
RESEARCH ARTICLE

Respiratory magnetic resonance imaging biomarkers in
Duchenne muscular dystrophy
Ami Mankodi1 , William Kovacs2, Gina Norato3, Nathan Hsieh2, W. Patricia Bandettini4,
Courtney A. Bishop5, Hirity Shimellis1, Rexford D. Newbould5, Eunhee Kim3, Kenneth H. Fischbeck1,
Andrew E. Arai4 & Jianhua Yao2

1Neurogenetics Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland
2Radiology and Imaging Sciences, The National Institutes of Health Clinical Center, Bethesda, Maryland
3Office of Biostatistics, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland
4Advanced Cardiovascular Imaging, National Heart Lung and Blood Institute, National Institutes of Health, Bethesda, Maryland
5Imanova Center for Imaging Sciences, Imperial College London, Hammersmith Hospital, London, United Kingdom

Correspondence

Ami Mankodi, Hereditary Muscle Disease

Unit, Neurogenetics Branch, NINDS, NIH, 35

Convent Drive, Building 35, Room 2A-1002,

Bethesda, MD 20892-3075. Tel: 301 827

6690; Fax: 301 480 3365;

E-mail: Ami.Mankodi@nih.gov

Funding Information

The study was supported by the Intramural

Research Program of the National Institute of

Neurological Disorders and Stroke, the

National Institutes of Health Clinical Center,

and the National Heart, Lung, and Blood

Institute, National Institutes of Health,

Bethesda, Maryland

Received: 28 May 2017; Accepted: 28 June

2017

Annals of Clinical and Translational

Neurology 2017; 4(9): 655–662

doi: 10.1002/acn3.440

Abstract

Objective: To examine the diaphragm and chest wall dynamics with cine

breathing magnetic resonance imaging (MRI) in ambulatory boys with Duch-

enne muscular dystrophy (DMD) without respiratory symptoms and controls.

Methods: In 11 DMD boys and 15 controls, cine MRI of maximal breathing

was recorded for 10 sec. The lung segmentations were done by an automated

pipeline based on a Holistically-Nested Network model (HNN method). Lung

areas, diaphragm, and chest wall motion were measured throughout the breath-

ing cycle. Results: The HNN method reliably identified the contours of the lung

and the diaphragm in every frame of each dataset (~180 frames) within sec-

onds. The lung areas at maximal inspiration and expiration were reduced in

DMD patients relative to controls (P = 0.02 and <0.01, respectively). The

change in the lung area between inspiration and expiration correlated with per-

cent predicted forced vital capacity (FVC) in patients (rs = 0.75, P = 0.03) and

was not significantly different between groups. The diaphragm position, length,

contractility, and motion were not significantly different between groups. Chest

wall motion was reduced in patients compared to controls (P < 0.01). Interpre-

tation: Cine breathing MRI allows independent and reliable assessment of the dia-

phragm and chest wall dynamics during the breathing cycle in DMD patients and

controls. The MRI data indicate that ambulatory DMD patients breathe at lower

lung volumes than controls when their FVC is in the normal range. The diaphragm

moves normally, whereas chest wall motion is reduced in these boys with DMD.

Introduction

Duchenne muscular dystrophy (DMD) is the most com-

mon inherited myopathy and characterized by progressive

weakness of skeletal, cardiac, and respiratory muscles.

Respiratory failure is inevitable in DMD.1 Multidisci-

plinary care and ventilatory support have increased long-

evity,2,3 and corticosteroids and idebenone may stabilize

the respiratory function in nonambulatory patients.4,5

Restoration of the diaphragm function alone prevented

cardiomyopathy in mice.6 Thus, the diaphragm and other

respiratory muscles remain the important therapeutics

targets in DMD.

Current guidelines emphasize the need for timely diag-

nosis of respiratory complications in DMD.3,7 Most

patients are not aware of their loss of respiratory muscle

strength until a respiratory infection leads to pneumonia.

Annual forced vital capacity (FVC) assessments are rec-

ommended. The FVC usually increases with age through

10 years and plateaus before declining after age 18 years

in DMD patients.8 It has a poor specificity for the respi-

ratory muscle weakness.8,9 A >25% postural FVC drop

may indicate diaphragm weakness.10 However, postural

FVC drop is not seen in DMD patients because they have

more generalized weakness affecting other inspiratory

muscles than the diaphragm.11
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Pulmonary function tests do not distinguish the speci-

fic involvement of different respiratory muscles. Magnetic

resonance imaging (MRI) has been used for detection of

the diaphragm weakness in Pompe disease.12,13 However,

the temporal resolution required for the dynamic assess-

ment often leads to poor spatial resolution and makes the

image analysis challenging. We developed a novel auto-

mated analysis pipeline and examined respiratory muscle

dynamics with cine breathing MRI in ambulatory DMD

boys and controls.

