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A B S T R A C T   

Background: Left ventricular (LV) strain and rotation are emerging functional markers for early detection of LV 
dysfunction and have been associated with the burden of myocardial fibrosis in several disease states. This study 
examined the association between LV deformation (i.e., LV strain and rotation) and extent and location of LV 
myocardial fibrosis in pediatric patients with Duchenne muscular dystrophy (DMD). 
Methods and results: 34 pediatric patients with DMD underwent cardiovascular magnetic resonance (CMR) with 
late gadolinium enhancement (LGE) to assess LV myocardial fibrosis. Offline CMR feature-tracking analysis was 
used to assess global and segmental longitudinal and circumferential LV strain, and LV rotation. Patients with 
fibrosis (n = 18, 52.9%) were older than those without fibrosis (14 ± 3 years (yrs) vs 11 ± 2 yrs., p = 0.01). 
There was no significant difference in LV ejection fraction (LVEF) between subjects with and without fibrosis (54 
± 6% vs 56 ± 4%, p = 0.18). However, lower endocardial global circumferential strain (GCS), but not LV 
rotation, was associated with presence of fibrosis (adjusted Odds Ratio 1.25 [95% CI 1.01–1.56], p = 0.04). Both 
GCS and global longitudinal strain correlated with the extent of fibrosis (r = .52, p = 0.03 and r = .75, p < 0.01, 
respectively). Importantly, segmental strain did not seem to correspond to location of fibrosis. 
Conclusion: A lower global, but not segmental, strain is associated with presence and extent of LV myocardial 
fibrosis in pediatric DMD patients. Therefore, strain parameters might detect structural myocardial alterations, 
however currently more research is needed to evaluate its value (e.g., prognostic) in clinical practice.   

1. Introduction 

Duchenne muscular dystrophy (DMD) is an X-linked recessive dys
trophinopathy affecting approximately 1 in 6500 live male births [1,2]. 
DMD is caused by mutations in the DMD gene (Xp21.2) resulting in a 
deficiency of functional dystrophin, a vital protein that connects the 
cytoskeleton of myofibers to the extracellular matrix and membrane 
proteins [3]. Patients diagnosed with DMD suffer from progressive 
muscle degeneration and weakness that leads to loss of ambulation 
around 12 years old, development of cardiac and respiratory 

complications, and eventually death, typically in the late twenties to 
early thirties [3–6]. 

The leading cause of death in DMD is cardiomyopathy. Approxi
mately 90% of DMD patients develop a dilated cardiomyopathy by the 
age of 18 [3,7]. The progressive degeneration of cardiomyocytes leads to 
the appearance of fibrosis, typically in the epicardial posterobasal seg
ments of the left ventricle (LV) [3,8]. Therefore, DMD patients need 
periodic imaging to evaluate cardiac function and start timely treatment 
to delay the onset of fibrosis, as this process contributes to development 
of heart failure [9]. Currently, common clinical practice for monitoring 
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cardiac function predominantly relies on changes in LV ejection fraction 
(LVEF). However, LVEF lacks sensitivity to detect subtle signs of 
myocardial dysfunction [10,11]. For example, global strain parameters 
have previously detected cardiac dysfunction in DMD patients with 
preserved LVEF using CMR tagging [12]. Given the occurrence of 
fibrosis predominantly in specific regions, also segmental strain might 
be altered, although it is unclear whether this can detect fibrosis 
[11,13–15]. Additionally, changes in LV rotation seem present in dilated 
cardiomyopathy [16–18], possibly before any changes in LVEF [19]. 
Combining CMR-feature tracking (FT) for strain and rotation analysis 
and quantitative evaluation of fibrosis could present additional func
tional markers to aid in detection and monitoring cardiac function and 
treatment evaluation without the need for additional CMR sequences. 

Therefore, the aim of this research was to explore the association of 
LV strain measures (i.e., global and segmental, longitudinal and 
circumferential) and LV rotational mechanics (e.g., twist and torsion) 
assessed with CMR-FT and the presence and extent of myocardial 
fibrosis. Our hypothesis was that decreased strain and rotation would be 
associated with the presence and the extent of LV myocardial fibrosis. 
Furthermore, we explored the relationship between segmental strain 
parameters and location of fibrosis. 

