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Abstract

Objective—To examine the relationship between lower-extremity muscle cross-sectional area, 

muscle strength, specific torque, and age in ambulatory boys with Duchenne muscular dystrophy 

(DMD) compared with controls.

Design—Observational cross-sectional study.

Setting—University research setting.

Participants—Volunteer sample of boys with DMD (n = 22) and healthy control boys (n = 10), 

ages 5 through 14 years.

Interventions—Not applicable.

Main Outcome Measures—Maximal muscle cross-sectional area (CSAmax) assessed by 

magnetic resonance imaging of quadriceps, plantarflexors (PFs) and dorsiflexors (DFs), peak 

isometric torque from dynamometry, and timed functional tests.

Results—The average CSAmax of the triceps surae muscle group was approximately 60% higher 

in boys with DMD compared with controls (39.1 ± 13.6 cm2 vs 24.5±9.3 cm2; P = .002), while the 

tibialis anterior muscle showed age-appropriate increases in CSAmax. The increase in quadriceps 

CSAmax was also distinctly different in boys with DMD compared with controls. Specific torque 

(ie, peak torque/CSAmax) was impaired in all 3 muscles groups, with the knee extensor (KE) and 

PF muscles showing 4-fold, and the DF muscles 2-fold, higher values in controls compared with 

boys with DMD. Large age-related gains in specific torque were observed in all 3 muscle groups 

of control subjects, which were absent in ambulatory boys with DMD. Correlations were observed 
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between performance on functional tasks and quadriceps and PF torque production (r= −.45 to 

− 57, P < .05), but not with DF strength.

Conclusions—Age-related changes in muscle cross-sectional area and specific torque 

production in lower-extremity muscles showed distinctly different patterns in the KE, PF, and DF 

muscles of boys with DMD compared with controls.
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Duchenne muscular dystrophy is an X-linked recessive disease affecting approximately 1 in 

3500 newborn boys.1 This condition occurs from a mutation in the gene coding for the 

sarcolemmal protein dystrophin, which connects the myofilaments to the muscle cell 

membrane.2 In DMD, the lack of functional dystrophin results in an increased susceptibility 

to contraction-induced muscle damage.3 The muscles of boys with DMD undergo repeated 

cycles of damage, inflammation, and repair, which ultimately leads to a loss of contractile 

tissue and progressive muscle weakness.2

Boys with DMD experience profound muscle weakness and functional limitations as early 

as ages 3 to 5 years.4 The progressive decline in muscle function is first observed in the 

proximal muscle groups (eg, shoulder girdle, hips), with distal muscle groups being affected 

at a later age.5–7 Previous studies examining age-related changes in function in boys with 

DMD have used the MMT,7 and this method has also been used in clinical trials.8–10 

However, the MMT has been criticized for having limited reliability,11,12 accuracy,13 and 

sensitivity;13 therefore, other muscle testing methods such as dynamometry are preferred for 

assessing muscle strength.

A hallmark of muscle quality is the amount of force a muscle can produce per unit of muscle 

mass.14 A recent study on boys with DMD showed only low to moderate correlations (r = .

164 –.514) between regional lean body mass measured using DXA and muscle strength, 

indicating poor muscle quality in this population.15 The authors noted that a limitation of 

their study was that DXA could not be used to quantify the size of specific muscle groups 

but only provided an estimate of regional lean body mass.15

The CSA of individual muscles or muscle groups can be specifically quantified using MRI, 

and this technique has been applied in previous studies examining muscle atrophy after 

disuse16 and spinal cord injury17,18 and in other chronic conditions.19–21 Unlike DXA and 

bioelectric impedance, which provide measurements of body composition (ie, lean body 

mass, fat mass), MRI can be used to quantify the CSA of individual muscles. Previous MRI 

studies in muscular dystrophy have focused on describing patterns of fatty-tissue infiltration;
5,22 however, age-related changes in the CSA of specific muscles and their relationship to 

muscle force output have not been evaluated.