Subjects and Methods

Participants and study design

In this cross-sectional study, the cine breathing MRI was

obtained in ambulatory subjects with DMD and healthy

volunteer boys. All patients were on oral corticosteroids

with a dose equivalent to prednisone 0.75 mg/kg per day.

The patients travelled to the NIH Clinical Center during

the screening phase of a clinical trial evaluating an

oligonucleotide therapy (NCT01462292). A sitting FVC

was measured before randomization into the clinical trial,

which was within 3 weeks of the imaging. The controls

were recruited from the NIH Clinical Research Volunteer

Program registry. Subject eligibility and inclusion and

exclusion criteria have been described elsewhere.14 The

subjects did not have dyspnea at rest or on exertion, chest

pain, need for ventilator assistance, sleep disturbances,

pneumonia, swallowing difficulty, or scoliosis. None had

acute illness during a month before their visit. All subjects

had normal left ventricular function.15

Standard protocol approvals, registrations,
and consents

The 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.

MRI acquisition

MR images of the respiratory muscles were acquired on

1.5T scanners (Siemens Avanto or Espree, Erlangen, Ger-

many). An 18-element torso phased array coil was used.

Before the MRI scan, the participants were encouraged to

practice the vital capacity maneuver in the supine posi-

tion. Dynamic motion of the chest wall and diaphragm

was imaged in a sagittal plane passing through the right

midclavicular line, a coronal plane, and axial planes at the

tracheal bifurcation and the diaphragm levels. Cine MRI

was recorded for 10 sec with the average time difference

of 0.065 sec between frames for each plane. Real-time

cine imaging was acquired using a balanced steady-state

free precession sequence with parallel imaging accelera-

tion as previously reported.16 The sequence parameters

were repetition time 3.1 msec, echo time 1.4 msec, gradi-

ent echo train length 23, excitation flip angle 50°, slice
thickness 6 mm, and a field of view 360 9 270 mm2.

MRI analysis

Lung segmentation using deep learning-based
approach

Deep learning is a representation learning method that

allows a machine to be fed raw data and to automatically

discover the representation needed for an object detec-

tion.17 We used Holistically-Nested Network (HNN),18 a

deep learning model for the lung segmentation. Details of

our lung segmentation method have been described else-

where (W. Kovacs et al., unpubl. ms.). In brief, the model

was constructed by training on a randomly selected frame

from each MRI dataset. The initial network structure was

based on a VGGNet model,19 pretrained on ImageNet,20

and then fine-tuned (as in ref. 21) on a randomly selected

frame of each cine breathing MRI dataset with a learning

rate of 10�6. The trained model was subsequently applied

to the entire set of frame sequences (typically 180 frames)

in each dataset to define the contours of the lung and the

diaphragm. The investigators were blinded to other clini-

cal information.

Measurements of the lung area and the
diaphragm and chest wall motion

The coronal plane provided a demonstration of symmetry

of the diaphragm dome motion during the breathing

cycle (Video S1). It was difficult to identify the appropri-

ate axial plane in young children and axial images some-

times included the heart and major blood vessels.

Subsequently, the sagittal plane in the right lung was cho-

sen for further evaluation to avoid the interference of the

heart with the segmentations (Video S2).

The area within the lung contour was automatically

measured (Fig. 1A and B). The distances from the apex

of the lung to the diaphragm at the anterior (ANT) and

posterior (POST) costophrenic angles and the distance of

a vertical line dropped from the apex of the lung to the

diaphragm (central; CNT) were measured as described

previously.22 The diaphragm length was measured along

the dome of the diaphragm during inspiration. The dia-

phragm length was calculated as the sum of the lengths of
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the diaphragm dome and the zones of apposition during

expiration. The lung area, the diaphragm length, and all

distances were computed in every frame of each cine MRI

dataset. The frames with the maximum and minimum

lung area from a breathing cycle were identified as repre-

senting maximal inspiration (Fig. 1A) and expiration

(Fig. 1B), respectively. The difference between the two

largest values of the lung area delta (the lung area at

maximal inspiration minus lung area at maximal expira-

tion) was used to investigate breathing cycle effort consis-

tency within a subject. The diaphragm motion (DM) and

the chest wall motion (CWM) were calculated on the

superimposed frames of the maximal inspiration and

expiration from each breathing cycle as described previ-

ously.13 The DM was measured as the area displaced by

the diaphragm, defined as the area bordered by the con-

tours of the diaphragm in maximal expiration and maxi-

mal inspiration frames on superimposed images

(Fig. 1C). The CWM was calculated by subtraction of the

area displaced by the diaphragm from the lung area in

maximal inspiration frame. The investigators were blinded

to other clinical information.

