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Italy
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Abstract.
Background: Dilated cardiomyopathy (DCM) is a major complication of, and leading cause of mortality in Duchenne
muscular dystrophy (DMD). Its severity, age at onset, and rate of progression display wide variability, whose molecular bases
have been scarcely elucidated. Potential DCM-modifying factors include glucocorticoid (GC) and cardiological treatments,
DMD mutation type and location, and variants in other genes.
Methods and Results: We retrospectively collected 3138 echocardiographic measurements of left ventricular ejection fraction
(EF), shortening fraction (SF), and end-diastolic volume (EDV) from 819 DMD participants, 541 from an Italian multicentric
cohort and 278 from the Cooperative International Neuromuscular Group Duchenne Natural History Study (CINRG-DNHS).
Using generalized estimating equation (GEE) models, we estimated the yearly rate of decrease of EF (–0.80%) and SF
(–0.41%), while EDV increase was not significantly associated with age. Utilizing a multivariate generalized estimating
equation (GEE) model we observed that mutations preserving the expression of the C-terminal Dp71 isoform of dystrophin
were correlated with decreased EDV (–11.01 mL/m2, p = 0.03) while for dp116 were correlated with decreased EF (–4.14%,
p = <0.001). The rs10880 genotype in the LTBP4 gene, previously shown to prolong ambulation, was also associated with
increased EF and decreased EDV (+3.29%, p = 0.002, and –10.62 mL/m2, p = 0.008) with a recessive model.
Conclusions: We quantitatively describe the progression of systolic dysfunction progression in DMD, confirm the effect of
distal dystrophin isoform expression on the dystrophin-deficient heart, and identify a strong effect of LTBP4 genotype of
DCM in DMD.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused
by out-of-frame mutations in DMD, leading to
absence or near-absence of dystrophin in muscle
fibers [1]. Over the last few decades, life expectancy
for DMD patients has improved, due to the imple-
mentation of interventions like nocturnal ventilation,
scoliosis correction, physical therapy, and glucocor-
ticoid (GC) treatment [2, 3]. Nevertheless, prolonged
survival is paralleled by an increased incidence of
dilated cardiomyopathy (DCM) [4]. The absence of
dystrophin is the determinant of chronic damage
localized into cardiomyocytes, leading to fibrosis,
reduced contractility, and eventually heart failure [5].
Onset of DCM starts from the age of 10 years, and
prevalence increases until the age of 18, when almost
all patients are affected to some extent. There is no
obvious correlation between the severity of muscle
weakness and that of cardiac manifestations; rather,
some studies suppose that earlier muscle weakness,
and subsequent reduced exertion, may protect from
progression to heart failure [6].

Current standards of care for DMD patients rec-
ommend regular cardiac echo-color-Doppler studies,
starting in young asymptomatic children, includ-
ing evaluations of left ventricular systolic function
(assessed as shortening fraction [SF] and/or ejection
fraction [EF]) and eccentric remodelling (assessed as

ventricular diameter or end-diastolic volume [EDV]
indexed by body surface) [7]. Thresholds of EF
(<50–55%), SF (<28%) and/or EDV (>70 mL/m2)
are often adopted [22] to define the onset of DCM
(hypokinetic and/or dilative), although these may
vary according to evaluation methods (e.g. echogra-
phy vs. magnetic resonance) and current guidelines.

The onset, rate of progression, and overall sever-
ity of DCM present substantial variability, whose
molecular and clinical bases have not been clearly
elucidated [8]. The effect of GC treatment DCM is
still debated, despite prevailing reports of a bene-
ficial effect [9–12]. Moreover, several studies have
attempted to identify correlations between DMD
mutation characteristics (size, location) and the sever-
ity of DCM. In the milder allelic Becker muscular
dystrophy, in which measurable amounts of dys-
trophin are expressed, deletions in the N-terminal
domain of dystrophin were associated with early
DCM [13]. This was not confirmed in DMD; [11,
14] on the contrary, in a recent Japanese study, it was
distal mutations, disrupting one of the shorter dys-
trophin isoforms Dp116, that were associated with
improved cardiac function [15, 16]. DMD mutations
may also be classified by their amenability to emerg-
ing molecular treatments, such as exon skipping [17],
and some of these mutation classes have been associ-
ated with prolonged ambulation [18–20], and to have
an effect on upper limb function [21]. However, this
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kind of association has not yet been tested with the
DCM phenotype.

