously published results and confirm that there is indeed a considerable amount of variation
in the rate of disease progression across the lower leg muscles. While a significant increase in
plantar-flexor NCC was seen, NCC of dorsiflexor muscles (TA and EDL) did not differ signifi-
cantly from the Ctrl group, especially in the younger age groups. Previous cross sectional investi-
gations in boys with DMD have reported that the TA and EDL muscles are relatively spared as
compared to other muscles [26, 29]. The etiology for this selective muscle involvement and rela-
tive sparing of lower leg muscles is still unclear. One potential consideration is that the muscles
that are relatively spared may undergo reduced loading during eccentric contractions with daily
activities such as walking. Indeed, recent studies using quantitative gait assessment have reported
altered gait patterns in DMD children [46–48]. Furthermore, the study by Voloshina et al.
(2013) testing effects of walking on uneven terrain in healthy subjects, reported increased EMG
activity of the SOL and MG by 28% and 17% respectively whereas the TA did not exhibit signifi-
cant changes in the mean activity. The results from our study further support the concept that
dorsiflexor muscles are relatively spared in DMD especially in the younger age group.

Age related changes in fatty tissue infiltration in dystrophic muscles
Dystrophic skeletal muscles are characterized by repeated cycles of degeneration and regenera-
tion, which eventually lead to replacement of viable contractile muscle tissue with non-
contractile tissue. In this study, using MRI-T1 weighted images we were able to quantify fatty
tissue infiltration in lower leg muscles of boys with DMD and confirmed an age dependent
increase in NCC and NC-CSA of Per, MG and SOL muscles. Interestingly, up until 10 years of
age the TA and EDL appeared to be relatively preserved. However, there was a significant
increase in NCC of the TA and EDL especially in the older group of DMD children (> 10

Fig 5. Relationship between NCC of different leg muscles and 30 feet walk (sec). There was a significant relationship between increase in NCC of all leg
muscles and time taken to cover 30 feet distance (rs; 0.65–0.80, p<0.0001).

doi:10.1371/journal.pone.0128915.g005
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years) compared to younger DMD subjects. Overall, the extent of fatty tissue infiltration in all
the leg muscles of boys with DMD examined in this study was significantly different between
the youngest (5–7.9 years) and the oldest age group (> 10 years). These results are consistent
with the previous studies documenting an increase in fatty tissue infiltration in the dorsiflexor
as well as plantar flexor muscles of DMD boys [38, 49]. For example, Forbes et al. (2014)
reported age dependent increases in MRI-T2 of the TA, Per, MG and SOL muscles and this
increase was associated with increased lipid accumulation. Furthermore, the findings in our
study are in accordance with the previous studies in which the authors reported 18–38% in
fatty-fibrous tissue in the gastrocnemius muscle whereas this component did not exceed 8% in
unaffected subjects [50]. Intriguingly, results of our study revealed that the MG was the only
muscle that had a significant increase in NC-CSA at the age of 8–9.9 years, which is in contrast
with previously published findings [40]. The study by Beenakker et al. (2002) observed an
increase in calf circumference in boys with DMD aged 4–8 years. However, we did not find any
significant difference in NC-CSA of MG in 5–7.9 year group. The discrepancy with the latter
study could be due to the differences in the methodology that was incorporated. The Beenakker
et al. (2002) study quantified calf enlargement using a tape measure, which fails to distinguish
between contractile and non-contractile component of muscles.

Pseudo hypertrophic and hypertrophic changes in dystrophic muscles
The composition of enlarged calf muscles in DMD is still debated [26, 50]. We used an objec-
tive MR measure to provide a quantitative estimate of contractile and non-contractile content

Fig 6. Relationship between NCC of different leg muscles and Brooke score. There was a significant relationship between NCC of all leg muscles and
Brooke score (rs; 0.64–0.84, p<0.0001).

doi:10.1371/journal.pone.0128915.g006
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in leg muscles of DMD boys. Our results indicate that there was an age dependent increase in
C-CSA and NC-CSA of plantar flexor muscles in DMD boys. Specifically, we found that,
NC-CSA of PER (DMD, 79% greater than Ctrl), MG (DMD, 92% greater than Ctrl) and SOL
(DMD, 82% greater than Ctrl) were significantly greater in DMD than Ctrl in the oldest age
group (>10 years) suggesting pseudo hypertrophic changes in the plantar flexor muscles of
DMD boys. A similar pattern of muscle involvement has been previously reported in DMD
patients [23, 51]. Although the NC-CSA increased significantly with age in PER, MG and SOL
muscles, TA and EDL seemed to be relatively spared especially until the age of 10 years. Simi-
larly, recent studies [22, 23, 49] have shown that the TA is a relatively preserved muscle espe-
cially during the early stages of life. Furthermore, in the present study we reported a significant
increase in C-CSA of PER and MG (38% and 45% respectively) in the oldest age group (>10
years) compared to youngest (5–7.9 years) group. Interestingly, we found that there was almost
a 45% increase in the MG C-CSA of DMD boys compared to controls in the oldest age group
(>10 years). Collectively, these results suggest that apart from fatty tissue infiltration there are

