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Abstract

Duchenne muscular dystrophy (DMD) is an inherited X-linked disorder with an incidence of 1 in 

3500 male births, and cardiomyopathy is becoming the leading cause of death. While Cardiac MRI 

(CMR) and late gadolinium enhancement (LGE) are important tools in recognizing myocardial 

involvement, myocardial strain imaging may demonstrate early changes and allow patients to 

avoid gadolinium contrast. We performed CMR feature tracking (FT) and echo-based speckle 

tracking (STE) strain measures on DMD patients and age/sex matched controls who had received 

a CMR with contrast and transthoracic echocardiogram. Data were collected for longitudinal strain 

in the apical four-chamber view and circumferential strain in the mid-papillary parasternal short 

axis. Segmental wall analysis was performed and compared with the presence of LGE. Data 

were analyzed using student’s t tests or one-way ANOVA adjusting for multiple comparisons. 

We measured 24 subjects with DMD and 8 controls. Thirteen of 24 DMD subjects were LGE 

positive only in the lateral segments in short-axis views. Average circumferential strain (CS) 

measured by FT was significantly decreased in DMD compared to controls (− 18.8 ± 6.1 vs. 

− 25.5 ± 3.2; p < 0.001) and showed significant differences in the anterolateral, inferolateral, 

and inferior segments. Average CS by STE trended towards significance (p = 0.06) but showed 

significance in only the inferior segment. FT showed significant differences in the inferolateral 

segment between LGE positive (− 15.5 ± 9.0) and LGE negative (− 18.2 ± 8.3) in DMD subjects 

compared to controls (− 28.6 ± 7.3; p ≤ 0.04). FT also showed significant differences between 

anteroseptal and inferolateral segments within LGE-positive (p < 0.003) and LGE-negative (p < 

0.03) DMD subjects while STE did not. There were no significant differences in longitudinal 

strain measures. CMR-FT-derived myocardial strain was able to demonstrate differences between 
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subjects with DMD and controls not detected by STE. FT was also able to demonstrate differences 

in LGE-positive and LGE-negative segments within patients with DMD. FT may be able to predict 

LGE-positive segments in DMD without the use of gadolinium contrast.
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Background

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder affecting 

approximately 1:3500 male births worldwide. Due to degeneration of skeletal, respiratory, 

and cardiac muscle cells, these patients suffer from restrictive lung disease and a dilated 

cardiomyopathy causing significant morbidity and mortality. As respiratory care has 

improved, cardiomyopathy is now becoming the leading cause of death usually during the 

second or third decade [1].

Cardiac care is now focused on early detection and early initiation of treatment with the goal 

of delaying cardiac remodeling and myocardial dysfunction [2]. Clinical detection can be 

difficult given the lack of classical symptoms due to wheelchair dependence and limitations 

in activity [3]. With a focus on early detection and treatment, standard measures of left 

ventricular function and remodeling have been inadequate as changes in ejection fraction 

and shortening fraction both occur late in the course of cardiomyopathy [4].

Advanced echocardiographic techniques have shown promise in diagnosing myocardial 

dysfunction prior to a decrease in ejection fraction. Speckle tracking echocardiography 

(STE) was developed as an assessment of global and segmental strain. Previous studies 

showed that STE has the ability to demonstrate abnormal strain values between healthy and 

DMD patients [4–6]. However, echocardiographic modalities are limited by image quality 

and difficulty in this specific patient population with body habitus and positioning.

Cardiovascular magnetic resonance (CMR) has gained popularity in the assessment of 

cardiomyopathy associated with DMD due to its ability to give more accurate volumetric 

measures and to show areas of edema and fibrosis with late gadolinium enhancement (LGE) 

[2, 3, 7]. However, LGE requires administration of gadolinium-based contrast. Gadolinium 

has a favorable safety profile but it requires an intravenous line, increases scan time, and is 

contraindicated in renal impairment. Recently, there are concerns with accumulation of some 

types of gadolinium contrast in the brain [8].

