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Abstract

Duchenne muscular dystrophy (DMD) is caused by tiarta in the DMD gene, resulting in
cardiomyopathy in all affected children by 18 yedkhile cardiomyopathy is now the leading cause of
mortality in these children, there is ongoing debagarding timely diagnosis, secondary prevention,
and treatment of this condition. The purpose of tsiudy was to use exercise cardiac magnetic
resonance imaging (CMRI) in asymptomatic young baith DMD, to describe their heart function
and compare this with healthy controls. We studiédooys with DMD aged 8.6-13.9 years, and 11
healthy age- and sex-matched controls. Comparddtiagt controls, boys with DMD had lower ejection
fraction at rest (57 vs 63%; p=0.004). During sukimal exercise, they reached similar peak
tachycardia, but increased their heart rate amdia@putput only half as much as controls (p=0.208
p=0.014, respectively). End-systolic volume remdihgher in boys with DMD both at rest and during
exercise. When transthoracic echocardiograms weoenpared with CMRI, 45% of the
echocardiograms had suboptimal or poor views ik group. Boys with DMD had abnormalities
in left ventricular systolic function that was egagated by exercise stress. Exercise cardiac magnet
resonance imaging is feasible in a select populaifddMD children, and has the potential to unmask

early signs of cardiomyopathy.
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1. Introduction

Duchenne Muscular Dystrophy (DMD) is the most comnmaediatric neuromuscular condition,
affecting 1 in 4700 live male birthsit is caused by a number of well documented rianatin the
DMD gene on the X chromosome (Xp21.1), resulting endabsence of normal functioning dystrophin
protein from cardiac, skeletal, and smooth musdeck of dystrophin triggers muscle damage,
atrophy, and fibrosf®. Boys with DMD have progressive skeletal, respingt and cardiac muscle
weakness, leading to respiratory and cardiac fil@ymptoms of skeletal weakness begin in early
childhood, and respiratory and cardiac failuredwilin the teenage years Medical therapy including
steroid use and respiratory care has improved rdbrl@nce the 1960s, increasing the average life

expectancy from 14 years in the 1960s to >25 yaarently 2



With the increasing average life span, cardiomylmpdtas now replaced respiratory failure as the
leading cause of death in this populatforwhile DMD-associated cardiomyopathy (DMD-CM) is
historically universal in these patients by 18 g&athe clinical diagnosis is often delayed. Thisagdb

due to limited exercise stress in poorly mobileigras, vague symptomatology, and a subtle, gradual
decline in function over time. In addition, thesed discord between the skeletal and cardiac muscle
decline in function, as they do not always dechinéhe same rateThese factors are important, as a
delay in the diagnosis of DMD-CM leads to poorerttcomes, including progression of cardiac
dysfunction due to lack of intervention, and insed rates of complications during surgery,
thromboembolic events, and cardiac mortdlityVith intervention at the earliest signs of DMD-CM
patients have improved symptomatology, systolicciam'®?., and left ventricular size, as well as

delayed onset of clinical DMD-CK1? and overall reductions in cardiovascular mort&fit§;

Regular cardiac review including non-invasive inmagis currently recommended annually, in order to
detect the earliest signs of cardiomyopAthiransthoracic echocardiogram (TTE) is utilisedilun
children are able to cooperate with the gold-stesh@ardiac magnetic resonance imaging (CMRI) at
age 6-7 yeafd CMRI is superior to TTE in investigating cardiatructure and functiofl is not
restricted by the technical challenges that linti@ardiography windows (e.g. scoliosis, obesity] a

seat position), and may therefore allow earlieeckxn of DMD-CM™.

There is also interest in additional specialistging techniques using CMRI that can identify those
children at highest risk for cardiomyopathy. Theotmain areas are tissue tagging/mapping (further

details within section 4.2) and stress imaging.