There is also room for the hypothesis that
genetic modifiers, i.e. variants in loci different than
DMD, may play a role in phenotypic variability of
dystrophin-deficient DCM. This hypothesis was ini-
tially explored in a smaller Italian multicentric study
of DCM onset [22]. Of particular interest are 5 sin-
gle nucleotide polymorphisms (SNPs), situated in
genes expressed in the myocardium, and known to
be modifiers of the loss of ambulation in DMD popu-
lation, because of their involvement in inflammatory
and fibrotic pathways. These are: SPP1 rs28357094
[23], LTBP4 rs10880, rs2303729 and rs1131620 [24],
CD40 rs1883832 [25]. Therefore, we aimed to retro-
spectively explore the effects of GC treatment, DMD
genotype, and modifier genotypes on EF, SF, and
EDV measurements, in a large multicentric, interna-
tional cohort of DMD patients.

METHODS

Cohort and measures

We collected retrospective data regarding left ven-
tricular EF (henceforth just “EF”), left ventricular
EDV indexed by body surface (henceforth “EDV”),
and left ventricular SF (henceforth “SF”) from 11
Italian Centers which are listed in the authors’ affili-
ations (all Centers contributed patient data). We also
included EF and SF data available from the Cooper-
ative International Neuromuscular Research Group
Duchenne Natural History Study (CINRG-DNHS).

Ethics statement

All participants or their parents/guardians gave
informed consent to study procedure, which were
carried out in accordance with the Declaration of
Helsinki.

Inclusion criteria

Inclusion criteria were consistent between Italian
and CINRG Centers [26], and were as follows: 1)
molecularly defined diagnosis of DMD, i.e. out-of-
frame DMD mutation and/or absent or trace-level
(<3%) dystrophin in skeletal muscle immunohis-
tochemistry or immunoblot, in the presence of a
compatible phenotype; 2) availability of at least one
echocardiographic measurement of either left ven-
tricular EF, SF, EDV; 3) availability of a DNA sample
for genotyping (optional).

Echocardiographic evaluation

Echocardiographic data were derived from routine
diagnostic and follow-up exams, obtained retro-
spectively from clinical records of patients. At
all participating Centers, echocardiographic studies
were performed with last generation echocardio-
graphic machines, most frequently from Philips
or General Electric. Two-dimensional images and
M-mode echocardiograms of atrial and ventricular
cavities were obtained in multiple cross-sectional
planes, with the transducer in standard positions
according to the recommendations of the American
Society of Echocardiography. Left ventricular EF was
calculated from two-dimensional images, with mod-
ified Simpson’s formula or area-length method [27].

DMD genotype

Information about pathogenetic DMD mutations
were collected when available from clinical or genetic
reports. We classified deletions based on amenabil-
ity to molecular treatments, i.e. skipping of exons 8,
44, 45, 51, and 53 (henceforth: “skip 8”, “skip 44”,
etc. [18, 19, 28]). Nonsense and splice site mutations
were considered as separate groups. Moreover, all
mutations were subdivided into “proximal” and “dis-
tal” to dystrophin Dp140, Dp116 and Dp71 isoforms
(i.e. mutations situated 5’ of intron 44 are proximal to
Dp140, 5’ of intron 55 are proximal to Dp116 and 5’
of intron 62 are proximal to Dp71). These isoforms
were selected because they are known to be relevant
for central nervous system [29], respiratory [30], and
cardiac [15] phenotypes in DMD.

SNP genotypes

SNP genotypes were determined by TaqMan
(Thermo Fisher Scientific) assays, at the known DMD
modifier genes expressed in cardiac tissue: SPP1
rs28357094 [23], LTBP4 rs10880, rs2303729 and
rs1131620 [24], CD40 rs1883832 [25]. For LTBP4,
both the effect of the supposedly most functional
rs10880 SNP and of the full VTTT/IAAM haplotype
were considered. To test genotype/phenotype correla-
tion, the published inheritance models (i.e. dominant,
additive, or recessive) were applied. Genotypes at
modifier SNPs included in this work respected the
Hardy-Weinberg equilibrium.

