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Abstract

Background: Cardiomyopathy is a major cause of morbidity and mortality in Duchenne
muscular dystrophy (DMD). We evaluated whether N-terminal pro-brain natriuretic pep-
tide (NT-proBNP) identifies severe systolic dysfunction and assessed its diagnostic per-
formance. Methods: Male patients with genetically confirmed DMD and established
cardiomyopathy were included if NT-proBNP measurement and echocardiographic ejec-
tion fraction (EF) were available within one month. Severe systolic dysfunction was defined
as EF < 40%. Clinical, cardiac, and respiratory variables were analysed. ROC analysis
with bootstrap validation and exploratory logistic regressions was performed. Results:
NT-proBNP levels were significantly higher in patients with EF < 40% (median 843 vs.
81 pg/mL). A cut-off >200 pg/mL identified severe systolic dysfunction with 90.5% sensi-
tivity and 90.9% specificity (AUC 0.96, 95% CI 0.88-1.00). During 24 months of follow-up,
five deaths occurred. NT-proBNP showed moderate discrimination for mortality (AUC
0.79) and was associated with mortality in exploratory analysis. Conclusions: NT-proBNP
was associated with severe systolic dysfunction in Duchenne cardiomyopathy and may
complement imaging. Prospective validation is warranted.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a progressive X-linked neuromuscular dis-
order caused by mutations in the dystrophin gene and characterized by skeletal muscle
degeneration and cardiomyopathy. Cardiac involvement, most commonly dilated car-
diomyopathy with progressive left ventricular dysfunction, represents a major determinant
of morbidity and mortality in this population [1].

Early detection and longitudinal monitoring of cardiac deterioration are essential
to optimize treatment strategies and improve outcomes. Echocardiography and cardiac
magnetic resonance imaging (CMR) are the standard methods for assessing cardiac function
and myocardial fibrosis in patients with DMD [2]. However, repeated imaging may become
challenging in advanced disease stages, when severe muscular weakness, respiratory
dependence, and limited mobility restrict access to hospital-based evaluations.

Recent pharmacological advances in heart failure therapy, including sodium-glucose
cotransporter-2 inhibitors and neprilysin inhibition, have demonstrated benefits in slowing
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cardiac deterioration across different patient populations. These developments emphasize
the importance of timely identification of worsening cardiac function and appropriate
escalation of treatment [3]. Serial assessment of cardiac biomarkers may help identify
optimal therapeutic windows, whereas the absence of reliable monitoring tools may lead
to underestimation of disease progression and suboptimal management [4,5]

Circulating cardiac biomarkers, particularly N-terminal pro-brain natriuretic peptide
(NT-proBNP), are widely used as non-invasive indicators of ventricular wall stress and
heart failure severity in the general population [6]. However, evidence regarding their
role in Duchenne cardiomyopathy remains limited, especially in patients with established
cardiac involvement.

In this study, we conducted a retrospective analysis of NT-proBNP levels and left
ventricular ejection fraction (EF) in patients with DMD and established cardiomyopathy.
The primary objectives were: (1) to determine whether NT-proBNP levels differ between
patients with severe systolic dysfunction and those without severe systolic dysfunction;
(2) to evaluate the diagnostic performance of NT-proBNP for identifying EF < 40%; and
(3) to explore the association between NT-proBNP and mortality.

2. Methods
2.1. Study Setting, Population and Design

This was a retrospective study of male patients with genetically confirmed DMD and
established cardiomyopathy followed at the Centre for Diagnosis and Therapy of Neuro-
muscular Disease, Polyclinic of Palermo, between 2022 and 2024. Patients were included if
they had: (1) a recent NT-proBNP measurement and (2) an EF assessment by echocardiog-
raphy within 1 month of NT-proBNP measurement. Patients with acute illnesses, systemic
conditions affecting NT-proBNP, or incomplete records were excluded. NT-proBNP was
measured using an electrochemiluminescence immunoassay (Elecsys proBNP II, Roche
Diagnostics, Mannheim, Germany; Cat. No. 09315284190) according to the manufac-
turer’s instructions [7]. Established cardiomyopathy was defined as documented cardiac
involvement in the clinical setting of DMD, with echocardiographic evidence of systolic
dysfunction (EF < 55%).

2.2. Data Collection

NT-proBNP measurements and echocardiographic EF values were retrieved retro-
spectively from clinical records. Left ventricular end-diastolic diameter (LVEDD) and left
ventricular end-systolic diameter (LVESD) were recorded for all included patients. Simpson
biplane EF was used when reported; otherwise, EF was visually estimated in a minority
of cases [8]. A sensitivity analysis excluding visually estimated EF values was performed.
Mortality was recorded from medical records.