1.1 Stress imaging of the heart

Stress imaging of the heart is an established tgalrin cardiac imaging, which uses physiological
stressors to increase heart rate and reveal abhibesighat are not apparent at rest. This has been
7demonstrated successfully in paediatric patiesitsguechocardiograpfy but there are limited studies
using CMRI. In children, stress echocardiographguiees either a pharmacological agent (e.g.
dobutamine) or exercise (e.g. a stationary bicyideéycrease myocardial oxygen demand, increase pre
load and blood pressure, which in turn, in susbépthearts, may unmask ventricular dysfuncfion
Stress echocardiography can detect early declineaidiac function prior to changes in ejection
fraction, and has been used in children exposemutdiotoxic medicatiorid*° and in congenital heart
diseas&* Stress-CMRI (using dobutamine or a specialisedRCMcle ergometer) has been studied
in adults with coronary artery disease, acute campsyndrome, hypertensive heart disease, dilatdd a

hypertrophic cardiomyopatfi/*® and is a promising emerging technique in yourmggtienté’. Stress
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imaging has not been used widely in the DMD popatat due to the inherent limitations of
echocardiography in this group, and tolerance @frplacological stressor agents (e.g. dobutamine) in
childrer?®.

Given the challenges of detecting DMD-CM and tlgmiicant benefit of early diagnosis, we proposed
to investigate the impact of exercise (a physiaabstressor) on asymptomatic boys with DMD. We
aimed to document the physiological impact of eiseron the cardiac function of DMD patients at
high risk of cardiomyopathy, but who were currerdglyymptomatic. We hypothesised that exercise
CMRI in DMD can reveal early signs of DMD-CM, evernen patients have both normal screening
TTE and CMRI imaging at rest.

2. Materials and Methods

2.1 Sample size

Based on a primary outcome of a change in strokenv® and using a standard deviation of 2.2’ ml
with power of 0.8 and an alpha of 0.05, 10 subjeee required in each group (DMD and controls) to
detect a difference of 2.9 ml between healthy cbildand participants with DMD. Differences of this
magnitude have previously been reported by ourpitmtween adolescents with type 1 diabetes and

healthy controls using CME|

2.2. Study population

The New Zealand Neuromuscular Disease Registrbdatawas used to recruit boys with DMD, aged
8 to 18 years, from the upper North Island of Negaldnd. Inclusion criteria for DMD participants
were: a genetically confirmed diagnosis; symptoomssistent with DMD; be otherwise healthy with no
other chronic illnesses; and have a level of fégne®uld allow participation in the assessments and
CMRI scanning. DMD patients did not have to be petedently ambulant, but required some muscle
strength to move their legs against gravity. EXolugriteria applicable to all participants wereokvn
cardiovascular disease and pre-existing cardiafudggon; a recent fracture or injury (within 8 vkse

of enrolment) that prohibited exercise; findings ghysical examination that would preclude physical
exertion; prescription of an angiotensin-converterzyme inhibitor (ACE-I) or beta blocker (BB)
medication; or a known contraindication to CMRIzai;g (e.g. pacemaker and metal fragments in the

eye or metal ware not compatible with CMRI).



A total of 72 patients with DMD aged 3-20 years evielentified from the database. Of the 29 patients
aged 8-18 years in the upper North Island, 18daitemeet the inclusion criteria (Figure 1). All 11
patients with DMD who met the inclusion criteriadawhose families were approached agreed to
participate (Figure 1). In addition, healthy aged @ex-matched controls without DMD were recruited
from schools within the Auckland region. 4 prospectontrols (participants recruited at the sameti

as the boys with DMD) and 7 historic controls [gpasting participant data used from our previous
study’] were recruited for the study. Among the subjeasish DMD, all were taking steroid
medications and vitamin D supplements; 8 salbutasuspension; and 1 was taking ataluren as part of

a clinical trial.

This study was approved by the Southern Health Risdbility Ethics Committee (16/STH/66). All

participants, and their parent/legal guardian, jgley written informed assent/consent as applicable.

2.3. Physical and Physiological Parameters

All clinical assessments were carried out at theufite & Agnes Paykel Clinical Research Unit
(Liggins Institute, University of Auckland). Weighind height were measured by the same researcher
during their first assessment, and body mass i(8bBY) was calculated. Three DMD patrticipants were
unable to stand, and their supine height was medsuostead. Percentage of lean mass, fat-free mass
(FFM), body fat, fat mass, as well as gynoid andraid percentage of fat, were obtained using whole-
body dual-energy X-ray absorptiometry (DXA) scabhsnar Prodigy 2000; General Electric, Madison,
WI). 24-hour ambulatory blood pressure monitori@dHABP) was performed at home during
sedentary activity (OnTrak Ambulatory Blood Presswonitor, 2016; Spacelabs Medical Inc.,
Redmond, WA, USA), with timing of sleep onset/offsecorded by the family.

