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BACKGROUND: Cardiomyopathy is the leading cause of death in Duchenne muscular dystrophy (DMD), but studies suggest heart
failure biomarkers correlate poorly with cardiomyopathy severity. DMD clinical trials have used troponin I (cTnI) as a biomarker of
toxicity, but it is unclear if asymptomatic DMD patients have elevated cTnI. We longitudinally evaluated cTnI, brain natriuretic
peptide (BNP), and N-terminal pro-BNP (NT-proBNP) in a DMD cohort.
METHODS: DMD patients were prospectively enrolled and followed for 3 years. Serum was drawn at the time of cardiac magnetic
resonance (CMR). Normal biomarker values were derived from healthy subjects. Biomarkers were correlated with CMR markers.
RESULTS: All subjects were asymptomatic at the time of enrollment. Several DMD subjects had transiently elevated cTnI. Those
with elevated cTnI were more likely to have late gadolinium enhancement on baseline CMR. NT-proBNP correlated with indexed left
ventricular end diastolic and maximum left atrial volumes. Otherwise, standard cardiac biomarkers did not correlate with CMR
markers of cardiomyopathy.
CONCLUSIONS: CTnI, BNP, and NT-proBNP do not correlate with CMR assessment of cardiomyopathy progression. A subset of DMD
patients have asymptomatic cTnI leak of uncertain clinical significance, though of critical importance if cTnI is used to assess for
cardiac toxicity in future drug trials.
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IMPACT:

● Asymptomatic patients with Duchenne muscular dystrophy (DMD) exhibit transient troponin I leak.
● NT-proBNP correlated with indexed left ventricular end diastolic volume and indexed maximum left atrial volume.
● Other cardiac biomarkers did not correlate with cardiac magnetic resonance (CMR) markers of cardiomyopathy.

INTRODUCTION
Duchenne muscular dystrophy (DMD) affects 1 in 4700 live male
births and leads to skeletal and cardiac myopathy.1 Patients with
DMD are usually non-ambulatory by 10–13 years of age, but the
development of overt cardiomyopathy is delayed, often occurring
later in the second decade of life.2,3 Cardiomyopathy is the leading
cause of death in the current era, and there has been an increased
push to develop DMD-specific cardiac therapies.4–7 Due to their
limited mobility, those with overt cardiomyopathy are usually
asymptomatic until myocardial dysfunction is advanced.8 Symp-
toms often present as vague complaints of abdominal pain or
general fatigue, but these symptoms often portend a poor
prognosis.8 While imaging aids in the detection of left ventricular
(LV) dysfunction and can guide therapy, disease progression can
be variable, making it difficult to discern those most at risk of rapid
advancement from those with a less rapidly progressive cardio-
myopathic phenotype.
Pediatric and adult patients with other forms of dilated

cardiomyopathy can pose the same dilemma in that patients

with a similar degree of LV dysfunction may have vastly different
symptoms and disease progression. In this situation, biomarkers
such as brain natriuretic peptide (BNP) can help stratify degree of
heart failure and predict mortality.9,10 Unfortunately, traditional
biomarkers used in the assessment of DMD-associated heart
failure have limited utility.11–14