Additional data included age, weight, height, body mass index (BMI), NIV use (num-
ber of patients), hours of NIV, and the most recent respiratory function tests (FVC, MIP,
MEP, SNIP).

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the local ethics committee (CEPALERMO1 No. 252024). All patients provided
written informed consent.

2.3. Outcome Definitions

The primary outcome was left ventricular systolic function categorized as EF < 40%
(severe) or >40%. The secondary outcome was the discriminatory performance of NT-
proBNP for detecting EF < 40% using ROC analysis. Mortality was evaluated as an
exploratory outcome.
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3. Statistical Analysis

Continuous variables are reported as mean =+ standard deviation or median [in-
terquartile range], as appropriate. Categorical variables are reported as numbers (%).
Between-group comparisons were performed using Student’s t-test or Mann-Whitney U
test for continuous variables and Fisher’s exact test for categorical variables. Correlations
were assessed using Spearman’s rank correlation coefficient. Diagnostic performance was
evaluated using receiver operating characteristic (ROC) curve analysis. Logistic regression
analyses were performed to evaluate the association between log-transformed NT-proBNP
and severe systolic dysfunction and between log-transformed NT-proBNP and mortality.
For logistic regression, the outcome was coded as preserved systolic function (EF > 40%);
therefore, odds ratios <1 indicate a higher probability of EF < 40%. For ROC analysis, NT-
proBNP was evaluated for identifying EF < 40%. Bonferroni correction for multiple testing
was applied, with a corrected significance threshold of p < 0.0025. Statistical analyses were
performed using SPSS version 30.0 (IBM Corp., Armonk, NY, USA) and MedCalc version
23.0.8 (MedCalc software Ltd., Ostend, Belgium)

4. Results

A total of 31 patients were included: 11 with EF < 40%, 12 with EF 40-49%, and 8 with
EF > 50%. NT-proBNP levels differed significantly across EF categories (Kruskal-Wallis
p = 0.00017). Post hoc analysis showed higher NT-proBNP levels in patients with EF < 40%
compared with both EF 40-49% (p = 0.0002) and EF > 50% (p = 0.001), whereas no difference
was observed between EF 40-49% and EF > 50% (p = 1.00). Age did not differ significantly
across EF categories (31.0 & 7.1, 35.6 = 8.7, and 27.3 & 7.9 years for EF < 40%, 40-49%,
and >50%, respectively; p = 0.11). Given the absence of differences between EF 40-49%
and EF > 50%, and the clear separation from EF < 40%, patients with EF > 40% were
grouped together for subsequent analyses. Characteristics of the study population are
shown in Table 1.

No patients were obese or showed signs of renal failure as assessed by cystatin C. All
were non-ambulant and had severe respiratory impairment. Table 2 shows that NT-proBNP
levels were significantly higher in patients with EF < 40%.

NT-proBNP was inversely correlated with EF (rho = —0.74, p < 0.001; Figure 1).
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Figure 1. Relationship between left ventricular ejection fraction (EF) and NT-proBNP levels. NT-
proBNP is displayed on a logarithmic scale. Dark points represent patients with EF < 40%, and white
points represent patients with EF > 40%.
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Table 1. Demographic, genetic, cardiorespiratory, and pharmacological characteristics.

Variable Value
Age (years) 31.8 £ 84
BMI (kg/m?) 204+ 4.6
Wheelchair users, 1 (%) 31 (100%)
NIV use, 1 (%) 20 (64.5%)
Hours of NIV 203 +54
Cystatin C (mg/L) 0.81+£0.2
Comorbidities 1 patient with diabetes
Deletion, n/N (%) 15/22 (68.1%)
Duplication, n/N (%) 4/22 (18.1%)
Other mutations, n/N (%) 3/22 (13.6%)
FVC (%) 10.0 [5.0-18.2]
MIP (cmH,O) 8.0 [6.7-13.2]
MIP (%) 10.0 £ 7.0
SNIP (cmH,0) 12.0 [10.0-14.0]
SNIP (%) 98 +64
MEP (cmH;0) 8.0 [7.0-13.7]
MEP (%) 71+42
EF (%) 419 + 104
NT-proBNP (pg/mL) 185 [68.2—440.7]
LVEDD (mm) 504 £ 11.8
LVESD (mm) 35.0£ 8.6
ACE inhibitors/ARBs, n (%) 28 (90.3%)
Neprilysin inhibitors, 1 (%) 3(9.6%)
Beta-blockers, 1 (%) 31 (100%)
Mineralocorticoid receptor antagonists, # (%) 31 (100%)
SGLT?2 inhibitors, 1 (%) 11 (35.4%)
Corticosteroids, # (%) 2 (6.4%)

NIV, non-invasive ventilation; FVC, forced vital capacity; MIP, maximum inspiratory pressure; SNIP, sniff
nasal pressure; MEP, maximum expiratory pressure; EF%, ejection fraction; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter.