CMR feature tracking (CMR-FT) is a tissue tracking technique similar to STE that allows 

an operator to derive strain measures on CMR cine of steady-state free processing (SSFP) 

images without the acquisition of additional sequences [9]. CMR-FT has been validated 

against traditional tagging methods of measuring strain including harmonic phase imaging 

and has demonstrated differences in myocardial deformation in other cardiac diseases 

including hypertrophic cardiomyopathy, cardiac amyloidosis, and myocarditis [10–13]. It 
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has been used to identify subclinical changes in inflammatory myocardial diseases and in 

congenital heart diseases after repair [14, 15].

Both CMR-FT and STE may have clinical roles in the early identification and monitoring 

of DMD cardiomyopathy without the use of gadolinium. In the current study, we sought 

to evaluate CMR-FT and STE as measures of myocardial dysfunction in DMD patients 

and to identify whether differences in these strain measures would be present prior to 

the development of LGE. We hypothesize that the strain measured by CMR-FT would be 

more effective than STE in detecting regional differences in myocardial deformation and in 

finding myocardial abnormalities prior to the development of LGE.

Materials and Methods

A retrospective, observational, cross-sectional study was performed on DMD and control 

patients who had clinically indicated echocardiograms and CMR with gadolinium contrast. 

The study was approved by the Children’s National Health System Institutional Review 

Board (#4193). Control patients were selected from a database of patients who had 

undergone CMR with gadolinium for a separate indication with normal intracardiac 

anatomy, normal function, and no LGE (no history of cyanosis, cardiopulmonary bypass, 

and not evaluated for myocarditis or other inflammatory cardiomyopathies). Routine 

volumetry was performed by obtaining a standard SSFP cine image and calculation 

of cardiac output used a segmented, free-breathing method or using motion-corrected re-

binning imagery as previously described, which allows patients who have difficulty with 

breath holding to free-breathe [16]. Late gadolinium enhancement imaging was performed 

as previously described by our CMR group [17].

Echocardiogram using a Phillips iE33 (Phillips Ultrasound, Amsterdam, The Netherlands) 

was obtained within 8 weeks of the CMR, and Simpson’s ejection fraction (EF) was derived 

from the apical four-chamber view. Both DMD and control patients underwent CMR with 

0.15 mmol/kg of gadobutrol being administered prior to standard LGE imaging (same 

sequence parameters) on a Siemens Aera 1.5T MRI scanner (Siemens Healthcare, Erlangen, 

Germany). Data points collected included MR-derived EF and segmental LGE.

CMR-FT and STE measures were performed in post-processing after the indicated studies 

were completed using TomTec Arena software (TomTec Imaging Systems, Germany). 

Feature tracking was performed on SSFP cine or motion-corrected re-binning images of 

mid-papillary short-axis and four-chamber views. For STE, images were obtained from the 

standard apical four-chamber and mid-papillary parasternal short-axis views. Echo images 

were collected at an average of 68.8 frames/s in the parasternal short-axis view and 64.1 

frames/s in the apical four-chamber view. Tracings were done in apical four-chamber and 

mid-papillary short-axis views for longitudinal and circumferential strain, respectively. The 

left ventricle was segmented according to the American Heart Association segmental model 

for chamber quantification [18]. Figure 1 demonstrates an echocardiographic image, a CMR 

SSFP still-frame, and a CMR still-frame with LGE on the same patient with DMD.
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Statistical Analysis

Data are presented as mean ± standard deviation. Normality of all strain outcomes was 

tested using a Shapiro–Wilk normality test. None of the outcomes showed deviations 

from normality; therefore, no data transformations were applied. We analyzed strain values 

measured in DMD patients and compared them to the values measured in controls. The 

DMD group was separated into two groups depending on the presence or absence of LGE. 

These groups were then compared to each other and to the control group. All comparisons 

were performed using either an independent student’s t test or a one-way analysis of 

variance model, appropriate for the number of groups being compared. For those outcomes 

tested using an ANOVA model and having an overall significant F test, post hoc pairwise 

comparisons were done and the resulting p value adjusted for multiple comparisons using 

the Sidak method.

