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Catherine Barrea, MD, PhD, Sophie Guillaumont, MD, Charlene Bredy, MD, Lucie Gamon, MSc,

Albano C. Meli, PhD, Olivier Cazorla, PhD, Jeremy Fauconnier, PhD, Pierre Meyer, MD,
François Rivier, MD, PhD, Jerome Adda, MD, Thibault Mura, MD, PhD,

and Alain Lacampagne, PhD, Montpellier and Palavas-Les-Flots, France; and Brussels, Belgium

Background: Prognosis of Duchenne muscular dystrophy (DMD) is related to cardiac dysfunction.
Speckle-tracking echocardiographic (STE) imaging is emerging as a noninvasive functional biomarker
to consider in the early detection of DMD-related cardiomyopathy. However, STE analysis has not
been assessed in a prospectively controlled study, especially in presymptomatic children with DMD,
and no study has used STE analysis in all three displacements (longitudinal, radial, and circumferential)
and for both ventricles.
Methods: This prospective controlled study enrolled 108 boys, 36 of whom had DMD (mean age,
116 3.8 years) and 72 of whomwere age-matched control subjects in a 1:2 case-control design. Conventional
echocardiographic variables were collected for the left and right ventricles. STE analyses were performed in
the longitudinal, radial, and circumferential displacements for the left ventricle and in the free wall longitudinal
displacement for the right ventricle. The effect of age on the evolution of two-dimensional strain in childrenwith
DMD was studied by adding an interaction term, DMD � age, in the models.
Results: Conventional echocardiographic measures were normal in both groups. Left ventricular (LV) ejection
fraction ranged from 45% to 76% (mean, 636 6%) in the DMD group and from 55% to 76% (mean, 646 5%)
in the control group. Global LV strain mean measures were significantly worse in the DMD group for the lon-
gitudinal (�16.8 6 3.9% vs �20.6 6 2.6%, P < .0001), radial (22.7 6 11.3% vs 31.7 6 14%, P = .002), and
circumferential (�16.56 3.8% vs �20.36 3.1%, P < .0001) displacements. The decrease of global LV longi-
tudinal strain with age in childrenwith DMDwas 0.34%per yearmoremarked than that in control subjects. The
LV inferolateral and anterolateral segments were specifically impaired, especially in the basal area. Right ven-
tricular function evaluated using conventional echocardiography and STE analysis was normal and not
different between children with DMD and control subjects.
Conclusions: The existence of altered LV strain despite normal LV function in children with DMD represents an
important perspective for future pediatric drug trials in DMD-related cardiomyopathy prevention. (J Am Soc
Echocardiogr 2019;32:412-22.)
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Abbreviations

2D = Two-dimensional

CMR = Cardiovascular

magnetic resonance

DMD = Duchenne muscular
dystrophy

ICC = Intraclass correlation
coefficient

LV = Left ventricular

LVEF = Left ventricular
ejection fraction

RV = Right ventricular

STE = Speckle-tracking
echocardiographic
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Duchenne muscular dystrophy
(DMD) is the most common
type of muscular dystrophy,
affecting 1 in 5,000male individ-
uals, with a genetic X-linked
recessive transmission, leading
to the absence of dystrophin.
The disease is characterized by
muscle weakness, skeletal defor-
mations, loss of independent
walking by the age of 10 years,
respiratory insufficiency by the
age of 20 years, and, ultimately,
heart failure and death between
the ages of 20 and 40 years.1,2

The prognosis for DMD is
now strongly related to cardiac
dysfunction, mainly represented
by dilated cardiomyopathy,
which usually occurs in the
second decade.3 However, during childhood, the classical symptoms
of heart failure are not present, and the severity of the cardiac
dysfunction is not proportional to that of skeletal muscle weakness.4

Furthermore, DMD-related cardiomyopathy is not similar to the
other usual types of dilated cardiomyopathy in pediatric patients,
with less marked left ventricular (LV) dilatation but a worse prog-
nosis.5

Consequently, the prevention of cardiomyopathy stands as one of
the most challenging clinical research issues in children with DMD.6

Yet routine pediatric cardiology examinations, first and foremost
echocardiography, fail to determine when and to what level the car-
diomyopathy will occur.7 Using conventional echocardiographic
measures, most studies have struggled to prove drugs’ efficacy on
DMD cardiomyopathy onset and progression rate. The drugs include
angiotensin-converting enzyme inhibitors,8 b-blockers,9,10 and
corticosteroids.11 In the modern era, pediatric DMD drug trials
require reliable and noninvasive cardiac biomarkers. Currently avail-
able tools to evaluate cardiac function may not be very specific (bio-
logical blood tests), difficult to perform in pediatric patients
(cardiovascular magnetic resonance [CMR] imaging), or too invasive
(myocardial biopsy).