2. Methods 

2.1. Study design and population 

This study included DMD patients who underwent clinically indi
cated CMR imaging with LGE between June 2017 and November 2021 
at the Radboud University Medical Center in Nijmegen, The 
Netherlands. Patients were excluded from the analysis if they did not 
consent to share their personal medical data or if they had other car
diovascular pathologies than DMD. Cine CMR images were excluded 
from the feature-tracking analysis in case of inadequate image quality 
due to artifacts. Patient characteristics such as age, weight, height, 
systolic and diastolic blood pressure, were obtained from medical re
cords within six months of the CMR. The study was approved by the 
local institutional review board. This retrospective research was per
formed according to the local code of research conduct and data pro
tection rules. Clinical research data was stored using the online Castor 
Electronic Data Capture (Ciwit B.V., Amsterdam, The Netherlands). 

2.2. CMR acquisition & volumetric data 

CMR imaging was performed as part of routine clinical care on a 
Siemens Avanto 1.5 T scanner system (Siemens, Erlangen, Germany) 
according to a standardized protocol by experienced CMR technicians 
and without administering any sedatives. Images were acquired with 
electrocardiogram triggering and during breath-hold. A multiphase and 
multislice volumetric data set was acquired covering ventricles from 
base to apex in short-axis orientation using fast 2-dimensional steady- 
state free precession (SSFP) scan. The following MRI acquisition pa
rameters were used: repetition time (TR) 44.25 ms, echo time 1.25 ms, 
flip angle 78◦, and slice thickness 5.0 mm with 1.0 mm interslice gap. 
Heart rate limited the number of reconstructed phases, a minimum of 25 
phases for SSFP was used. 

Standard two-, three-, and four-chamber SSFP cine images were 
obtained. Parameters used to assess biventricular dimensions and 
function were end diastolic volume (EDV), end systolic volume (ESV), 
ejection fraction (EF), and stroke volume (SV) of both ventricles. 
Furthermore, interventricular septal thickness (IVSd) and posterior wall 
thickness (PWd) were measured at end diastole on basal short axis im
ages. Volumetric data were indexed to body surface area (BSA). 

An intravenous dose of 0.3 mL/kg of the gadolinium-based contrast 
agent ‘Dotarem’ (Guerbet, France) was administered to the patient. At 
least 10  minutes after administration LGE series were acquired. LGE 
series included left ventricular two-, three-, and four-chamber planes 

and short-axis LGE stacks covering the left ventricle excluding the apical 
cap. A cardiovascular radiologist (W.E.) assessed LGE location and 
severity, inconclusive findings were discussed until consensus was 
reached with an experienced cardiovascular radiologist (J.H.). The 
extent of fibrosis was quantified as percentage of LV myocardium 
affected (LV scar %) using Segment version 3.1, R8109 (http://segment. 
heiberg.se) [20]. 

2.3. LV strain measurements 

Offline CMR-FT analysis was performed using QStrain (Medis Med
ical Imaging, Leiden, The Netherlands) to quantify global and segmental 
end-systolic peak circumferential and longitudinal LV strain. A 17- 
segment software-generated model was acquired for longitudinal 
strain, while a 16-segment model was obtained for circumferential strain 
since the apical cap, i.e. segment 17, is not visible on the short-axis 
images [21]. On every image, the epi- and endocardial borders were 
manually traced in both end-systole and end-diastole. Subsequently, an 
automatic computation was triggered, by which the software algorithm 
tracked the outlined border throughout the cardiac cycle. All CMR an
alyses were performed by one researcher (T.K.) under the supervision of 
a radiologist (W.E.). Endocardial longitudinal strain was derived from 
apical four-, three- and two-chamber views. Endocardial and myocardial 
circumferential strain was derived from apical, mid-ventricular (i.e., 
level of papillary muscles) and basal short-axis slices. Following visual 
inspection of tracking quality by W.E. and T.K., segments with unreli
able tracing were excluded from the strain analysis, with a maximum of 
two segments per view. In line with recommendations, all references to 
strain changes consider absolute values, i.e., an increase means a more 
negative value [22]. 