EF was inversely correlated with LVEDD and LVESD (rho = —0.45, p = 0.01 and
rho = —0.48, p = 0.02, respectively). No significant associations were observed between
respiratory function parameters and either NT-proBNP or EF. Specifically, FVC% (p = 0.72),
MIP% (p = 0.32), SNIP% (p = 0.40), and MEP% (p = 0.53) did not differ across groups.
Similarly, NIV hours were not correlated with NT-proBNP (rtho = —0.10, p = 0.58) or EF
(rho = 0.06, p = 0.72). Figure 2 shows the ROC analysis, which demonstrated excellent
discrimination for EF < 40% (AUC 0.96, 95% CI 0.88-1.00), with similar results in internal
bootstrap validation. The optimal NT-proBNP cut-off was >200 pg/mL, yielding 90.5%
sensitivity and 90.9% specificity (Figure 2A). Sensitivity analysis excluding the visually
estimated EFs of five patients showed similar performance (Supplementary File). During a
median follow-up of 24 months, five deaths occurred. NT-proBNP levels were significantly
higher in patients who died compared with survivors (median 1002 vs. 144 pg/mL,
p = 0.043). NT-proBNP showed moderate discrimination for mortality (AUC 0.79, 95% CI
0.46-1.00) as shown in Figure 2B.

An exploratory cut-off >268 pg/mL yielded 80.0% sensitivity and 77.8% specificity. In
exploratory logistic regression, log-transformed NT-proBNP was significantly associated
with mortality (p = 0.025), as shown in Table 3.

Given the limited number of deaths, this analysis should be considered exploratory.
An exploratory multivariable logistic regression was performed to evaluate the association
between log-transformed NT-proBNP and systolic function, adjusted for SGLT2 inhibitor
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use (Table 4). Log (NT-proBNP) remained independently associated with EF < 40%, whereas

SGLT2 inhibitor use was not statistically significant.

Table 2. Comparison between patients with EF < 40% and EF > 40%.

Variable EF <40% (n =11) EF > 40% (n = 20) p Value
Age (years) 31.0£7.0 323+£9.2 0.68
BMI (kg/m?) 22.0 [16.8-24.0] 21.6 [17.6-24.2] 0.79
Wheelchair users, n (%) 11 (100%) 20 (100%) —
NIV use, n (%) 7/11 (63.6%) 13/20 (65.0%) 0.93
Hours of NIV 19.5 £ 6.0 20.8 +£5.3 0.60
Cystatin C (mg/L) 0.81 £ 0.1 0.80 £ 0.1 0.88
Comorbidities 0 1 diabetes —
Deletion, n (%) 8 (72.7%) 16 (76.1%) 0.80
Duplication, n (%) 2 (18.1%) 2 (9.5%) 0.49
Other mutations, 1 (%) 1 (9.0%) 3 (14.2%) 0.72
FVC (%) 10.0 [5.7-12.7] 8.5 [5.0-20.0] 0.82
MIP (cmH,0) 8.0 [6.0-12.7] 9.0 [7.0-14.0] 0.49
MIP (%) 91+49 10.6 £ 8.1 0.57
SNIP (cmH,0) 12.0 [7.7-13.0] 12.0 [11.0-14.0] 0.46
SNIP (%) 9.0+£5.0 103+ 7.1 0.61
MEP (cmH,0) 8.0 [7.0-14.7] 8.0 [7.0-13.0] 0.89
MEP (%) 6.0+ 3.1 72+47 0.78
EF (%) 30.5+5.1 482 + 6.5 <0.001
NT-proBNP (pg/mL) 843.0 [294.5-1472.2] 81.0 [60.3-167.5] <0.001
LVEDD (mm) 62.6 +9.7 439+ 6.5 <0.001
LVESD (mm) 44.0+5.8 30.6 £59 <0.001
ACE inhibitors/ ARBs, n (%) 8/11 (72.7%) 20/20 (100%) 0.01
Neprilysin inhibitors, 1 (%) 3/11 (27.2%) 0 0.01
Beta-blockers, 1 (%) 11/11 (100%) 20/20 (100%) —
Mineralocorticoid receptor o o
antagonists, 7 (%) 11/11 (100%) 20/20 (100%) —
SGLT?2 inhibitors, 1 (%) 11/11 (100%) 0 —
Corticosteroids, 1 (%) 2 (18.1%) 1 (5.0%) 0.08

NIV, non-invasive ventilation; FVC, forced vital capacity; MIP, maximum inspiratory pressure; SNIP, sniff
nasal pressure; MEP, maximum expiratory pressure; EF%, ejection fraction; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter.