Cardiac Troponin I (cTnI) is a basic protein of the troponin
protein complex that plays an important role in diastolic relaxation
through inhibition of actin–myosin-binding interaction.15 Cardiac
myocyte damage leads to release of cTnI into the serum, allowing
for measurement of serum cTnI concentrations as a surrogate for
cardiac myocyte damage. The development of high-sensitivity
troponin assays has improved detection thresholds for lower-level
troponin leaks.16 cTnI has been shown to be elevated from
baseline in a variety of disease states known to cause ischemic as
well as non-ischemic mediated cardiac dysfunction.17–21 CTnI is
not expressed in skeletal muscle in patients with DMD, negating
the confounding factor of progressive skeletal muscle myositis
that has affected the utility of other biomarkers.22
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Given the increased emphasis on discovering new cardiac
therapies in DMD, cTnI has been used in many studies to monitor
for cardiotoxicity. While it is well established that patients with
DMD can present with a myocarditis/dystrophinitis picture with
cTnI elevation,23 there have also been limited reports of cTnI
elevation in patients without clinical symptoms.24 The extent and
severity of cTnI elevation in asymptomatic DMD patients is not
fully understood, making interpretation of cTnI in drug toxicity
studies difficult. A recent expert panel called for prospective,
longitudinal evaluation of cTnI in the DMD population.25 The goal
of this study was to longitudinally evaluate cTnI in an asympto-
matic cohort of subjects with DMD. We also analyzed BNP,
N-terminal proBNP (NT-proBNP), and creatine kinase-MB (CK-MB).
We hypothesized that these biomarkers would not correlate well
with cardiac function or mortality, but that some patients without
clinical symptoms would exhibit a cTnI leak, reflecting ongoing
myocardial damage related to disease progression.

METHODS
Patient enrollment
The Vanderbilt Institutional Review Board approved this prospective study.
Appropriate consents and assents were obtained as part of study
enrollment. DMD subjects were enrolled from the Neuromuscular
Cardiology Clinic. Inclusion criteria were: (1) diagnosis of DMD with clinical
phenotype and confirmation with either genetic testing or muscle biopsy;
(2) blood obtained at the time of cardiac magnetic resonance (CMR); (3)
able to tolerate CMR without sedation or anesthesia. Exclusion criteria
were: (1) additional cardiac diagnoses that could affect biomarkers, (2)
renal dysfunction or other contraindication to magnetic resonance
imaging (MRI) with contrast (3) inadequate volume of blood. Pertinent
clinical data were collected from patients and from the electronic medical
record. Enrolled DMD subjects underwent blood draw, CMR, and
echocardiographic assessment.
Eighteen healthy males aged 8–18 years old with otherwise normal

cardiac evaluation undergoing treadmill testing were enrolled as control
subjects. Exclusion criteria were: (1) abnormal treadmill test, (2) presence or
concern for structural or functional cardiovascular disease (congenital
heart disease, cardiomyopathy, or any secondary cardiovascular disease),
(3) abnormal echocardiogram, and (4) arrhythmia or clinical concern for
arrhythmia. Reasons for treadmill testing included: chest pain, syncope,
palpitations, and tachycardia. Control subjects only underwent biomarker
analysis as part of this study. Control subjects were used to establish
normal reference values for the specific biomarker assays.

Biomarker analysis
The Milliplex Map Human Cardiovascular Disease Panel 1 Magnetic Bead
Kit (EMD Millipore Corporation, Billerica, MA, Cat # HCVD1MAG-67K) was
used to detect plasma cTnI, BNP, NT-proBNP, and CK-MB according to the
manufacturer’s instructions. Seven working standards were generated by
serial dilution (1:3) of the reconstituted standard provided in the kit. Two
QC (quality control) samples were included in each plate run. Assay plate
was read on Luminex 200 with XPONENT software using the parameters
outlined in the assay kit instructions. The Milliplex Analyst 5.0 software was
used for data analysis. The correlation efficiency (R) for the standard curve
was greater than 0.99 for each assay. All assays were run in duplicate, and
the average %CV was less than 10%. Normal values were provided by
Luminex; we also compared values to the mean and standard deviations of
our control group. Enzyme-linked immunosorbent assay and Luminex
samples were excluded if the coefficient of variation was greater than 25%.
This resulted in exclusion of one cTnI and CK-MB value at the first visit, two
cTnI values at the second visit, and one BNP value at the third visit.

