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Abstract

Objectives Duchenne muscular dystrophy (DMD) is the
most common and severe dystrophinopathy. DMD carriers
rarely present with clinical symptoms, but may suffer from
cardiac involvement. Because echocardiographic findings
are inconsistent and cardiac magnetic resonance imaging
(CMRI) data are limited, this study sought to investigate
asymptomatic carriers for cardiac abnormalities using
CMRI.

Methods Fifteen genetically confirmed DMD carriers (age,
32.3+10.2 years) were prospectively examined on a 1.5T
MR system. Cine, T2, and late-gadolinium-enhanced
(LGE) images were acquired, and were evaluated in con-
sensus by two experienced readers. Left ventricular (LV)
parameters were analysed semiautomatically, normalized
to BSA.

Results Normalized LV end-diastolic volume was increased in
7 % (73.7+16.8 ml/m?; range, 48—116 ml/m?) and normalized
LV end-systolic volume in 20 % (31.5+13.3 ml/m?; range,
1574 ml/m?). EF was reduced in 33 % (58.4+7.6 %; range,
37-69 %) and normalized LV myocardial mass in 80 % (40.5
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+6.8 g/m?; range, 31-55 g/m?). In 80 %, regional myocardial

thinning was detected in more than one segment. In 13 % and

40 %, apical-lateral accentuation of LV non-compaction was

present. LGE was found in 60 % (midmyocardial inferolateral

accentuation).

Conclusions Given the high frequency of cardiac pathologies

detected by CMRI, regular cardiac risk assessment is advis-

able for DMD carriers. Besides clinical examination, CMRI is

an excellent tool for this purpose.

Key Points

* Fifteen Duchenne muscular dystrophy carriers investigated
using CMRI all showed cardiac pathologies.

* Myocardial mass reduction, regional myocardial thinning,
and late gadolinium enhancement were common.

* Regular cardiac risk assessment is thus advisable in
Duchenne muscular dystrophy carriers.

* Besides clinical examination, CMRI is an excellent tool for
this purpose.

Keywords Duchenne muscular dystrophy - Carrier -
Cardiovascular magnetic resonance imaging - Delayed
gadolinium enhancement - Non-compaction

Abbreviations
CMRI Cardiovascular magnetic resonance imaging

DMD  Duchenne muscular dystrophy
EDV  End-diastolic volume

ESV End-systolic volume

LGE  Late gadolinium enhancement
LV Left ventricular

LVNC Left ventricular non-compaction
n Normalized
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Introduction

Duchenne muscular dystrophy (DMD) is both the most com-
mon and the most severe form of dystrophinopathy. Caused
by a mutation in the dystrophin gene on chromosome Xp21.1,
the disease affects approximately 1 in 3,500 live-born males
[1]. In two-thirds of cases, it is inherited recessively X-linked;
in one-third, it is caused by a de novo mutation. The affected
males develop distinct general muscle degeneration and die at
an early age, most often from respiratory (75 %) or cardiac
failure (20 %). Affected adults present with a secondary dilat-
ed cardiomyopathy in 90 % of cases [2—4], which can lead to
heart failure and sudden cardiac death [1, 5].

While female carriers of DMD may present asymptomati-
cally, muscle weakness or cardiac involvement may develop in
up to 50 % of cases [1]. An often asymptomatic dilated cardio-
myopathy has been reported in 7-17 % of DMD carriers [6—8],
and was proven to progress with age [9]. However, the literature
remains contradictory whether this cardiac abnormality may
lead to a higher rate of arrhythmia and heart failure [10—12].

Currently, cardiovascular magnetic resonance imaging
(CMRYI) data are limited, and echocardiographic findings in
female DMD carriers continue to be inconsistent [13—15].
Therefore, the aim of this prospective study was to investigate
cardiac abnormalities in genetically confirmed DMD carriers
using CMRI in order to improve our understanding of the
impairment and to assess cardiac risk in this population.

Materials and methods
Subjects

Prospective analysis and use of data was approved by the local
ethics committee. Informed consent for CMRI examination,
including contrast medium administration, was obtained from
all participating DMD carriers. Study inclusion criteria includ-
ed (a) genetic proof of heterozygous DMD carrier status and
(b) a willingness to participate in the study. Exclusion criteria
were any contraindications for CMRI or contrast medium
administration.