Table 3. Exploratory logistic regression model assessing the association between log-transformed
NT-proBNP and mortality.

Variable B SE OR 95% CI p Value
Intercept —7.13 — — — 0.007
Log (NT-proBNP) 0.94 0.42 2.56 1.13-5.79 0.025

NT-proBNP was log-transformed due to skewed distribution. Each 1-unit increase in log(NT-proBNP) was
associated with a 2.56-fold increase in the odds of mortality (95% CI 1.13-5.79, p = 0.025).

Table 4. Exploratory multivariable logistic regression analysis evaluating the association between
log-transformed NT-proBNP and severe systolic dysfunction, adjusted for SGLT2 inhibitor use.

Variable B SE OR 95% CI p Value
Intercept 18.53 8.04 — — 0.021
log(NT-proBNP) —3.20 1.49 0.04 0.002-0.75 0.032
SGLT2 inhibitor -1.57 1.47 0.21 0.01-3.73 0.286

Odds ratios (ORs) with 95% confidence intervals (CIs) are reported. The model was coded using preserved
systolic function (EF > 40%) as the reference outcome; therefore, an OR < 1 for log (NT-proBNP) indicates a lower
probability of preserved systolic function and, consequently, a higher probability of EF < 40%.
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Figure 2. ROC analysis. Panel (A) (upper): Receiver operating characteristic (ROC) curve of NT-
proBNP for identifying severe systolic dysfunction (EF < 40%); Panel (B) (lower): ROC curve of NT-
proBNP for mortality during follow-up. NT-proBNP showed moderate discriminatory performance
(AUC 0.79, 95% CI 0.46-1.00).

5. Discussion

In this retrospective cohort of patients with DMD and established cardiomyopathy;,
NT-proBNP levels were significantly higher in those with EF < 40% and showed good
discriminatory performance for identifying severe systolic dysfunction. NT-proBNP also
correlated with EF and ventricular dimensions and remained associated with severe systolic
dysfunction in exploratory multivariable analysis. Taken together, these findings suggest
that NT-proBNP may be clinically informative in patients with advanced Duchenne car-
diomyopathy, particularly when the burden of myocardial dysfunction is substantial.

This interpretation is relevant in light of the inconsistent previous literature. Earlier stud-
ies suggested that natriuretic peptides may have limited value in dystrophinopathies [9-11].

For example, van Westrum et al. reported that NT-proBNP did not distinguish patients
with and without dilated cardiomyopathy in Duchenne/Becker muscular dystrophy [12],
and Sheybani et al. found no consistent correlation between BNP /NT-proBNP and cardiac
function in a relatively large asymptomatic DMD cohort [13].

These weaker findings likely reflect the inclusion of younger patients with ear-
lier cardiac involvement, when biomarker release may still be limited despite evolving
myocardial injury.

By contrast, studies focused on late-stage DMD suggest a different picture.

Cha et al. reported that in advanced DMD, BNP levels were associated with adverse
outcomes irrespective of LVEF [14], while Soslow et al. found that NT-proBNP was as-
sociated with all-cause mortality and identified it among the cardiovascular measures
most relevant to disease progression [15]. Likewise, a recent study has suggested that
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NT-proBNP, along with imaging, may be useful for monitoring cardiomyopathy in patients
with Duchenne muscular dystrophy [16]. Our results are more closely aligned with these
late-stage observations and support the concept that natriuretic peptides may become more
informative as disease advances and ventricular stress increases.

The EF threshold also deserves comment. In DMD, early cardiac involvement may be
recognised at EF values below 55% [17], and recent cardiac care recommendations suggest
managing patients with LVEF < 50% according to heart failure frameworks [5].

In the present study, however, we selected EF < 40% to capture a more advanced
and clinically meaningful stage of systolic dysfunction. This choice was pragmatic, as
EF < 40% identifies patients with clearly reduced systolic function, a greater likelihood of
treatment escalation, and a more advanced clinical status, consistent with conventional
heart failure classification.