Cardiac magnetic resonance
CMR was performed for DMD subjects using a 1.5 Tesla Siemens Avanto
(Siemens Healthcare Sector, Erlangen, Germany). Balanced steady state free-
precession (bSSFP) imaging was performed in a short axis stack for
calculation of volumetrics. A peripheral intravenous line was used to
administer Gd-DTPA contrast (gadopentate dimeglumine, Magnevist®; Bayer
Healthcare Pharmaceuticals, Wayne, NJ) at a dose of 0.2mmol/kg or
gadobutrol (Gadavist, Bayer) at a dose of 0.15mmol/kg. Late gadolinium
enhancement (LGE) was assessed using single shot and segmented inversion

recovery bSSFP with optimized inversion recovery to null the signal from the
myocardium, and phase-sensitive inversion recovery bSSFP with an inversion
time of 300ms. Breath-held modified Look-Locker inversion recovery (MOLLI)
sequences were performed prior to and 15min after contrast administration
at the mid-LV in the short axis plane.26,27 MOLLI sequences were motion-
corrected, ECG-triggered images obtained in diastole with 5(3 s)3 pre-
contrast and a 4(1)3(1)2 post-contrast.28 Motion correction as described by
Xue et al.29 was performed and a T1 map was generated on the scanner.
LV and right ventricular (RV) volumetrics and function were calculated as

previously described.30 Maximum and minimum LA volumes were
calculated from four- and two-chamber cine imaging in QMass (Medis
Medical Imaging Systems, Leiden, The Netherlands).31 The presence or
absence of LGE, as well as location using the standard 17-segment model,32

was qualitatively assessed. Global severity score was reported as previously
described.33 The score ranged from 0 (no LGE) to 4 (severe LGE). Semi-
quantitative assessment of LGE was also performed using the full-width
half-maximum technique in QMass (Medis). T1 and extracellular volume
(ECV) maps were analyzed in QMaps (Medis). Regions of interest (ROIs) were
manually drawn on T1 and ECV maps within the LV mesocardium, with ROIs
carefully traced to avoid partial volume averaging.32 Based on the T1
mapping consensus statement, areas of LGE were included in the ROIs as
these areas were felt to be the most focal areas in a continuum of diffuse
ECM expansion.27,34 ECV was calculated using a hematocrit drawn the same
day as the CMR as previously described.34 QStrain (Medis) was used to
calculate feature tracking global longitudinal strain.

Statistical analysis
Demographic variables were compared using either a Wilcoxon rank-sum
(continuous variables) or a Chi-square or Fisher’s exact test (categorical
variables). Correlations between continuous variables were evaluated using
Spearman’s rho. A Wilcoxon rank-sum was used to evaluate the difference in
biomarker levels between control and DMD and to compare levels between
DMD subjects with and without LGE. The Holm–Bonferroni method was used
to correct for multiple comparisons and adjusted p values are reported. As
the primary analyses were non-parametric, biomarker levels that were below
or above detection levels were analyzed as half the lower level of detection
or twice the upper level of detection. Analyses were performed using Stata,
version 16.0 (College Station, TX: StataCorp). Study data were collected and
managed using REDCap (Research Electronic Data Capture) electronic data
capture tools hosted at Vanderbilt.35

RESULTS
Demographics
Sixty-nine subjects with DMD and 18 controls were enrolled. Eight
subjects with DMD were excluded due to inadequate sample
volume to obtain biomarker levels. Fifty-eight patients had at least
one cTnI level drawn, though only 55 had a cTnI level drawn at the
initial visit. Patients had similar ages, race, and ethnicity. Subjects
with DMD had significantly shorter stature and lower weight. Only
19 DMD subjects were ambulatory at the time of enrollment. The
majority of DMD subjects were on a corticosteroid (57%) with
additional medical therapies consisting of angiotensin-converting
enzyme inhibitor (ACEi) (57%), angiotensin receptor blocker (ARB)
(11%), and beta blockers (38%) (Table 1).