Therefore, the primary objectives of this study were to (1) quantify the CSA and torque 

production of primary lower-extremity muscles in ambulatory boys with DMD; (2) examine 

the relationship of age with muscle strength, CSA, and specific torque in boys with DMD 
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and compare these relationships with controls; and (3) examine the relationship of lower-

limb muscle strength with functional ability in boys with DMD. We hypothesized that all 

lower-limb muscles in boys with DMD would have a larger CSA but lower torque 

production compared with healthy controls. In addition, we hypothesized that the slope of 

increase in muscle CSA and torque production versus age would be lower in boys with 

DMD compared with controls. Last, we hypothesized that torque production of the lower-

extremity muscles would be related to performance on functional tasks such as walking and 

transfers in boys with DMD.

METHODS

Participants

Twenty-two boys with DMD and 10 healthy boys from the general population (controls) 

aged 5 to 14 years old volunteered to participate in the study. A report confirming the 

diagnosis of DMD using molecular genetic testing (eg, polymerase chain reaction 

amplification) and/or immunohistochemical staining of muscle biopsy was obtained from 

the subject’s pediatric neurologist. All DMD participants were ambulatory and were being 

treated with corticosteroids (either prednisone or deflazacort). The study was approved by 

the institutional review board at the University of Florida. Written informed consent was 

obtained from the participants’ parents, and written assent was obtained from each 

participant.

Each subject’s height and weight were measured in light clothing with shoes off.

Isometric Muscle Strength Testing

Isometric peak torque of the KEs, PFs, and DFs of the right leg was measured using a 

Biodexa dynamometer. For KE testing, the knee and hip joints were placed at 90° of flexion. 

For PFs and DFs, the knee was placed between 0° to 10° of flexion and the ankle was placed 

in neutral (for PFs) or 30° of plantarflexion (for DFs). The subject was instructed to push or 

pull as hard as possible for 5 seconds, followed by a 2-minute rest. Five trials were 

performed for each muscle group, and the highest torque value was used for analysis (peak 

torque). One subject with DMD was unable to perform the dorsiflexion contraction. This 

protocol 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). ICCs2,1 were calculated for both 

groups of subjects. High reliability was found for all 3 muscle groups (KEs: ICC = .89 in 

DMD and .99 in controls, PFs: ICC = .88 in DMD and .98 in controls, and DFs: ICC = .87 

in DMD and .95 in controls [P < .001 for all ICCs]).

Because the body size of boys between the ages of 5 and 14 years varies considerably, peak 

torque was normalized to BSA. BSA is widely used as a biometric unit to normalize 

physiologic parameters. Hence for each of the functional muscle groups, torque normalized 

to BSA (ie, normalized torque; units = N*m/m2) was reported. BSA (m2) was calculated 

using the equation developed by Gehan and George23 and modified by Mosteller24:

aBiodex Medical Systems, 20 Ramsay Rd, Shirley, NY 11967-4704.
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BSA(m2) = height(cm) × weight(kg)
3600

Muscle CSA

MRI was performed on either a 1.5T (Signab) or 3.0T (Achievac) whole-body scanner. 

Subjects were placed in a supine position with their lower leg positioned in either a lower-

extremity quadrature coil (1.5T) or an 8-channel sensitivity encoding, receive-only extremity 

coil (3.0T) for lower-leg imaging or a flexible surface coil for thigh imaging. Thigh imaging 

was not completed in 2 of the control subjects and 2 of the boys with DMD. Three-

dimensional transaxial fat-suppressed gradient echo images were acquired with the 

following parameters: repetition time = 24ms, echo time = 1.8ms, flip angle = 20°, and 

optimized field of view (calf: 12–14cm2, thigh: 18cm2).

Individual muscles (quadriceps, soleus, medial, and lateral gastrocnemius and tibialis 

anterior) were manually outlined using OsiriXd, an open-source software (fig 1).25 To 

determine the CSAmax of a muscle, the axial image with the largest CSA in the series was 

identified and the mean of 3 consecutive images (ie, the slice with the greatest CSA and the 

immediate proximal and distal slices) was used to obtain the value for CSAmax. The CSAmax 

of the triceps surae muscle group was taken as the sum of the individual CSAmax of the 

soleus, medial, and lateral gastrocnemius muscles. The CSAmax of the quadriceps was taken 

as the sum of the CSAmax of the 3 vasti together and the rectus femoris.