Between February and October 2013, 15 genetically con-
firmed heterozygous carriers of DMD were examined. The
mean age of the subjects was 32.3+10.2 years (range, 14—
46 years). Mean weight was 64.3+8.0 kg (range, 55-81 kg)
and mean height was 164.9+4.0 cm (range, 159—174 cm),
resulting in a mean body surface area of 1.71+0.08 m? (range,
1.6-1.9 m?). No subject had suffered any previous heart disease.

Cardiovascular magnetic resonance imaging

All MR examinations were performed on a 1.5-Tesla system
(MAGNETOM Aera; Siemens Healthcare, Erlangen,

Germany). Balanced steady-state free precision (SSFP) cine
sequences (repetition time (TR), 2.65 ms; echo time (TE),
1.11 ms; matrix, 156x192; FOV, 340 mm; flip angle, 56°)
and T2-weighted turbo spin-echo (TSE) dark blood se-
quences (TR, 1,763 ms; TE, 60 ms; matrix, 154 x256;
FOV, 340 mm; flip angle, 180°) with 8 mm slice thickness
in two-, three-, and four-chamber views and in short-axis
view (2CH, 3CH, 4CH, SA) were acquired. Ten min after
contrast medium injection a TI scout was performed to in-
dividually adjust TI for the following T1-weighted inver-
sion-recovery fast low-angle shot sequences (T1W IR-
FLASH; TR, 700 ms; TE, 3.3 ms; matrix, 156x256; FOV,
340 mm; flip angle, 25°; slice thickness, 8 mm) in 2CH,
3CH, 4CH, and SA. The contrast medium Gadobutrol
(Gadovist, Bayer Healthcare, Leverkusen, Germany) was
used at a dosage of 0.2 mmol Gadobutrol’kg body weight
(maximum: 20 mmol) with a flow rate of 2 ml/sec.

Two radiologists with CMRI experience (>5 years and
>11 years) evaluated all CMRI studies in consensus. Using
the disc summation method (Argus software, Siemens
Healthcare, Erlangen, Germany; standard values employed
based on [16]) absolute and normalized (n) left ventricular
(LV) end-diastolic volume (EDV), LV end-systolic volume
(ESV), LV stroke volume (SV), LV ejection fraction (EF),
and LV myocardial mass were acquired. Average end-
diastolic thickness of the compact myocardium (except for
segment 17), LV wall motion abnormalities, and late gado-
linium enhancement (LGE) were assessed based on the 17-
segment model [17]. The average end-diastolic thickness of
the midventricular septum was measured in the middle of
the septum. Additionally, the thinnest part of the free LV
wall was measured (in segment 7 in two carriers, and in
segment 11 in the remaining 13 carriers). According to
Dawson et al., an average thickness of the compact myo-
cardium <4 mm in one segment was considered to be re-
duced [18]. CMRI images were also analysed for structural
LV myocardial abnormalities such as distribution of trans-
verse relaxation time (T2) and LV non-compaction
(LVNC). The T2 myocardial/skeletal muscle ratio was
assessed for the septum (in which LGE was never present)
and for the myocardial region corresponding to the most
apparent LGE in the TIW IR-FLASH images.

For LVNC assessment, the ratio of non-compacted to
compacted myocardium in short-axis slices was mea-
sured. As there is currently no consensus regarding the
best diagnostic criteria for LVNC, we employed both the
most commonly used Petersen criteria (cutoff of 2.3 for
the ratio of non-compacted to compacted myocardium)
and, to avoid overdiagnosis of LVNC, the more conser-
vative Grothoff criteria (cutoff of 3.0 for the ratio of
non-compacted to compacted myocardium) [19-22]. Fur-
ther cardiac pathologies such as pericardial effusion were
also registered.
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Statistical analysis

For statistical analysis, the IBM SPSS Statistics for Windows
software package was used (Version 19.0; IBM Corp.,
Armonk, NY, USA). Normal distribution of the parameters
was investigated using the Kolmogorov-Smirnov test. Mean
values and standard deviations were calculated using normally
distributed data. Categorical agreement between the presence
of regional hypokinesia and LGE was calculated for every
cardiac segment using Cohen’s kappa (k<0.00, poor agree-
ment; k=0.00-0.20, slight agreement; k=0.20-0.40, fair
agreement; k=0.40-0.60, moderate agreement; k=0.60—
0.80, substantial agreement; and k=0.80—1.00, very good
agreement). Correlation analysis was performed using Pear-
son, Spearman, or Chi-square tests, depending on the scale
level and distribution of the compared parameters. The T2
ratios were compared using paired ¢ tests.