Non-fasting bloods were taken at baseline for aredtinase in the DMD group only. For participants
who could walk, physical fithess was assessed #ptminute walk test (6MWT). Results of the most

recent transthoracic echocardiogram were obtasmedijf an assessment had not been completed within

the last 6 months, a repeat assessment was arranged

2.4. Cardiac MRI

2.4.1 Exercise description



Cardiac images were obtained using a 1.5 Tesla BtieRhner (MAGNETOM Avanto; Siemens,
Erlangen, Germany) at the Centre for Advanced MRhe University of Auckland. MRI scans were
performed at rest and during low-intensity exercidas protocol has been adapted from our previous

research in submaximal exercise in the MRI

Participants entered the MRI head first, and retems made sure the participant had enough leg room
outside of the magnet to allow leg extension movgmdreely. The knees of the participants were
supported underneath with a foam roller, while theiad and shoulders were supported by external
foam pads and Velcro straps. This allowed the a&tip of cardiac images during exercise by

eliminating movement of the upper body.

Once resting cardiac images were obtained, lowgity exercise was then performed in the supine
position. Participants were instructed to starkikig their legs, i.e. perform contralateral legesdions;

this amounted to a total exercise bout of approtetgel 5 minutes, with several short rest breakdevhi
the images were taken. Some participants weretedsis maintain the kicking rhythm by a research
assistant or guardian. The target heart rate ®etercise was an increase of 30% from baseline. We
used a fixed target heart rate for the participémtachieve, in order to reduce left ventriculdimfy

time bias for the EDV and ESV data interpretatiorOnce this target heart rate was achieved,
participants were instructed to stop kicking, andhold their breath in mid-expiration for 5-7 sedsn
while images (as described below) were obtainedytid respiratory motion artefatts® Participants

resumed kicking as soon as the image was obtained.

Blood pressure was measured with a digital sphygamommeter at the start (at rest) and immediately
after the leg kicking MRI measurements (exerciséhe entire stress-CMRI study (including
preparation and set-up) took less than an houedoh participant, and was approximately 20 minutes

longer than a standard CMRI.

2.4.2 Image description

Ventricular volumes were calculated from steadyesfeee-precession cine acquisitions, using three
long-axis acquisitions at 0°, 60°, and 120°, arxl sarallel short-axis acquisitions as previously
described*®*'** Data were analysed using three-dimensional vditienmodelling software (Cardiac

Image Modeller; Auckland MRI Research Group, AuoklaNew Zealand), with the analyser blinded
to the condition of the participant. Resting imagese obtained with 100% phase resolution (256 x
256), so that breath-holds at rest varied from 8®&é&conds in duration. To improve tolerance during

exercise exertion, we lowered the resolution t@&% phase, which shortened post-exercise breath-hold
7



time*®, Cardiac indices (left ventricular mass, cardiatpat, stroke volume, end-systolic volume, and

end-diastolic volume) were subsequently indexedebfree mag¥*®>

2.5. Statistical Analysis

Data were analysed using one-way ANOVA, chi-sqtiests, Fisher's exact tests, or one-sample t-tests,
as appropriate. Blood pressure data were analysiag general linear regression models adjusting for
participant's height. A Bland-Altman plot was cexhto compare mean ejection fraction measured with
transthoracic echocardiogram or cardiac magnetonance imaging. The presence of fixed bias was
determined by the Bland-Altman method using a 1panttest, with limits of agreement derived as

(mean + 1.96 * SD), where SD was the standard tewiaf the differenc®.

Statistical analyses were carried out in SPSS IB8 Corp, Armonk, NY, USA). All tests were two-
tailed, with statistical significance maintained @0.05. There were no adjustments for multiple

comparisons. Outcome data are reported as medaadasd errors of mean (SEM).

3. Results

3.1 Baseline Data

DMD participants were aged 11.3 years (SD=1.8; eghg—13.9 years), with the control group closely
matched in age (Table 1). All children were Tanhgrubertal stage. The mean duration of steroid use
prior to the study was 5.6 years (SD=1.9). Eigl2%6y DMD participants were able to stand, and six
(54%) were able to walk more than 50 meters. Gematitations were predominantly out of frame
deletions (n=6); with the remainder premature stogon (n=2), duplication (n=2), and an essential
splice site variant (n=1). Creatine kinase leveld b mean of 7,980 U/L (range 2,924-15,248 U/L) in
the DMD group.