Among the new echocardiography techniques, speckle-tracking
echocardiographic (STE) imaging, or two-dimensional (2D) strain,
has emerged as an interesting noninvasive functional biomarker in pe-
diatric cardiology12 and has also been recently considered in the early
detection of DMD cardiomyopathy.4 STE imaging evaluates myocar-
dial function with a dynamic regionalized analysis of the overall ven-
tricular contraction. This technique measures localized myocardial
movements of natural acoustic markers, also called speckles.13 STE
imaging supposedly allows a rapid, precise, and objective assessment
of segmental and global myocardial function in three displacements:
longitudinal, radial, and circumferential.14 Several pediatric studies
have pointed out the ability of STE analysis to detect preclinical
myocardial dysfunction, such as after anthracycline chemotherapy,15

septic shock,16 ischemic cardiopathy,17 dilated cardiomyopathy,18

and heart transplantation.19

Similarly, recent studies with small cohorts or retrospective data
suggested that STE strain was altered before the onset of DMD-
related cardiomyopathy in animal models20,21 as well as in children
with DMD.4,22,23 In preliminary results, we observed a significant
decrease of global longitudinal LV strain by 3.5 points, that is, from
a mean normal value of �20.5%24 to a mean value of �17% in chil-
dren with DMD. However, no data were reported from a prospective
controlled study in presymptomatic children with DMD, using STE
analysis in all three displacements (longitudinal, radial, and circumfer-
ential) and for both ventricles.

Therefore, we aimed to perform a complete global and segmental
STE analysis of the left and right ventricles in children with DMD and
to compare the results with those obtained in healthy age-matched
control subjects.
METHODS

Study Design and Patients

This prospective cross-sectional study was carried out over
15 months (from May 2015 to July 2016) at three tertiary care pedi-
atric cardiology reference centers (Montpellier University Hospital,
Montpellier, France; Saint-Pierre Institute, Palavas-Les-Flots, France;
and Cliniques Universitaires St-Luc, UCL University, Brussels,
Belgium).
All boys aged <18 years with confirmed diagnoses of DMD (clin-

ical phenotype and either skeletal muscle biopsy or genetic testing)
were eligible for the study. They were screened during routine
follow-up at two tertiary care national reference centers for neuro-
muscular diseases (France and Belgium), which systematically in-
cludes a cardiac evaluation during the annual checkup at one of the
three previously mentioned pediatric cardiology centers. Muscular
stage was defined as follows: presymptomatic, early ambulatory,
late ambulatory, early nonambulatory, and late nonambulatory.25

The control group consisted of boys aged <18 years who were
referred to outpatient pediatric cardiology consultation for minor
symptoms (e.g., innocent murmur, chest pain, palpitations, or sports
certification). Only those with normal results on physical examina-
tion, electrocardiography, and conventional echocardiography were
eligible for the study. Children with any chronic disease, or under
any treatment, were not included in the control group.
All children in both groups were enrolled consecutively.
Conventional Echocardiography

Echocardiographic examinations were performed using the Vivid
E9 ultrasound system (GE Healthcare, Little Chalfont, United
Kingdom). A single senior pediatric cardiologist with experience in
STE imaging traveled to the three recruiting sites in France and
Belgium to perform all of the echocardiographic examinations,
following current guidelines.26 Image acquisition procedures were
harmonized before the study started. The same setting was used for
each ultrasound system: global gain, lateral gain, contrast, frame rates
of 60 to 80 frames/sec to optimize myocardial deformation analysis,
harmonic imaging, image colorizing, and probes adapted to the size
and weight of the child (8 or 5 MHz). We systematically recorded
three cardiac-cycle loops in the following views: apical four-, three-,
and two-chamber views, parasternal short-axis view focused on the
papillary muscles, right ventricular (RV) free wall on apical, and sub-
xiphoid four-chamber views.
The following conventional LV function variables were measured:

LVejection fraction (LVEF) by the Simpson biplane method; interven-
tricular septal diastolic diameter and LV internal diastolic diameter us-
ing M-mode imaging; mitral inflow with peak early filling (E-wave)



Table 1 Children with DMD: clinical characteristics

Variable n %

Age range (y)

0–4 1 3

5–8 13 36

9–12 11 30.5

13–17 11 30.5

Muscular stage

Presymptomatic 4 11

Early ambulatory 7 19

Late ambulatory 6 17

Early nonambulatory 18 50

Late nonambulatory 1 3

Cardiovascular symptoms

No cardiovascular symptoms 34 94

Exercise dyspnea 1 3

Rest dyspnea 0 0

Palpitations 1 3

Weakness 0 0

Treatment

No drug 4 11

Corticosteroids 5 14

HIGHLIGHTS

� Prognosis of Duchenne muscular dystrophy (DMD) is related

to cardiac dysfunction.

� Conventional echocardiography failed to prove drugs’ efficacy

on cardiomyopathy.

� Speckle-tracking echocardiography (STE) is a noninvasive

functional biomarker

� Left ventricle STE in DMD is altered before the onset of

cardiomyopathy.