Our findings also have practical relevance because cardiac assessment in advanced
DMD is often challenging. Late-stage Duchenne muscular dystrophy is characterized by
immobility, chest wall deformities, and respiratory failure, which may obscure symptoms
of heart failure and limit imaging feasibility. A circulating biomarker may therefore be
useful as an adjunct when repeated echocardiography or cardiac magnetic resonance
imaging is difficult to obtain. Importantly, current adult DMD guidelines and consensus
recommendations do not support routine use of cardiac biomarkers for disease monitoring,
largely due to limited and heterogeneous evidence [18].

Our findings provide real-world data suggesting that NT-proBNP may reflect the
severity of systolic dysfunction in advanced disease, although prospective validation
is required.

The threshold identified in our cohort (>200 pg/mL) should be interpreted cautiously.
In chronic heart failure, natriuretic peptide thresholds in the non-acute setting are generally
lower than those used for acute decompensation [19]. However, direct comparison with
DMD is imperfect because patients with advanced Duchenne muscular dystrophy differ
substantially from general heart failure populations in age, body composition, respiratory
impairment, and chronic ventilatory support. These disease-specific features may partly
explain why natriuretic peptides behave differently in DMD and why cohort-specific thresh-
olds may be needed. For this reason, our cut-off should be viewed as hypothesis-generating
and not directly transferable to other DMD populations without external validation.

The exploratory mortality signal in our study is also consistent with prior work.
Although based on only five events, NT-proBNP levels were higher in non-survivors,
in line with the known prognostic role of natriuretic peptides in heart failure and with
observations in advanced DMD cohorts [20,21].

However, the small number of events requires cautious interpretation, and these
findings should be considered supportive rather than definitive.

This study has several limitations. First, the retrospective single-centre design and
relatively small sample size limit generalizability. However, cohorts of patients with
advanced Duchenne cardiomyopathy are inherently difficult to assemble because of the
rarity of this disease stage and survival limitations, and real-world data in this population
remain scarce. Second, echocardiographic acquisition was not standardized, and EF was
visually estimated in a minority of cases due to suboptimal acoustic windows. In advanced
DMD, thoracic deformities, scoliosis, and limited mobility frequently impair endocardial
border definition, making volumetric measurements challenging. Although sensitivity
analysis excluding visually estimated EF yielded similar results, measurement variability
cannot be completely excluded.

Third, the NT-proBNP cut-off was derived and evaluated within the same cohort,
potentially leading to overestimation of diagnostic performance. The proposed threshold
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should therefore be considered hypothesis-generating and requires external validation
in independent DMD populations, ideally including patients at different disease stages.
Fourth, the mortality analysis was exploratory and based on a limited number of events,
leading to wide confidence intervals and potential instability in effect estimates.

Fifth, potential confounding by treatment allocation must be acknowledged. Contem-
porary heart failure therapies, including SGLT2 inhibitors and neprilysin inhibitors, were
used preferentially in patients with more severe systolic dysfunction. Although these thera-
pies are known to reduce natriuretic peptide levels [22], NT-proBNP remained higher in
patients with EF < 40%, suggesting that biomarker elevation primarily reflected myocardial
dysfunction. Nonetheless, residual confounding cannot be excluded.

Finally, all patients had advanced respiratory impairment, and many were receiving
long-term NIV. While we did not observe an association between respiratory parameters
and NT-proBNP, limited variability in respiratory severity may have reduced the ability to
detect such relationships, and generalizability to earlier disease stages is limited [23].

Despite these limitations, this study provides clinically relevant information. NT-
proBNP may provide complementary information and help identify patients with severe
systolic dysfunction. Measurement is widely available, non-invasive, and easily repeatable,
which may facilitate longitudinal monitoring, particularly when repeated echocardiography
or cardiac magnetic resonance imaging is difficult to perform.

6. Conclusions

NT-proBNP was associated with severe systolic dysfunction and showed good dis-
criminatory performance in patients with advanced Duchenne cardiomyopathy. These
findings support a potential role for NT-proBNP as an adjunct to imaging rather than a re-
placement. Exploratory results also suggest a possible association with mortality, although
this requires confirmation.

Prospective multicentre studies across different disease stages are needed to validate
optimal thresholds and clarify the clinical role of NT-proBNP in Duchenne cardiomyopathy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /hearts7020013 /51, Figure S1: Scatter plot showing the relationship
between NT-proBNP and EF in the sensitivity cohort (excluding visually estimated EF values). NT-
proBNP is displayed on a logarithmic scale; Figure S2: Receiver Operating Characteristic (ROC) curve
of NT-proBNP for identifying EF < 40% in the sensitivity cohort.
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