Statistical analysis

Quantitative variables were summarized as
mean ± standard error (SE) and median (range),
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unless otherwise specified. Distributions of quanti-
tative variables between groups were compared by
Mann-Whitney U test. Generalized Estimating Equa-
tions (GEEs), with patient identifier as a clustering
variable, and using the “exchangeable” correlation
structure, were used to estimate effects of: age; GC
treatment (on vs. off at each evaluation); DMD muta-
tion (tested separately: each specified mutation group
vs. “other” mutations; or “distal” vs. “proximal” rel-
ative to dystrophin isoforms of interes); and SNP
genotypes. Covariates were first tested individually,
adjusting for age; subsequently, significant covariates
were combined in multivariate models. This step-
wise approach was preferred to a multivariate model
including all variables, in order to minimize loss of
statistical power due to missing data. In the GEE anal-
ysis, covariates are assumed independent from each
other, so rs10880 and IAAM haplotype were evalu-
ated in separate analyses, as well as DMD mutation
types vs. position. GEEs were preferred over linear
mixed models because of our focus on “marginal”
estimates of population-level, rather than individual-
level effects of covariates. Statistical significance was
set at p < 0.05 (nominal significance). Analyses were
carried out with R v.4.2.2 implementing the “gee”
and “dplyr” packages.

RESULTS

Cohorts and demographics

We recruited 819 participants, 541 from the Italian
cohort and 278 from the CINRG-DNHS. Distribution
by age at the first available echocardiographic evalu-
ation is listed in Table 1. Age ranged from very young
children to adults, with a mean of 12.57 ± 11.59
years.

Evaluations and follow-up

We collected a total of 3138 echocardiographic
evaluations (2104 from the Italian cohort, 1034 from

Table 1
Distribution by age (years) at the time of first evaluation

Cohort n Mean SD Median Min Max
(years) (years) (years) (years) (years)

CINRG-DNHS 278 13 12.02 5.8 2.49 30.5
Italian cohort 541 12.35 11.3 6,92 0.53 45.09
Total 819 12.57 11.59 6.56 0.53 45.09

CINRG-DNHS: Cooperative International Neuromuscular
Research Group Duchenne Natural history Study. SD: standard
deviation.

the CINRG-DNHS), divided as follows: 2883 EF
measures (2072 Italy in 512 patients, 811 CINRG
in 203 patients); 1170 SF measures (334 Italy
in 54 patients, 836 CINRG in 227 patients); and
346 EDV measures (in 129 patients, all from the
Italian cohort). Participants were followed-up with
3.83 ± 3.27 evaluations, for a duration of 3.46 ± 3.42
years on average. Data were collected retrospec-
tively in the Italian cohort from echocardiograms
carried out from April 1984 through November
2018, average date being November 2012; while
the CINRG-DNHS was carried out between 2006
and 2016 (see https://cinrgresearch.org/duchenne-
natural-history/, last accessed August 2023).

GC treatment

Distribution by GC treatment showed that 420/819
(51.28%) participants were being treated with GCs at
least at one evaluation, while 201 (24.54%) were off
treatment during the whole follow-up period. For the
remaining participants, GC treatment status was vari-
able during follow-up or unknown; in particular, GC
treatment could not be defined at the time of 572/3138
evaluations (18.22%).

Angiotensin-converting enzyme inhibitor (ACEi)
and beta-blocker (BB) treatment

Due to the retrospective design of the study, data
about ACEi and BB treatments were available in
only a minority of participants. In particular, of 269
participants with available ACEi treatment data, 177
(65.8%) were on ACEi at least at one evaluation dur-
ing follow-up, and of 266 with available BB data,
82 (30.83%) were on BBs at least at one evaluation.
Detailed data with average age by treatment (which
was older in treated participants) is shown in Supple-
mentary Table 1.

