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Abstract

The purpose of this study was to examine exercise effects on muscle water T2 in patients with 

Duchenne muscular dystrophy (DMD). In 12 DMD subjects and 19 controls, lower leg muscle fat 

(%) was measured by Dixon and muscle water T2 and R2 (1/T2) by the tri-exponential model. 

Muscle water R2 was measured again at 3 hours after an ankle dorsiflexion exercise. The muscle 

fat fraction was higher in DMD participants than in controls (p < .001) except in the tibialis 

posterior muscle. Muscle water T2 was measured independent of the degree of fatty degeneration 

in DMD muscle. At baseline, muscle water T2 was higher in all but the extensor digitorum longus 

muscles of DMD participants than controls (p < .001). DMD participants had a lower muscle 

torque (p < .001) and exerted less power (p < .01) during exercise than controls. Nevertheless, 

muscle water R2 decreased (T2 increased) after exercise from baseline in DMD subjects and 

controls with greater changes in the target muscles of the exercise than in ankle plantarflexor 
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muscles. Skeletal muscle water T2 is a sensitive biomarker of the disease status in DMD and of the 

exercise response in DMD patients and controls.
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1. Introduction

Duchenne muscular dystrophy (DMD) is the most common X-linked lethal childhood 

disease, with an incidence of about 1 in 5000 newborn boys [1,2]. Even with clinical 

intervention boys and young men lose independent mobility during teen years. The pelvic 

and thigh muscles are involved early and are severely affected with fatty degeneration. The 

disease progression is slower in the lower leg muscles than in the proximal leg muscles. 

Among the lower leg muscles, the ankle dorsiflexor muscles including the tibialis anterior 

and extensor digitorum longus are relatively spared in younger boys with DMD [3–5].

In recent years promising new therapeutics have been entering in clinical trials for DMD. 

Robust biomarkers are needed to measure disease progression and therapeutic response in a 

smaller number of individuals over a shorter timeframe in clinical trials. Expression of 

dystrophin, the protein product of the DMD gene [6], has been used as an outcome measure 

in clinical trials. However, accurate quantification of dystrophin has been challenging and 

requires the invasive procedure of a muscle biopsy [7]. The magnetic resonance imaging 

(MRI) measure of the water transverse relaxation time (T2) was identified as a biomarker of 

dystrophin expression to therapeutic levels in a dog model of DMD [8].

It is well established that dystrophin provides mechanical stability to the sarcolemma [9, 10]. 

Absence of dystrophin leads to sarcolemmal fragility with consequent muscle fiber 

degeneration and progressive replacement of muscle by fat and connective tissue [11]. 

Environmental factors including contractile stress during exercise appear to exacerbate the 

damage in dystrophin-deficient muscle fibers [12]. Muscle water T2 is sensitive to changes 

of muscle injury or edema after exercise and can be used to identify the muscles from which 

creatine kinase, an indicator of sarcolemmal leak, is released into the circulation [13]. 

Muscle water T2 abnormalities have been shown to relate to membrane leakiness and 

inflammation in animal models of DMD. An increase in muscle T2 has been reported in the 

hindlimb muscles of mdx mice after downhill running [14]. However, in a study of DMD 

patients muscle T2 was not sensitive and gadolinium contrast administration was required to 

demonstrate exercise effects by MRI [15]. In these studies, muscle T2 was calculated based 

on a monoexponential model, which is increased by both fatty infiltration and changes in the 

water component in skeletal muscle. Mdx mice do not develop significant fatty infiltration, 

and consequently T2 directly reflects the muscle water component. In contrast fatty 

infiltration masks increases in muscle water T2 in human dystrophic muscle [16,17].

A recently proposed tri-exponential model [18] enables extraction of water T2 from the 

multi-echo signal decay by taking into account the large T2 differences between the fat and 
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water components. Pilot data showed that the tri-exponential model measures muscle water 

T2 independent of fat values in skeletal muscle [18]. In this study, we examined volitional 

ankle dorsiflexion exercise effects on skeletal muscle water T2 as measured by the tri-

exponential model in the lower leg muscles of DMD subjects participating in a clinical trial 

and in age-matched healthy volunteers.

2. Materials and methods

2.1. Participants and study design

In this cross-sectional study, MRI of the lower leg skeletal muscles was acquired at baseline 

and at 3 hours post-exercise in ambulatory subjects with DMD and age-matched healthy 

volunteers. All patients were on oral corticosteroids with a dose equivalent to prednisone 

0.75 mg/kg/day. The DMD participants traveled to the NIH Clinical Center during the 

screening phase of a clinical trial evaluating an oligonucleotide therapy (NCT01462292). 