Fig 7. Comparison of dorsiflexors (DF) and plantarflexors (PF) peak torque (A, B) and specific torque in boys with DMD and healthy Ctrl across
different age groups. * represents significant differences between DMD and Ctrl within age groups (p<0.05), # represents significant differences across the
age groups (p<0.05). Data is presented as mean (SD).

doi:10.1371/journal.pone.0128915.g007
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ongoing hypertrophic changes, especially in the MG. Similar to our results, previous studies
using histological measures as well as ultrasound have reported true hypertrophy in the calf
muscles of DMD boys [26, 50, 52]. Currently there is no cure for DMD, however during the
past decade there has been increased demand for novel therapeutic interventions that have the
potential to improve the quality of life of DMD patients. It has been suggested that interven-
tions for DMD boys may be most effective during the early stages of disease progression when
they have not experienced significant muscle deterioration. Our results provide supporting evi-
dence to this thought as all the leg muscles of DMD boys examined in this study, have signifi-
cantly less fatty tissue infiltration in the youngest age group (i.e. 5–7.9 years) compared to the
older age groups. Therefore, therapeutic interventions aiming to improve muscle quality
should be initiated before or during this age while there is viable muscle tissue.

Muscle contractile area and functional abilities
The amount of force generated per unit muscle mass (specific force) is an important determi-
nant of muscle quality. Our study indicated that both DF and PF peak torque as well as specific
torque was lower in DMD than controls, especially in the age groups of 8–9.9 years and> 10
years. Somewhat surprisingly, we did not observe an age dependent decline in peak torque nor
specific torque in leg muscles of DMD boys. In fact the specific torque remained relatively con-
stant across the age groups for the boys with DMD. The finding of less specific torque in DMD
compared to controls could be attributed to impaired motor unit recruitment in muscles of
DMD boys. Previous work supports this concept as a decreased specific tension in both animal
models [53, 54] and patients with myotonic dystrophy [55] have been reported. Furthermore,
our results and others [20, 23] indicate relative sparing of ankle dorsiflexor muscles in DMD,
especially during the early stages of the disease progression. Future studies are warranted to
confirm impaired motor unit recruitment in DMD boys and the potential mechanism for this
impairment.

Limitations
There were some limitations to our study. First, even after correcting the images with N3 inho-
mogeneity correction we were unable to do so completely. We did not include the lateral gas-
trocnemius because of the presence of B1 inhomogeneity especially in this region. Second,
because of limited spatial resolution MR images suffer from partial volume filling possibly lead-
ing to underestimation of the contractile area. Moreover, studies have reported that the propor-
tion of non-contractile tissue is not uniformly distributed along the entire length of the
muscles and the proportion of non-contractile tissue is greater near origin and insertion of the
muscles [56]. Future studies would benefit from carrying out longitudinal studies incorporat-
ing larger cohorts of DMD patients and estimating contractile and non-contractile content
along the length of the muscle, which can be accomplished by using MRI. Furthermore, this
method was not able to account for fibrosis. Fibrotic tissue is expected to have low signal inten-
sity with the T1 weighted images acquired, and therefore these pixels may be incorporated with
the contractile component of the analysis, resulting in a potential small amount of error when
calculating contractile tissue. Lastly, due to a small sample size we were not able to investigate
the effects of corticosteroids on the fatty tissue infiltration in the lower leg muscles.

Conclusions
Overall, this study supports the fact that T1 weighted images may be sensitive to disease pro-
gression and therefore may be used to test the efficacy of potential therapeutic interventions.
Furthermore, MR imaging techniques have the advantage of being less dependent on
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motivation and coordination, which are major contributors to the variability associated with
the functional tests [57]. Additionally, this study supports the notion of progressive and selec-
tive involvement and progression of change in the leg muscles of boys with DMD. Finally, we
have shown that there is an increase in C-CSA of both the PER and MG with age which may
suggest “compensatory hypertrophy”. Therefore, it is important to consider the age as well as
target muscle group while testing the novel therapeutic interventions in this patient
population.