2.4. LV rotation analysis 

Rotational parameters (e.g., twist and torsion) were derived from 
apical and basal short-axis slices. The end-systolic marker was based on 
minimal LV volume on long-axis images or minimal LV diameter on 
short-axis images. Results were exported from QStrain and processed in 
Microsoft Excel (version 2102, Microsoft Corp., Redmond, WA, USA) to 
acquire twist, torsion, twist rate, and diastolic untwist rate. In this study, 
LV twist (◦) was defined as the systolic peak difference between rotations 
(φ) of the apex (counter clockwise, positive values) and the base 
(clockwise, negative values), as viewed from the apex [23]. 

LV Twist = φapex − φbase (1) 

LV torsion (◦/cm), defined as normalized twist, was calculated as LV 
twist divided by the distance (D) between the short-axis planes at the 
base and apex used for the feature-tracking analysis, as measured on the 
four-chamber apical view (Apical – basal slice distance). 

LV Torsion =

(
φapex − φbase

)

D
(2)  

2.5. Statistical analysis 

Statistical analysis was performed using R version 4.0.4 [24]. All 
parameters were inspected for normality using histograms, Q-Q plots, 
and the Shapiro-Wilk test. Continuous variables were reported as mean 
± standard deviation (SD) or median [interquartile range] and cate
gorical variables as number and proportions (n (%)). Differences be
tween groups were assessed using a t-test or a non-parametric 
equivalent. Proportions were tested using chi-squared tests or Fisher’s 
exact tests. First, to assess the association between CMR parameters and 
the presence of fibrosis, logistic regression was used. Variables were 
selected based on univariable logistic regression (P < 0.1) and adjusted 
for age in a multivariable logistic regression model. The assumption of 
linearity between the continuous predictors and the logit transformation 
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of the outcome variable was tested using Box-Tidwell tests. Multi
collinearity was checked using variance inflation factors. Second, to 
explore the correlation between strain parameters and the extent of 
fibrosis (LV scar %), Pearson bivariate correlation analysis was used. 
Cases with 0% LV scar were excluded from this analysis. Third, to 
compare the segmental strain pattern with fibrosis location, LV bullseye 
plots were constructed using the mean segmental values for both pa
tients with and without fibrosis. The difference per segment (no fibrosis - 
fibrosis) was calculated and compared with the pattern of distribution of 
fibrosis. Bullseye plots were constructed using Google Colaboratory 
(Python 3.6.9, Google LLC, Mountain View, CA, USA). P-values of <0.05 
were considered significant. 

3. Results 

A total of 35 DMD patients were eligible for this cohort. However, 
one patient (2%) was excluded from the analysis due to low quality 
CMR. Resulting in a total of 34 patients included in the final analysis, of 
which 18 had fibrosis and 16 had no fibrosis based on LGE. Mean age at 
the time of CMR was 14.1 ± 2.7 and 11.9 ± 2.0 years old (p < 0.01) in 
the group with fibrosis and without fibrosis, respectively. Z-scores for 
height and weight were not significantly different between groups. At 
the time of CMR the average duration of glucocorticoid treatment was 
7.8 ± 3.9 and 5.1 ± 2.7 years (p = 0.03) in the fibrosis and no fibrosis 
groups, respectively. We found no between-group differences in other 
anthropometric measurements, hemodynamic parameters, and fre
quency of ACE-inhibitor use before CMR (Table 1). Moreover, no dif
ference between LVEF was found between groups (fibrosis: 56 ± 4%, no 
fibrosis: 54 ± 6%, p = 0.18) (Table 1). 