The healthy volunteer boys were recruited from the NIH Clinical Research Volunteer 

Program registry. Subject eligibility, inclusion and exclusion criteria have been described 

elsewhere [19]. All subjects were asked to avoid excessive physical activity beyond their 

normal levels for a week prior to the study visit.

The NIH imaging study was registered on clinicaltrials.gov (NCT01451281) and was in 

compliance with the NIH Privacy Act and approved by an NIH Institutional Review Board. 

Informed written assent and consent were obtained from each subject and parent or guardian 

before participation in the study.

2.2. The ankle dorsiflexion exercise

A portable device (Ankle IntelliStretch device, RehabTek, Chicago, IL) was used for 

volitional concentric ankle dorsiflexion exercise and to measure the biomechanical data. The 

device has FDA Class I approval and has been used in children for both passive stretching 

and voluntary exercise [20, 21]. It is equipped with a torque sensor, a servomotor, and a 

digital controller. The device was connected to a computer for display and user interface. 

The user interface allowed adjustment of the applied torque value, motion velocity, and 

difficulty levels of the exercise games, such as assistance level and resistance level, 

according to each participant’s ability. The participant was seated in a comfortable chair 

with his upper body strapped against the backrest of the chair and the device in front at an 

appropriate distance to keep the knee flexed at 30 degrees to eliminate the restraining effect 

of the gastrocnemius muscle on ankle dorsiflexion [22]. The leg was secured by the leg 

support and the foot was attached onto the footplate with the ankle joint aligned to the 

rotation axis of the device. The participant was asked to play computer games by voluntary 

ankle dorsiflexion movements that began from the neutral position of the ankle joint. 

Plantarflexion movement was restricted to avoid muscle injury related to eccentric 

lengthening. Before exercise ankle passive range of motion, active range of motion, and 

maximum dorsiflexion torque at neutral position were assessed using the IntelliStretch 

device. The range of the moving target in the computer games was scaled to fit the range of 

motion of the ankle dorsiflexion in each child. The resistance level was determined by each 

child’s ability to maximally dorsiflex his ankle as a measure of his ankle dorsiflexion 
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strength. The resistance level added by the device was never greater than 50% of maximal 

ankle dorsiflexion strength in each participant. The duration of the exercise for each 

participant was limited by his exercise tolerance (generally 25–30 minutes). None of the 

participants reported muscle soreness or fatigue either during or after exercise. Note that the 

ankle device allowed to set the exercise parameters according to the abilities of a participant 

and physical exhaustion was avoided during muscle activity.

Exercise performance data were analyzed using in-house MATLAB scripts. The total work 

performed by the subject during each period of exercise was computed by a two-step 

process. First, linear regression was used to estimate the foot sagittal plane moment of 

inertia from the individual’s age, height, and body mass [23, 24]. Work performed during 

exercise was calculated as the area under the angular acceleration-angle curve multiplied by 

the estimated moment of inertia. Power was computed as the work divided by the time of 

movement execution. For each subject, the work (J) and power (W) reported are aggregate 

totals summed across the entire exercise session.

2.3. MRI acquisition

MR images of the lower leg were acquired on a 3T Verio scanner (Siemens, Erlangen, 

Germany) at the NIH Clinical Center. An 8-element knee coil was used for the lower leg. 

Subjects were placed in the feet-first supine position inside the magnet bore and the legs 

were secured with foam pads. All scans were performed on the same scanner. T1-weighted 

turbo spin echo images were acquired consisting of 21 slices of 5 mm thickness with a slice 

gap of 5 mm and 1.5 mm in-plane resolution. For water T2 determination, a standard non-fat 

saturated multi-slice multi-echo sequence was acquired with a TR = 5000 ms, nominal flip 

angles = 90° and 180°, and a train of 12 echoes with TEs ranging from 14.3 ms to 171.6 ms 

with 14.3 ms echo-spacing. The field of view was equal to 126×180 mm2, with a pixel size 

of 0.7 mm2, covering 15 slices of 5 mm thickness with a slice gap of 6.5 mm. Fat 

quantification was obtained using a standard 3D gradient echo two-point Dixon technique 

with the following parameters: TR = 7.2 ms, TE1 = 2.5 ms, TE2 = 3.7 ms, T. flip angle = 9°, 

field of view = 151 × 220 × 140 mm3 with a voxel size of 0.43 × 0.43 × 5 mm3.

2.4. MRI analysis

Regions of interest (ROIs) were drawn manually on multi-slice multi-echo images (10 slices 

covering 58.5 mm) according to an anatomical atlas for the seven muscles in the lower legs: 

tibialis anterior, tibialis posterior, extensor digitorum longus, peroneus group, soleus, 

gastrocnemius medialis and gastrocnemius lateralis (Fig 1A). ROIs delineated the interior of 

the muscle avoiding fasciae and blood vessels. The mean water T2 relaxation times (ms) 

from ROIs were averaged prior to fitting using the tri-exponential model, as described [18]. 