DMD mutations

The distribution by DMD mutations in the studied
population reflected the expected relative frequencies
of different mutation types [31]. Table 2 provides a
summary of the distribution by mutation, grouped by
amenability to exon skipping treatments, and other
relevant mutational categories, as explained in Meth-
ods. The disease-causing mutation was undefined in
a conspicuous number of participants, 182 (22.22 %).
This was partly due to missing data in a retrospective
study design, and partly because inclusion criteria

https://cinrgresearch.org/duchenne-natural-history/
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allowed the recruitment of participants with a diag-
nosis only based on muscle biopsy protein assays.

Modifier SNP genotypes

Due to limited DNA availability, not all partic-
ipants could be genotyped at all SNPs of interest:
SPP1 rs28357094 and CD40 rs1883832 were geno-
typed in 570 (69.60%) and LTBP4 rs10880 in 558
(68.13%) of participants (full VTTT/IAAM haplo-
type in 526, 64.22%).

Age and GCs treatment effect

GEE models showed a significant correlation of
both EF and SF with age. In particular, we were
able to quantify the yearly decrease of EF and SF
at the rate of –0.80 ± 0.03% (p < 0.0001) (Fig. 1A,)
and –0.41 ± 0.04% per year (p < 0.0001) (Fig. 1B),
respectively (results of the univariate analyses are
summarized in Table S2-S3). On the contrary, the
expected increase of EDV with age was not statis-
tically significant, although a trend was observed
(+0.42 ± 0.16 mL/m2 per year, p = 0.060, Fig. 1C,).
Concerning GC treatment, we detected a statistically
significant protective effect on SF% (+1.69 ± 0.49%,
p = 0.00087, Fig. 1B), and EF% (+1.12 ± 0.36%
p = 0.048) but not on EDV.

ACEi and BB effect

Data for ACEi and BBs were sparse, and the vast
majority of treated participants among those with
available data suggested bias in the data (i.e. those
treated were more frequently reported). Therefore,
we did not include these drugs as covariates in the
GEE models. However, available data were sufficient
to estimate yearly decrease of EF and SF by GEE in a
subset of ACEi treated patients only: these amounted
to –0.72 ± 0.07% and –0.40 ± 0.08%, respectively.

DMD mutation effects

Both “skip 44” and “skip 53” deletions appeared
to have a significant effect on EF, with estimated
GEE coefficients of +2.21 ± 1.46%, p = 0.024, and
–2.58 ± 1.24%, p = 0.04 (Table S2), respectively.
(Fig. 2A), i.e. protective for “skip 44” and detri-
mental for “skip 53”. A protective effect associated
of “skip 44” deletions was detected also on EDV
(–17.63 ± 10.24 mL/m2, p = 0.0085), together with a
detrimental effect of “skip 45” (+14.03 ± 19 mL/m2,

p = 0.00016). None of the DMD mutation groups have
effect on SF (Fig. 2).

We detected a significant detrimental effect
of mutations proximal to Dp116 on EDV
(+11.88 ± 8.42 mL/m2, p = 0.0063) and EF%
(–3.52 ± 1.93%, p = 0.019), but not on SF. Finally,
we detected no significant effects of mutations
proximal to Dp140 or Dp71 (Table S2).

Modifier SNPs effects

Of the three genotyped modifier loci, only LTBP4
presented significant associations with the out-
comes of interest. The IAAM haplotype appeared
to have a protective effect on ventricular dila-
tion (Fig. 3B), with a significant reduction in
EDV associated with both rs10880 genotype and
IAAM haplotype (–7.19 ± 3.78 mL/m2, p = 0.016;
and –8.61 ± 4.21 mL/m2, p = 0.010, respectively).
None of the tested SNPs was significantly corre-
lated with EF% and SF% (Table S2). Despite this, in
the multivariate model (described below), the effect
of the LTBP4 genotype (both considering the single
rs10880 SNP and the entire IAAM haplotype) was
confirmed on EF.