Baseline CMR characteristics
The mean left ventricular ejection fraction (LVEF) for DMD subjects
by CMR was mildly decreased at 54%, with 38% of the population
having an abnormal LVEF at baseline (defined as LVEF < 55%). LV
volumes were normal with low LV mass. Myocardial LGE was present
in 68% of the DMD subjects at baseline with a median global
severity score of 1. The segmental pattern of LGE was consistent
with more involvement of the free wall and the base and mid-LV.

Biomarker values compared to control population
There was no significant difference between mean cTnI levels in
the DMD and control cohorts (Table 2). Normal values were
derived from the control population.
Based on a cut-off of 268 pg/ml, which represents the 99th

percentile for cTnI levels as derived from the healthy cohort, five
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subjects (9%) had elevated cTnI at baseline, six (16%) had elevated
cTnI at the second visit, and four (16%) had elevated cTnI at the
third visit (Fig. 1). All DMD subjects had at least one normal cTnI.
All controls were at or below the 99th percentile cut-off. There was
also no difference between cTnI in DMD and control at visits 2 or 3
(p= 0.663, p= 0.155). Of note, all patients with cTnI > 268 pg/ml
at the initial visit had LGE on their baseline CMR.
BNP values were not significantly different than controls at

baseline or on follow-up visits. NT-proBNP was increased in DMD
compared to controls at baseline, though it did not reach

statistical significance (p= 0.10). NT-proBNP was significantly
greater in the DMD subjects compared with controls at visits 2
and 3 (Table 2). CK-MB values were significantly increased in DMD
subjects when compared to controls at all timepoints.
CTnI, BNP, and NT-proBNP levels did not change significantly

over time. There was a significant increase in CK-MB levels from
the first to third visits (Table 3). CK-MB levels did not change
significantly from the first to second visits.

Biomarker correlation with CMR findings
There was no correlation in the entire DMD cohort between cTnI,
BNP, or CK-MB and CMR function, LGE, ECV, or native T1 values
(Table 4a). NT-proBNP correlated with indexed left ventricular end
diastolic volume and indexed maximum left atrial volume at
baseline.
Subgroup analysis showed no correlation between biomarkers

studied and CMR markers in the ambulatory cohort (Table 4b).
There were significant positive correlations in the non-ambulatory
subgroup, but these no longer reached significance after
correction for multiple comparisons (Table 4c). Although the
medians within subgroups were not significantly different, the
cTnI elevations occurred exclusively in the non-ambulatory
subjects in their teenage years (Fig. 2a) and in subjects with
normal to mildly depressed LVEF (Fig. 2b).
Subjects with elevated cTnI were more likely to have LGE

present on baseline CMR, though this did not reach statistical
significance (Table 5). Fifty-six percent of subjects with elevated
cTnI at either of the first two visits had worsening of their LGE
based on qualitative scoring on final MRI (N= 9), while 36.8% of
those with normal cTnI values demonstrated worsening of LGE
(p= 0.314). Sixty-seven percent of subjects with elevated cTnI at
either of the first two visits had worsening of their LGE by FWHM
on final MRI, while 52.6% of those with normal cTnI values
demonstrated worsening LGE by FWHM (p= 0.457).

DISCUSSION
This study is the first to evaluate cTnI, BNP, and NT-proBNP levels
longitudinally in a relatively large asymptomatic DMD cohort. We
have demonstrated that these biomarkers show no consistent
correlation with measures of cardiac function obtained from CMR.

Table 1. Baseline demographic characteristics.