We used T2 relaxation rates or R2 = 1/T2 (s−1) to show the effects of exercise on changes in 

muscle water component because the relaxation rates are additive, not the relaxation times. 

This multi-exponential model accounts for both water and fat component within the muscle 

tissue in contrast to the techniques based on fat saturation which are sensitive to field 

inhomogeneity artifact. This model is defined as the following:
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(1)

Where S(TE) is the signal for a given echo time TE. T2fl and T2fs are the long and short 

relaxation times of the fat component respectively. T2m is the relaxation time of the muscle 

water component. Af, Am, are coefficient that reflect the proportion of water and fat 

component in the signal. cl and cs are coefficients of the bi-exponential model of the fat. For 

each subject, the subcutaneous fat signal was measured and then a bi-exponential fit was 

performed to estimate fat parameters (cl, cs, T2fl and T2fs). These parameters were fixed 

during the estimation of water T2 component inside the ROIs. It is important to point out, 

that for each ROI, the mean signal was computed and then the water T2 was estimated from 

the mean signal decay.

Dixon images were reconstructed using Siemens (Erlangen, Germany) product software 

producing a single water image (sw) and fat image (sf) generated from two gradient echo 

images and a field map, without T2* correction [25]. The fat fraction measured using Dixon 

was then calculated as 100 * |sf|/(|sf| + |sw|). The fat fraction maps were aligned with the T2 

images, so that same ROIs were analyzed for muscle water T2 and muscle fat fraction 

quantification. The alignment was performed using an in-house MATLAB program that 

extracts the subject’s position and orientation and computes the adequate scaling factors and 

translations to be applied to the fat ratio map. A blinded investigator manually drew the 

ROIs and performed the analysis on duplicate sets of images with a distinct identity code for 

the assessment of inter-rater variability. Analyses were performed by investigators who were 

blinded to other clinical information.

2.5. Statistical analysis

Descriptive statistics were used to describe the subject characteristics. The least square 

means of height and weight were estimated adjusted for age, using the linear regression 

models, which were compared by two sample t-tests. Wilcoxon Rank Sum tests were used to 

compare muscle fat, muscle water T2 and ankle dorsiflexion biomechanics measurements 

between DMD participants and healthy volunteers. Two-sample F-test was used to compare 

the variance in power exerted during exercise between DMD participants and the healthy 

volunteers. The degree of inter-rater agreement was measured by the Bland-Altman method 

[26]. Spearman’s correlation coefficient (rs) was used to assess the association between the 

following variables: 1) percent muscle fat and water T2; 2) age and ankle dorsiflexion 

torque; 3) age and power exerted during exercise; 4) change in water R2 post-exercise from 

baseline (Δ water R2) between the 2 ankle dorsiflexor muscles; 5) percent muscle fat and Δ 

water R2; and 6) power exerted during exercise and Δ water R2. Two sided tests were 

performed for all statistical analyses and the level of significance was set at p < 0.05. Data 

analyses were done using Prism 6.0 (GraphPad Software, La Jolla, CA, USA).
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3. Results

3.1. Subject Characteristics

Subject demographics are outlined in Table 1. The lower leg skeletal muscle MRI was 

obtained from 12 ambulatory boys with DMD (age range: 6–14 years) and 19 healthy 

volunteer boys (age range: 5–14 years) at baseline and 3 hours post-exercise. The 2 groups 

were similar in age and weight. There was a significant difference in the age-adjusted height 

between subjects with DMD and the healthy volunteers (p < .001).

Baseline muscle fat (%) in 3 DMD participants was not measured due to fat water swap or 

poor signal to noise ratio of the MR images. Baseline muscle water T2 (ms) of the peroneus 

and calf muscles could not be measured in 2 and 3 DMD participants, respectively due to 

poor tri- exponential fit (the confidence interval width of water T2 > 12 ms). A 10 year-old 

healthy volunteer was not included in the analysis of exercise effects on MRI measures 

because his data could not be retrieved from the ankle device due to computer malfunction.

3.2. MRI measures of muscle fat (%) and muscle water T2 (ms) in the lower leg muscles of 
DMD participants and healthy volunteers at baseline

The median muscle fat percentage was about 2–3 fold higher in the tibialis anterior, extensor 

digitorum longus, peroneus, soleus, and gastrocnemius muscles of DMD participants than in 

the healthy volunteers (p < .001) (Fig 1B, Table 2). The highest muscle fat percentage was in 

the peroneus muscles (as in ref 4), followed by the gastrocnemius lateralis and soleus 

muscles of DMD participants. In agreement with previous studies [3, 4], muscle fat 

percentage in the tibialis posterior muscle was not significantly different between the groups.