Acknowledgments
The authors would like to thank the subjects and their families for their participation in this
study.

Author Contributions
Conceived and designed the experiments: KV HLS GAW SMDL RSV JD. Performed the
experiments: SM DL SG CS RSV JD. Analyzed the data: RSV JD RB. Contributed reagents/
materials/analysis tools: RSV SM DL CS SCF GAW KV. Wrote the paper: RSV DL SM SCF.

References
1. Emery AE. Population frequencies of inherited neuromuscular diseases—a world survey. Neuromus-

cular disorders: NMD. 1991; 1(1):19–29. PMID: 1822774.

2. Mendell JR, Shilling C, Leslie ND, Flanigan KM, al-Dahhak R, Gastier-Foster J, et al. Evidence-based
path to newborn screening for Duchenne muscular dystrophy. Ann Neurol. 2012; 71(3):304–13. doi:
10.1002/ana.23528 PMID: 22451200.

3. Hoffman EP, Brown RH Jr., Kunkel LM. Dystrophin: the protein product of the Duchenne muscular dys-
trophy locus. Cell. 1987; 51(6):919–28. PMID: 3319190.

4. Baiardini I, Minetti C, Bonifacino S, Porcu A, Klersy C, Petralia P, et al. Quality of life in Duchenne mus-
cular dystrophy: the subjective impact on children and parents. Journal of child neurology. 2011; 26(6):
707–13. Epub 2011/04/13. doi: 10.1177/0883073810389043 PMID: 21482750.

5. Bray P, Bundy AC, Ryan MM, North KN, Everett A. Health-related quality of life in boys with Duchenne
muscular dystrophy: agreement between parents and their sons. Journal of child neurology. 2010;
25(10):1188–94. Epub 2010/02/25. doi: 10.1177/0883073809357624 PMID: 20179004.

6. Bendixen RM, Senesac C, Lott DJ, Vandenborne K. Participation and quality of life in children with
Duchenne muscular dystrophy using the International Classification of Functioning, Disability, and
Health. Health and quality of life outcomes. 2012; 10:43. Epub 2012/05/02. doi: 10.1186/1477-7525-
10-43 PMID: 22545870; PubMed Central PMCID: PMC3358238.

7. McDouall RM, DunnMJ, Dubowitz V. Nature of the mononuclear infiltrate and the mechanism of muscle
damage in juvenile dermatomyositis and Duchenne muscular dystrophy. Journal of the neurological
sciences. 1990; 99(2–3):199–217. Epub 1990/11/01. PMID: 1982294.

8. Desguerre I, Christov C, Mayer M, Zeller R, Becane HM, Bastuji-Garin S, et al. Clinical heterogeneity of
duchenne muscular dystrophy (DMD): definition of sub-phenotypes and predictive criteria by long-term
follow-up. PloS one. 2009; 4(2):e4347. doi: 10.1371/journal.pone.0004347 PMID: 19194511; PubMed
Central PMCID: PMC2633042.

9. Humbertclaude V, Hamroun D, Bezzou K, Berard C, Boespflug-Tanguy O, Bommelaer C, et al. Motor
and respiratory heterogeneity in Duchenne patients: implication for clinical trials. European journal of
paediatric neurology: EJPN: official journal of the European Paediatric Neurology Society. 2012; 16(2):
149–60. doi: 10.1016/j.ejpn.2011.07.001 PMID: 21920787.

10. Deconinck N, Dan B. Pathophysiology of duchenne muscular dystrophy: current hypotheses. Pediatric
neurology. 2007; 36(1):1–7. Epub 2006/12/13. doi: 10.1016/j.pediatrneurol.2006.09.016 PMID:
17162189.

11. Stedman HH, Sweeney HL, Shrager JB, Maguire HC, Panettieri RA, Petrof B, et al. The mdx mouse
diaphragm reproduces the degenerative changes of Duchennemuscular dystrophy. Nature. 1991;
352(6335):536–9. doi: 10.1038/352536a0 PMID: 1865908.