Although DMD participants were considerably shortiean controls (-15 cm and -2.1 SDS; both
p<0.001), they were 14 kg heavier on average ({5, &0 that their BMI was 12.2 kgfror 2.88 SDS
greater (both p<0.001; Table 1). This was due &ir tnarkedly increased total body fat that was 2.6
times greater and 28 percentage points higher thah of controls (p<0.001; Table 1). DMD
participants also displayed increased abdomingbomsily, with an android-to-gynoid-fat ratio 41%
greater (p<0.001; Table 1). However, bone mineeaisity was 0.11 g/cfriower (-12%; p<0.001) in
the DMD group (Table 1).



There were 7 DMD participants who completed theigute walk test, but data were summarised for
the six participants who walked at least 50 meféh® mean distance covered was 325 + 67 m. Their

heart rate during the test increased by 48 + 6 %.

3.2. 24-hour ambulatory blood pressure monitoring (24HABP)

This assessment was completed by 10 DMD participéorie participant had incomplete results and
was excluded from analysis) and 9 controls (twagsefl) (Table 2). Compared to controls, DMD
participants had markedly higher heart rates it lofatytime (+30 bpm; p<0.001) and night-time (+28
bpm; p<0.001) (Table 2). Similarly, DMD participartad higher systolic blood pressure both during
the daytime (+14 mmHg; p<0.029) and night-time (+f8Hg; p<0.020) (Table 2). There were no

differences in diastolic blood pressure or noctuibh@od pressure dipping (Table 2).

3.3. MRI Cardiac Function

3.3.1 At Rest

Consistent with the 24-hour ambulatory blood pressasults, resting heart rate was 20 bpm higher in
the DMD group (p<0.001; Table 3). Resting systblmod pressure was also higher in the DMD group
(+15 mmHg; p=0.028) (Table 3). Left ventricular masas similar in the two groups, but when
adjusted for total body fat-free mass it was 28%atgr in the DMD group participants (p<0.001; Table
3). Resting ejection fraction was 6 percentage tpdiower in the DMD group (p=0.004; Table 3).
Cardiac output (L/min) was similar in both groups@.73), but when corrected for fat-free mass i wa
22% higher in the DMD group (p=0.004; Table 3). dllose values for stroke volume were -12 ml
lower in the DMD group (p=0.030; Table 3). Absolutdues for EDV and ESV were similar between
groups at rest. There were no differences in stkateme or end-diastolic volume when adjusted for
fat-free mass (Table 3). However, the adjusted syistblic volume was 25% greater at rest in DMD
subjects (p=0.005; Table 3).

3.3.2. Submaximal Exercise

When challenged by exercise, both groups reachsdahitar target heart rate, but the magnitude of the

increase in heart rate in the DMD group was leas thalf that of controls (even though the expressed



level of effort was similar between the same grpyps0.003; Table 3). There were no differences

between the groups in blood pressure during exeasisn the change from the resting state (Tahle 3)

While absolute cardiac output (L/min) during exsecwas similar in the two groups, the percentage
change from rest in cardiac output in DMD particifzawas nearly half of that displayed by controls
(p=0.014; Table 3). When corrected for fat-free snaélsere were no statistically significant diffecen

between groups in ejection fraction, stroke voluoreend-diastolic volume during exercise, or in the

respective changes from a resting state (Table 3).

End-systolic volume, a marker of ventricular codtitity, remained higher in the DMD group during
exercise (+41%; p<0.005; Table 3). There was ated & reduction in end-systolic volume during
exercise compared to the resting state in contretsus 6% in the DMD group (p=0.023; Table 3),

further indicating an inability to increase strol@ume in DMD subjects.

3.4. MRI vs Echocardiogram

Transthoracic echocardiogram (TTE) was the previtasdard of care for reviewing heart structure
and function in patients with DMD®’. The comparisons between global cardiac functiemgu
echocardiogram and cardiac MRI imaging technigoeg#éch individual participant are shown in Table
4 and Figure 2. In our participants, real-world Tihkaging had suboptimal or poor-quality views in
45% of the boys with DMD scanned (Table 4). Overalien both groups were compared, there was no
evidence of bias between the two techniques (p30.6Q@hough there were participants with
incongruent results (Table 4). Bland-Altman plota mean bias close to 0, with the overall mean
difference showing minimal discrepancy between tthe methods (-1.6%; Table 4). However, the
limits of agreement were relatively wide (-14.9%, 7P6), indicating wide variability between the two

techniques.