Results

Patient Population

There were 24 patients with DMD and 8 controls. Age of the DMD cohort was 14.0 ± 4.2 

years and the control cohort was age 16 ± 1.9 years. CMR-derived EF of the DMD cohort 

found 5 of 24 (29.2%) had an EF < 55% and 3 of 24 (12.5%) had an EF < 50%. None of 

the control cohort had an MRI determined EF < 55%. None of the controls had undergone 

cardiopulmonary bypass. The control patients initially underwent CMR and echocardiogram 

for arrhythmia or for initial concern of cardiomyopathy that was determined not to be 

present. LGE was present on 13 of 24 (54.2%) patients with DMD and none of the control 

patients.

Strain Measurements Between DMD and Control Patients

As shown in Table 1, strain measurements by CMR-FT differed in patients with DMD and 

controls in average circumferential strain (CS) (− 18.8 ± 6 vs. − 25.5 ± 3, p = 0.016). There 

were also differences in segmental CS using CMR-FT in the anterolateral, inferolateral, 

and inferior segments between DMD and controls (p < 0.03). Average CS by STE trended 

towards significance (p = 0.09) and statistical significance in segmental CS was only found 

in the inferior segment. Inter-observer reliability analysis was performed retrospectively 

on ten subjects for circumferential strain CMR-FT and STE measures and both had an 

interclass correlation coefficient (ICC) > 0.93. Intra-observer reliability analysis was also 

performed on ten subjects and had an ICC > 0.98 for both CMR-FT and STE. No significant 

differences were seen between groups when comparing longitudinal strain (data not shown).

Relationship of Strain Measures to Development of Late Gadolinium Enhancement

Focusing on the left ventricular (LV) lateral wall segments that initially develop LGE 

in DMD patients, we compared strain measures in the LV anterolateral and inferolateral 

segments in LGE-positive and LGE-negative DMD groups compared to control patients. 

Significant differences were noted in the antero- and inferolateral segments using CMR-

FT strain between the LGE-positive group and the control group. Table 2 also shows a 

statistically significant difference between both the control group and LGE-negative group 
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in the inferolateral segment. For STE strain measures, there was no statistically significant 

difference between control and LGE-positive or LGE-negative groups with reference to 

circumferential strain in the antero- or inferolateral segments. This shows that with CMR-FT 

strain measures in the inferolateral segment, significant changes were seen in the DMD 

population in the absence of LGE.

To further evaluate whether changes in myocardial strain can measure early myocardial 

disease, we compared septal and lateral segments within LGE-positive and LGE-negative 

DMD groups. Table 3 shows the differences in myocardial strain between the anterolateral 

and inferolateral segments compared to both the inferoseptal and anteroseptal segments 

in LGE-positive and LGE-negative patients. The LGE-negative patients trended towards 

significance comparing septal segments to the anterolateral wall. In the anteroseptal segment 

compared to the inferolateral segment, both LGE-positive and LGE-negative DMD groups 

showed significant differences in CMR-FT strain. Using STE strain measures, only the 

anterolateral to anteroseptal comparison segments showed differences in the LGE-positive 

patients.

Discussion

This study showed that CMR-FT strain was able to demonstrate differences between 

DMD patients and control patients that were not detected by STE strain. Importantly, 

CMR-FT also demonstrated changes in strain measurements in LGE-negative segments 

of myocardium in DMD patients compared to controls. This signifies that CMR-FT may 

have utility as a biomarker in identifying early myocardial changes in the DMD patient 

population. This is the first study to demonstrate differences in CMR-FT strain in DMD 

patients and to show that CMR-FT changes occur prior to the development of LGE.