We found that median muscle water T2 was higher in the tibialis anterior, tibialis posterior, 

peroneus, soleus and gastrocnemius muscles of DMD participants than in healthy volunteers 

at baseline (p < .001) (Fig 1C, Table 3). In contrast water T2 of the extensor digitorum 

longus muscle was not significantly different between the groups. Among DMD participants 

and the healthy volunteers, water T2 of the soleus and gastrocnemius muscles was higher 

than that of the tibialis anterior and extensor digitorum longus muscles (p < .001).

There was no significant correlation between muscle fat and water T2 in the same muscle of 

DMD participants and healthy volunteers (Fig 1D). Bland-Altman plots showed that the 

mean difference between two independent blinded measurements of percent muscle fat and 

water T2 values in the same muscle was 0.16 % and 0.14 ms, with the 95% limits of 

agreement (−1.37,1.69) and (−1.11, 1.38), respectively (Fig 1E–F).

3.3. Muscle work (J) and power (W) used during the volitional ankle dorsiflexion exercise 
by DMD participants and healthy volunteers

The median passive and active ankle dorsiflexion range of motion were not significantly 

different between the DMD participants and healthy volunteers (15° v. 16°, p = 0.958 and 

11.5° v. 16°, p = 0.181, respectively; Fig 2A–B). The median isometric ankle dorsiflexion 

torque was significantly different between the DMD participants and healthy volunteers (1.5 

Nm v. 12.2 Nm, p < .001; Fig 2C). There was an age-associated decrease in the isometric 
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ankle dorsiflexion strength in the DMD participants, whereas there was an increase in ankle 

dorsiflexion torque with advancing age in healthy volunteers (rs = −0.71, p < .01 and rs = 

0.63, p < .01, respectively; Fig 2E). Compared to the healthy volunteers, the DMD 

participants performed less work (139 J v. 562 J, p < .01) with less power (0.9 W v. 3.1 W, p 
< .01) over the course of the ankle dorsiflexion exercise (Fig 2D and F). There was no 

significant difference in the inter-subject variability of power exertion during exercise 

between the DMD participants and healthy volunteers (Two-sample F (17,11) = 3.16, p = 

0.06).

3.4. Exercise effects on muscle water R2 (s−1) in the lower leg muscles of DMD participants 
and healthy volunteers

We found that the mean muscle water R2 decreased (= water T2 increased) at 3 hours post-

exercise from baseline values in the lower leg muscles of the DMD participants and the 

healthy volunteers (Table 4). The mean Δ water R2 was greater in the target muscles of ankle 

dorsiflexion exercise, extensor digitorum longus and tibialis anterior, than the plantarflexor 

muscles in both groups. Whereas there was inter-subject variability for post-exercise R2 

changes in the tibialis anterior and extensor digitorum muscles of DMD patients, we found a 

consistent trend in post-exercise R2 changes between muscles in individual patients (Fig 

3A). Muscle water R2 decreased in both muscles of 10 DMD patients and increased in 2 

patients. The Δ water R2 of the tibialis anterior muscle positively correlated with that of the 

extensor digitorum longus muscle in the DMD participants and the healthy volunteers (rs = 

0.57, p = 0.05 and rs = 0.90, p < .001, respectively). The Δ water R2 of the lower leg muscles 

did not significantly correlate with muscle fat fraction or power exerted during exercise in 

both groups (Fig 3B–C; extensor digitorum longus muscle shown).

4. Discussion

Our findings demonstrate that the tri-exponential model of muscle water T2 measurement 

provides an efficient noninvasive method to measure responses to exercise and pathological 

changes related to underlying disease process in fatty-infiltrated muscles of an individual 

with DMD. We show that the tri-exponential model allows quantification of muscle water T2 

independent of muscle fatty degeneration in the DMD participants. This finding is in 

agreement with a previous study which demonstrated the insensitivity of the triexponential 

method to muscle fat content in other skeletal myopathies [18].