4. Discussion

This is the first study to describe a practicahtéque and document the physiological changes that
occur with stress-CMRI in boys with DMD. This studiys confirmed that differences exist in

ventricular function in children with DMD even whehey are asymptomatic. These differences are
magnified with even modest physical activity (sushleg raising). Exercise results in both inotropic

and chronotropic challenges to the cardiovascylstesn. These changes may not be detectable at rest
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due to the dynamic nature of exeréis&urthermore, exercise testing in adults has ptiedi value for

symptoms and long-term survivaf?

The haemodynamic response to exercise in childndradolescents is less well described. Studies that
examined boys with DMD are limited, and there apasiderable differences in their methodologies
that make comparisons diffictit Interpretation of testing is dependent on bodsfase area, lean
mass, age and pubertal stage. However, the exmgptithnature in this field could provide valuable
insights into cardiac function, which cannot be mgad using traditional imaging techniques (e.g.

trans-thoracic echocardiography or cardiac magmesiocnance imaging) performed at rest.

DMD subijects in our study demonstrated reducedbgdtnction during exercise stress. Their ability
to increase cardiac output from rest to exercise laaer compared with controls. End-systolic volume
remained higher in the DMD group, indicating leffeadive augmentation of left ventricular systolic
function This corroborates current literature inldfen with myocardial dysfunction, where the alili

to augment systolic function during exercise becom®aired. Cardiac dysfunction becomes apparent
by a smaller change in end-systolic volume, leadmg decline in stroke volume and cardiac output
respons&“®°#®! |In adolescents with obesity, similar changesairdiac function during exercise have
been reported. They have less heart rate reseree (educed ability to generate a maximal
tachycardia), and lower cardiac output mediatedolayer ESV. However, these changes are generally
milder, less severe, and often within the normalgeain adolescents with obesity in comparison to
patients with other known risk factors for cardiiseas® *>>® This study illustrates the importance of
body composition data when interpreting cardiaciciesl Often body composition data are not
immediately available clinically, but when cardiataging results are indexed to FFM, new findings

can become apparent as shown by our results.

Our findings also showed that our DMD patrticipamésl a higher resting heart rate. There are several
possible reasons for this. For example, it mayradaptive mechanism to maintain cardiac output at
rest. One of the earliest and well recognised signsardiac dysfunction in DMD is resting sinus
tachycardia, which is often present in a large priipn of young DMD patient§’®. DMD participants
reached the same target peak heart rate as thelcgraups with exercise. However, the increase in
their heart rate with exercise was lower than dfatontrols. This may be due to a higher heart aate
baseline (possibly an adaptive mechanism to redoartiac contractility), or they might have already
reached the upper limit of their tachycardic reggoWe were unable to determine the exact workload
generated during exercise, as the DMD participaei® too short to access an MRI cycle ergométer
which was designed for this purpose. Nonethelessn fclinical observation, there was similar

moderate intensity workload in both groups. Betagdnist drugs (e.g. salbutamol and albuterol) are
11



anabolic, and result in a net increase in musele, $hought to be due to increased activation oficy
adenosine monophosphate, which increases musdeirpsynthesis and decreases muscle protein
degradatioff. The increase in muscle size is thought to becéstsnl with an increase in muscle
strengtl®>. Small studies in facioscapulohumeral musculartrdpfy*”> and Duchenne muscular
dystrophy® have shown improved muscle strength after treatméth beta-2 agonists. While beta-2
agonists are not universal therapy in DMD, we offegm to our patients to help maximise muscle
function. Side effects of beta-2 agonists incluatehycardia, which may be a contributing factorhe t

resting tachycardia seen in our patient group.

In DMD-CM, left ventricular mass has been shownitorease over time, and with worsening
diseas&’"’® While the cause of the increasing ventricular sriasnot entirely clear, our data are in
agreement, indicating DMD subjects had higher leéntricular mass, consistent with early

cardiomyopathy.