3.1. Presence of fibrosis 

A significant between-group difference was found for endocardial 
global circumferential strain (GCS) (fibrosis: − 27.8 ± 5.0 vs. no fibrosis: 
− 31.4.0 ± 4.3) and myocardial GCS (fibrosis: − 18.9 ± 4.2 vs. no 
fibrosis: − 22.0 ± 3.1) (Table 2). In univariable analysis both endocar
dial and myocardial GCS were associated with presence of fibrosis 
(Table 3). After adjusting for age, endocardial GCS remained signifi
cantly associated with fibrosis (Adjusted Odds Ratio (OR) 1.25, 95% CI 
[1.01–1.56], p = 0.043) per unit decrease in endocardial GCS. Endo
cardial GCS ranged from − 38.6 to − 18.5 in this cohort. The distance 
measured between the basal and apical short axis slice, used to calculate 
torsion, did differ (fibrosis: 38 ± 5 mm vs. no fibrosis: 34 ± 6 mm, p =
0.05). None of the rotational parameters, i.e., twist, torsion, twist rate, 

or diastolic untwist rate were found to be associated with the presence of 
fibrosis (Table 3). 

3.2. Extent of fibrosis 

In patients with fibrosis, mean extent of fibrosis (LV scar %) was 11.2 
± 7.2%. The correlation between LVEF, strain, and rotational parame
ters and LV scar % is presented in Table 4. LVEF was negatively corre
lated with the extent of LV fibrosis (r(16) = − .61, p < 0.01; Fig. 1A). 
Endocardial GCS (r(16) = .52, p = 0.03), myocardial GCS (r(16) = .65, p 
< 0.01), and endocardial GLS (r(16) = .75, p < 0.01) were positively 
correlated with LV scar % (Fig. 1B-D). Rotational parameters were not 
correlated with the extent of fibrosis. 

3.3. Segmental strain and location of fibrosis 

Delayed enhancement was mainly present in the anterolateral and 
inferolateral wall of the left ventricle, i.e., in segments 5, 6, 11, and 12 in 
89%, 56%, 83%, and 44% of the cases with fibrosis (n = 18), respec
tively. The apical septal segment was not affected by fibrosis in the cases 
observed (Fig. 2). As shown in Fig. 2, the segments with largest 
segmental strain difference between groups did not correspond to the 
segments with a higher prevalence of fibrosis. 

Table 1 
Cohort characteristics of the study population at the time of CMR.   

No Fibrosis 
(N = 16) 

Fibrosis 
(N = 18) 

P- 
value 

Age, years 11.9 ± 1.98 14.1 ± 2.69 0.009 
Weight, kg 45 [39–58] 62 [50–82] 0.067 
Weight, z-score 0.733 ± 1.29 1.01 ± 1.27 0.530 
Height, cm 143 ± 15 158 ± 16 0.008 

Height, z-score 
− 0.874 ±

1.39 
− 0.406 ±

1.43 0.340 

BMI, z score 1.27 ± 1.02 1.17 ± 1.32 0.810 
Heart rate, bpm 101 ± 17.5 95.3 ± 15.2 0.357 
SBP, mmHg 106 ± 14.2 109 ± 11.3 0.468 

Missing, n (%) 0 (0%) 1 (5.6%)  
DBP, mmHg 63.4 ± 9.7 63.1 ± 7.3 0.916 

Missing, n (%) 0 (0%) 1 (5.6%)  
Duration glucocorticoids treatment, 

years 5.1 ± 2.7 7.8 ± 3.9 0.027 

Missing, n (%) 0 (0%) 1 (5.6%)  
ACE-inhibitor, n (%) 3 (18.8%) 3 (16.7%) 1.000 

Data are reported as n(%) for categorical variables and mean ± SD. Age at time 
of CMR. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; ACE, angiotensin-converting-enzyme. 

Table 2 
Conventional CMR parameters and LV deformation parameters for both groups.   

No Fibrosis 
(N = 16) 

Fibrosis 
(N = 18) 

P- 
value 

Conventional Measures    
LVEDV indexed, ml/m2 64.4 ± 10.1 68.9 ± 12.2 0.253 
LVESV indexed, ml/m2 28.3 ± 6.1 31.7 ± 6.9 0.144 
LVEF, % 56.4 ± 3.8 54.0 ± 6.3 0.181 
IVSd. mm 5.8 ± 1.0 6.2 ± 1.5 0.290 
PWd, mm 5.0 [5.0–5.3] 6.0 [5.0–6.0] 0.070 
Apical – basal slice 
distance, mm 