Multivariate models

To confirm the effect of each individual variable
evaluated thus far, we utilized the GEE model for
conducting a multivariate analysis (Table 3), enabling
us to assess potential effects due to collinearity
among the considered variables. First, we con-
firmed the detrimental effect of mutations proximal
to the Dp116 isoform on EF (but not for EDV,
although a trend is visible, Table 3), with an
estimated coefficient of –4.14 ± 2.59%, p < 0.001.
Additionally, we confirmed the detrimental effect
of “skip45” (+18.48 ± 17.22 mL/m2 p < 0.001) and
protective effect of “skip 44” (Table 3) solely on
EDV (–15.24 ± 9.49 mL/m2 p = 0.005), but not on
EF. The multivariate model further corroborated
the protective effect on EDV of both the rs10880
genotype (–9.2 ± 6.05 mL/m2, p = 0.007) and the
entire LTBP4 haplotype (–10.48 ± 5.81 mL/m2,
p = 0.0097), revealing a significant protective effect
on EF as well (+3.26 ± 1.44%, p = 0.003 and
+2.89 ± 1.69 mL/m2, p = 0.033). These results were
confirmed in each individual cohort (Italy and
CINRG), both considering the single SNP and the
entire haplotype (Table S5). Moreover, we observed
a detrimental effect of SPP1 rs28357094 on EDV
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Table 2
Distribution by DMD mutation category

Criterion Mutation group Italian cohort CINRG-DNHS Total

Molecular treatment amenability “skip44” deletions 24 (4.44 %) 18 (6.47 %) 42 (5.13 %)
“skip45” deletions 25 (4.62 %) 22 (7.91 %) 47 (5.74 %)
“skip51” deletions 40 (7.39 %) 32 (11.51 %) 72 (8.79 %)
“skip53” deletions 46 (8.5 %) 12 (4.32 %) 58 (7.08 %)
“skip8” deletions 7 (1.29 %) 6 (2.16 %) 13 (1.59 %)

Nonsense 34 (6.28 %) 14 (5.04 %) 48 (5.86 %)
Splice site mutations 18 (3.33 %) 0 (0 %) 18 (2.2 %)

Other* 245 (45.29 %) 94 (33.81 %) 339 (41.39 %)
Undefined† 102 (18.85 %) 80 (28.78 %) 182 (22.22 %)

Position of the mutation Dp140- (3’ intron 44) 265 (48.98 %) 134 (48.2 %) 399 (48.72 %)
Dp140+ (5’ intron 44) 170 (31.42 %) 67 (24.1 %) 237 (28.94 %)

Dp 140 undefined† 106 (19.59 %) 77 (27.7 %) 183 (22.34 %)
Dp116- (3’ intron 55) 37 (6.84 %) 10 (3.6 %) 47 (5.74 %)
Dp116+ (5’ intron 55) 398 (73.57 %) 163 (58.63%) 561 (68.5 %)

Dp116 undefined† 106 (19.59 %) 105 (37.77 %) 211 (25.76 %)
Dp71- (3’ intron 62) 18 (3.33 %) 6 (2.16 %) 24 (2.93 %)
Dp71+ (5’ intron 62) 417 (77.08 %) 167 (60.07 %) 584 (71.31 %)

Dp71 undefined† 106 (19.59 %) 105 (37.77 %) 211 (25.76 %)

Total 541 278 819

*Other: non-skippable deletions, duplications, frameshift mutations. CINRG-DNHS: Cooperative International Neuromuscular Research
Group Duchenne Natural history Study. †Undefined: the number of undefined mutations may differ between criteria (e.g. reported nonsense
mutation without nucleotide number or exon position available).

Table 3
Coefficients of Multivariate Generalized Estimating Equation (GEE) analyses obtained (whole study)

Covariate Ejection Fraction (%) Shortening Fraction (%) End Diastolic Volume
indexed (mL/m2)

Estimate SE p-value Estimate SE p-value Estimate SE p-value

Intercept 69.11 1.3 0 37.6 1.16 <0.001 42.45 5.15 <0.001

Age (years) –0.87 0.05 <0.001 –0.41 0.05 <0.001 0.54 0.18 n.s.

On glucocorticoids 0.72 0.66 n.s. 1.37 0.63 0.04 2.51 2.58 n.s.