Specific Torque

The force-generating capacity of the muscle per unit area (ie, specific torque; units = Nm/

cm2) was calculated by dividing the isometric peak torque by the CSAmax, measured by 

MRI. KE peak torque was divided by quadriceps CSAmax, while the PF torque was divided 

by the triceps surae CSAmax and DF torque by the tibialis anterior CSAmax.

Functional Ability

Subjects performed 4 timed functional tasks, in the following order: time to rise from the 

floor, rise from a chair, walk 9m and ascend 4 stairs.6 The subject was given rest breaks 

between tasks to minimize the effects of fatigue. Subjects performed each task 3 times, and 

the best time was used for analysis. The functional ability of the DMD subjects was ranked 

using the Vignos Lower Extremity Functional Scale.26 This scale ranges from grade 1 (able 

to walk and climb stairs independently) to grade 10 (confined to bed).

Statistical Analysis

Data were analyzed in SPSSe (version 11.0), and are described using means and SDs. To 

examine differences in muscle strength, muscle CSAmax, and specific torque between boys 

with DMD and controls, independent sample t tests were used after testing for equality of 

bSigna; GE Medical Systems, 3000 N Grandview Blvd, Waukesha, WI 53188.
cAchieva; Philips Medical Systems, 3000 Minuteman Rd, Andover, MA 01810-1099.
dOsiriX Imaging Software, available from: http://www.osirix-viewer.com/.
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variance (Levene’s test). The difference between groups in the slopes of the relationships 

between age and muscle strength, muscle CSAmax, and specific torque was analyzed using 

analysis of covariance. The level of significance for between-group comparisons was set at 

an alpha of .05 and adjusted for multiple comparisons using the modified Bonferroni 

correction.27 To examine the relationships between functional test times and muscle 

strength, bivariate linear correlations were made using Pearson product moment correlations 

(α = .05).

RESULTS

Boys with DMD were shorter in stature and had a higher body mass index than controls 

(table 1); however, BSA was similar between groups. No significant differences were noted 

for age between the 2 groups. The lower-extremity Vignos score ranged from grade 1 

(independence in walking and climbing stairs) to grade 4 (walks unassisted and rises from 

chair but cannot climb stairs) in boys with DMD.

Muscle Strength

Peak torques of the PFs, DFs, and KEs were significantly lower in boys with DMD 

compared with controls (PFs: 31.3 ± 13.8Nm vs 84.9 ± 52.1Nm; DFs: 10.9 ± 3.2Nm vs 24.6 

± 12.3Nm; KEs: 20.5 ± 7.9Nm vs 79.5 ± 46.6Nm in boys with DMD and controls, 

respectively; P < .001). The slopes of peak torque versus age (fig 2) for all 3 muscle groups 

were also significantly different between boys with DMD and controls (P < .001). The 

difference in slopes between the DMD and control groups are the result of a considerable 

gain in muscle strength as a function of age in the control group, which was largely absent in 

boys with DMD. In the control group, peak torque was 3 to 4 times greater in all muscle 

groups across the age range. In boys with DMD, the PFs and DFs showed only a slight 

increase in peak torque with age, while KE peak torque did not vary with age.

The difference in peak torque between groups was also examined after normalization to 

body size, using BSA which incorporates the age, height, and weight of the child.23,24 

Normalized peak torque of the KE and PF was 3 times higher in controls than boys with 

DMD (KE: 64.2 ± 27.3Nm/m2 vs 20.9 ± 7.8Nm/m2, P < .0021; PFs: 68.6 ± 30.2Nm/m2 vs 

20.9 ± 7.8Nm/m2, P< .001). Normalized peak torque of the DFs was twice as high in 

controls as DMD subjects (DFs: 20.4 ± 6.4Nm/m2 vs 10.8 ± 2.6Nm/m2, respectively; P < .

001). As expected, normalized torque in controls showed an increase with age (slopes = .08 

– 8.6), while a negative slope was found in the boys with DMD in all 3 muscle groups 

(slopes = −.22 to −1.4).