33.6 ± 5.9 37.8 ± 5.5 0.043 

RVEDV indexed, ml/m2 58.5 ± 10.0 58.4 ± 10.3 0.969 
RSESV indexed, ml/m2 24.3 ± 6.6 24.7 ± 5.3 0.822 
RVEF, % 58.9 ± 6.4 57.3 ± 7.2 0.499 

LV Deformation    
Endo GLS, (%) − 23.1 ± 2.77 − 22.5 ± 3.32 0.517 
Myo GCS, (%) − 22.0 ± 3.09 − 18.9 ± 4.21 0.017 
Endo GCS, (%) − 31.4 ± 4.29 − 27.8 ± 5.04 0.031 
Endo twist, (◦) 10.0 ± 12.6 5.83 ± 9.19 0.284 
Myo twist, (◦) 9.39 ± 7.42 6.85 ± 5.65 0.277 
Myo Torsion, (◦/cm) 2.76 ± 2.07 1.82 ± 1.59 0.152 
Endo Torsion, (◦/cm) 2.67 ± 3.36 1.72 ± 2.54 0.365 
Myo twist rate, (◦/s) 97.4 [85.4–147] 95.8 [68.4–118] 0.191 

Missing, n (%) 0 (0%) 1 (5.6%)  
Myo diastolic untwist 
rate, (◦/s) 

− 88.8 [− 152 - 
− 73.4] 

− 86.4 [− 103 - 
− 64.7] 

0.445 

Missing, n (%) 0 (0%) 2 (11.1%)  
Endo twist rate, (◦/s) 157 [42.6–196] 120 [− 44.6 – 147] 0.144 

Missing, n (%) 0 (0%) 1 (5.6%)  
Endo diastolic untwist 
rate, (◦/s) 

− 172 [− 265 - 
− 46.9] 

− 122 [− 144 – 
33.4] 0.075 

Missing, n (%) 0 (0%) 2 (11.1%)  
Rigid body rotation, n (%) 5 (31.3%) 7 (38.9%) 0.729 

Data are reported as n(%) for categorical variables and mean ± SD or median 
[interquartile range] for continuous variables. Indexed volumes are represented. 
LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end sys
tolic volume; LVEF, left ventricular ejection fraction; IVSd, interventricular 
septum thickness in diastole; PWd, posterior wall thickness in diastole; RVEDV, 
right ventricular end diastolic volume; RVESV, right ventricular end systolic 
volume; RVEF, right ventricular ejection fraction. Endo = endocardial; Myo =
myocardial; GLS = Global longitudinal strain; GCS = Global circumferential 
strain; TSR = Torsion-to-shortening ratio. Variables are mean ± SD, median 
[interquartile range] or n (%). 
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4. Discussion 

This study presents the following results. First, after adjusting for 
age, we found that endocardial global circumferential strain was 
significantly associated with the presence of fibrosis, whilst no associ
ation was found for rotational parameters and LVEF. Secondly, we 
observed that the extent of fibrosis correlated with global circumferen
tial and longitudinal strain parameters, but also with LVEF. Finally, 
bullseye plots suggested no apparent relation between segmental strain 
and the location of fibrosis. Taken together, this suggests that global 
strain parameters may provide relevant information regarding both 

presence and extent of fibrosis in patients with DMD, possibly even in an 
early stage of disease. 

The association of a lower GCS with presence and extent of LV 
fibrosis in DMD patients is in line with previous research [25]. This is 
especially of interest since GCS is suggested to be the most robust and 
consistent parameter in CMR-FT [26]. Moreover, we found that global 
longitudinal strain (GLS), an accepted marker for myocardial dysfunc
tion [27], was associated with the extent of but not with the presence of 
fibrosis. This is in contrast with work by Raucci et al., albeit in slightly 
older patients, more frequently affected with fibrosis, and with worse 
GCS compared to our cohort [25]. Thus, possibly studying patients in a 
later stage of cardiac disease. The distinct observations for global lon
gitudinal and circumferential strain suggest that presence and extent of 
fibrosis affect cardiac mechanics in different ways. Mechanistically, this 
could be explained by the characteristic subepicardial location of 
fibrosis in DMD [28]. Subepicardial fibers shorten circumferentially, 
whereas subendocardial fibers shorten longitudinally [16,29]. Conse
quently, subepicardial fibrosis might predominantly affect GCS, 
explaining why this was associated with the presence of fibrosis in our 
study. Additionally, longitudinal shortening might be attenuated when 
fibrosis extends towards the sub-endocardium. This may explain the 
correlation between GLS and the extent of fibrosis. Altogether, sug
gesting that different strain parameters may be affected at different 
stages of cardiac disease in DMD. These parameters could provide 
additional information since recent research suggests that myocardial 
strain parameters, and possibly a change thereof, seem related to all- 
cause mortality in this population [30]. 