Results

All DMD carriers demonstrated cardiac abnormalities. Mean
nEDV was 73.7+16.8 ml/m? (range, 48—116 ml/m?; Table 1),
and was increased in 7 % of the subjects. Mean nESV mea-
sured 31.5+13.3 ml/m? (range, 15-74 ml/m?), and was in-
creased in 20 % of cases. Mean nSV was 42.2+7.0 ml/m?
(range, 33-54 ml/m?), and was decreased in 47 % of cases.
Compared to that in healthy adults, EF was slightly reduced in
27 % of cases and moderately reduced in 7 % (mean EF, 58.4
+7.6 %; range, 37-69 %). In one carrier with moderate EF
reduction, the nEDV measured 121 % of the upper bound of
the nEDV standard value. This carrier was thus diagnosed

Table 1 Left ventricular volumetric measurements of 15 genetically
proven Duchenne muscular dystrophy carriers

Mean+SD Range Percentage (%) of subjects

with values:

reduced normal increased

EDV [ml] 12574294 76-194 — 93

nEDV [ml/m’] 7374168 48-116 — 93

ESV [ml] 53.8422.4 23-123 - 87 13
nESV [ml/m?] 3154133 15-74 - 80 20
SV [ml] 71.9+12.7 53-90 20 80 -
nSV [ml/m?] 422470 33-54 47 53 -
EF [%] 584+7.6 3769 33 67 -
MM at ED [g] 69.2+13.7 49-94 53 47 -

nMM at ED [g/m?] 40.5£6.8 31-55 80 20 -

ED end-diastolic, EDV end-diastolic volume, EF ejection fraction, ESV
end-systolic volume, MM myocardial mass, » normalized, SD standard
deviation, SV stroke volume

Standard values employed based on [16]
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with dilated cardiomyopathy [23], resulting in a 7 % rate of
dilated cardiomyopathy in our cohort.

Normalized myocardial mass was reduced in 80 % of sub-
jects (40.5+6.8 g/m?; range, 31-55 g/m?). Regional LV myo-
cardial thinning was seen in more than one segment in 80 % of
cases, with apical accentuation, and found in 3.5 segments on
average per DMD carrier (Figs. 1, 2, 3, and 4). The end-
diastolic mean midventricular septal thickness was 7.4+
1.1 mm (range, 69 mm). The end-diastolic mean thickness
of the thinnest part of the free LV compact wall was 5.6+
1.7 mm (range, 3—8 mm). LVNC was found in 40 % of cases
using the Petersen criteria and in 13 % of cases using the more
conservative Grothoff criteria, and was characterised by an
apical-lateral accentuation (Figs. 3 and 4).

Regional wall hypokinesia was detected in 47 % of carriers
(Fig. 2). LGE was found in 60 % of subjects, and was located
predominantly in the lateral and inferolateral walls, and was
detected in an average of 3.6 segments (Figs. 1, 2, 4, and 5).
LGE was characterised as streaky/patchy, most commonly
located in the midmyocardial region (27 %), and less often
in both midmyocardial and subepicardial (20 %) or exclusive-
ly subepicardial (13 %) regions. Among all 15 carriers, LGE
was found to be present in a total of 32 cardiac segments. Of
these, myocardial thinning was also present in five segments,
LVNC was found in one, and regional hypokinesia was seen
in 11 of the 32 segments.

There was no correlation found between EF values and the
frequently reduced normalized myocardial mass (»=—0.026,
p=0.928), the presence of myocardial thinning (»=0.193,
p=0.491), or the presence of LGE (r=—0.063, p=0.824).
Likewise, no relationship was found between the normalized
myocardial mass and the presence of LGE (r=—0,157,
p=0.575) or between myocardial thinning and regional
hypokinesia (p=0.605). Hypokinesia and LGE (considering
all cardiac segments) were significantly correlated (k=0.422,
p<0.001).