MR spectroscopy is the most accepted method for quantification of muscle fat and water 

components. However, it is limited by poor spatial resolution and coverage and challenges in 

setting the spectroscopy volume registrations. The triexponential method provided better 

spatial resolution and coverage to allow assessment of multiple muscles simultaneously. We 

found that the baseline muscle water T2 was higher in most lower leg muscles of the DMD 

participants than the healthy volunteers. The pattern of muscle involvement for fatty 

degeneration in the lower leg of DMD participants was in agreement with previous studies 

[3,4]. We observed that the abnormalities of muscle water T2 had a different pattern than 

fatty degeneration in the lower leg of DMD patients. The extensor digitorum longus muscle 

of the DMD participants showed higher muscle fat (%) but had water T2 values similar to 
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that in the healthy volunteers, whereas the tibialis posterior muscle had higher muscle water 

T2 in DMD participants than the healthy volunteers but did not show changes of fatty 

infiltration. During the preparation of this manuscript, Hooijmans et al also reported an 

increase in muscle water T2 in the non-fatty infiltrated lower leg muscles of DMD patients 

using tri-exponential model [27]. Minor differences in the muscle water T2 values between 

studies could be related to differences in the MR acquisition parameters for echo spacing 

and the length of echo-train, heterogeneity of disease status between patient groups and 

different steroid dosing regimen.

The baseline increase in muscle water T2 in DMD patients compared to age-matched 

controls indicates inflammation, necrosis, damage and other disease processes which lead to 

increase in intracellular and/or extracellular edema in dystrophic muscles (reviewed in ref 

16, 17, 28). In patients with Becker muscular dystrophy the pathological changes of muscle 

inflammation are less compared to that in DMD patients [29] and it was observed that fat-

adjusted muscle T2 (water T2) was not higher than that seen in age-matched controls [30]. In 

patients with facioscapulohumeral muscular dystrophy, the hyperintense muscles on T2-

short tau inversion recovery sequence (elevated water T2) had pathological changes of 

muscle inflammation accompanied by a significant upregulation of genes involved in the 

muscle inflammatory disease process [31]. In adult patients with Pompe disease, the muscles 

with higher water T2 at baseline had a faster progression of fatty degeneration than muscles 

with normal water T2 [32]. Whereas muscle inflammation and related processes are non-

specific events, they are thought to directly contribute to progressive muscle degeneration in 

DMD [33]. A decrease in muscle water T2 and subsequent slower rate of fatty degeneration 

in response to prednisone was seen in the lower leg muscles of 5 – 7 years old DMD patients 

compared to those who were not treated [34]. It has been demonstrated that muscle water T2 

tends to normalize with disease progression in DMD [19, 35, 36]. However, a direct 

correlation between changes in muscle water T2 and a faster rate of progression in muscle 

degeneration towards fatty replacement has not yet been shown in skeletal muscles of DMD 

patients.

Importantly, our results demonstrate a decrease in the lower leg muscle water R2 at 3 hours 

after a voluntary dynamic concentric ankle dorsiflexion exercise in the DMD participants 

and healthy volunteers. These changes were prominent in the tibialis anterior and extensor 

digitorum longus muscles, the primary effectors of ankle dorsiflexion than ankle 

plantarflexor muscles. A previous study suggested that the changes in muscle T2 occurring < 

1 hour post-exercise were proportional to exercise intensity in healthy individuals [37]. We 

did not find any significant relation between Δ water R2 3 hours post-exercise and power 

exerted during exercise in DMD patients and healthy volunteers. The DMD participants had 

a significantly lower ankle dorsiflexion muscle torque and performed exercise with 

significantly less power than the healthy volunteers. Nevertheless, they showed a similar Δ 

water R2 in the exercised muscles as the healthy volunteers. Whether DMD muscle is 

sensitive to a lower intensity of exercise compared to healthy muscle should be determined 

by setting the same exercise parameters for both groups in further studies. The inter-subject 

variability in Δ water R2 probably originated from the physiologic response to the exercise 

and not due to volitional effort because it did not correlate with the exercise intensity and we 

did not observe inter-subject variability in power exerted over the course of the exercise.
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Muscle T2 changes after exercise may depend on the type of the muscle activity. We 

specifically avoided eccentric contractions during exercise because it is well-established that 

eccentric exercise leads to skeletal muscle damage in healthy individuals [38]. Increased 

permeability of muscle membrane is an early event in the eccentrically contracted muscle 

[39]. Indeed, dystrophin-deficient muscle fibers with fragile sarcolemma are more 

susceptible to damage than healthy muscle [40]. Large rises of plasma creatine kinase 

enzyme levels, an indirect indicator of muscle membrane leakiness, have been observed after 

eccentric (muscle elongates in response to a greater opposing force) but not concentric 

(muscle shortens thereby generating force) muscle activity in healthy individuals [41]. The 

T2 changes associated with muscle damage, inflammatory responses and edema occur at 

least 2 days following eccentric exercise [42]. Muscles performing concentric exercise have 

a significantly higher increase in muscle T2 than the muscles performing eccentric actions at 

the relatively same load in healthy volunteers [43]. However, post-exercise T2 changes do 

not last longer than 24 hours and the delayed T2 changes of eccentric activity are not known 

to occur following concentric exercise in healthy muscle [44]. A few studies have focused on 

concentric exercise effects on healthy skeletal muscles by MRI and have demonstrated that 

muscle injury was significantly less compared to eccentric lengthening exercise [45,46]. 