In contrast to endocardial GCS, there was no association between 
myocardial GCS and the presence of fibrosis, although myocardial GCS 
did correlate with the extent of fibrosis. These differences between 
endocardial versus myocardial strain may be the result of a higher 
sensitivity of endocardial (circumferential) strain to detect contractile 
impairment. Indeed, Tanacli et al. observed that endocardial strain was 
most affected with increasing severity of heart failure and myocardial 
remodeling [31]. However, the relevance of interlayer differences in 
strain has been debated [32]. Although myocardial GCS did not signif
icantly relate to the presence of myocardial fibrosis, it is important to 
consider the relatively small sample size. This is further supported by the 
corresponding confidence interval of myocardial GCS (Table 3). 
Therefore, both endo- and myocardial circumferential strain might be 
related to the presence and extent of fibrosis, whilst future studies are 
required to further evaluate the potential added value of measuring 
strain in specific layers. 

Interestingly, no significant association between LV rotational pa
rameters and myocardial fibrosis, nor a correlation with the extent of 
fibrosis was observed. Previous research by Taylor et al. found an as
sociation between rotational parameters and fibrosis albeit in adult 
patients with non-ischemic cardiomyopathy, reduced LVEF (±27%), 
and severely decreased GCS (± − 10%) [33]. In patients with DMD, 
differences in LV twist using CMR tagging were observed compared to 
healthy controls, but the relation with fibrosis was not investigated [34]. 
Although one needs to consider the variation when assessing LV rotation 
using CMR-FT [35], we found no association with presence or extent of 
cardiac fibrosis. A possible explanation could be that rotation is only 
affected when circumferential contraction, i.e., strain, is sufficiently 
affected. 

In our cohort, myocardial fibrosis was most frequently located in 
inferolateral and anterolateral segments, confirming previous observa
tions in DMD [3,36]. No clear pattern between segmental strain and 
fibrosis location was observed. A first potential explanation may relate 
to the variability reported when assessing segmental strain using CMR- 
FT. Segmental strain seems associated with estimation errors, possibly 
hampering accurate measurement [35,37]. A second explanation relates 
to pathophysiology. The loss of membrane stability permits, amongst 
others, influx of calcium, altered mitochondrial energetics, and myocyte 
loss, which may be a diffuse rather than a focal process in DMD [38]. 

Table 3 
Odds ratios and 95% confidence intervals for the logistic regression of the as
sociation between deformation and presence of fibrosis.   

Univariable Analysis Multivariable Analysis 

OR (95% CI) P- 
value 

OR (95% CI) P- 
value 

LVEF (%) 
0.91 

(0.78–1.05) 0.198   

Endo GLS (%) 1.08 
(0.86–1.36) 

0.511   

Myo GCS (%) 1.27 
(1.02–1.57) 

0.030 1.29 
(0.99–1.68) 

0.062 

Endo GCS (%) 
1.18 

(1.01–1.39) 0.042 
1.27 

(1.01–1.59) 0.043 

Myo twist (◦) 
0.94 

(0.84–1.04) 0.267   

Endo twist (◦) 0.96 
(0.90–1.03) 

0.274   

Myo Torsion (◦/cm) 0.74 
(0.49–1.12) 

0.152   

Endo Torsion (◦/cm) 
0.89 

(0.70–1.14) 0.350   

Endo twist rate (◦/s) 
1.00 

(0.99–1.00) 0.234   

Myo twist rate (◦/s) 0.99 
(0.98–1.00) 