� Pediatric drug trials in DMD cardiomyopathy prevention

should use STE as an outcome.
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and late diastolic filling (A-wave) velocities, E/A ratio, and E-wave
deceleration time; early diastolic velocities of the lateral mitral
annulus (E0) measured by pulsed-wave Doppler tissue imaging; E/E0

ratio; velocity of circumferential fiber shortening; and LV wall stress,
determined by the pressure in the ventricle using cuff blood pressure
at the time of echocardiography, the internal radius of the ventricle by
M-mode imaging, and the thickness of the wall.27

The following conventional RV function variables were measured:
tricuspid annular plane systolic excursion, Doppler tissue imaging
tricuspid S wave, Doppler tissue imaging myocardial performance in-
dex, and inferior vena cava collapse index.28
ACE inhibitor 6 17

b-blocker 0 0

Corticosteroid + ACE inhibitor 18 50

ACE inhibitor + b-blocker 1 3

Corticosteroid + ACE inhibitor + b-blocker 2 5

ACE, Angiotensin-converting enzyme.
STE Analysis

Strain analysis was performed offline by an investigator who was
blinded to subject information, using EchoPAC version 112 (GE
Healthcare). A second analysis was performed on a sample of 25
randomly selected subjects, by the same investigator (M.V.) to assess
intra observer reproducibility, and by a second investigator (C.B.) to
assess interobserver reproducibility, with no access to the results of
first analysis. The investigators manually traced the endocardium in
end-diastole. The software detected the movement of the entire
myocardial wall (from the endocardium to the epicardium) and there-
fore defined the areas of interest, for which the quality was considered
acceptable or not. In poorly detected segments, the sonographer read-
justed the endocardial contour until better detection was obtained.
Whenever that was not possible, the segments in question were
excluded from the analysis and were reported as ‘‘poor tracking qual-
ity’’ missing data.
We measured the following global and segmental STE variables: LV

longitudinal, radial, and circumferential strain from the 17-segment
model29; RV longitudinal strain from the free wall basal, mid, and api-
cal segments12; and peak systolic strain rate for both ventricles in all
displacements.12
Formal Aspects

The study was conducted in compliance with the Good Clinical
Practices protocol and Declaration of Helsinki principles. The South
Mediterranean IV Ethics Committee (2014-A01764-44) in France
and the UCL Ethics Committee (2016-28AVR-192) in Belgium
approved the study, which was registered on ClinicalTrials.gov
(NCT02418338). Informed consent was obtained from all parents
or legal guardians.
Sample Size and Statistical Analysis

To calculate the sample size, we hypothesized that the percentage
of global longitudinal LV strain would decrease by 3.5 points, that
is, from a mean normal value of �20.5% to a mean value of �17%
in the DMD group (SD = 5).24 The value of 3.5 points was deter-
mined from our own prestudy, as no data were available in the liter-
ature at the time the study started. With 90% power, a bilateral a risk
of 5%, and potentially 5% of missing data on the primary outcome,
we planned to include 36 children with DMD and 72 control subjects
(1:2 case-control design).
Each child with DMD was individually matched with two control

subjects according to four groups of age (0–4, 5–8, 9–12, and 13–
17 years). These age ranges were arbitrarily defined.
The characteristics of the children included in the study were

described with proportions for categorical variables and with means
and SD values for continuous variables.
The comparisons of the echocardiographic parameters (conven-

tional and speckle-tracking analyses) between children with DMD
and control subjects were performed using linear mixed models.
These models included a random intercept specific to matched triads.
DMD and age were entered as fixed effects in models. We studied the
effect of age on the evolution of longitudinal, radial, and circumferen-
tial 2D strain in children with DMD by adding an interaction term,
DMD � age, in the previous models.



Table 2 Conventional echocardiographic variables

Variables

Patients with DMD

(n = 36) mean 6 SD

Control subjects

(n = 72) mean 6 SD

Adjusted difference between groups*

Coefficient 95% CI P†

Left ventricle

LVEF (%) 62.6 6 5.8 63.7 6 5.0 �0.79 �2.94 to 1.35 .46

IVSd (mm) 6.9 6 1.5 7.1 6 1.4 �0.47 �0.95 to 0.003 .05

LVIDd (mm) 39.4 6 5.9 42.5 6 5.2 �4.15 �5.84 to �2.46 <.001

E/A ratio 1.8 6 0.3 2.2 6 0.7 �0.47 �0.71 to �0.24 <.001

E deceleration time (msec) 136.8 6 25.5 175.1 6 33.8 �40.48 �53.92 to �27.05 <.0001