Transthoracic echocardiogram (TTE) was the prevetasdard of care for reviewing heart structure
and function in patients with DMD®". In our participants, real-world TTE imaging hateptimal or
poor-quality views in 45% of the boys with DMD so&d. CMRI is the gold standard for investigating
cardiac structure and function, and it is beconmmge accessible with time, factors which have meant
it has superseded TTE in updated standardisedgeadeline$’. Advantages of CMRI are that it is
more reliable and reproducibie clear images are not restricted by body haffit(important when
many of our subjects were markedly overweight), @&nflas increased sensitivity to detect early
changes of cardiomyopathy®. Disadvantages of CMRI are that it is a lengttseudy, can be
claustrophobic and more uncomfortable for partieipait is around four times costlier than a TTE to
perform, and requires a certain level of coordoratind maturity from the participant to perform the
breath holds. With the use of a brief educatiorsahg, we were able to coach all children suitable to
participate in the CMRI without distress. As itasrelatively new technique, longitudinal studieatth

inform on prognosis are needed.

As discussed above, a stress test may reveal abhtesin cardiac function that are not appardnt a
resf2 Our study showed that even though both groupssiradar cardiac output at rest, the DMD
group were not able to increase cardiac output ashnas the controls with exercise. This likely
represents early systolic dysfunction. Stress tasthildren are usually performed with exercisevih

an inotropic or chronotropic agent, such as dobume@mDobutamine has many side effects (e.g.
palpitations, nausea, headache, chills, urinargnoyg, anxiety, angina, hypo- and hyper-tension, and
arrhythmias), so that sedation is often requiredtfderance in childre. Submaximal exercise is

therefore more appealing for children. While streessting can be performed using TTE (e.g. tissue
12



doppler imaging and speckle tracking echocardidgrapr CMRI, TTE remains limited by the poor

sonographic windows common in DMD.

A stress test in DMD could add valuable informatairthe time of the initial CMRI scan, potentially
adding further information and identifying vulnel@alsubjects. It could also be useful in other putie
groups (e.g. Becker muscular dystrophy or femaleCDd4rriers) at risk of cardiomyopathiy’ These
groups have greater muscle strength, which alltmtto perform more strenuous exercise, which in
turn increases the risk of developing cardiomyop@tiThey would be ideal subjects to perform an
exercise stress test, and indeed female carrigptagied marked abnormalities during exercise tg%tin
Further research with a larger population group aedd-to-head comparisons of existing CMRI

techniques (such as T1 mapping) would be helpfakamining the future use of exercise-stress CMRI.

4.1. What are the benefits of this study?

This small pilot was the first study to investig#ite effects of exercise stress on young asympiomat
boys with DMD. We have shown that our participadmise abnormal cardiac imaging at rest that was
exaggerated by exercise stress. We have describexhaique that is practical and feasible for other

centres to use.

4.2. What are the limitations of this study?

As this was a pilot study, we enrolled only a smalinber of participants. Nonetheless, the diffeesnc
in their cardiac imaging when compared with corstrehowed marked differences. The population
group that entered the study was highly selectasleawere unable to include boys with poor mobility
or cognitive impairment; this limits generalisatyilof our findings and our ability to extrapolate the
wider use of this technique across all DMD patieige to the nature of DMD and treatment with
high-dose steroids, this population is difficultrt@tch with healthy controls (particularly with shgal
parameters such as obesity and short stature). \oywee know that while children with obesity can
have abnormal cardiac indices when compared wittrals, this is usually within the normal range,
and unlikely to explain the marked differences um participant groups. Also, data were adjusted for
fat-free mass to control for this, but future largaudies may be able to better differentiate thpaict
that total fat mass and skeletal mass have on isgeimerance. Lastly, this study was cross-seatjon
and longitudinal studies involving repeated imagimguld be helpful to determine those factors that

may influence prognosis.
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5. Conclusion

This pilot study was the first clinical investigai using exercise CMRI in boys with DMD. We have
shown that exercise CMRI is a feasible techniqua $elect population of DMD children. It can reveal
abnormalities in ventricular systolic function, avin young asymptomatic individuals. To monitor
cardiac health over time, CMRI is an essential taé to its highly accurate images that are not
distorted by the other factors that often impahaardiograms. Nonetheless, further studies aréatee
to assess the value of stress CMRI in the prevertial prognosis of cardiomyopathy in patients with
DMD.
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Exercise cardiac magnetic resonance imaging in boys

with Duchenne Muscular Dystrophy without cardiac

disease

Table 1: Basdine characteristics of children and adolescents with Duchenne Muscular

Dystrophy (DMD) and control participants.