12. Bulfield G, Siller WG, Wight PAL, Moore KJ. X-CHROMOSOME-LINKEDMUSCULAR-DYSTROPHY
(MDX) IN THEMOUSE. Proceedings of the National Academy of Sciences of the United States of

Hypertrophic and Pseudo-Hypertrophic Changes in Muscles of DMD Boys

PLOS ONE | DOI:10.1371/journal.pone.0128915 June 23, 2015 14 / 17

http://www.ncbi.nlm.nih.gov/pubmed/1822774
http://dx.doi.org/10.1002/ana.23528
http://www.ncbi.nlm.nih.gov/pubmed/22451200
http://www.ncbi.nlm.nih.gov/pubmed/3319190
http://dx.doi.org/10.1177/0883073810389043
http://www.ncbi.nlm.nih.gov/pubmed/21482750
http://dx.doi.org/10.1177/0883073809357624
http://www.ncbi.nlm.nih.gov/pubmed/20179004
http://dx.doi.org/10.1186/1477-7525-10-43
http://dx.doi.org/10.1186/1477-7525-10-43
http://www.ncbi.nlm.nih.gov/pubmed/22545870
http://www.ncbi.nlm.nih.gov/pubmed/1982294
http://dx.doi.org/10.1371/journal.pone.0004347
http://www.ncbi.nlm.nih.gov/pubmed/19194511
http://dx.doi.org/10.1016/j.ejpn.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21920787
http://dx.doi.org/10.1016/j.pediatrneurol.2006.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17162189
http://dx.doi.org/10.1038/352536a0
http://www.ncbi.nlm.nih.gov/pubmed/1865908


America-Biological Sciences. 1984; 81(4):1189–92. doi: 10.1073/pnas.81.4.1189. WOS:
A1984SH73800045. PMID: 6583703

13. Gillis JM. Understanding dystrophinopathies: an inventory of the structural and functional conse-
quences of the absence of dystrophin in muscles of the mdx mouse. Journal of Muscle Research and
Cell Motility. 1999; 20(7):605–25. doi: 10.1023/a:1005545325254. WOS:000083716800001. PMID:
10672510

14. Gaschen FP, Hoffman EP, Gorospe JR, Uhl EW, Senior DF, Cardinet GH 3rd, et al. Dystrophin defi-
ciency causes lethal muscle hypertrophy in cats. J Neurol Sci. 1992; 110(1–2):149–59. PMID:
1506854.

15. Carpenter JL, Hoffman EP, Romanul FC, Kunkel LM, Rosales RK, Ma NS, et al. Feline muscular dys-
trophy with dystrophin deficiency. The American journal of pathology. 1989; 135(5):909–19. PMID:
2683799; PubMed Central PMCID: PMC1880103.

16. Kornegay JN, Tuler SM, Miller DM, Levesque DC. Muscular dystrophy in a litter of golden retriever
dogs. Muscle Nerve. 1988; 11(10):1056–64. doi: 10.1002/mus.880111008 PMID: 3185600.

17. Cooper BJ, Winand NJ, Stedman H, Valentine BA, Hoffman EP, Kunkel LM, et al. The homologue of
the Duchenne locus is defective in X-linked muscular dystrophy of dogs. Nature. 1988; 334(6178):
154–6. doi: 10.1038/334154a0 PMID: 3290691.

18. Kim HK, Laor T, Horn PS, Racadio JM, Wong B, Dardzinski BJ. T2 mapping in Duchennemuscular
dystrophy: distribution of disease activity and correlation with clinical assessments. Radiology. 2010;
255(3):899–908. Epub 2010/05/27. doi: 10.1148/radiol.10091547 PMID: 20501727.

19. Marden FA, Connolly AM, Siegel MJ, Rubin DA. Compositional analysis of muscle in boys with
Duchenne muscular dystrophy using MR imaging. Skeletal radiology. 2005; 34(3):140–8. Epub 2004/
11/13. doi: 10.1007/s00256-004-0825-3 PMID: 15538561.

20. Mathur S, Lott DJ, Senesac C, Germain SA, Vohra RS, Sweeney HL, et al. Age-related differences in
lower-limb muscle cross-sectional area and torque production in boys with Duchenne muscular dystro-
phy. Archives of physical medicine and rehabilitation. 2010; 91(7):1051–8. Epub 2010/07/06. doi: 10.
1016/j.apmr.2010.03.024 PMID: 20599043.

21. Wren TA, Bluml S, Tseng-Ong L, Gilsanz V. Three-point technique of fat quantification of muscle tissue
as a marker of disease progression in Duchennemuscular dystrophy: preliminary study. AJR American
journal of roentgenology. 2008; 190(1):W8–12. Epub 2007/12/21. doi: 10.2214/AJR.07.2732 PMID:
18094282.