Maximal CSA

The average CSAmax of the triceps surae muscle group was about 60% higher in boys with 

DMD compared with controls (39.1 ± 13.6cm2 vs 24.5 ± 9.3cm2; P < .002). In contrast, no 

significant difference was found between groups in the CSAmax of the tibialis anterior 

muscle (3.8 ± 1.1cm2 vs 4.0 ± 1.5cm2, P < .78). Furthermore, the slopes of lines expressing 

muscle CSAmax versus age for the triceps surae and tibialis anterior were not significantly 

different between boys with DMD and controls (P< .44 and .31, respectively; fig 3A and B). 
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However, there was a significant difference in slope for the CSAmax of the quadriceps 

muscle group between boys with DMD and controls (P< .006; fig 3C). The CSAmax of the 

quadriceps appeared larger in the boys with DMD under the age of 10 years compared with 

controls. However, in subjects aged 11 years and older, boys with DMD tended to have a 

smaller CSAmax than controls (see fig 3C).

Specific Torque

Specific torque (ie, peak torque normalized to muscle CSAmax) was significantly different 

between groups for the PFs (.88 ± .41Nm/cm2 in DMD vs 3.26 ± 1.08Nm/cm2 in controls; 

P< .001), DFs (2.95 ±.99Nm/cm2 in DMD vs 6.03 ± 1.52Nm/cm2 in controls, P< .001), and 

KEs (.69 ±.21Nm/cm2 in DMD vs 2.76 ±.77Nm/cm2, P< .001). The specific torque of the 

KEs and PFs was approximately 4 times as high in the controls compared with boys with 

DMD. In contrast, a 2-fold difference was found in the DFs. The change in specific torque 

with age is shown in figure 4. A significant difference in slope was observed between the 

boys with DMD and controls for specific torque of the PFs (P< .001) and DFs (P = .006). 

For both muscle groups, the boys with DMD showed a decline in specific torque with age, 

whereas controls showed an increase with age. No difference was found between groups for 

the slope of KE specific torque versus age (P = .78).

Functional Ability

Boys with DMD required significantly more time to complete all functional tasks compared 

with controls (fig 5) (P<.001). There was a progressive increase in the time required to 

complete functional tasks with age in the boys with DMD, whereas the controls were 

relatively consistent in their times to complete all 4 tasks. Out of the sample of 22 boys with 

DMD, 5 were not able to rise from supine (ages 8.8 –14y) and 3 were unable to climb 4 

stairs (ages 8.8 –14y).

In boys with DMD, significant relationships were observed between time to walk 9m and 

KE peak torque (r= −.57, P < .005) (fig 6A), as well as PF peak torque, (r= −.46) (P< .031) 

(fig 6B). Furthermore, torque normalized to CSAmax of the KEs was correlated to both the 

time to walk 9m and time to rise from a chair (r= −.51 and r= −.56, respectively; P< .05, not 

shown). Similar correlations were seen for PF normalized torque with these 2 functional 

tasks (r= −.45 and r= −.48, respectively; P< .05, not shown). Interestingly, no significant 

relationships were observed between the functional tasks with DF strength.

DISCUSSION

The findings of this study provide new insights into the age-related changes in CSAmax and 

specific torque production of important lower-extremity muscle groups in ambulatory boys 

with DMD. We found approximately 60% greater CSAmax of the triceps surae muscles 

(soleus, gastrocnemius) of ambulatory boys with DMD compared with controls. The 

increase in triceps surae CSAmax was observed across all ages, and in fact the slope between 

muscle CSAmax and age was similar in boys with DMD and controls. In contrast, the age-

related increase in the tibialis anterior CSAmax appeared to be unaffected by dystrophy. The 

quadriceps muscle showed a distinct pattern with larger muscles in young boys with DMD, 
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whereas boys older than 11 years demonstrated relatively smaller CSAs than controls. 