Control (n= 18)
Median (IQR)

DMD (n= 61)
Median (IQR)

P value

Age 14.5 years
(13.4–16.1)

13 years (10–17) 0.904

Height 167.1 cm
(161–175)

152 cm
(130.8–161.5)

<0.001

Weight 67.6 kg (52.4–83) 49.1 kg
(38.1–64.5)

0.002

BSA 1.77 (1.53–1.9) 1.43 (1.2–1.7) <0.001

% Ambulatory – 18 (30%)

Race

Caucasian 14 (77.8%) 56 (91.3%) 0.102

African
American

3 5

Asian 1 1

Ethnicity
(Hispanic)

2 7 0.974

% on
Corticosteroids

– 35 (57%)

% on Beta blocker – 23 (38%)

% on ACEi – 35 (57%)

% on ARB 7 (11%)

IQR interquartile range, BSA body surface area, ACEi angiotensin converting
enzyme inhibitor, ARB angiotensin receptor blocker.

Table 2. Median biomarker values at each visit.

Control
Median (IQR)

DMD
Median (IQR)

P value i Adj. p value

cTnI

Visit 1 (n= 55) 32.7 (32.7; 133.7) 32.7 (32.7; 136) 0.747 3 0.999

Visit 2 (n= 38) 65.8 (32.7; 143.4) 0.663 2 0.999

Visit 3 (n= 26) 98.7 (40.4; 245.4) 0.155 1 0.465

BNP

Visit 1 (n= 57) 34.3 (34.3; 92.2) 34.3 (34.3; 34.3) 0.398 3 0.404

Visit 2 (n= 41) 34.3 (34.3; 34.3) 0.085 1 0.255

Visit 3 (n= 27) 34.3 (34.3; 34.3) 0.202 2 0.404

NT pro-BNP

Visit 1 (n= 56) 58.9 (43; 114.7) 83.8 (47.5; 178) 0.100 3 0.100

Visit 2 (n= 41) 112.8 (69.3; 218.8) 0.017 2 0.034

Visit 3 (n= 27) 174.8 (57.8; 272.2) 0.007 1 0.021

CK-MB

Visit 1 (N= 55) 1972 (1357; 2480) 150,636 (55,002; 150,636) <0.001 1 <0.001

Visit 2 (N= 40) 150,636 (150,636; 150,636) <0.001 2 <0.001

Visit 3 (N= 28) 150,636 (69,244; 150,636) <0.001 3 <0.001

Values reaching statistical significance are bolded.
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Additionally, this study is the first to report that cTnI can fluctuate
between normal and abnormal over time in a subset of
asymptomatic patients with DMD. On average, patients with
DMD do not have a baseline elevation of cTnI when compared to
age-matched healthy male controls. There was no patient who
had an elevated cTnI at all three visits. The non-ambulatory
subgroup exhibits cTnI leak while cardiac function is preserved by
CMR. After a period of presumed cardiomyocyte damage and
reduction in cardiac function, there is no longer as significant of an
asymptomatic leakage of cTnI. The correlation between NT-
proBNP and both indexed LVEDV as well as maximum LA volume
is likely due to atrial stretch. While NT-proBNP levels were higher
in the DMD population than in controls, this is of uncertain clinical
significance with no consistent correlation to measures of cardiac
function.
Cardiac troponin isotypes are primarily thought to be released

due to subendocardial ischemia, though elevated filling pressures,
increased wall stress, endothelial dysfunction, arrhythmias, tachy-
cardia, anemia, and hypotension may contribute.36,37 These
factors lead to increased cardiomyocyte stretch and membrane
permeability leading to cTn release from the cytosol.38,39

Increased wall stress leads to cardiomyocyte apoptosis releasing
cTn.40,41 Inflammatory cytokines and neurohormones may be
directly toxic to cardiomyocytes as proposed in stress-induced
cardiomyopathy.42 Cardiac Troponin T has been shown to be
chronically elevated in patients with skeletal myopathies without
cardiac involvement. CTnI is rarely elevated in the absence of
cardiac involvement in this same population.43