DMD Control P-value
n 1 11
Demography Age (years) 1.4+£05 112+04 0.86
Age range (years) 8.6-13.9 8.5-13.0
Ethnicity (New Zealand European) 7 (64%) 11 (100%) 0.09
Time on steroids (years) 5619 N/A
Able to walk >50m 6 (54%) 11 (100%) 0.035
Able to stand 8 (72%) 11 (100%) 0.21
Anthropometry Height (cm) 133114 1478 £3.0 <0.001
Height SDS -1.77+£0.27 0.31+0.29 <0.001
Weight (kg) 50.6 +4.8 36.8+1.9 0.015
Weight SDS 1.45+0.32 0.02+0.24 0.002
BMI (kg/m?) 289+23 16.7+0.3 <0.001
BMI SDS 2.63+0.34 -0.25+0.21 <0.001
Body composition Total body fat (%) 458+43 174+0.7 <0.001
Android fat to gynoid fat ratio 0.86 £0.04 0.61+0.03 <0.001
Lean mass (kg) 249%3.6 293+59 0.049
Fat-free mass (% total weight) 55.1+4.2 83317 <0.001
Bone mineral density (g/cm?) 0.84 £0.01 0.95£0.01 <0.001

P-values for statistically significant differences between groups (at p<0.05) are shown in bold.

Data are means + SEM, n (%) or the range, as appropriate.

BMI, body mass index; N/A, not applicable; SDS, standard deviation score.



Exercise cardiac magnetic resonance imaging in boys
with Duchenne Muscular Dystrophy without cardiac

disease

Table 2. Parameters from 24-hour ambulatory blood pressure monitoring among children and
adolescents with Duchenne Muscular Dystrophy (DM D) and control participants.

DMD Control P-value
n 10 9
Heart rate Daytime (bpm) 109+3.3 79+28 <0.001
Night-time (bpm) 97 £3.7 69+2.6 <0.001
Mean (bmp) 104 +£3.2 76124 <0.001
Daytime blood pressure  Systolic (mmHg) 1186+ 34 1049+ 3.6 0.029
Diastolic (mmHg) 74929 69.8 + 3.1 0.31
Mean arterial pressure (mmHg) 89426 80.7+28 0.07
Night-time blood pressure Systolic (mmHg) 111442 934+48 0.020
Diastolic (mmHg) 64.1+3.0 59.7+3.2 0.40
Mean arterial pressure (mmHg) 80928 73.3+3.0 0.13
Systolic dipping (%) 6.6+20 9614 0.26
Diastolic dipping (%) 144+23 142+ 2.1 0.96

P-values for statistically significant differences between groups (at p<0.05) are shown in bold.

Heart rate and dipping data are mean * SEM; other blood pressure data are model-adjusted means + SEM, adjusted for
participant's height.
bpm, beats per minute
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Dystrophy without cardiac disease

Table 3: Cardiovascular parameters at rest and during submaximal exercise from cardiac magnetic resonance imaging among male children and

adol escents with Duchenne Muscular Dystrophy (DMD; n=11) and control participants (n=11).

At rest Submaximal exercise A (%)
DMD Control P-value DMD Control P-value DMD Control P-value

Heart rate (bpm) 9%+ 3 76%3 <0.001 119+27 12117 0.06 243+28 51.0+7.6 0.003
Systolic blood pressure (mmHg) 1146+38 99.8+3.8 0.028 114549 105.9+4.9 0.29 -1.5+37 83+37 0.07
Diastolic blood pressure (mmHg) 66.9+4.7 59.5+4.7 0.35 57.5+5.1 66.8 + 3.6 0.30 6.3+57 7582 0.18
Left ventricular mass (g) 81+4 74+4 0.31 - -
Left ventricular mass (g/kgffm)* 3.10+£0.10 243 +0.08 <0.001 - -
Ejection fraction (%) 572+13 63.2+1.3 0.004 60.0+£2.0 68.7+1.3 0.002 48+17 89120 0.13
Cardiac output (I/min) 5,089 + 247 4,949 £ 311 0.73 6,578 £ 273 7,783 + 611 0.09