22. Kinali M, Arechavala-Gomeza V, Cirak S, Glover A, Guglieri M, Feng L, et al. Muscle histology vs MRI
in Duchenne muscular dystrophy. Neurology. 2011; 76(4):346–53. Epub 2011/01/26. doi: 10.1212/
WNL.0b013e318208811f PMID: 21263136; PubMed Central PMCID: PMC3034418.

23. Torriani M, Townsend E, Thomas BJ, Bredella MA, Ghomi RH, Tseng BS. Lower leg muscle involve-
ment in Duchennemuscular dystrophy: an MR imaging and spectroscopy study. Skeletal radiology.
2012; 41(4):437–45. Epub 2011/07/30. doi: 10.1007/s00256-011-1240-1 PMID: 21800026.

24. Pradhan S, Mittal B. Infraspinatus muscle hypertrophy and wasting of axillary folds as the important
signs in Duchenne muscular dystrophy. Clinical neurology and neurosurgery. 1995; 97(2):134–8.
PMID: 7656486.

25. Richards P, Saywell WR, Heywood P. Pseudohypertrophy of the temporalis muscle in Xp21 muscular
dystrophy. Developmental medicine and child neurology. 2000; 42(11):786–7. Epub 2000/12/05.
PMID: 11104355.

26. Jones DA, Round JM, Edwards RH, Grindwood SR, Tofts PS. Size and composition of the calf and
quadriceps muscles in Duchenne muscular dystrophy. A tomographic and histochemical study. Journal
of the neurological sciences. 1983; 60(2):307–22. Epub 1983/08/01. PMID: 6886735.

27. Jansen M, van Alfen N, Nijhuis van der Sanden MW, van Dijk JP, Pillen S, de Groot IJ. Quantitative
muscle ultrasound is a promising longitudinal follow-up tool in Duchenne muscular dystrophy. Neuro-
muscular disorders: NMD. 2012; 22(4):306–17. doi: 10.1016/j.nmd.2011.10.020 PMID: 22133654.

28. Rutkove SB, Geisbush TR, Mijailovic A, Shklyar I, Pasternak A, Visyak N, et al. Cross-sectional evalua-
tion of electrical impedance myography and quantitative ultrasound for the assessment of Duchenne
muscular dystrophy in a clinical trial setting. Pediatric neurology. 2014; 51(1):88–92. doi: 10.1016/j.
pediatrneurol.2014.02.015 PMID: 24814059; PubMed Central PMCID: PMC4063877.

29. Arai Y, OsawaM, Fukuyama Y. Muscle CT scans in preclinical cases of Duchenne and Becker muscu-
lar dystrophy. Brain & development. 1995; 17(2):95–103. PMID: 7625556.

30. van der Graaf M, Tack CJ, de Haan JH, Klomp DW, Heerschap A. Magnetic resonance spectroscopy
shows an inverse correlation between intramyocellular lipid content in human calf muscle and local gly-
cogen synthesis rate. NMR in biomedicine. 2010; 23(2):133–41. Epub 2009/09/10. doi: 10.1002/nbm.
1433 PMID: 19739109.

Hypertrophic and Pseudo-Hypertrophic Changes in Muscles of DMD Boys

PLOS ONE | DOI:10.1371/journal.pone.0128915 June 23, 2015 15 / 17

http://dx.doi.org/10.1073/pnas.81.4.1189
http://www.ncbi.nlm.nih.gov/pubmed/6583703
http://dx.doi.org/10.1023/a:1005545325254
http://www.ncbi.nlm.nih.gov/pubmed/10672510
http://www.ncbi.nlm.nih.gov/pubmed/1506854
http://www.ncbi.nlm.nih.gov/pubmed/2683799
http://dx.doi.org/10.1002/mus.880111008
http://www.ncbi.nlm.nih.gov/pubmed/3185600
http://dx.doi.org/10.1038/334154a0
http://www.ncbi.nlm.nih.gov/pubmed/3290691
http://dx.doi.org/10.1148/radiol.10091547
http://www.ncbi.nlm.nih.gov/pubmed/20501727
http://dx.doi.org/10.1007/s00256-004-0825-3
http://www.ncbi.nlm.nih.gov/pubmed/15538561
http://dx.doi.org/10.1016/j.apmr.2010.03.024
http://dx.doi.org/10.1016/j.apmr.2010.03.024
http://www.ncbi.nlm.nih.gov/pubmed/20599043
http://dx.doi.org/10.2214/AJR.07.2732
http://www.ncbi.nlm.nih.gov/pubmed/18094282
http://dx.doi.org/10.1212/WNL.0b013e318208811f
http://dx.doi.org/10.1212/WNL.0b013e318208811f
http://www.ncbi.nlm.nih.gov/pubmed/21263136
http://dx.doi.org/10.1007/s00256-011-1240-1
http://www.ncbi.nlm.nih.gov/pubmed/21800026
http://www.ncbi.nlm.nih.gov/pubmed/7656486
http://www.ncbi.nlm.nih.gov/pubmed/11104355
http://www.ncbi.nlm.nih.gov/pubmed/6886735
http://dx.doi.org/10.1016/j.nmd.2011.10.020
http://www.ncbi.nlm.nih.gov/pubmed/22133654
http://dx.doi.org/10.1016/j.pediatrneurol.2014.02.015
http://dx.doi.org/10.1016/j.pediatrneurol.2014.02.015
http://www.ncbi.nlm.nih.gov/pubmed/24814059
http://www.ncbi.nlm.nih.gov/pubmed/7625556
http://dx.doi.org/10.1002/nbm.1433
http://dx.doi.org/10.1002/nbm.1433
http://www.ncbi.nlm.nih.gov/pubmed/19739109