Historically, echocardiography is the gold standard for assessment of cardiac function in 

DMD and is often more accessible than CMR. However, echo can be limited in this 

population due to body habitus, chest wall deformities, lung interference, and difficulties 

with positioning that limit the acoustic windows, especially in older patients [4, 7]. Newer 

echo techniques including tissue Doppler imaging and STE are able to provide earlier 

assessments of myocardial function in DMD [4, 6]. However, the imaging limitations 

of DMD patients also affect these techniques. CMR is not affected by these limitations 

and offers improved imaging quality in DMD, especially in the teenage years. CMR can 

also assess myocardial strain using harmonic phase (HARP) imaging and feature tracking 

(CMR-FT) software. Previous studies using CMR HARP imaging showed that myocardial 

strain is an early biomarker of myocardial dysfunction in DMD patients [19]. However, 

HARP imaging requires additional tagged images that limit its clinical practicality while 

CMR-FT imaging can be performed on clinically acquired SSFP images. Good correlation 

between HARP circumferential strain and CMR-FT strain measures was demonstrated in 

DMD patients [10]. Therefore, using CMR-FT strain imaging can make strain measurements 

more clinically applicable. Also, while echo-based STE and CMR-FT were comparable in 

evaluating left ventricular function, they were not compared in the DMD patient population 

[20]. In our study, CMR-FT demonstrated changes in myocardial deformation in the DMD 

population that were not detected by STE.
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DMD cardiomyopathy is present almost universally in DMD patients as they age into 

adulthood [21]. It is characterized by inflammation, cell death, and fibrotic replacement of 

muscular tissue due to instability in the myocardial cell membrane [22]. This fibrosis is 

detected using CMR-based contrast administration. LGE occurs in a predictable pattern 

in DMD cardiomyopathy, with primary areas affected including the LV inferolateral, 

anterolateral, inferior, and other free wall segments [23]. LGE in septal segments occurs 

only in patients with advanced disease [24]. The segmental analyses of CMR-FT presented 

in this study correlate well with the known development of LGE in the inferolateral, 

inferior, and anterolateral segments. These segments showed a significantly decreased 

circumferential strain compared to controls, while only the inferior segment showed that 

difference using STE. In LGE-negative DMD patients in particular, our results showed that 

CMR-FT strain detected changes in the segments known to develop LGE. This suggests 

that FT may be able to detect changes in damaged myocardium prior to the development 

of LGE. Comparisons between the segments known to develop LGE (inferolateral and 

anterolateral) and those known to not develop LGE (inferoseptal and anteroseptal) were 

made to further evaluate these measures. Differences in LGE-negative DMD patients 

between the inferolateral segment and the anteroseptal segment also provided evidence that 

CMR-FT may be able to detect changes prior to the development of LGE. This may allow 

for earlier diagnosis of myocardial damage and allow for initiation of earlier treatment and 

outcome monitoring.

Given recent concerns about the usage of gadolinium contrast, non-contrast imaging 

techniques such as STE and CMR-FT may be of increased utility in evaluating DMD 

patients [8]. Our study demonstrates that CMR-FT is superior to STE and still avoids 

the use of gadolinium. This is especially important for the longitudinal assessment of 

myocardial strain in these patients. Future research directions should focus on measuring 

changes in circumferential strain prospectively in DMD patients using CMR-FT to better 

correlate with the development of LGE with an ultimate goal of establishing guidelines 

for imaging that reduces overall gadolinium exposure. Limitations include that this is a 

single-center, retrospective study on a rare disease, thus limiting the study to a small number 

of patients. One reader also performed strain analysis on STE and one reader on CMR-FT 

but inter-observer reliability has previously been shown to be high in STE strain measures 

(ICC > 0.95) and our own analysis of inter-observer reliability was strong as well [4].

Conclusions

CMR-FT detects changes between DMD patients and controls not seen with STE. CMR-FT 

is able to detect changes in DMD myocardium in the absence of LGE. CMR-FT is a 

novel imaging biomarker for identifying early myocardial changes in DMD cardiomyopathy 

without the use of gadolinium and could be used as an outcome measure for early 

therapeutic trials and for clinical monitoring.
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Fig. 1. 
Three short-axis images of the same patient with Duchenne muscular dystrophy. a 
Echocardiographic image of mid-papillary short axis which is unable to show LGE but 

would be adequate for STE measures. b CMR short-axis steady-state free processing image 

without contrast which cannot show LGE but is able to be used for FT strain measures. 

c CMR short-axis imaging post-gadolinium contrast administration showing LGE (bright 

white) in the posterior and lateral segments (arrows)
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