Cardiac output (ml/min/kgffm)* 197 +8 162+ 8 0.004 256 +13 251+8 0.75 309+54 578+84 0.014
Stroke volume (ml) 53.5+3.0 66.1+4.5 0.030 55.6 + 2.4 69.1+5.0 0.024 - -
Stroke volume (ml/kgffm)* 2.06+£0.29 2.15+0.06 0.44 2.16+0.10 2.24 £0.06 0.50 50%29 4729 0.94
End-systolic volume (ml) 40.2+2.6 385+28 0.67 37832 314+£23 0.12 - -
End-systolic volume (ml/kgffm)* 1.55+0.08 1.25+0.05 0.005 1.52 +0.11 1.08 £0.07 0.003 69+27 -178+ 36 0.023
End-diastolic volume (ml) 94+5 1057 0.20 93+4 102+6 0.25 - -
End-diastolic volume (ml/kgffm)*  3.62 £ 0.14 3.40+0.07 0.20 3.78+0.16 352+0.13 0.22 02%19 -1.3+36 0.72

Systolic and diastolic blood pressure data at rest and during submaximal exercise are model-adjusted means + SEM, adjusted for the participant's height; all other data are

means + SEM.

* These parameters were indexed for fat-free mass in kg (kgffm).

A represents the change observed during submaximal exercise in comparison to the resting stage.
P-values for statistically significant differences (at p<0.05) between groups are shown in bold.
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Table 4. Comparison of transthoracic echocardiogram and cardiac magnetic resonance

imaging results for global function in study participants with Duchenne Muscular Dystrophy.

Participant Age Image quality TTEFS  TTELVEF CMRILVEF Difference (TTE vs CMRI)
(years) (%) (%) (%) (%)

1 12.3 Suboptimal 33.5 63.0 56.6 6.4

2 10.0 Poor 22.6 62.5 53.3 9.2

3 8.6 Good 420 68.0 55.6 -12.5

4 13.3 Adequate 32.0 60.0 62.9 29

5 134 Good 38.8 63.0 62.7 0.3

6 10.0 Good 255 50.0 54.1 41

7 9.1 Good 49.0 57.0 59.5 24

8 11.3 Poor 25.3 50.0 49.3 0.7

9 11.3 Poor 29.8 61.0 56.3 4.7

10 11.7 Adequate 41.0 51.0 62.5 115

11 13.9 Suboptimal 33.0 61.0 56.4 -4.6

Mean £ SD 343+81 588+61 572%43

MD (LoA)t -1.6 (-14.9, 11.7)*

CMRI, cardiac magnetic resonance imaging; FS, fractional shortening; LVEF, left ventricular ejection fraction; MD (LoA),
mean difference and respective 95% limits of agreement; SD, standard deviation; TTE, transthoracic echocardiogram.
t Derived from the Bland-Altman method.

* 5=0.60.
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Figure 1. Flow diagram describing the recruitment of participants with Duchenne Muscular

Dystrophy (DMD) into the study.

Neuromuscular Database: 72 DMD patients
All of New Zealand
Aged 3-20 years

9too old (>18 years)
---------------------------------- ¥ 13 too young (<8 years)
21 out of area

29 potential participants with DMD
Auckland, Hamilton, and Northland regions
Aged 8-18 years

12 poor mobility

3 cardiac medications

2 global developmental delay

1 pre-existing congenital heart disease

11 met study criteria

11 agreed to participate

11 completed the study
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Figure 2. Bland-Altman plot comparing mean ejection fraction measured with transthoracic
echocardiogram and cardiac magnetic resonance imaging in study participants with Duchenne
Muscular Dystrophy. The horizontal solid grey line represents the mean difference, and the

dashed grey lines the upper and lower limits of agreement.
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Highlights

¢  Duchenne muscular dystrophy cardiomyopathy is diagnosed late, with worse outcomes
e Cardiac magnetic resonance has more accuracy and reliability than echocardiography

e Cardiac magnetic resonance is underutilised in Duchenne muscular dystrophy

e Exercise-stress CMRI is feasible in a select group of DMD patients

e Exercise-stress CMRI reveals abnormal cardiac function in asymptomatic children.