Electron microscopic studies of rabbit skeletal muscle fibers showed myofibrillar disruption 

after eccentric but not concentric exercise [47]. Therefore, muscle water R2 changes within 

hours of concentric exercise in our study likely do not represent exercise induced muscle 

injury or inflammation.

We do not yet know the underlying mechanism for R2 changes 3 hours post-exercise in 

healthy and DMD muscle. Muscle water T2 and R2 can be affected by muscle blood flow 

and hemoglobin oxygenation, pH and lactate changes and osmotically-driven bulk water 

diffusion into the myofibrillar and interstitial space. Requirement for muscle blood flow and 

aerobic ATP production are increased during dynamic exercise, however it has been 

established that the changes in muscle perfusion return to baseline within minutes post-

exercise and muscle T2 changes are not dependent on the perfusion status of skeletal muscle 

during this early phase post-exercise [48,49]. Previous studies have demonstrated that post-

exercise muscle T2 increase does not represent an increase in extracellular water component, 

and changes in intramuscular pH, lactate and other metabolites do not contribute to the 

changes in muscle R2 beyond 1 hour following submaximal resistance exercise [37, 50, 51]. 

In mice increased muscle T2 was associated with alternations in bulk water diffusion into 

muscle fibers and interstitial space and there was Evans blue dye uptake by muscle fibers, an 

indicator for loss of sarcolemmal integrity in vivo [52]. In DMD increased sarcolemmal 

fragility in dystrophin deficient muscle fibers may allow increase in water flux at a lower 

contractile stress relative to healthy individuals. The Δ water R2 did not relate to the degree 

of muscle fatty degeneration in DMD patients. Heterogeneous muscle damage, inflammation 

and necrosis within and across muscles of DMD participants may have contributed to the 

inter-subject variability in post-exercise muscle water R2 changes. Longitudinal 

measurements over time and following intervention in the same subjects would be good to 

pursue in clinical trials.

Ankle dorsiflexion is a critical component of the gait cycle [53]. The extensor digitorum 

longus and the tibialis anterior muscles concentrically contract to assist in toe clearance 
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during the swing phase while maintaining a supinated position during heel strike. 

Instrumented gait analysis showed a reduced ankle dorsiflexion during terminal stance and 

pre-swing with a consequent reduction in the peak-to-peak excursion in 5 – 7 years old 

DMD boys [54]. Active movement training with the ankle device used in this study led to 

improvements in the functional abilities of balance and walking in children with cerebral 

palsy [20]. Randomized double blind intervention trials are needed to determine the effects 

of low resistance strength training on the functional abilities of patients with DMD [55]. The 

ankle device can provide well controlled goal-directed active movement training, and video 

games can be a motivation for children to actively engage in a selective voluntary movement 

task. Controlled settings for exercise are relevant for standardization across sites in a 

multisite intervention study. Muscle water T2 and R2 as measured in this study would be 

useful as sensitive and noninvasive outcome measures to compare the relative exercise 

effects on different skeletal muscles of DMD patients.

The study was conducted at a single site, although the DMD participants were enrolled from 

across the United States. A limitation of this study is the small number of participants. We 

could only examine a single time point at 3 hours post-exercise due to time constraints in the 

clinical trial. It would be important to assess the timeline of changes in muscle water T2 

following concentric muscle exercise as it is anticipated to be different in DMD muscle with 

loss of sarcolemmal integrity. It would be prudent to examine the relation between muscle 

contractile content [3] and Δ water R2 of DMD muscle in further studies. We measured 

muscle water T2 from the same ROI and there was a good agreement between two blinded 

measurements. Whereas these methods should minimize variability in our measurements, 

errors could still occur related to where the edges of ROIs are drawn and image artifacts. We 

did not use the B1 map for pixel selection to overcome the B1 inhomogeneity error. This 

could be addressed in future studies by using extended phase graph fitting as proposed by 

Lebel and Wilman [56,57]. It should be noted that there is no identified rationale at present 

for fitting the lipids by 2 exponentials [18]. Also, we cannot exclude a possibility that 

changes in long T2 water component can potentially overlap with the lipids due to T2 

similarities. A potential limitation of the 2 point Dixon method is that swaps between fat and 

water components can occur between limbs or inside limb segments [28]. We found that 

DMD muscle had a significantly higher muscle fat fraction than controls, where control 

muscle fat fraction was about 4.5 – 5%. The exact value of control muscle fat fraction can 

depend on whether the analysis model accounts for noise bias and T2* for example, control 

muscle fat values reported by Loughran et al [58] measured by incorporated R2* modeling 

were lower than Hooijmans et al [27], who did not.