31. Kent-Braun JA, Ng AV, Young K. Skeletal muscle contractile and noncontractile components in young
and older women and men. J Appl Physiol. 2000; 88(2):662–8. Epub 2000/02/05. PMID: 10658035.

32. Gray C, MacGillivray TJ, Eeley C, Stephens NA, Beggs I, Fearon KC, et al. Magnetic resonance imag-
ing with k-means clustering objectively measures whole muscle volume compartments in sarcopenia/
cancer cachexia. Clin Nutr. 2011; 30(1):106–11. Epub 2010/08/24. doi: 10.1016/j.clnu.2010.07.012
PMID: 20727625.

33. Shah PK, Stevens JE, Gregory CM, Pathare NC, Jayaraman A, Bickel SC, et al. Lower-extremity mus-
cle cross-sectional area after incomplete spinal cord injury. Arch Phys Med Rehabil. 2006; 87(6):
772–8. doi: 10.1016/j.apmr.2006.02.028 PMID: 16731211.

34. Jayaraman A, Shah P, Gregory C, BowdenM, Stevens J, Bishop M, et al. Locomotor training and mus-
cle function after incomplete spinal cord injury: case series. The journal of spinal cord medicine. 2008;
31(2):185–93. PMID: 18581666; PubMed Central PMCID: PMC2578797.

35. Mercuri E, Pichiecchio A, Allsop J, Messina S, Pane M, Muntoni F. Muscle MRI in inherited neuromus-
cular disorders: past, present, and future. Journal of magnetic resonance imaging: JMRI. 2007; 25(2):
433–40. Epub 2007/01/30. doi: 10.1002/jmri.20804 PMID: 17260395.

36. Wattjes MP, Kley RA, Fischer D. Neuromuscular imaging in inherited muscle diseases. European radi-
ology. 2010; 20(10):2447–60. Epub 2010/04/28. doi: 10.1007/s00330-010-1799-2 PMID: 20422195;
PubMed Central PMCID: PMC2940021.

37. Akima H, Lott D, Senesac C, Deol J, Germain S, Arpan I, et al. Relationships of thigh muscle contractile
and non-contractile tissue with function, strength, and age in boys with Duchenne muscular dystrophy.
Neuromuscular disorders: NMD. 2012; 22(1):16–25. Epub 2011/08/03. doi: 10.1016/j.nmd.2011.06.
750 PMID: 21807516; PubMed Central PMCID: PMC3215817.

38. Forbes SC, Willcocks RJ, Triplett WT, RooneyWD, Lott DJ, Wang DJ, et al. Magnetic resonance imag-
ing and spectroscopy assessment of lower extremity skeletal muscles in boys with Duchennemuscular
dystrophy: a multicenter cross sectional study. PloS one. 2014; 9(9):e106435. doi: 10.1371/journal.
pone.0106435 PMID: 25203313; PubMed Central PMCID: PMC4159278.

39. Gaeta M, Messina S, Mileto A, Vita GL, Ascenti G, Vinci S, et al. Muscle fat-fraction and mapping in
Duchenne muscular dystrophy: evaluation of disease distribution and correlation with clinical assess-
ments. Preliminary experience. Skeletal radiology. 2012; 41(8):955–61. doi: 10.1007/s00256-011-
1301-5 PMID: 22069033.