Mutation groups by
molecular
treatment
amenability

“skip 8” deletions 3.18 3.36 n.s. 0.9 2.16 n.s. 6.39 11.2 n.s.
“skip 44” deletions 1.8 1.93 n.s. –0.27 1.21 n.s. –15.24 9.49 0.005
“skip 45” deletions 0.64 1.75 n.s. 0.05 1.14 n.s. 18.48 17.22 <0.001
“skip 51” deletions –0.09 1.43 n.s. –1.2 0.99 n.s. –2.62 6.59 n.s.
“skip 53” deletions 0.38 1.86 n.s. –0.48 1.39 n.s. 6.57 6.57 n.s.

Nonsense –0.62 1.8 n.s. –0.14 1.15 n.s. 5.41 6.23 n.s.
Splice site 0.18 3.88 n.s. –5.41 4.79 <0.001 0.52 7.65 n.s.

Modifier genotypes SPP1 rs28357094 (dom) –0.77 1.01 n.s. –0.05 0.71 n.s. 6.5 4.26 0.04
CD40 rs1883832 (add) –0.3 0.76 n.s. –0.34 0.53 n.s. 2.06 3.86 n.s.
LTBP4 rs10880 (rec) 3.26 1.44 0.003 1.01 1.04 n.s. –9.2 6.05 0.007

IAAM haplotype (rec)* 2.90 1.70 0.038 0.90 1.29 n.s. –10.48 5.81 0.0098

*The values related to this parameter were calculated by substituting rs10880 in the multivariate model. EF: ejection fraction; EDV: end
diastolic volume; SF: shortening fraction; SE: Standard Error; skip 8: mutations amenable to treatment with skipping of exon 8 (same for
other exon numbers); n.s.: not significant; dom: dominant inheritance model; add: additive inheritance model; rec: recessive inheritance
model. Significant p-values (p < 0.05) are bold.

(+6.5 ± 4.26 mL/m2, p = 0.04). In addition to what
was observed through univariate analyses, significant
associations were found regarding splicing mutations
and SF (–5.41 ± 4.79%, p < 0.001) and the pres-
ence of mutations proximal to the Dp71 isoform
and EDV (–11.01 ± 13.71, p = 0.003). A beneficial
effect of GC treatment could be confirmed only on
SF (1.37 ± 0.63%, p = 0.04).

DISCUSSION

In this retrospective study, we present data from the
Italian and the CINRG-DNHS multicentric cohorts.
In order to reach sufficient sample sizes, especially for
genetic association tests, a large collaborative effort
involved around 30 tertiary neuromuscular Centers
across 4 continents, possibly raising doubts of exces-
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Fig. 1. Scatter plots of ejection fraction (%) (A), shortening fraction (%) (B) and end-diastolic volume (mL/m2) (C) by age, grouped by GC
treatment at evaluation time. Pathological thresholds are marked by dashed lines.

sive heterogeneity in the data. We acknowledge some
differences in standards of care and follow-up dura-
tion between the two sub-cohorts. Indeed, in the

CINRG-DNHS, patients underwent a longer follow-
up than in the Italian cohort (approximately 4.0 vs.
3.12 years on average). On the other hand, individ-
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Fig. 2. Scatter plots of ejection fraction (%) (A), end diastolic volume (mL/m2) (B) by age, grouped by LTBP4 genotype. Pathological
thresholds are marked by the dashed lines.

uals from the CINRG-DNHS were evaluated less
frequently: approximately every 1.1 years on aver-
age, vs. approximately 0.8 year in the Italian cohort,
which is closer to recommended standards of care

in this age range [7]. In fact, a relatively insufficient
application of cardiological standards of care in the
CINRG-DNHS had been already commented on by
CINRG investigators [12].
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Fig. 3. Scatter plots of ejection fraction (%) (A), end diastolic volume (mL/m2) (B) by age, grouped by relevant DMD mutation type.
Pathological thresholds are marked by the dashed lines.

Furthermore, in the Italian cohort, patients were
less frequently treated with GCs: approximately 69%
of evaluations with available GC data, vs. 71% in

the CINRG-DNHS. This difference in the standard
of care is probably due to the older age in the Ital-
ian cohort, in which several patients born in the ‘80 s
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and even in the ‘70 s were included. At the time these
patients were evaluated, it was not a common prac-
tice to treat DMD patients with GCs after loss of
ambulation.