Manual segmentation

Manual tracing of the diaphragm was done with the help

of the software Analyze 11.0 on every single frame of each

cine MRI dataset by an investigator (C.A.B.), who was

blinded to other clinical information. The averages of

closest distances between the traced diaphragm by HNN

method and the manual drawing for every pixel in every

frame were measured for comparison.

Statistical analysis

Wilcoxon rank sum tests were used to summarize the

subject characteristics and compare the MRI measures

between groups. Wilcoxon signed-rank tests were used to

evaluate the difference between the two largest lung area

delta values in each subject. The degree of agreement for

tracing of the diaphragm between manual and HNN

methods was measured by the Bland–Altman method.23

The consistency for breath effort between breathing cycles

was measured by using the intraclass correlation coeffi-

cient. Spearman’s correlation coefficient (rs) was used to

assess the association between the respiratory MRI mea-

sures and subject age, height, and weight within each

group. Two-sided tests were performed for all statistical

analyses and the level of significance was set at P < 0.05.

Data analyses were carried out using R version 3.3.1 (R

Foundation for Statistical Computing, Vienna, Austria).

Results

Subject demographics

The dynamic respiratory muscle cine MRI was analyzed

in 11 ambulatory boys with DMD (age range: 6–14 years)

and 15 healthy volunteer boys (age range: 7–12 years).

The patient and control groups were not significantly dif-

ferent in age (P = 0.06) or weight (P = 0.10) (Table 1).

Figure 1. Representative lung segmentations and changes in the

lung area and the diaphragm position relative to the thoracic apex

over time. Right sagittal images show the lung segmentations (red)

and the anterior (magenta), central (black), and posterior (blue)

distances between the thoracic apex and the diaphragm at maximal

inspiration or total lung capacity (A) and maximal expiration or

residual volume (B) of the same subject. The superimposed image (C)

of A and B shows the area displaced by the diaphragm motion

(green). Note that the HNN method detects the entire length of the

diaphragm including the dome and zones of opposition. Graphs show

changes in the lung area (red; top panel) and the anterior (magenta),

central (black), and posterior (blue) distances (bottom panel) in a 9-

year old individual with DMD (D) and an age-matched healthy

volunteer boy (E) during 10 sec (s) of dynamic MRI recording of

maximal breathing. Three complete breathing cycles of maximal

inspiration to maximal expiration are shown for each subject. The

changes in the lung area follow the same direction as the changes in

the distances during a breathing cycle in the patient and the control.

All parameters are reduced in the patient compared to the control.
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The DMD participants were shorter than the healthy vol-

unteers (P < 0.01).

Real-time respiratory MRI measures during
the vital capacity maneuver in DMD
patients and controls

In 10 sec, images for 1–3 breaths were recorded in DMD

boys and controls. Representative changes in the lung area

and the diaphragm movement during recorded breathing

cycles are shown in a 9-year-old patient and an age-

matched control (Fig. 1D and E). As shown, the dia-

phragm moved in parallel with the changes in the lung

area during a breathing cycle in each subject. The domes

of the diaphragm moved symmetrically and we did not

observe any paradoxical motion of the diaphragm in

patients and controls (Video S1 and Video S2).

Among 9 patients and 12 controls who recorded more

than a single breath, the median difference between the

two largest lung area delta values was 2.1 cm2 and

3.2 cm2 (IQR = 1.8–4.8 cm2 and 1.5–8.3 cm2), respec-

tively. There was a significant difference between the two

largest lung area delta values in the controls (P = 0.03),

but not in the patients (P = 0.43). Additionally, the intra-

class correlation coefficients for the lung area delta were

0.97 for the DMD group and 0.62 for the control group.

Due to this difference in breath consistency between the

groups, we used the MRI measures obtained during the

breathing cycle with the largest lung area delta represent-

ing their best breath effort cycle in further analysis.