40. Beenakker EA, de Vries J, Fock JM, van Tol M, Brouwer OF, Maurits NM, et al. Quantitative assess-
ment of calf circumference in Duchenne muscular dystrophy patients. Neuromuscular disorders: NMD.
2002; 12(7–8):639–42. Epub 2002/09/05. PMID: 12207931.

41. McDonald CM, Abresch RT, Carter GT, Fowler WM Jr, Johnson ER, Kilmer DD, et al. Profiles of neuro-
muscular diseases. Duchenne muscular dystrophy. American journal of physical medicine & rehabilita-
tion / Association of Academic Physiatrists. 1995; 74(5 Suppl):S70–92. Epub 1995/09/01. PMID:
7576424.

42. Brooke MH, Griggs RC, Mendell JR, Fenichel GM, Shumate JB, Pellegrino RJ. Clinical trial in
Duchenne dystrophy. I. The design of the protocol. Muscle Nerve. 1981; 4(3):186–97. doi: 10.1002/
mus.880040304 PMID: 7017401.

43. Manini TM, Clark BC, Nalls MA, Goodpaster BH, Ploutz-Snyder LL, Harris TB. Reduced physical activ-
ity increases intermuscular adipose tissue in healthy young adults. The American journal of clinical
nutrition. 2007; 85(2):377–84. Epub 2007/02/08. PMID: 17284732.

44. Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for automatic correction of intensity non-
uniformity in MRI data. IEEE transactions on medical imaging. 1998; 17(1):87–97. doi: 10.1109/42.
668698 PMID: 9617910.

45. Lamminen AE. Magnetic resonance imaging of primary skeletal muscle diseases: patterns of distribu-
tion and severity of involvement. The British journal of radiology. 1990; 63(756):946–50. PMID:
2268764.

46. D'Angelo MG, Berti M, Piccinini L, Romei M, Guglieri M, Bonato S, et al. Gait pattern in Duchenne mus-
cular dystrophy. Gait & posture. 2009; 29(1):36–41. doi: 10.1016/j.gaitpost.2008.06.002 PMID:
18656361.

47. Doglio L, Pavan E, Pernigotti I, Petralia P, Frigo C, Minetti C. Early signs of gait deviation in Duchenne
muscular dystrophy. European journal of physical and rehabilitation medicine. 2011; 47(4):587–94.
PMID: 21912365.

48. Gaudreault N, Gravel D, Nadeau S, Houde S, Gagnon D. Gait patterns comparison of children with
Duchenne muscular dystrophy to those of control subjects considering the effect of gait velocity. Gait &
posture. 2010; 32(3):342–7. doi: 10.1016/j.gaitpost.2010.06.003 PMID: 20599384.

49. Arpan I, Forbes SC, Lott DJ, Senesac CR, Daniels MJ, Triplett WT, et al. T(2) mapping provides multi-
ple approaches for the characterization of muscle involvement in neuromuscular diseases: a cross-

Hypertrophic and Pseudo-Hypertrophic Changes in Muscles of DMD Boys

PLOS ONE | DOI:10.1371/journal.pone.0128915 June 23, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/10658035
http://dx.doi.org/10.1016/j.clnu.2010.07.012
http://www.ncbi.nlm.nih.gov/pubmed/20727625
http://dx.doi.org/10.1016/j.apmr.2006.02.028
http://www.ncbi.nlm.nih.gov/pubmed/16731211
http://www.ncbi.nlm.nih.gov/pubmed/18581666
http://dx.doi.org/10.1002/jmri.20804
http://www.ncbi.nlm.nih.gov/pubmed/17260395
http://dx.doi.org/10.1007/s00330-010-1799-2
http://www.ncbi.nlm.nih.gov/pubmed/20422195
http://dx.doi.org/10.1016/j.nmd.2011.06.750
http://dx.doi.org/10.1016/j.nmd.2011.06.750
http://www.ncbi.nlm.nih.gov/pubmed/21807516
http://dx.doi.org/10.1371/journal.pone.0106435
http://dx.doi.org/10.1371/journal.pone.0106435
http://www.ncbi.nlm.nih.gov/pubmed/25203313
http://dx.doi.org/10.1007/s00256-011-1301-5
http://dx.doi.org/10.1007/s00256-011-1301-5
http://www.ncbi.nlm.nih.gov/pubmed/22069033
http://www.ncbi.nlm.nih.gov/pubmed/12207931
http://www.ncbi.nlm.nih.gov/pubmed/7576424
http://dx.doi.org/10.1002/mus.880040304
http://dx.doi.org/10.1002/mus.880040304
http://www.ncbi.nlm.nih.gov/pubmed/7017401
http://www.ncbi.nlm.nih.gov/pubmed/17284732
http://dx.doi.org/10.1109/42.668698
http://dx.doi.org/10.1109/42.668698
http://www.ncbi.nlm.nih.gov/pubmed/9617910
http://www.ncbi.nlm.nih.gov/pubmed/2268764
http://dx.doi.org/10.1016/j.gaitpost.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18656361
http://www.ncbi.nlm.nih.gov/pubmed/21912365
http://dx.doi.org/10.1016/j.gaitpost.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20599384