Visually, no increased myocardial T2 signal was detected
in the T2 images. The mean T2 myocardial/skeletal muscle
ratio of the septum was 1.7440.51, and in the LV myocardial
region with the most obvious LGE, the mean ratio was 1.76+
0.91. There was no significant difference in T2 ratio between
the two regions (p=0.684), and thus no sign of myocardial
oedema. Additionally, pericardial effusion was present in
13 % of all subjects (Fig. 4).

Discussion

Male DMD patients frequently suffer from secondary dilated
cardiomyopathy, and cardiac death is a major cause of mor-
tality in this population [1-5]. In these patients,
cardiomyocytes are primarily replaced by connective tissue
and fat in the inferobasal and lateral left ventricular wall [1].
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Fig.1 Forty—year-old Duchenne muscular dystrophy carrier. SSFP cine
sequence short-axis apical (a, b) and TIW IR-FLASH sequence (10 min
after contrast medium injection) 4CH (c¢) and short-axis midventricular
(d). In a and b, a slightly enlarged portion of spongy myocardium and

Yilmaz et al. assume that this is due to a diffuse membranous
dystrophin defect of the cardiomyocytes, resulting in reduced
resistance of the structurally impaired cardiomyocytes to me-
chanical strain that is known to occur in the inferolateral wall
[4, 24]. The mechanism of cardiac damage, however, is not
completely understood.

Fig. 2 Distribution of percentage a
of delayed gadolinium
enhancement (a), left ventricular
non-compaction (using Petersen
criteria) (b), hypokinesia (c), and
myocardial thinning (d) among
the 15 investigated Duchenne
muscular dystrophy carriers,
according to the 17-segment
model. n.a. not assessed

Delayed gadolinium
enhancement

thinning of the compact left ventricular wall are present. In ¢ and d, a
streaky midmyocardial and subepicardial LGE, primarily in the lateral
midventricular wall, can be seen (arrows)

Silva et al. were the first to report a midmyocardial/
subepicardial LGE detected by CMRI in patients with DMD
and Becker muscular dystrophy (BMD), which was located
primarily in the lateral LV wall [3]. Puchalski et al. described a
subepicardial LGE of the inferobasal LV wall [25]. A com-
parative CMRI investigation of an affected DMD patient and

b

Noncompaction
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Fig. 3 Forty-year-old Duchenne muscular dystrophy carrier. SSFP cine
sequence 4CH (a), short-axis midventricular (b) and apical (d), and T2
TSE dark blood sequence short-axis midventricular (c) demonstrating an

its carrier mother reported a similar LGE pattern in both [14].
In other studies, LVNC located predominantly in the apical
segments was reported in up to 28 % of DMD patients by
Statile et al., and in up to 19 % of DMD and BMD patients
by Kimura et al. [15, 26]. Kimura et al. also reported signifi-
cantly higher EDV and ESV values and significantly lower EF
values in DMD patients with LVNC, and described a faster
deterioration of cardiac function in this group [26].

In contrast to DMD patients, female carriers of DMD clin-
ically may appear unimpaired. They can present with a wide
range of clinical involvement, from a lack of symptoms to
severe impairment, including heart failure [1], which raises
the question of cardiac risk assessment in this population.

We investigated 15 genetically confirmed DMD carriers
using CMRI, and found cardiac pathologies in all. A reduced
normalized myocardial mass was seen in 80 % of cases, re-
gional LV myocardial thinning in 80 %, LGE in 60 %, reduced
EF in 33 %, and LVNC in 13 % and 40 % (using Grothoff and
Petersen criteria, respectively). In contrast to previously re-
ported rates of 50-84 % for the diagnosis of cardiac involve-
ment in DMD carriers using ECG, echocardiography, myo-
cardial scintigraphy, and CMRI [1, 27], our results demon-
strate a much higher frequency of cardiac pathologies, which
were present in all investigated DMD carriers.