E/E0 ratio 6.0 6 2.2 5.5 6 1.2 0.58 �0.09 to 1.26 .09

Wall stress (g/cm2) 49.5 6 14.6 40.5 6 11.9 8.94 3.05 to 14.84 <.01

VCFc (sec�1) 1.38 6 0.36 1.25 6 0.25 0.16 0.05 to 0.27 <.01

Right ventricle

TAPSE (mm) 19.65 6 3.12 20.9 6 3.5 �1.44 �2.86 to �0.02 .05

S wave (DTI) (cm/sec) 13.3 6 2.3 13 6 2.1 0.21 �0.67 to 1.10 .63

Myocardial performance index (DTI) 0.36 6 0.13 0.38 6 0.12 �0.01 �0.06 to 0.04 .72

IVC % 62.8 6 20.0 66.9 6 15.2 �4.17 �11.95 to 3.60 .29

DTI, Doppler tissue imaging; IVC %, inferior vena cava collapse index; IVSd, interventricular septal diastolic diameter; LVIDd, LV internal diastolic

diameter; TAPSE, tricuspid annular plane systolic excursion; VCFc, contraction velocity corrected for cardiac frequency.
*Difference between groups adjusted for age.
†Difference between groups is significantly different from zero when P < .05 (significant P values [<.05] are in boldface type).
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We evaluated the reproducibility of the performed measurements
by calculating intraclass correlation coefficients (ICCs), in accordance
with recommendations published by Shrout and Fleiss.30 An ICC of
type (2, 1) was used to assess inter- and intraobserver reliability,
because only one investigator was responsible for the double STE
analysis to assess intraobserver reliability, and a single pair of investi-
gators produced the two analyses to assess interobserver reliability.
A total of 25 subjects (�25% of the cohort) were randomly selected
from the anonymized electronic case report form, and reproducibility
analyses were performed on global LV longitudinal and circumferen-
tial 2D strain. As defined by Koo and Li,31 ICC values <0.5, between
0.5 and 0.75, between 0.75 and 0.9, and >0.90 were indicative of
poor, moderate, good, and excellent reliability, respectively.
Statistical significance was set at .05, and analyses were performed

using SAS version 9 (SAS Institute, Cary, NC).
RESULTS

Population

The total expected number of 108 boys was included in the
study, with 36 children with DMD (mean age, 11.0 6 3.8 years)
and 72 age-matched healthy control subjects (mean age, 10.0 6
3.5 years).

Children with DMD were smaller than the control subjects in
terms of weight (36.8616.2 vs 37.9615.3 kg, P < .01, respectively)
and height (134.9 6 19.1 vs 143.7 6 20.8 cm, P < .0001, respec-
tively). The heart rate was significantly higher in the DMD group
(95.6 6 12.4 vs 75.4 6 13.0 beats/min, P < .0001, respectively).
Systolic blood pressure was not significantly different between the
groups. Cardiovascular symptoms were reported for only two chil-
dren with DMD. The muscular stage for half of the children with
DMDwas ‘‘early nonambulatory.’’ The combination therapywith cor-
ticosteroids and angiotensin-converting enzyme inhibitors was the
most used (Table 1).
Conventional Echocardiographic Variables

The mean values of conventional echocardiographic variables
were normal in the two groups and for both the left and right ven-
tricles (Table 2). LVEF was not significantly different between
groups. In greater detail, LVEF ranged from 45% to 76% (mean,
63 6 6%) in the DMD group and from 55 to 76% (mean,
64 6 5%) in the control group. LVEF was mildly altered
(45% # LVEF < 55%) in two children with DMD and always
normal (LVEF $ 55%) otherwise. Only three LV variables were
significantly lower in the DMD group (left ventricular internal
dimension in diastole, E/A ratio, and E deceleration time), whereas
wall stress and the velocity of circumferential fiber shortening were
higher. RV conventional variables were normal and not signifi-
cantly different between the children with DMD and control sub-
jects.
STE Analysis

Global LV 2D strain values were significantly worse in the DMD
group for the three longitudinal (�16.8 6 3.9% vs
�20.6 6 2.6%, P < .0001), radial (22.7 6 11.3% vs 31.7 6 14%,
P = .002), and circumferential (�16.5 6 3.8% vs �20.3 6 3.1%,
P < .0001) displacements. The mean global values were decreased
by an average of 3.6% for longitudinal 2D strain (Table 3), 9% for
radial 2D strain (Table 4), and 3.8% for circumferential 2D strain
(Table 5). Segmental LV 2D strain values were also significantly
worse for the three displacements in nearly all segments. The
magnitude of the difference in 2D strain between DMD and con-
trol subjects was highest in the inferolateral and anterolateral LV
segments, especially in the basal area. All global and segmental



Table 3 LV longitudinal 2D strain

2D strain and strain rate variables

Patients with DMD Control subjects Adjusted difference between groups*

n/N Mean 6 SD n/N Mean 6 SD Coefficient 95% CI P†

Longitudinal 2D strain (%)

Global 36/36 �16.8 6 3.9 72/72 �20.6 6 2.6 3.55 2.32 to 4.79 <.0001

Segment 1: basal anterior 29/36 �14.8 6 8.0 69/72 �20.1 6 5 4.87 2.48 to 7.26 .0001