sectional study of lower leg muscles in 5-15-year-old boys with Duchenne muscular dystrophy. NMR in
biomedicine. 2013; 26(3):320–8. doi: 10.1002/nbm.2851 PMID: 23044995; PubMed Central PMCID:
PMC3573223.

50. Cros D, Harnden P, Pellissier JF, Serratrice G. Muscle hypertrophy in Duchennemuscular dystrophy.
A pathological and morphometric study. Journal of neurology. 1989; 236(1):43–7. Epub 1989/01/01.
PMID: 2915226.

51. van Deutekom JC, Janson AA, Ginjaar IB, Frankhuizen WS, Aartsma-Rus A, Bremmer-Bout M, et al.
Local dystrophin restoration with antisense oligonucleotide PRO051. The New England journal of medi-
cine. 2007; 357(26):2677–86. Epub 2007/12/28. doi: 10.1056/NEJMoa073108 PMID: 18160687.

52. Reimers CD, Schlotter B, Eicke BM,Witt TN. Calf enlargement in neuromuscular diseases: a quantita-
tive ultrasound study in 350 patients and review of the literature. J Neurol Sci. 1996; 143(1–2):46–56.
PMID: 8981297.

53. Lynch GS, Hinkle RT, Chamberlain JS, Brooks SV, Faulkner JA. Force and power output of fast and
slow skeletal muscles frommdx mice 6–28 months old. Journal of Physiology-London. 2001; 535(2):
591–600. doi: 10.1111/j.1469-7793.2001.00591.x. WOS:000171024900023. PMID: 11533147

54. Sampaolesi M, Blot S, D'Antona G, Granger N, Tonlorenzi R, Innocenzi A, et al. Mesoangioblast stem
cells ameliorate muscle function in dystrophic dogs. Nature. 2006; 444(7119):574–9. doi: 10.1038/
nature05282 PMID: 17108972.

55. Krivickas LS, Ansved T, Suh D, Frontera WR. Contractile properties of single muscle fibers in myotonic
dystrophy. Muscle Nerve. 2000; 23(4):529–37. PMID: 10716763.

56. Hasson CJ, Kent-Braun JA, Caldwell GE. Contractile and non-contractile tissue volume and distribution
in ankle muscles of young and older adults. Journal of biomechanics. 2011; 44(12):2299–306. doi: 10.
1016/j.jbiomech.2011.05.031 PMID: 21700287; PubMed Central PMCID: PMC3274550.

57. Hoffman EP, Connor EM. Orphan drug development in muscular dystrophy: update on two large clinical
trials of dystrophin rescue therapies. Discovery medicine. 2013; 16(89):233–9. PMID: 24229740.

Hypertrophic and Pseudo-Hypertrophic Changes in Muscles of DMD Boys

PLOS ONE | DOI:10.1371/journal.pone.0128915 June 23, 2015 17 / 17

http://dx.doi.org/10.1002/nbm.2851
http://www.ncbi.nlm.nih.gov/pubmed/23044995
http://www.ncbi.nlm.nih.gov/pubmed/2915226
http://dx.doi.org/10.1056/NEJMoa073108
http://www.ncbi.nlm.nih.gov/pubmed/18160687
http://www.ncbi.nlm.nih.gov/pubmed/8981297
http://dx.doi.org/10.1111/j.1469-7793.2001.00591.x
http://www.ncbi.nlm.nih.gov/pubmed/11533147
http://dx.doi.org/10.1038/nature05282
http://dx.doi.org/10.1038/nature05282
http://www.ncbi.nlm.nih.gov/pubmed/17108972
http://www.ncbi.nlm.nih.gov/pubmed/10716763
http://dx.doi.org/10.1016/j.jbiomech.2011.05.031
http://dx.doi.org/10.1016/j.jbiomech.2011.05.031
http://www.ncbi.nlm.nih.gov/pubmed/21700287
http://www.ncbi.nlm.nih.gov/pubmed/24229740