Torque production was impaired in all 3 muscle groups, including the DFs in boys with 

DMD, both when expressed as absolute values as well as after normalization to BSA or to 

muscle CSAmax (ie, specific torque). Specific torque showed a modest decline with age in 

boys with DMD, while healthy boys showed large gains in specific torque between the ages 

of 5 and 14 years. The torque production of the KEs and PFs, but not the DFs, was 

correlated to performance on functional tasks such as walking and rising from a chair.

Muscle weakness was observed in all 3 muscle groups in boys with DMD, although KE 

strength deficits were observed at an earlier age. KE torque in DMD was on average 71% of 

controls at 5 to 7 years old and declined to 15% of controls in subjects over 11 years old. 

This difference was primarily the result of a 4-fold increase in KE torque of the controls 

with age. McDonald et al6 reported a sharp decline in KE strength with age in boys with 

DMD, both by isometric testing and the MMT. In their study, boys aged 4 to 6 years had an 

MMT grade of 4, which corresponded to an isometric strength of 40% to 50% of control 

values.6 The MMT grade continued to decline with age, and isometric strength was reported 

to be less than 5% of controls by the age of 8 years.6 In comparison, we found that although 

the relative difference between controls and boys with DMD increased with age, there was 

little change in absolute torque production of the KE in DMD.

Our findings showed that peak torque of the PF and DF were about two thirds of controls at 

ages 5 to 9 years, whereas McDonald et al6 reported an earlier loss of DF strength compared 

with PFs using the MMT. This may be attributed to differences in the position of the ankle 

joint in testing the DFs between studies. In the MMT, the ankle is placed at or near full DF,
28 whereas in our study, the DFs were tested near their optimal angle for force generation 

(30° plantarflexion).29,30 Between the ages of 5 and 14, we observed a 3-fold increase in PF 

and DF muscle strength in controls. Only a small increase in absolute torque was observed 

among boys with DMD over the same age. Similarly, Beenakker et al7 reported that the 

greater disparity in lower-extremity muscle strength in older boys with DMD was primarily 

the result of an increase in strength among the controls.

Another important factor to consider in muscle strength changes with age in our subjects is 

that all subjects in our study were taking corticosteroids, whereas the previous study by 

McDonald et al6 did not indicate the use of corticosteroids. However, at the time at which 

they collected longitudinal data (1982–1992), corticosteroids were not part of the standard 

clinical care for patients with DMD. Because corticosteroids have been shown to stabilize 

muscle force,31 this intervention may have contributed to an improved preservation of 

muscle torque in our subjects compared with the previous study. This theory is substantiated 

by a recent study by Parreira et al32 in which the progressive loss in muscle strength in boys 

with DMD who had initiated corticosteroids was found to be less than that reported in an 

older study by Scott et al,33 in which the cohort of boys with DMD were not taking 

corticosteroids.

Previous MRI studies have focused on examining fatty-tissue infiltration, and in particular 

the distribution of muscle involvement in a variety of muscular dystrophies and inherited 

myopathies.5,34–36 We used MRI to measure the total muscle CSAmax including both muscle 
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and fat tissue, although we also observed differential fatty-tissue infiltration across the 

lower-extremity muscles (see fig 1), intramuscular fat infiltration was not quantified in the 

current study. Although advanced MR techniques such as proton spectroscopy can be used 

to quantify lipid content of muscle,37 this study was conducted to specifically measure 

differences in CSAmax with age and to examine the relationship between muscle size and 

muscle strength in boys with DMD. We found that PF CSAmax was larger in the boys with 

DMD relative to controls across all ages. In contrast, DF CSAmax was not different between 

groups and showed a similar increase in size with age in both controls and DMD. For the 

quadriceps, however, the slope of line relating CSAmax to age was lower in boys with DMD 

compared with controls. From the scatter plot it appears that young boys with DMD (under 

10y) had a higher quadriceps CSAmax than controls, whereas older boys with DMD (over 

age 10) had a lower CSAmax than controls. This difference between DMD and controls must 

be considered in light of our limited sample of young controls for quadriceps CSAmax, 

because the 2 control subjects who were under 7 years old did not participate in this 

measurement.