We found a significant difference in the lung area

between the groups (Table 2). In all but one patient, the

lung area at maximum inspiration and expiration was

smaller than the median value of the control group

(Fig. 2A and B). The lung area delta was not significantly

different between the groups (P = 0.68; Table 2). The

lung area delta correlated positively with the percent pre-

dicted FVC of patients (rs = 0.75, P = 0.03, n = 8). The

median percent predicted sitting FVC was 95% (range:

80–123%) in eight patients. Other three patients were not

randomized to the clinical trial and did not have FVC

measured.

The CWM was reduced in all but one patient com-

pared to the median value of the control group (Fig. 2C).

The DM was greater than the median control value in all

but four patients (Fig. 2D).

The mean difference in the distance between the trac-

ing of the diaphragm by manual and the HNN segmenta-

tion methods in the same frame (n = 3280 frames) was

2 mm within the 95% limits of agreement (1.5, 2.6). The

diaphragm length was similar between the groups during

maximal inspiration and expiration. The diaphragm con-

tractility, measured as the diaphragm length during maxi-

mal inspiration normalized to that during maximal

expiration, was not significantly different between patients

and controls (Table 2). The diaphragm movement, mea-

sured as the changes in the ANT, CNT, and POST dis-

tances between maximal expiration and maximal

inspiration, was not significantly different between the

groups.

We observed a negative correlation between age and

the MRI measures of the expiration lung area and ANT,

CNT, and POST distances during expiration, the dia-

phragm contractility, and CWM in patients but not in

controls; however, these correlations were not statistically

significant (Table 3). There was also a trend for a positive

correlation between the lung area and the height and

weight of subjects. The lung area during maximal inspira-

tion and maximal expiration correlated positively with

the corresponding ANT, CNT, and POST distances (as in

ref 22) and with CWM (Table 3). The lung area during

maximal inspiration but not expiration significantly posi-

tively correlated with the DM. The CWM did not signifi-

cantly correlate with DM (rs = 0.29, P = 0.39).

Discussion

Promising new therapies are being developed for DMD.

In order for therapies to show efficacy at an early stage in

the disease process, the clinical trials need to involve

younger patients. The trial endpoints should be sensitive

enough to demonstrate the changes in the time frame of

the study. In this area, respiratory muscle function has

seen little attention in clinical trials with ambulatory

DMD boys. We show here that cine breathing MRI is an

efficient noninvasive method for a direct assessment of

the respiratory muscles in DMD patients.

We have developed a time-saving HNN method for the

lung segmentation required for geometric measures and

respiratory motion analysis. Although the manual seg-

mentation method was tedious and time-consuming, the

HNN method reliably identified the diaphragm and lung

contours in hundreds of MR images in each dataset in

Table 1. Demographics of individuals with Duchenne muscular dys-

trophy (DMD) and healthy volunteer boys (controls).

DMD (n = 11),

median (IQR)

Controls (n = 15),

median (IQR)

P-value

(Wilcoxon

rank sum)

Age

(years)

8.0 (7.0–9.5) 10.0 (9.0–11) 0.06

Height

(cm)

123.8 (121.2–130.2) 143.5 (141.3–149.5) <0.01

Weight

(kg)

31.1 (27.7–38.2) 37.8 (32.4–43.9) 0.10
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average time of 45 sec using a high-performing computer

clusters with 16 CPUs and 2 GPUs. The learning-based

approach can be readily adapted to images acquired at

different centers or using different scanning parameters.

All that is needed is a new training set that can be used

to train a model suitable for the new study. An advantage

of using the HNN method is that as more MRI data are

processed, it will become more robust through further

training. Our methods show promise as useful tools for

the assessment of the diaphragm and chest wall motion

and identification of the causes underlying respiratory

dysfunction. These tools are important to better under-

stand the disease severity, the natural history of the dis-

ease, selection of the clinical endpoints in trials, time to

initiate the treatment, and the nature of specific therapies

in other neuromuscular disorders where respiratory dys-

function is a common feature.

The relatively younger DMD patients (80% of patients

≤10 years of age) did not have signs or symptoms of res-

piratory disease and had %FVC within the normal range.

Previously, the lung area measured by MRI was shown to

be linearly related to the spirometry lung volumes in

healthy individuals and in patients with neuromuscular

weakness.13,22 In agreement with these studies, we found

that the lung area delta representing the lung area change

between maximal inspiration (total lung capacity) and the

Table 2. MRI measures of the lung area, and the diaphragm and chest wall motion in individuals with Duchenne muscular dystrophy (DMD) and

healthy volunteer boys (controls).