GEE models confirmed that EF and SF decrease
significantly with age in the total study population,
at the rate of –0.79 ± 0.03% and –0.41 ± 0.04% per
year respectively. This EF decrease is in line with our
knowledge on the progressive nature of the hypoki-
netic cardiomyopathy of DMD [4, 32]. However, such
a quantitative estimation of the rate of EF decline,
based on a long-term observation with serial echocar-
diographic measures, had not been provided in the
literature. As for SF decrease, our data point to a
smaller decrease than described in a recent longitudi-
nal study of SF [33], which estimated an approximate
–1.5% yearly decrease. This may be explained by
the larger age range in our study population, which
“distributes” the decrease over a wider time inter-
val. The estimated values of age decrease of EF and
SF may be used as a benchmark for powering clin-
ical trials, as well as a reference for gauging the
severity of individual disease progression in clinical
practice.

Finally, it was not possible to detect a statistically
significant effect of age on EDV measures, although
a trend was observed (+0.42 ± 0.16 mL/m2 per year,
p = 0.060, Fig. 1C). With the limits of a smaller sam-
ple size, this suggests that ventricular dilation is not
as constant and predictable a feature in dystrophin-
deficient DCM as the loss of systolic function.

Concerning GC therapy, we identify a signifi-
cant effect on EF (1.21 ± 0.36%, p = 0.048) and SF
(1.68 ± 0.49, p = 0.00087) in the overall study. This
was in part surprising, as we expected similar findings
with EF and SF, which are both an expression of the
same underlying physiological feature, i.e. ventricu-
lar contractile function. Furthermore, the multivariate
model confirmed this finding only for SF.

It should also be noted that, while GCs are now
generally considered to be beneficial also for DCM
in dystrophinopathies, the subject has been debated in
the literature with some contradictory findings. Their
beneficial effects has been demonstrated in several
studies [9, 10, 34], but put in doubt in others [11,
12]. Furthermore, prednisone exacerbated myocar-
dial fibrosis in several murine muscular dystrophy
models [35, 36], because of its agonist function at the
mineralocorticoid receptor which activates the renin-
angiotensin axis. In the overall population presented
here, several patients were treated with deflazacort
rather than prednisone, which may act differently at

the level of the mineralocorticoid receptor, as shown
by studies of dissociative steroids [37]. Unfortu-
nately, we currently do not have sufficiently detailed
data on deflazacort vs. prednisone treatments to per-
form a targeted analysis at this point. Differences
between these two drugs have already been found
in relation to ambulatory function and tolerability
[38]. A large, long-term study comparing gluco-
corticoid regimens, FOR-DMD [39], did not show
differences in cardiac outcomes between prednisone
and deflazacort regimens, although in a young pop-
ulation recruited between the ages of 4 to 7 and
followed up to 36 months [40].

Regarding the effects of different kinds of
mutations, “skip 44” deletions seemed to be pro-
tective in EF (2.2 ± 1.46%, p = 0.024) and EDV
(–17.64 ± 10.24 95 mL/m2, p = 0.0085), although the
multivariate model only confirms the association
regarding EDV (–15.24 ± 9.49 mL/m2 p = 0.005).

These mutations were expected to be protective,
probably due to a predominance of patients with an
isolated exon 45 deletion, who present frequent spon-
taneous exon skipping events leading to low levels of
an in-frame delta-44-45 transcript, resulting in in low
amounts of an internally deleted dystrophin protein
[41]. Our data suggest that this alternative splicing
event may be ongoing in the heart as well as in skeletal
muscle.