Segment 2: basal anteroseptal 35/36 �16.6 6 4.3 70/72 �17.8 6 3.5 0.98 �0.53 to 2.50 .20

Segment 3: basal inferoseptal 36/36 �16.4 6 3.5 72/72 �17.9 6 3.4 1.32 �0.03 to 2.68 .05

Segment 4: basal inferior 36/36 �14.8 6 9.3 70/72 �20.5 6 3.5 5.41 2.95 to 7.87 <.0001

Segment 5: basal inferolateral 35/36 �10.0 6 11.9 70/72 �15.7 6 9.5 5.46 1.18 to 9.74 .01

Segment 6: basal anterolateral 35/36 �7.9 6 10.2 67/72 �14.9 6 7.1 6.96 3.69 to 10.24 <.0001

Segment 7: mid anterior 30/36 �16.7 6 6.3 70/72 �21.1 6 5 4.02 1.84 to 6.19 <.001

Segment 8: mid anteroseptal 35/36 �19.2 6 4.9 70/72 �21.1 6 3.4 1.72 0.09 to 3.34 .04

Segment 9: mid inferoseptal 36/36 �18.5 6 3.2 72/72 �21 6 3.7 2.36 0.99 to 3.72 .001

Segment 10: mid inferior 36/36 �17.4 6 7.4 71/72 �22.4 6 3.6 4.62 2.53 to 6.71 <.0001

Segment 11: mid inferolateral 36/36 �13.9 6 7.9 72/72 �18.4 6 4.2 4.31 1.97 to 6.64 <.001

Segment 12: mid anterolateral 36/36 �13.4 6 6.6 70/72 �18.9 6 5.4 5.23 2.92 to 7.53 <.0001

Segment 13: apical anterior 28/36 �21.4 6 5.5 63/72 �23.5 6 5.3 2.06 �0.39 to 4.51 .10

Segment 14: apical septal 34/36 �20.8 6 4.8 67/72 �24.8 6 4.5 3.88 1.93 to 5.84 <.001

Segment 15: apical inferior 30/36 �21.6 6 5.4 71/72 �24.8 6 4.2 3.01 1.02 to 5.01 <.01

Segment 16: apical lateral 31/36 �18.9 6 4.2 69/72 �23.6 6 4.3 4.49 2.63 to 6.34 <.0001

Segment 17: apex 32/36 �20.6 6 4.2 59/72 �24.2 6 4.1 3.41 1.62 to 5.20 <.001

Longitudinal global strain rate (peak systolic, sec�1)

Four-chamber 35/36 �1.7 6 0.4 72/72 �1.7 6 0.5 0.02 �0.16 to 0.19 .86

Three-chamber 36/36 �1.9 6 0.5 68/72 �1.8 6 0.5 �0.12 �0.31 to 0.06 .17

Two-chamber 36/36 �2.4 6 2.5 70/72 �1.9 6 0.6 �0.53 �1.17 to 0.10 .10

n, Patients with good tracking quality; N, overall number of patients in each group, representing the expected number of segments for each STE

analysis (N � n = ‘‘poor tracking quality’’ missing data).
*Difference between groups adjusted for age.
†Difference between groups is significantly different from zero when P < .05 (significant P [<.05] are in boldface type).

Table 4 LV radial 2D strain

2D strain and strain rate variables

Patients with DMD Control subjects Adjusted difference between groups*

n/N Mean 6 SD n/N Mean 6 SD Coefficient 95% CI P†

Radial 2D strain (%)

Global 36/36 22.7 6 11.3 71/72 31.7 6 14 �8.93 �14.37 to �3.50 .002

Segment 7: mid anterior 35/36 19.5 6 12.7 71/72 22.9 6 16.8 �3.59 �10.09 to 2.91 .27

Segment 8: mid anteroseptal 35/36 19.8 6 11.4 71/72 26.7 6 14.3 �7.08 �12.38 to �1.77 .01

Segment 9: mid inferoseptal 36/36 18.3 6 13.7 71/72 23.8 6 16.3 �5.70 �12.11 to 0.71 .08

Segment 10: mid inferior 36/36 26.4 6 15.9 71/72 34.6 6 18.9 �7.48 �14.87 to �0.09 <.05

Segment 11: mid inferolateral 36/36 30.0 6 17.0 71/72 49.9 6 20.1 �19.43 �27.28 to �11.59 <.0001

Segment 12: mid anterolateral 36/36 22.5 6 14.8 71/72 32.6 6 19.5 �10.10 �17.58 to �2.64 .01