0.131   

Endo diastolic untwist 
rate (◦/s) 

1.00 
(1.00–1.01) 

0.101   

Myo diastolic untwist 
rate (◦/s) 

1.00 
(0.99–1.01) 0.420   

Rigid body rotation (ref: 
no) 

1.40 
(0.34–5.79) 

0.642   

Odds ratio per unit increase (i.e., towards 0 for negative values), except for 
categorical variables which is relative to the reference category. Odds ratios 
were adjusted for age when p < 0.1. 
LVEF = Left ventricular ejection fraction; Endo = endocardial; Myo = myocar
dial; GLS = Global longitudinal strain; GCS = Global circumferential strain; ref =
reference category. 

Table 4 
Pearson correlation coefficients for the relation between deformation parame
ters and LV scar %.   

Pearson’s Correlation (r) P-value 

LVEF (%) − .607 0.007 
Endo GLS (%) .752 < 0.001 
Myo GCS (%) .650 0.003 
Endo GCS (%) .520 0.027 
Myo twist (◦) − .229 0.360 
Endo twist (◦) − .225 0.370 
Myo Torsion (◦/cm) − .256 0.305 
Endo Torsion (◦/cm) − .281 0.259 
Myo twist rate (◦/s) − .229 0.356 
Myo diastolic untwist rate (◦/s) .308 0.246 
Endo twist rate (◦/s) − .203 0.420 
Endo diastolic untwist rate (◦/s) .096 0.704 

LVEF = Left ventricular ejection fraction; Endo = endocardial; Myo = myocar
dial; GLS = Global longitudinal strain; GCS = Global circumferential strain; TSR 
= Torsion-to-shortening ratio. 
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Accordingly, myocardial function and structure might be diffusely 
altered, whilst these changes might remain undetected by LGE [39,40]. 
This could account for the observed heterogeneity in segmental strain 
values and fibrosis distribution, as also observed in patients with dilated 
cardiomyopathy [41]. Taken together, we found no relation between 
segmental strain and fibrosis in DMD patients, which may, at least in 
part, be related to limitations in spatial resolution to assess segmental 
strain and fibrosis. We recommend future studies also investigating (post 
contrast) T1-mapping, which could aid in assessment alterations in 
myocardial structure [42]. 

4.1. Strengths & Limitations 

The small cohort size possibly affects the ability to detect parameters 
associated with fibrosis and limits correction for possible confounders. 
However, including only exams with high image quality increased 
robustness and allowed us to provide meaningful insight. Secondly, 
although validated, CMR-FT shows more variation than CMR tagging 
and uses endocardial and epicardial border tracking instead of physical 
intra-tissue markers [43]. However CMR-FT has been shown to be 
reproducible [35], and is clinically widely applicable since no additional 
image acquisition is required. 

4.2. Future perspective 

Our study revealed a possible association between LV strain 

parameters and the presence and extent of fibrosis in DMD. Although 
future, larger-sized studies are warranted, the potential clinical impact is 
obvious if it could replace the administration of contrast agents to 
evaluate presence or risk of fibrosis. Especially since strain-derived 
indices, such as surface area strain and mechanical dyssynchrony, 
could be promising markers [44,45]. Moreover, CMR-FT might provide 
markers to monitor (changes in) the extent of cardiac fibrosis. In this 
respect, it is important to highlight that strain showed stronger relation 
to the presence and magnitude of fibrosis than LVEF. However, to 
improve understanding of the interplay between functional parameters 
and disease progression, repeated measures are required. The impor
tance thereof seems illustrated by the variability in our cohort and as 
presented by others between patients of similar age [46]. This further 
warrants studies to better understand the potential of strain parameters 
to evaluate individual patients and to potentially guide and personalize 
treatment. 

In conclusion, this study found that lower endocardial global 
circumferential (GCS) and longitudinal strain (GLS) was associated with 
presence of LV myocardial fibrosis in pediatric patients with Duchenne 
muscular dystrophy, which remained significant for GCS when adjusting 
for age. Additionally, both GCS and GLS correlated with the extent of 
fibrosis. Therefore, strain parameters may be valuable markers to 
monitor presence and/or progression of cardiac fibrosis in DMD. 