Our analysis demonstrated a decrease in systolic
function (–3.52 ± 1.92%, p = 0.019) and a signif-
icant increase of EDV (11.87 ± 8.41, p = 0.0063)
associated with mutations proximal to Dp116, com-
pared to distal mutations. The multivariate analysis
confirmed a significant decrease in systolic func-
tion (–4.14 ± 2.59%, p = <0.001, Table 3) and also
a trend in EDV (7.53 ± 7.98, p = 0.08), confirming
the observations of Yamamoto et al. [15]. The detri-
mental effect of this isoform on cardiac function
has not been mechanistically elucidated, although
Yamamoto et al. did identify Dp116 expression in
the myocardium. A mechanism in which Dp116 com-
petes with residual traces of Dp427 for the binding
to the dystrophin-associated glycoprotein complex
has been hypothesized [15, 42]. A novel finding in
our data was an apparent effect, emerging from the
multivariate analysis, of Dp71 on EDV, its absence
aggravating ventricular dilation. This finding is based
on a relatively low sample size, and should therefore
be confirmed in independent cohorts. A role of this
ubiquitous isoform, which is strongly expressed in
blood vessels, on the cardiovascular system may be
hypothesized.
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Finally, considering genetic modifiers, of the 3
genotyped loci tested (SPP1 rs28357094, CD40
rs1883832 and LTBP4 rs2303729, rs1131620,
rs10880, and IAAM haplotype), only LTBP4
rs10880, and the linked IAAM haplotype, presented
significant associations with cardiac function.

The recessive rs10880 T allele and IAAM hap-
lotype seemed to have a protective effect on
EF and EDV, with estimated effect sizes of
+3.26 ± 1.44% (p = 0.003) and –9.2 ± 6.05 mL/m2

(p = 0.007; +2.90% and –10.48 mL/m2 in the mul-
tivariate GEE model), respectively. The EF effect
was independently significant in both the Italian
and international CINRG-DNHS sub-cohorts, which
is relevant because the effect of this genotype in
prolonging ambulation was previously described as
dependent on ancestry [43].

The protective effect of LTBP4 on cardiological
outcomes may be interpreted thatthe IAAM isopro-
tein of LTBP4 is able to sequester TGF-� with a
greater avidity and in a more stable latent complex.
TGF-� is thus prevented from signalling at the surface
of cells (cardiomyocytes, fibroblasts, immune cells)
and promote pro-fibrotic changes in the myocardium,
which in turn lead to reduce contractility and dilative
remodelling [44].

We recognize several limitations to this study.
First of all, due to the retrospective study design,
several data points were missing, mostly regarding
DMD and SNP genotype characterization, GC treat-
ment history, but especially cardiological treatments.
Data regarding the latter variable were at best sparse
in the present study. Indeed, current guidelines [7]
recommend to start ACEi (Angiotensin-Converting-
Enzyme inhibitors) or ARBs (Angiotensin II
Receptor Blockers) at a young age, with a later asso-
ciation of �-blockers according to symptoms and
follow-up findings. These drugs have been found
to be effective in preventing and delaying the pro-
gression of dystrophinopathic DCM [7, 45, 46]. The
analysis of the limited data available suggested a
slightly slower decrease of EF during ACEi treat-
ment, and confirmed an additive effect of ACEi with
LTBP4 genotype, probably due to concurrent effects
on TGF-� activation downstream of mineralocorti-
coid receptor activation [44]. A further limitation
is inherent to the limited accuracy and sensitiv-
ity of echocardiographic assessments, compared to
more modern MRI-based measurements [16]. The
construction and analyses of large datasets of car-
diac MRI measurements in dystrophinopathies is
warranted, in order to refine genotype-phenotype

correlations and better delineate natural history tra-
jectories. Some limitations were methodological in
nature, e.g. the lack of MRI data, which is more sen-
sitive than echocardiography especially in respect to
the quantification of myocardial fibrosis [47]; and
the fact that methods used to calculate cardiac out-
comes (EF, SF, and EDV) might have slightly differed
between sites. Also, the effects of studied variable on
these three outcomes were not always concordant, as
may be expected.

In conclusion, we describe a strong effect of LTBP4
genotype on dystrophin-deficient DCM. Detailed
studies of the interaction of genotype with cardiolog-
ical treatment efficacy are needed, however, before
it can be implemented in DMD care as a prognostic
biomarker. With its limitations, mainly due to a retro-
spective approach and a lack of MRI data, this study
represents an initial characterization of variables that
may be relevant for the design and interpretation of
experimental studies for DCM in DMD.
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