Variability and elevation of cTnI has also been described in
hypertrophic cardiomyopathy (HCM). CTnI levels correlate with
reduced GLS and increased LV thickness in the HCM population
and are thought to be due to subendocardial ischemia from poor
perfusion and elevated filling pressures. As our study has shown,
patients with DMD have reduced LVEDV and mass. They also do

not have the correlation of cTnI with LV thickness as in HCM and
any elevated filling pressures would likely be persistent rather
than episodic. Therefore, the mechanism leading to cTnI leak for
patients with DMD may be unique, and likely related to the
hypothesized recurrent myocardial injury related to loss of
dystrophin.
Recent reports have suggested an association between cTnI

levels and LGE as well as native T1 values in DMD.44 Our cohort
did not show a consistent correlation between any of the cardiac
biomarkers tested and a multitude of markers of cardiac function
by CMR. We expect this may have been due to the different assays
used for cTnI detection as well as our larger cohort. LGE may have
also been graded differently between centers. There was a trend
towards patients with elevated cTnI being more likely to have LGE
present, though this was not statistically significant. However, a
significant portion of patients with DMD who developed new LGE
lesions did not have a corresponding abnormal cTnI, BNP, or NT-
proBNP value during their follow-up period in our study. Most
subjects with cTnI elevation demonstrated an increase in LGE at
subsequent visits. While not all subjects with an increase in LGE at
follow-up visits had elevated cTnI, these represent one moment in
time and it would be reasonable to assume that those subjects
had elevated cTnI due to myocardial damage at some point in the
intervening time between visits. The worsening of LGE could also
be indicative of scar burden from continued cardiomyocyte
destruction not detected by the cardiac biomarkers used in
this study.
The clinical progression of DMD is well documented as

progressive decline in skeletal muscle function, followed by
development of cardiomyopathy in the second decade of life and
impaired respiratory function. While cardiorespiratory issues are
the leading cause of death in patients with DMD, it has been
suggested that after a period of decline in cardiac function there is
a plateau and maintenance of a stable LVEF in late-stage DMD.45

Eight subjects had insufficient blood volumes for any biomarker
analysis and were excluded from the study. There was also
insufficient sample to obtain two cTnI and one NT-proBNP values
at the third visit. Coefficient of variation was high in a small
number of samples as well. These numbers combined may have
decreased the power of the analysis resulting in significant
associations remaining undetected. This seems unlikely as there
were few significant correlations even before correction for
multiple analyses.
Recent studies have shown that episodes of chest pain

associated with ST segment changes on ECG and elevated cTnI,
“dystrophinitis”, can present with acute reductions in LVEF.23 This
information taken together with other studies43 would suggest
that a certain subset of DMD patients will have clinical and
subclinical episodes of acute cardiomyocyte destruction. These
episodes of clinical and subclinical dystrophinitis may represent an
early pathology in the process of cardiomyocyte destruction in the
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Fig. 1 Serial troponin levels in Duchenne muscular dystrophy
patients compared with controls. Troponin levels longitudinally
compared to controls; red line represents 99th percentile for cTnI.

Table 3. Wilcoxon signed rank test for cardiac biomarkers in the DMD population.

Visit 1 Visit 2 P value
Adjusted p V1–V2

Visit 3 P value
Adjusted p V1–V3

cTnI 32.7
(32.7, 136.0)

65.8
(32.7, 143.4)

0.534
0.534

98.7
(40.4, 245.4)

0.270
0.540

BNP 34.3
(34.3, 34.3)

34.3
(34.3, 34.3)

0.164
0.328

34.3
(34.3, 34.3)

0.681
0.999

NT-proBNP 83.8
(47.5, 178.0)

112.8
(69.3, 218.8)

0.123
0.123

174.8
(57.8, 272.2)

0.033
0.066

CK-MB 150,636 (55,002, 150,636) 150,636 (150,636, 150,636) 0.722
0.722

150,636
(106,903, 150,635)

0.015
0.030

Values reaching statistical significance are bolded.
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Table 4. Biomarker correlation with CMR findings (a) at first clinic visit, (b) in ambulatory subgroup, and (c) in non-ambulatory subgroup.