Peak torque normalized to muscle CSA (ie, specific torque) provides an index of muscle 

quality. Our findings clearly showed that increases in muscle size were not reflected by 

proportional increases in muscle strength in boys with DMD, consistent with a decline in 

muscle quality. This is similar to recent findings using DXA, which show low correlations 

between muscle strength and regional lean body mass in boys with DMD between 5 and 13 

years of age.15 In our study, specific torque was impaired in all 3 muscle groups, with the 

average KE and PF muscles showing 4 times higher values in controls compared with boys 

with DMD. However, absolute specific torque only showed a modest decline with age in 

boys with DMD, while in controls, large age-related gains in specific torque were noted. 

Interestingly, even though age-related increases in the DF CSAmax mirrored those of 

controls, the average specific torque in controls was 2-fold higher than that of boys with 

DMD. In addition, the relationship between DF specific torque and age was significantly 

different in ambulatory boys with DMD compared with controls. These data demonstrate 

that while muscle growth (increase in CSAmax) may appear normal in the tibialis anterior 

muscle, there is a loss of muscle quality.

In healthy boys, there is a sharp rise in specific torque around the onset of puberty (age 13–

15y).38 This rapid increase in force-generating capacity may be related to increases in 

anabolic hormone levels39 and stature.40 Oral corticosteroid use has been shown to 

decelerate growth rate in boys and suppress adrenal function.41 The subjects with DMD in 

this study were of shorter stature than controls, which may also have contributed to a smaller 

gain in specific torque with age. Interestingly, we noted that there were differences in the 

specific torques of the different muscle groups in healthy subjects. There was a 2-fold 

difference between PFs and DFs in normalized peak torque: approximately 3Nm/cm2 in PF 

and approximately 6Nm/cm2 in DF. Specific tension of the DFs has been reported to be 

higher than PFs in healthy adults and may be partially attributed to differences in muscle 

architecture.42

We found that the ability to rise from the floor and climb stairs was lost in 50% of the boys 

with DMD over age 10, although their absolute lower-limb muscle strength was similar to 
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younger boys who were still able to complete these tasks. This is most likely because of an 

increase in body stature with little increase in absolute muscle strength to compensate, as 

indicated by the lower muscle torques normalized to BSA in boys with DMD. Furthermore, 

we did not evaluate the strength of the upper limbs and trunk and their contribution to the 

ability of the boys with DMD to perform functional tasks. These muscle groups also play an 

important role in functional ability in boys with DMD, especially as leg muscle strength 

declines and compensatory movements are required to maintain independent mobility. 

Relationships between muscle strength and ability to walk and perform sit-to-stand transfers 

were observed in the KEs and PFs. Previous studies have also found relationships between 

lower-limb muscle strength and ambulation and transfers.7,43 Furthermore, PF strength has 

been implicated as a key muscle in maintaining gait in boys with DMD.44 Interestingly, we 

did not observe any relationships between DF muscle strength and functional ability, 

although a previous study45 found that ankle DF muscle strength of less than grade 4 was a 

key prognostic factor in determining time to wheelchair dependence in boys with DMD. 

Because all subjects in our study were ambulatory, DF torque may not have played a role in 

their current walking ability.

Although we observed differential fatty-tissue infiltration across the lower-extremity 

muscles (see fig 1) in boys with DMD, fibrosis and intramuscular fat infiltration was not 

quantified in the current study. All magnetic resonance images in this study were acquired 

using a standard T1-weighted imaging sequence, with fat suppression, to facilitate 

segmentation of the muscle boundaries and quantification of the muscle CSA. Advanced 

MR techniques such as volume-localized spectroscopy and 3-point Dixon can be used to 

measure the intramuscular lipid composition37; however, the quantification of fibrosis in 

skeletal muscle presents significant challenges because of extremely short T2 of collagen. 

MRI of human skeletal muscle also suffers from partial volume filling because of limited 

spatial resolution, adding to the complexity of quantifying noncontractile tissue in muscular 

dystrophies.

CONCLUSIONS

Using MRI in combination with dynamometry allowed us to measure the muscle CSAmax 

and specific torque production of primary lower-extremity muscles in children with DMD. 