In summary, we show that the MRI biomarker of muscle water T2 measured by the 

triexponential method is sensitive to the underlying disease status in DMD and is responsive 

to acute changes related to exercise in both patients and healthy individuals. Exploration of 

the role of this imaging biomarker in predicting the restoration of dystrophin activity in 

DMD skeletal muscle is warranted in future randomized clinical trials.
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Highlights

• Triexponential method measures muscle water T2 in fatty-infiltrated muscles 

in DMD.

• Muscle water T2 is a useful biomarker of disease status in clinical trials of 

DMD.

• Muscle water T2 is responsive to exercise effects in DMD subjects as in 

controls.
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Figure 1. 
MRI quantification of the lower leg muscle fat (%) and water T2 (ms) in DMD participants 

(red) and the healthy volunteers (blue). A. An axial T1 – weighted image of the lower leg of 

a healthy volunteer is shown. The regions-of-interest are drawn for the evaluation of muscle 

fat and water T2 on the tibialis anterior (TA), tibialis posterior (TP), extensor digitorum 

longus (EDL), peroneus (PER), soleus (SOL), gastrocnemius lateralis (GL), and 

gastrocnemius medialis (GM) muscles. B. Median muscle fat (%) is significantly increased 

in all but the tibialis posterior (TP) muscles of the DMD participants relative to the healthy 
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volunteers. C. Median muscle water T2 (ms) is significantly increased in all but the extensor 

digitorum longus (EDL) muscles of the DMD participants relative to the healthy volunteers. 

D. Graph shows that muscle water T2 (ms) measurements were independent of the muscle 

fat (%) in the same muscle of the DMD participants (n = 56 muscles, p = 0.694) and the 

healthy volunteers (n = 133 muscles, p = 0.762). E–F. Bland-Altman plots demonstrate good 

agreement between the two independent blinded measurements of percent muscle fat (E) and 

muscle water T2 (F) in the same muscle (n = 45 and n = 52, respectively). Dotted horizontal 

lines represent mean difference and the 95% limits of agreement (mean ± 1.96 S.D.) (E–F). 

Box and whiskers represent 5th – 95th percentile values. Spearman’s r (rs) is shown. ***p < .

001.
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Figure 2. 
Biomechanics of the volitional ankle dorsiflexion exercise in DMD participants (DMD, n = 

12, red) and the healthy volunteers (HV; n = 18, blue). A–B. The passive range-of-motion or 

PROM (A) and active range-of-motion or AROM (B) for ankle dorsiflexion were not 

significantly different between the DMD participants and the healthy volunteers (p = 0.958 

and p = 0.181, respectively). C–D. The ankle dorsiflexion torque measured by the ankle 

device (C) and the power exerted over the course of ankle dorsiflexion exercise (D) were 

significantly reduced in the DMD participants relative to the healthy volunteers. E. Whereas 
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ankle dorsiflexion torque decreased with age in the DMD participants there was a gain in the 

torque value with age in the healthy volunteers. Note that at all ages the ankle dorsiflexion 

torque values are lower in the DMD participants than the healthy volunteers. F. Graph shows 

no significant relation between age and power exerted during the ankle dorsiflexion exercise 

in the healthy volunteers (p = 0.127) and DMD participants (p = 0.581). Box and whiskers 

represent 5th – 95th percentile values (A–D). Spearman’s r (rs) is shown (E–F). **p < .01, 

***p < .001.
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Figure 3. 
Changes in muscle water R2 (s−1) in the ankle dorsiflexor muscles of DMD participants and 

the healthy volunteers following the volitional ankle dorsiflexion exercise. A. Congruent 

changes in muscle water R2 between baseline (red) and 3 hours post-exercise (green) in the 

tibialis anterior (TA) and extensor digitorum longus (EDL) muscles of individual DMD 

participants (n = 12). A decrease in muscle water R2 is seen in 10 DMD patients, whereas an 

increase in water R2 is seen in 2 patients. B. There is no significant correlation between Δ 

muscle water R2 and muscle fat (%) in the EDL muscle of DMD patients (red squares; n = 9, 
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p = 0.743) and the healthy volunteers (blue circles; n = 18, p = 0.990). C. Similarly, Δ water 

R2 of the EDL muscle is not significantly correlated with power exerted over the course of 

the exercise in the DMD participants (red squares; n = 12, p = 0.991) and healthy volunteers 

(blue circles; n = 18, p = 0.433). Spearman’s r (rs) is shown.
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Table 1

Demographics of subjects with Duchenne muscular dystrophy (DMD) and the healthy volunteers.