(a) cTnI (N= 55) BNP (N= 57) NT-proBNP (N= 57) CK-MB (N= 55)

LVEF Rho= 0.047
adj p= 0.999

−0.087
0.999

−0.150
0.999

0.273
0.360

LVEDV 0.033
0.999

0.128
0.999

0.367
0.048

−0.050
0.999

LV mass 0.169
0.999

0.145
0.999

0.351
0.064

−0.278
0.360

RVEF 0.055
0.999

−0.130
0.999

0.102
0.999

0.201
0.548

GLS −0.000
0.999

0.180
0.999

0.056
0.999

−0.228
0.548

Qualitative LGE 0.012
0.999

0.157
0.999

0.131
0.999

−0.267
0.378

LGE by FWHM 0.037
0.794

0.227
0.940

0.232
0.546

−0.243
0.480

Indexed left atrial volume 0.034
0.999

0.092
0.999

0.396
0.048

0.241
0.495

ECV mid −0.039
0.999

0.110
0.999

−0.022
0.999

0.011
0.999

T1 mid 0.031
0.999

0.203
0.999

0.314
0.252

0.344
0.180

(b) cTnI (N= 16) BNP (N= 16) NT-proBNP (N= 16) CK-MB (N= 16)

LVEF Rho= 0.032
adj p= 0.999

0.220
0.999

−0.429
0.602

0.051
0.999

LVEDV 0.111
0.999

0.454
0.603

0.483
0.448

−0.077
0.999

LV mass 0.409
0.999

−0.526
0.300

0.535
0.270

−0.359
0.999

RVEF −0.185
0.999

−0.076
0.999

0.048
0.999

GLS 0.202
0.999

0.561
0.603

0.287
0.999

Qualitative LGE −0.273
0.999

0.060
0.999

0.264
0.999

0.202
0.999

LGE by FWHM −0.241
0.999

0.116
0.999

0.365
0.846

0.200
0.999

Indexed left atrial volume −0.139
0.999

−0.050
0.999

0.399
0.846

−0.309
0.999

ECV mid −0.104
0.999

0.197
0.999

0.298
0.999

T1 mid 0.203
0.999

0.365
0.999

0.501
0.456

0.252
0.999

(c) cTnI (N= 37) BNP (N= 38) NT-proBNP (N= 38) CK-MB (N= 37)

LVEF Rho= 0.115
adj p= 0.999

−0.067
0.999

−0.154
0.999

0.210
0.999

LVEDV 0.045
0.999

0.026
0.999

0.284
0.684

−0.134
0.999

LV mass 0.039
0.999

−0.014
0.999

0.285
0.684

−0.247
0.999

RVEF 0.207
0.999

−0.216
0.999

0.078
0.999

0.117
0.999

GLS −0.057
0.999

0.101
0.999

0.002
0.999

−0.204
0.999

Qualitative LGE 0.006
0.999

0.202
0.999

0.160
0.999

−0.154
0.999

LGE by FWHM 0.080
0.999

0.257
0.999

0.218
0.999

−0.216
0.999

Indexed left atrial volume
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DMD population. CTnI may be more useful as a marker of these
episodes of dystrophinitis characterized by severely elevated cTnI.
The trend of cTnI in patients with this acute clinical presentation
can aid in assessing efficacy of interventions. However, clinical
intervention based on mild asymptomatic elevations of cTnI, as
have been documented here, are likely not warranted as this likely
represents progression of disease that is unlikely to be modified
by therapy.
Given the variability in cTnI within the DMD population and the

presence of these intermittent mild elevations, high-sensitivity cTnI
assays are unlikely to be clinically useful. These intermittent,
asymptomatic elevations should not be an immediate cause for

concern of an acute toxicity or secondary cardiac insult. Because the
mild cTnI leak likely represents the progression of the DMD
pathology, we hypothesize that high-sensitivity cTnI would be less
useful for drug toxicity monitoring for the same reason. However,
this has not to our knowledge been evaluated in DMD and the
research implications of high-sensitivity cTnI elevation warrant study.
Of note, this study evaluated one assay. Normative data derived

from controls can only be used for that particular assay. Similarly,
different centers often have different normative values for their
cardiac biomarkers. For this reason, values from different centers
may not be translatable, necessitating the use of a core laboratory
with a consistent assay.