DMD (n = 11),

median (IQR)

Controls (n = 15),

median (IQR) P-value (Wilcoxon rank sum)

Lung area Insp1 (cm2) 127.3 (101.7–135.1) 148.2 (130.4–156.2) 0.02

Lung area Exp2 (cm2) 74.6 (72.5–91.9) 99.9 (90.0–107.3) <0.01

Lung area delta3 (cm2) 42.4 (20.7–52.3) 42.3 (35.7–48.0) 0.68

ANT distance Insp (cm) 12.6 (11.8–13.8) 15.3 (14.5–16.2) <0.01

ANT distance Exp (cm) 10.7 (9.7–12.0) 13.2 (11.9–14.5) <0.01

ANT distance delta (cm) 2.1 (1.2–2.4) 2.3 (2.1–2.6) 0.18

POST distance Insp (cm) 15.8 (12.5–16.2) 17.4 (16.7–18.5) <0.01

POST distance Exp (cm) 11.3 (10.3–12.0) 13.7 (12.7–14.3) <0.01

POST distance delta (cm) 3.9 (1.7–4.7) 3.8 (3.3–4.5) 0.88

CNT distance Insp (cm) 12.6 (10.6–13.5) 14.4 (13.1–15.1) 0.02

CNT distance Exp (cm) 8.8 (8.5–10.3) 11.3 (10.3–11.9) <0.01

CNT distance delta (cm) 3.5 (1.9–3.7) 2.9 (2.6–3.2) 0.55

Diaphragm length4 Insp (cm) 14.2 (13.7–14.9) 14.0 (13.1–15.0) 0.65

Diaphragm length4 Exp (cm) 21.6 (20.1–24.7) 21.8 (19.9–22.8) 0.75

Diaphragm length4 Insp/Exp (%) 68.3 (62.7–69.9) 65.3 (63.2–70.7) 0.92

Diaphragm motion (cm2) 29.1 (14.8–34.4) 27.1 (20.1–30.5) 0.84

Chest wall motion (cm2) 95.8 (82.3–104.1) 115.4 (101.6–125.0) <0.01

1Insp = Inspiration.
2Exp = Expiration.
3Delta = change in the measure between maximum inspiration frame and maximum expiration frame in each breath cycle.
4DMD participants n = 9, controls = 12.

Figure 2. MRI quantification of the lung area, the diaphragm and

chest wall motion in individuals with DMD and healthy volunteer

boys. Scatter plots show that the lung area at maximal expiration (A)

and at inspiration (B) are reduced in all but one of the patients (red

squares) compared to the respective median value in controls (dashed

line). The chest wall motion is reduced in all but one patient (C),

whereas the diaphragm motion is increased in all but four patients (D)

compared to the respective median control value.
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end of maximal expiration (residual volume) linearly cor-

related with percent predicted FVC in the DMD patients.

The lung area delta was not significantly different between

the patients and controls. At this early stage the MRI

studies indicate that the patients had low-volume breath-

ing compared to the controls. It has been proposed that

expiratory muscles are affected early in DMD, which

would lead to larger residual volumes.24,25 However, we

observed that the lung area at residual volume was

reduced indicating a change in the chest wall compliance

in the patients.26 Reduced lung area in patients may be at

least in part related to their shorter height compared to

controls.27 A formal investigation into the degree of

height confounding the lung area measurements is best

reserved for a larger dataset.

The MRI measures of the diaphragm and chest wall

motion correlated with the lung area during inspiration,

indicating that both the intercostal muscles and the dia-

phragm are important contributors to the lung expansion

in patients and controls. Previous studies showed that

measurements of the FVC and inspiratory pressures may

not be sufficient to detect diaphragm weakness in DMD

patients due to generalized respiratory muscle weakness,

and invasive tests for example, transdiaphragmatic pres-

sure during sniff may be required.11 Ultrasonography has

been used to detect diaphragm weakness in patients and

in animal models of DMD.28,29 However, MRI offers dis-

tinct advantages as it allows analysis of the diaphragm

motion at defined locations in a reproducible manner

and provides assessments of the diaphragm and thoracic

muscles simultaneously and independently, which is nec-

essary in order to understand the kinetics of the respira-

tory pump.30 Previous studies have shown that the

diaphragm is affected early in patients with Pompe dis-

ease.13,31 We found that the diaphragm function was pre-

served in younger DMD patients, whereas the chest wall

movement (mainly intercostal muscles) was reduced dur-

ing maximal inspiration. The reduction in the chest wall

motion may also be related to alterations in the elasticity

of the lungs associated with diminished lung volumes.32

Note that our patients did not have parenchymal lung

disease, thoracic spine kyphoscoliosis, or congestive heart

failure,15 which are known to cause reduction in residual

volume.