Radial strain rate (peak systolic, sec�1) 36/36 2.8 6 0.9 71/72 3 6 1.10 �0.10 �0.51 to 0.31 .63

n, Patients with good tracking quality; N, overall number of patients in each group, representing the expected number of segments for each STE

analysis (N � n = ‘‘poor tracking quality’’ missing data).
*Difference between groups adjusted for age.
†Difference between groups is significantly different from zero when P < .05 (significant P [<.05] are in boldface type).
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radial LV 2D strain values in children with DMD were >18%,
although significantly lower than those for the control subjects
(Figure 1).
When repeating the statistical analysis without the two children
with mildly altered LVEFs, the results remained unchanged: the global
LV 2D strain values were significantly worse in the DMD group (34 of



Table 5 LV circumferential 2D strain

2D strain and strain rate variables

Patients with DMD Control subjects Adjusted difference between groups*

n/N Mean 6 SD n/N Mean 6 SD Coefficient 95% CI P†

Circumferential 2D strain (%)

Global 36/36 �16.5 6 3.8 71/72 �20.3 6 3.1 3.78 2.44 to 5.12 <.0001

Segment 7: mid anterior 35/36 �14.2 6 7.6 71/72 �20.1 6 5.1 5.79 3.32 to 8.25 <.0001

Segment 8: mid anteroseptal 35/36 �18.0 6 7.6 71/72 �24.3 6 6.1 5.81 3.21 to 8.40 <.0001

Segment 9: mid inferoseptal 36/36 �21.8 6 5.8 71/72 �24.6 6 5.0 2.57 0.42 to 4.72 .02

Segment 10: mid inferior 36/36 �17.4 6 6.6 71/72 �21.4 6 4.6 3.91 1.69 to 6.12 .001

Segment 11: mid inferolateral 36/36 �14.3 6 7.4 71/72 �15.4 6 6.0 1.68 �1.00 to 4.36 .22

Segment 12: mid anterolateral 36/36 �12.8 6 6.6 71/72 �15.5 6 6.5 3.18 0.55 to 5.80 .02

Circumferential strain rate (peak systolic, sec�1) 35/36 �2.1 6 0.5 71/72 �1.9 6 0.4 �0.25 �0.43 to �0.07 <.01

n, Patients with good tracking quality; N, overall number of patients in each group, representing the expected number of segments for each STE

analysis (N � n = ‘‘poor tracking quality’’ missing data).

*Difference between groups adjusted for age.
†Difference between groups is significantly different from zero when P < .05 (significant P [<.05] are in boldface type).

Figure 1 LV global and segmental 2D strain in children with DMD and control subjects. These six figures represent, for each group,
longitudinal, radial, and circumferential 2D strain, using the classical blue (positive displacement) and red (negative displacement)
color-coded bull’s-eye plot. The DMD group is represented in the top three figures and the control group in the bottom three figures.
In each strain segment of the DMD group, an asterisk indicates the existence of a significant difference with the corresponding
segment of the control group.
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36) for the three longitudinal (�17 6 3.9% vs �20.6 6 2.6%,
P < .0001), radial (22.4 6 11.6 vs 31.7 6 13.7%, P = .003), and
circumferential (�16.9 6 3.6% vs �20.2 6 3.1%, P < .0001) dis-
placements.

We found a significant interaction of age with DMD on longitudi-
nal global 2D strain: children with DMD had a decrease 0.34% per
year more than that of the control group (slope, 0.45 vs 0.11, respec-
tively; P = .04; Figure 2A). Despite apparent differences, the interac-
tion of age with DMD on global circumferential 2D strain (Figure 2B)
and global radial 2D strain (Figure 2C) was not statistically significant.

In terms of tracking quality, missing data per segment are indicated
in Tables 3, 4, and 5. After removal of poorly detected segments



Figure 2 Effect of age on the evolution of longitudinal (A), circumferential (B), and radial (C) strain in children with DMD and control
subjects.
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Table 6 RV longitudinal 2D strain

2D strain and strain rate variables

Patients with DMD Control subjects Adjusted difference between groups*

n/N Mean 6 SD n/N Mean 6 SD Coefficient 95% CI P†

Free wall 2D strain in apical four-chamber view (%)

Global 36/36 �24.7 6 6.3 71/72 �26.2 6 5.0 1.17 �1.39 to 3.73 .36

Basal 22/36 �30.2 6 6.9 59/72 �27.8 6 7.6 �2.64 �6.16 to 0.88 .14

Mid 21/36 �28.3 6 5.0 60/72 �28.7 6 6.2 0.09 �2.71 to 2.90 .95

Apical 22/36 �18 6 6.8 59/72 �22.1 6 7.0 3.84 0.42 to 7.26 .03

Free wall strain rate in apical four-chamber view

(peak systolic, sec�1)

23/36 �2.4 6 0.7 61/72 �2.2 6 0.6 �0.20 �0.51 to 0.10 .18

Free wall 2D strain in subxiphoid four-chamber

view (%)

Global 33/36 �21.9 6 7.8 64/72 �22.9 6 6.9 0.70 �2.28 to 3.69 .64

Basal 32/36 �24.4 6 10.4 62/72 �26.7 6 10.2 1.76 �2.39 to 5.92 .40

Mid 33/36 �22.5 6 8.5 64/72 �23.3 6 8 0.50 �2.96 to 2.97 .77

Apical 33/36 �19.1 6 8.6 61/72 �18.9 6 6.9 �0.40 �3.65 to 2.85 .80

Free wall strain rate in subxiphoid four-chamber

view (peak systolic, sec�1)

33/36 �2.6 6 0.9 64/72 �2.4 6 0.8 �0.27 �0.61 to 0.07 .11

n, Patients with good tracking quality; N, overall number of patients in each group, representing the expected number of segments for each STE

analysis (N � n = ‘‘poor tracking quality’’ missing data).