Left ventricular volumes and EF

In our cohort, nNEDV was increased in 7 % and nESV was
increased in 20 % of carriers. EF was slightly reduced in

end-diastolic thinning of the left ventricular wall, increased
trabecularisation, and anterior midventricular and apical non-compaction

27 % and moderately reduced in 7 %, and the rate of dilated
cardiomyopathy was 7 %. Grain et al. reported echocardio-
graphic assessment of cardiomyopathy in 7 % in their DMD
and BMB carriers, and Hoogerwaard et al. noted an 8 % rate
of dilated cardiomyopathy in their DMD carriers [6, 7], which
corresponds well with the current findings. Comi et al. report-
ed a higher rate, 17 %, of clinically, electrocardiographically,
and echocardiographically proven cardiomyopathy in DMD
and BMD carriers, and Ueda et al. reported combined increased
EDV and reduced EF of 75 % in their DMD carriers [6, 8, 12].
Considering the progression of cardiac pathology in DMD car-
riers with age, the relatively low rate of dilated cardiomyopathy
in our cohort compared to those of Comi et al. and Ueda et al.
may be explained, in part, by the low age of the DMD carriers
in our cohort [6, 8, 12]. In several case studies, congestive heart
failure, severe reduction in EF (up to 20 %), and increased EDV
have also been reported in DMD carriers [28-30].

Wall thinning and LVNC

In 80 % of DMD carriers we found regional wall thinning in
more than one segment. Apical-lateral accentuation of LVNC
was found in 13 % of DMD carriers using the Grothoff criteria
and in 40 % using the Petersen criteria. Apically accentuated
LVNC was recently described in 19-28 % of DMD patients,
and was interpreted as muscular degeneration versus compen-
satory remodelling [15, 31]. Finsterer et al. noted one case of
hypertrabecularisation in a BMD carrier [32], but this is the
first report of LVNC in DMD carriers.

Fig. 4 Fourteen-year-old Duchenne muscular dystrophy carrier. SSFP
cine sequence midventricular (a) and apical short-axis (b) showing a
slight pericardial effusion, apical non-compaction, and wall thinning.

@ Springer

T1W IR-FLASH sequence midventricular short-axis (¢ and d, 10 min
after contrast medium injection) demonstrating a streaky midmyocardial
and subepicardial LGE in the free left ventricular wall
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Fig. 5 Fifteen-year-old Duchenne muscular dystrophy carrier. TIW IR-FLASH sequence (10 min after contrast medium injection) short-axis midven-
tricular (a, b) and 3CH (c) demonstrating a streaky midmyocardial and subepicardial LGE, predominantly in the lateral midventricular wall

Myocardial mass

Reduced normalized myocardial mass was detected in 80 % of
cases, which conflicts with recently published CMRI data.
Barison et al. noted one DMD carrier with dilated cardiomy-
opathy (reduced EF, increased EDV) and lateral patchy LGE
who had normal LV mass, and Walcher et al. reported four
DMD carriers with normal LV mass [30]. This obvious differ-
ence is presumably due to the high frequency of regional wall
thinning (80 %) and LVNC (13 % and 40 % using Grothoff
and Petersen criteria, respectively) in our cohort.

Delayed gadolinium enhancement and hypokinesia

LGE was detected in 60 % of DMD carriers and was accentu-
ated midmyocardially in the lateral and inferolateral LV wall. In
several recent case reports, LGE in DMD carriers was reported
to be located predominantly in the inferolateral subepicardial
region [14, 30, 33-35], presumably induced by exaggerated
mechanical stress in this region [4, 36]. Furthermore, regional
hypokinesia was frequently observed in segments with LGE,
and the presence of both pathologies was correlated. This find-
ing conclusively demonstrates that the presence of LGE repre-
sents myocardial fibrosis, which impairs cardiac contractility.

Our study is not without limitations. Due to the strict in-
clusion criteria, our screened cohort was relatively small. We
included only genetically confirmed heterozygous DMD car-
riers. However, given the distinct findings in our study, we
consider our data representative.

In summary, we found cardiac pathologies in all 15 inves-
tigated female carriers of Duchenne muscular dystrophy. The
most frequent and obvious findings were reduced normalized
myocardial mass, regional LV myocardial thinning, and LGE.
Due to the high frequency of cardiac pathologies detected by
CMR, a regular cardiac risk assessment in DMD carriers is
advisable. In addition to clinical examination, CMRI was
proven to be an excellent tool for this purpose.
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