DMD
(n = 12)

Healthy Volunteers
(n = 19)

P value2

Mean ± SE Mean ± SE

Age (years) 8.9 ± 0.7 10.0 ± 0.5 0.210

Height (cm)1 127.4 ± 2.7 145.9 ± 2.1 < .001

Weight (kg)1 33.8 ± 2.8 39.3 ± 2.2 0.141

1
adjusted for age;

2
two sample t-test
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Table 2

Skeletal muscle fat fraction (%) in the lower leg muscles of subjects with Duchenne muscular dystrophy 

(DMD) and the healthy volunteers at baseline.

Muscles

DMD
(n = 9)

Healthy Volunteers
(n =19)

P value2

Median (IQR1) Median (IQR1)

Tibialis anterior 8.0 (6.5 – 11.5) 4.6 (3.8 – 5.5) < .001

Tibialis posterior 4.9 (4.1 – 6.8) 4.3 (3.9 – 4.8) 0.129

Extensor digitorum longus 9.2 (7.0 – 13.8) 4.8 (3.7 – 5.9) < .001

Peroneus 15.7 (9.1 – 19.5) 7.0 (5.2 – 8.6) < .001

Soleus 11.9 (8.9 – 22.9) 4.9 (4.1 – 6.2) < .001

Gastrocnemius lateralis 13.9 (8.7 – 27.5) 4.4 (3.5 – 5.1) < .001

Gastrocnemius medialis 10.7 (8.0 – 22.3) 5.3 (4.1 – 6.6) < .001

1
IQR: interquartile range (25th – 75th percentile);

2
Wilcoxon Rank Sum test
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Table 3

Skeletal muscle water T2 (ms) in the lower leg muscles of subjects with Duchenne muscular dystrophy (DMD) 

and the healthy volunteers at baseline.

Muscles
DMD Healthy Volunteers

P value2
Median (IQR1) n Median (IQR1) n

Tibialis anterior 39.6 (37.7 – 40.9) 12 36.0 (35.1 – 37.8) 19 < .001

Tibialis posterior 40.0 (38.5 – 40.7) 12 36.6 (34.6 – 37.4) 19 < .001

Extensor digitorum longus 37.6 (33.3 – 39.1) 12 36.3 (35.3 – 37.9) 19 0.614

Peroneus 41.0 (39.9 – 41.6) 10 37.5 (36.5 – 38.4) 19 < .001

Soleus 43.9 (41.8 – 45.3) 9 39.2 (37.7 – 39.5) 19 < .001

Gastrocnemius lateralis 42.6 (41.6 – 45.4) 9 38.4 (37.8 – 39.0) 19 < .001

Gastrocnemius medialis 42.5 (41.8 – 45.5) 9 38.0 (37.4 – 39.1) 19 < .001

1
IQR: interquartile range (25th – 75th percentile);

2
Wilcoxon Rank Sum test
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Table 4

Changes in muscle water R2 (s−1) between baseline and 3 hours following the voluntary ankle dorsiflexion 

exercise (Δ water R2) in the lower leg muscles of subjects with Duchenne muscular dystrophy (A) and the 

healthy volunteers (B).

(A) Subjects with Duchenne muscular dystrophy

Baseline
Mean ± SE

Post-Exercise
Mean ± SE

Δ water R2
Mean ± SE (n)

Ankle dorsiflexors Extensor digitorum longus 27.3 ± 0.8 25.5 ± 0.8 −1.8 ± 0.7 (12)

Tibialis anterior 25.5 ± 0.4 24.1 ± 0.4 −1.4 ± 0.4 (12)

Ankle plantarflexors Soleus 23.1 ± 0.4 22.8 ± 0.3 −0.3 ± 0.3 (9)

Gastrocnemius lateralis 23.1 ± 0.4 22.6 ± 0.2 −0.5 ± 0.3 (9)

Gastrocnemius medialis 23.1 ± 0.3 22.5 ± 0.3 −0.6 ± 0.4 (9)

(B) Healthy Volunteers

Baseline
Mean ± SE

Post-Exercise
Mean ± SE

Δ water R2
Mean ± SE (n)

Ankle dorsiflexors Extensor digitorum longus 27.4 ± 0.4 26.5 ± 0.3 −1.1 ± 0.6 (18)

Tibialis anterior 28.1 ± 0.5 26.7 ± 0.4 −1.4 ± 0.7 (18)

Ankle plantarflexors Soleus 25.6 ± 0.2 25.1 ± 0.2 −0.6 ± 0.3 (18)

Gastrocnemius lateralis 25.9 ± 0.2 25.2 ± 0.2 −0.9 ± 0.4 (18)

Gastrocnemius medialis 26.1 ± 0.2 25.1 ± 0.2 −1.0 ± 0.4 (18)
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