*Difference between groups adjusted for age.
†Difference between groups is significantly different from zero when P < .05; significant P values (<.05) are in boldface type.
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(e.g., missing data) from the analysis, the global longitudinal, radial,
and circumferential LV 2D strain analyses could be calculated in
almost all patients: we reported no missing data for global
longitudinal LV strain in both groups and 1.4% missing data for
radial and circumferential LV strain analyses in the control group only.

The RV free wall longitudinal 2D strain analyses were not signifi-
cantly different between children with DMD and control subjects,
except for a significantly worse value in the DMD apical segment
on the apical intercostal four-chamber view (�18 6 6.8% vs
�22.1 6 7%, respectively, P = .03; Table 6).

The strain rate analyses were not significantly different between
children with DMD and control subjects, whatever ventricle,
segment, or view was studied.
Inter- and Intraobserver Reproducibility

Intraobserver reliability was good, with an ICC of 0.77 (95% CI,
0.55–0.89) for longitudinal global 2D strain and an ICC of 0.78
(95% CI, 0.52–0.91) for circumferential global 2D strain.
Interobserver reliability was relatively good, with an ICC of 0.68
(95% CI, 0.41–0.84) for longitudinal global 2D strain and an ICC
of 0.62 (95% CI, 0.30–0.81) for circumferential global 2D strain.
DISCUSSION

This multicenter prospective controlled study of 108 children demon-
strated that global left ventricular 2D strain in boys with DMD was
significantly alteredwith STE analysis, before the onset of relevant pat-
terns of cardiomyopathy. The expected number of 36 boys with
DMD and 72 healthy age-matched control subjects were included
in the study. A significant difference in the primary outcome was
observed, with a mean difference of 3.6% for global longitudinal LV
strain, between children with DMD and matched control subjects.
Moreover, global LV strain was also altered in the radial and circumfer-
ential displacements, with mean differences of 9% and 3.8%, respec-
tively, between children with DMD and matched control subjects.

This study confirms recently reported preliminary results4,22,23

using, for the first time, a rigorous evaluation of LV and RV STE
strain in patients with DMD. Indeed, Spurney et al.4 used STE imaging
to identify subclinical myocardial dysfunction, showing a decrease in
circumferential and longitudinal strain, in a cohort of 33 children with
DMD. However, those authors used data from 33 retrospective age-
matched control subjects and did not perform a complete STE
analysis in all displacements. Recently, a retrospective study by
Taqatqa et al.22 analyzed circumferential and longitudinal STE strain
in 19 children with DMD versus 16 control subjects and found similar
results, with an even larger magnitude of difference (global longitudi-
nal STE strain,�18.86 3.0% vs�13.66 5.0%; P = .001). A noncon-
trolled study by Soslow et al.23 showed that circumferential STE strain
and CMR strain correlated moderately well in 20 patients with DMD
(r = 0.64, P = .02) and revealed a trend toward reduced STE strain in
patients with late gadolinium enhancement (�19.4 6 3.1% vs
�15.96 3.7%, P = .09). Therefore, our study confirmed these results
with a higher level of evidence using, for the first time, a prospective
clinical trial controlled study design, with an age-matched control
group.

The decrease of global LV longitudinal strain with age in children
withDMDwas 0.34% per yearmoremarked than that in control sub-
jects. The association between age and strain remains limited by the
design of this cross-sectional study. Therefore, we plan to follow this
cohort to confirm that strain declines with age in children with
DMD. Ultimately, defining a strain threshold would help clinicians
decide on when to start intervention.

Using conventional echocardiography, a recent study revealed a
potential novel biomarker of DMD-related cardiomyopathy by
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identifying abnormal LV tonic contraction in 70 pediatric patients
with DMD.32 Our results suggest that speckle-tracking analysis in chil-
dren with DMD is more accurate than conventional echocardiogra-
phy to identify areas of myocardial dysfunction and, therefore, early
cardiomyopathy onset. Although 2D strain was significantly worse
in patients with DMD there was no difference in strain rate.
Indeed, few studies used strain rate analysis in clinical practice to mea-
sure LV function in children, and a recent meta-analysis showed that
the ranges for strain rate were wide and should be used with
caution.33

We identified differences in segmental 2D strain with significantly
worse values in the inferolateral and anterolateral segments, espe-
cially in the basal area. These results are superimposable with those
from a study from Bilchick et al.,34 in which the overall CMR scar
prevalence in the inferior, inferolateral, and anterolateral segments
was eight times higher than in inferoseptal, anteroseptal, and anterior
segments.