The MRI methods were dependent on the ability of

the participants to perform the vital capacity maneuver

in supine position. Evaluation of the respiratory MRI

measures in a supine position is likely to be more sensi-

tive in detecting early signs of the diaphragm weakness.

We did not use an MR-compatible spirometer during

scanning, and this could have potentially improved com-

pliance of subjects. Our data indicate that particularly

for patients, the overall variability in the repeated mea-

surements came from differences between individuals,

not within individuals. A negative correlation between

patients’ age and their chest wall motion and diaphragm

contractility may demonstrate a trend for deterioration

in these measures in older DMD patients. Longitudinal

observations in a larger group of patients including

younger boys and nonambulatory individuals may iden-

tify the most informative biomarkers for demonstrating

the change in respiratory status in individual muscles

overtime and to determine whether there is a difference

with therapeutic intervention.

In conclusion, we show the feasibility of separate

assessments of the diaphragm and chest wall muscles

using MRI in younger boys with DMD and controls.

Although respiratory morbidity is heralded by a decrease

Table 3. Spearman’s correlations between age, height, weight, and

MRI measures of the lung area (cm2), the distances of the diaphragm

from the thoracic apex (ANT, POST, and CNT; cm), diaphragm con-

tractility (diaphragm lengh Insp/Exp; %), chest wall motion (CWM;

cm2), and diaphragm motion (DM; cm2) in individuals with Duchenne

muscular dystrophy and healthy volunteers.

Age Weight Height

Lung area

Insp1
Lung

area Exp2

Individuals with Duchenne muscular dystrophy (n = 11)

Lung area Insp �0.08 0.47 0.11 – 0.52

Lung area Exp �0.34 0.48 0.56 0.52 –

ANT Insp �0.23 0.06 �0.06 0.673 0.57

ANT Exp �0.52 0.05 0.20 0.34 0.794

POST Insp 0.05 0.35 �0.09 0.874 0.37

POST Exp �0.35 0.35 0.22 0.59 0.834

CNT Insp �0.23 0.17 �0.04 0.854 0.57

CNT Exp �0.56 0.25 0.31 0.41 0.944

Diaphragm

contractility5
�0.61 �0.28 0.27 �0.17 0.43

CWM �0.44 0.49 0.15 0.834 0.804

DM 0.27 0.35 �0.06 0.794 �0.03

Healthy volunteers (n = 15)

Lung area Insp 0.16 0.41 0.47 – 0.774

Lung area Exp 0.11 0.22 0.31 0.774 –

ANT Insp 0.37 0.31 0.583 0.814 0.804

ANT Exp 0.28 0.22 0.47 0.744 0.914

POST Insp 0.32 0.36 0.49 0.724 0.724

POST Exp 0.14 0.08 0.19 0.654 0.814

CNT Insp 0.34 0.18 0.48 0.684 0.704

CNT Exp 0.22 0.13 0.34 0.704 0.824

Diaphragm

contractility5
0.14 0.15 �0.05 �0.03 0.33

CWM 0.00 0.26 0.29 0.914 0.754

DM 0.02 0.24 0.24 0.33 0.07

1Inspiration.
2Expiration.
3P < 0.05.
4P < 0.01.
5DMD participants n = 9, controls n = 12.
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in FVC according to current guidelines,3 the MRI data

indicate that younger ambulatory DMD patients show

signs of diminished lung areas at total lung capacity and

residual volume when their FVC is determined to be

within normal range. Our results demonstrate a reduction

in chest wall motion and validate the common perception

that the diaphragm is not affected at this early stage in

DMD. The rate of progression in these parameters, their

ability to predict the FVC decline, and whether early initi-

ation of treatment has positive effects on the quality of

life can be determined in future studies of DMD patients.
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Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Video S1. Dynamic changes of the lung area and the dia-

phragm during maximal breathing in the coronal plane

during 10 sec of cine MRI recording in a patient with

Duchenne muscular dystrophy (A) and an age-matched

healthy volunteer boy (B).

Video S2. Dynamic changes of the lung area and the dia-

phragm during maximal breathing in the right sagittal

plane during 10 sec of cine MRI recording in a patient

with Duchenne muscular dystrophy (A) and an age-

matched healthy volunteer boy (B).
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