Fig. 1. Correlation of LV scar % with (A) left ventricular ejection fraction (LVEF), (B) endocardial global circumferential strain (GCS), (C) myocardial global 
circumferential strain (GCS), and (D) endocardial global longitudinal strain (GLS) in the patients with myocardial fibrosis (n = 18). The dotted line represents the line 
of best fit and the gray area represents the 95% confidence interval. r = Pearson correlation coefficient; p = p-value. 
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specific segmental longitudinal strain measurements: capability of detecting 
myocardial scar and differences in feasibility, accuracy, and reproducibility, 
among four vendors a report from the EACVI-ASE strain standardization task force, 
J. Am. Soc. Echocardiogr. 32 (5) (2019), 624–632.e11. 

[16] P.P. Sengupta, A.J. Tajik, K. Chandrasekaran, B.K. Khandheria, Twist mechanics of 
the left ventricle: principles and application, JACC Cardiovasc. Imaging 1 (3) 
(2008) 366–376. 

[17] T. Karaahmet, E. Gürel, K. Tigen, A. Güler, C. Dündar, H. Fotbolcu, et al., The effect 
of myocardial fibrosis on left ventricular torsion and twist in patients with non- 
ischemic dilated cardiomyopathy, Cardiol. J. 20 (3) (2013) 276–286. 

[18] A.M.S. Omar, S. Vallabhajosyula, P.P. Sengupta, Left ventricular twist and torsion. 
Circulation, Cardiovascular Imaging. 8 (6) (2015), e003029. 

[19] A. Dubrovsky, E. Guevara, P. Locatelli, L. Mesa, A. Jauregui, P1.15 left ventricular 
torsion analysis in Duchenne muscular dystrophy, Neuromuscul. Disord. 21 (9) 
(2011) 646. 
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et al., Left ventricular volumes and function affected by myocardial fibrosis in 
patients with Duchenne and Becker muscular dystrophies: a preliminary magnetic 
resonance study, Kardiol. Pol. 78 (4) (2020) 331–334. 

T.P. Kerstens et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0040
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0040
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0040
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0045
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0045
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0045
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0045
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0050
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0050
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0050
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0055
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0055
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0055
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0055
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0060
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0060
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0060
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0060
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0065
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0065
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0065
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0065
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0070
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0070
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0070
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0070
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0075
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0075
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0075
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0075
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0075
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0080
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0080
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0080
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0085
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0085
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0085
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0090
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0090
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0095
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0095
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0095
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0100
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0100
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0100
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0105
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0105
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0105
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0105
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0105
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0110
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0110
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0110
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0110
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0115
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0115
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0120
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0120
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0125
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0125
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0125
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0130
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0130
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0130
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0135
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0135
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0135
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0140
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0140
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0140
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0145
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0145
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0145
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0145
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0145
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0150
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0150
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0150
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0155
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0155
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0155
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0160
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0160
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0160
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0160
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0160
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0165
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0165
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0165
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0170
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0170
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0170
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0175
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0175
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0175
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0180
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0180
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0180
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0185
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0185
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0185
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0185
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0190
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0190
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0195
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0195
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0195
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0200
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0200
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0200
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0205
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0205
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0205
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0210
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0210
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0210
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0215
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0215
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0215
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0215
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0220
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0220
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0220
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0220
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0225
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0225
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0225
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0230
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0230
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0230
http://refhub.elsevier.com/S0167-5273(23)00969-5/rf0230

	Left ventricular deformation and myocardial fibrosis in pediatric patients with Duchenne muscular dystrophy
	1 Introduction
	2 Methods
	2.1 Study design and population
	2.2 CMR acquisition & volumetric data
	2.3 LV strain measurements
	2.4 LV rotation analysis
	2.5 Statistical analysis

	3 Results
	3.1 Presence of fibrosis
	3.2 Extent of fibrosis
	3.3 Segmental strain and location of fibrosis

	4 Discussion
	4.1 Strengths & Limitations
	4.2 Future perspective

	Author contributions
	Funding
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