In our study, RV function in children with DMD was normal and
similar to that of control subjects on both conventional echocardio-
graphic and STE analyses. Physiologically, RV function is related to
respiratory status in DMD.35 Therefore, normal RV function may
reflect the current efficient preventive and active support of DMD
respiratory failure (physiotherapy, noninvasive ventilation).
However, in our study, STE analysis did not identify any specific RV
cardiomyopathy patterns. The only altered RV segment was the
apex, but this area might also reflect LV function, as the apex is contig-
uous to both ventricles. Little is known from the literature about RV
function in DMD, but some recent studies have suggested the exis-
tence of an early RV fibrosis in mdx mice36 and DMD patients.37

In our study, conventional echocardiographic and STE evaluation of
the right ventricle may have been technically difficult, and minor
changes might not have been detected. Further specific works on
RV function in DMD are therefore necessary, using both STE and
CMR analyses.

This study was performed among children with DMD presenting
no evidence of significant DMD-related cardiomyopathy and there-
fore without any relevant symptoms of heart failure and with normal
or subnormal systolic function on conventional echocardiography.
Thus, the main result of this study, that is, altered LV strain despite
a normal or mildly altered ejection fraction, represents an important
perspective for future pediatric drug trials in DMD-related cardiomy-
opathy prevention.6 Indeed, reliable and noninvasive biomarkers are
necessary for pediatric cardiology trials. CMR tends to be considered
as the most reliable examination in the assessment of DMD-related
cardiomyopathy, allowing accurate volumetric measures and late
gadolinium enhancement of areas with edema and fibrosis.6,7,23

However, CMR requires general anesthesia or sedation in children,
administration of gadolinium-based contrast, with potential accumu-
lation in the brain.38,39 Some centers are now using ‘‘real-time’’ CMR
sequences, which do not require sedation, and in some cases,
assessment of diffuse myocardial fibrosis can be performed without
injection of a gadolinium-based contrast agent. Nevertheless, current
guidelines in DMD still recommend echocardiography as the
preferred imaging modality to evaluate myocardial function.6 As
opposed to adult patients with DMD, in whom the quality of echocar-
diographic images is often hampered by scoliosis, our study demon-
strated that LV STE analysis in children with DMD was feasible,
with excellent tracking quality.

This study included very few untreated patients. Many questions
remain about the commonly used drugs in DMD, such as
angiotensin-converting enzyme inhibitors, angiotensin II receptor
blockers, b-blockers, and glucocorticoids.2,11,40,41 Whether these
agents should be started earlier, such as at the time of DMD
diagnosis, or before the onset of decreased cardiac function, or
even used together, remains unclear. Therefore, our results confirm
that these issues could be investigated using STE analysis, as
recently suggested.6 Indeed, a recent randomized prospective study
of mineralocorticoid receptor antagonism with eplerenone demon-
strated an attenuation of the decrease in LV function, measured by
circumferential strain.42,43 Speckle-tracking could also be used as an
outcome in the current DMD drug trials, such as those testing
phosphodiesterase-5 inhibitors44 or COX-inhibiting nitric oxide
donators.45
Study Limitations

The control group was screened from the outpatient pediatric cardi-
ology consultation; however, we applied very strict criteria to identify
a population as healthy as possible.

We used a single ultrasound system and its dedicated STE software
and therefore did not analyze data from other ultrasound systems,
STE vendors, or vendor-independent software.

Because of the study design and sample size, we could not analyze
the effect of some relevant clinical data (e.g., treatment duration, ge-
netic background) on STE results.

Our results suggest that global longitudinal 2D strain could be used
as a noninvasive outcome in future clinical trials for children with
DMD. However, further studies will have to demonstrate that
speckle-tracking analysis represents a reliable surrogate end point
for heart failure in this population.
CONCLUSION

In children with DMD, global LV 2D strain was significantly
decreased for longitudinal, radial, and circumferential displacements,
before the onset of DMD-related cardiomyopathy. The inferolateral
and anterolateral segments were the most impaired, especially in the
basal area. Moreover, children with DMD presented a significant
decrease in global LV longitudinal 2D strain with age. RV function
measured on conventional echocardiography and STE analysis
was normal in children with DMD and similar to that in control
subjects.

The existence of altered LV strain despite a normal or mildly
altered LVEF represents an important perspective for future pediatric
drug trials in DMD-related cardiomyopathy prevention. Further pro-
spective cohort studies need to be performed to confirm that global
longitudinal LV 2D strain represents a reliable surrogate end point
for heart failure in patients with DMD.
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