Age-related changes in muscle CSA and specific torque production in lower-extremity 

muscles showed distinctly different patterns in the KE, PF, and DF muscles of boys with 

DMD. The distal triceps surae muscles showed a larger CSAmax by approximately 60% in 

ambulatory boys with DMD compared with controls across ages, while the tibialis anterior 

muscle showed age-appropriate increases in CSAmax. In the quadriceps muscle, CSAmax 

tended to be higher than controls in younger boys with DMD but lower in older boys with 

DMD over 10 to 11 years of age. However, all muscles showed significant deficits in 

specific torque, with a 4-fold difference in the PF and KE, and 2-fold difference in the DFs. 

Specific torque showed a modest decline with age in boys with DMD, while in controls, 

large age-related gains in specific torque were noted.

Future clinical trials for therapeutic strategies in DMD should consider examining multiple 

muscles to evaluate the efficacy of treatment, as well as the inclusion of physiologic 
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measures such as muscle CSA and specific torque. This study also underlines the importance 

of including age-matched healthy controls in evaluating boys with DMD.
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Fig 1. 
T1-weighted fat-suppressed transaxial images of the thigh (A) and lower leg (B) obtained 

from an 11-year-old boy with DMD. The rectus femoris and vasti muscles are outlined on 

the thigh, and the TA, soleus, MG, and LG are outlined on the lower leg. Note the presence 

of fatty infiltration to a greater extent in the thigh musculature than in the calf. 

Abbreviations: LG, lateral gastrocnemius; MG, medial gastrocnemius; RF, rectus femoris; 

TA, tibialis anterior.
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Fig 2. 
Scatter plots of age versus peak torque (Nm) in boys with DMD (filled circles, solid line) 

and controls (open circles, dashed line): (A) PFs (n = 22 DMD, n = 10 control), (B) DFs (n = 

21 DMD, n = 10 control), and (C) KEs (n = 22 DMD, n = 10 control). Please note that in A, 

2 subjects with DMD had overlapping values for plantarflexion peak torque (age 6.2y, 

33.2Nm and 33.4Nm); in B, 1 subject with DMD was unable to perform the dorsiflexion 

torque measurement.
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Fig 3. 
Scatter plots of CSAmax (cm2) versus age in boys with DMD (filled circles, solid line) and 

controls (open circles, dashed line): (A) triceps surae (n = 22 DMD, n = 10 control), (B) 

tibialis anterior (n = 22 DMD, n = 10 control), and (C) quadriceps (n = 20 DMD, n = 8 

control). Please note that in B, 2 subjects with DMD had overlapping values for tibialis 

anterior CSAmax (age 6.2y, 2.7cm 2 and 2.8cm2).
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Fig 4. 
Scatter plots of age versus specific torque (torque normalized to CSAmax of muscle [Nm/

cm2]) in boys with DMD (filled circles, solid line) and controls (open circles, dashed line). 

(A) PFs (n = 22 DMD, n = 10 control), (B) DFs (n = 21 DMD, n = 10 control), and (C) KEs 

(n = 20 DMD, n = 8 control). Please note in C, there are 2 overlapping points in the DMD 

group (age 9y, KE specific torques of .56 and .53Nm/cm2).
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Fig 5. 
Group means (± SD) of 4 timed functional tasks in boys with DMD and controls. *P<.001.
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Fig 6. 
Relationships between peak torque of the KEs (A) and PFs (B) and time to walk 9m.
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Table 1

Demographics of the Participants

Characteristic DMD (n = 22) Controls (n = 10) P

Age (y) 9.6 ± 2.7 9.7 ± 3.0 .480

Height (m) 1.20 ± 0.13 1.40 ± 0.18 .002*

Weight (kg) 31.3 ± 11.2 33.1 ± 11.6 .670

BMI (kg/m2) 20.7 ± 5.3 16.3 ± 1.7 .002*

BSA (m2) 1.02 ± 0.23 1.15 ± 0.25 .160

Vignos score (median) 1.5 (1–4) 1.0 NA

NOTE: Values are mean ± SD or as otherwise indicated.

Abbreviation: NA, not applicable.

*
Significantly different between groups.
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