Table 4 continued

(c) cTnI (N= 37) BNP (N= 38) NT-proBNP (N= 38) CK-MB (N= 37)

0.175
0.999

0.120
0.999

0.368
0.350

0.253
0.999

ECV mid 0.077
0.999

0.070
0.999

0.335
0.684

0.008
0.999

T1 mid 0.009
0.999

0.204
0.999

−0.167
0.999

0.355
0.550

Values reaching statistical significance are bolded.
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Fig. 2 Troponin values compared with age and left ventricular ejection fraction (LVEF). a Troponin I values by age and ambulatory status.
b Troponin I values by LVEF and ambulatory status.

Table 5. Association of elevated cTnI level with LGE on concurrent CMR.

CMR at baseline Normal cTnI
n= 50

Elevated cTnI
n= 5

P value

Presence of LGE 30 (60%) 5 (100%) 0.105a

Median LGE by FWHM (%) 17.37 IQR (0; 31.24) 28 IQR (18.12; 48.23) 0.153b

Median LGE global severity 1.5 (0; 3) 3 (1; 3) 0.173b

CMR at Visit 2 Normal cTnI
n= 32

Elevated cTnI
n= 6

P value

Presence of LGE 23 (72%) 6 (100%) 0.142a

Median LGE by FWHM (%) 25.6 (18.09; 35.38) 41.63 (32.31; 58.42) 0.019b

Median LGE global severity 2 (0; 3) 3 (2; 4) 0.140b

CMR at Visit 3 Normal cTnI
n= 21

Elevated cTnI
n= 3

P value

Presence of LGE 20 (95%) 3 (100%) 0.706a

Median LGE by FWHM (%) 33.2 (23.16; 43.67) 28.56 (17.32; 32.14) 0.363b

Median LGE global severity 2 (1; 3) 1 (1; 3) 0.386b

aChi-squared test. bWilcoxon rank-sum.
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Limitations and future directions
Though this is the largest prospectively enrolled DMD cohort to
date to be followed longitudinally, these subjects were enrolled
with varying degrees of cardiac dysfunction at baseline. We
suspect there were episodes of cardiomyocyte destruction and
cTnI leak that were not detected between visits due to the
relatively short half-life of cTnI in circulation.46) Future studies
should investigate troponin degradation products that may be
present in the circulation for a longer period of time. Evaluation of
post-translational modification patterns of the cTnI released in the
DMD population may also give a specific phenotype for the
pathologic process occurring in DMD patients. Finally, multiple
other biomarkers with potential to monitor DMD disease
progression have been presented.47,48 As the goal of this
manuscript was to assess standard cardiac biomarkers, we have
not included an assessment of these more novel biomarkers, but
future work should evaluate whether these biomarkers have a role
in the assessment of drug toxicity.

CONCLUSIONS
CTnI is elevated in a small number of asymptomatic DMD subjects.
Given the known pathogenesis of disease and the rapid clearance
of cTnI, it is reasonable to suspect that all or most boys will have
intermittent elevation of cTnI as they have ongoing myocardial
damage. Studies planning to use cTnI for the assessment of drug
cardiotoxicity should be aware of these intermittent elevations
and understand that elevations may reflect progression of disease
and not acute cardiotoxicity related to an investigational drug.

DISCLAIMER
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health. The funding sources had no input into the study design,
the collection, analysis, and interpretation of data, or the writing of
the manuscript or decision to submit.
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