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Abstract

Background/Objectives: Heart failure (HF) classification based on left ventricular ejection
fraction (LVEF) provides an incomplete representation of disease complexity, as it does not
fully integrate functional impairment, structural remodeling, and clinical severity within a
unified framework. Although N-terminal pro-B-type natriuretic peptide (NT-proBNP) is
widely used for diagnosis and risk stratification, prior studies have primarily evaluated its
role in isolation or within individual HF phenotypes, leaving its phenotype-specific distri-
bution and integrative capacity across the HF spectrum insufficiently defined. This study
aimed to address this gap by systematically evaluating NT-proBNP across HF phenotypes
and assessing its potential as an integrative biomarker linking ventricular dysfunction,
structural remodeling, and clinical severity. Methods: A cross-sectional study was con-
ducted including 125 participants, comprising 65 clinically stable HF patients and 60 age-
and sex-matched controls. HF patients were stratified according to LVEF into HF with
reduced EF (HFrEF) (n = 28), (HFmrEF) (n = 20), and HF with preserved EF (HFpEF)
(n = 17). Serum NT-proBNP concentrations were measured using a standardized electro-
chemiluminescence immunoassay. Clinical and echocardiographic parameters, including
LVEF, left ventricular end diastolic diameter (LVEDD), left atrial diameter (LAD), and New
York Heart Association (NYHA) functional class, were recorded and analyzed. Results: NT-
proBNP levels were significantly higher in HF patients compared with controls (1845 ± 620
vs. 95.7 ± 40.5 pg/mL; p < 0.001) and demonstrated a clear stepwise increase across phe-
notypes (HFrEF: 2850.6 ± 710.4; HFmrEF: 1620.8 ± 480.2; HFpEF: 920.9 ± 310.3 pg/mL;
p < 0.001). NT-proBNP showed a strong inverse correlation with LVEF (r = −0.68, p < 0.001)
and significant positive correlations with LVEDD (r = 0.61, p < 0.001) and LAD (r = 0.57,
p < 0.001). Higher levels were associated with more advanced NYHA functional class
(III–IV vs. II: 2510 ± 680 vs. 980 ± 340 pg/mL; p < 0.001). ROC analysis demonstrated
robust discriminatory performance across HF phenotypes, with the highest accuracy ob-
served in HFrEF. Conclusions: NT-proBNP exhibits a phenotype-dependent gradient
and consistently reflects ventricular dysfunction, adverse structural remodeling, and clin-
ical severity across the HF spectrum. These findings support its role as an integrative
biomarker that captures the multidimensional nature of HF, with potential implications for
phenotype-based risk stratification and more precise clinical decision making.
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1. Introduction
Heart failure (HF) represents one of the most pressing challenges in modern cardio-

vascular medicine, affecting more than 64 million individuals globally and accounting
for substantial morbidity, mortality, and healthcare expenditure [1]. Despite remarkable
advances in pharmacological therapies and device-based interventions over the past three
decades, the prognosis of patients with HF remains disappointingly poor, with persistently
high rates of hospitalization and premature death [2]. This enduring clinical challenge
reflects a fundamental truth about HF: it is not a single disease entity, but rather a hetero-
geneous clinical syndrome that arises from diverse etiologies and unfolds along distinct
pathophysiological trajectories [3].

The contemporary classification of HF, grounded in left ventricular ejection fraction
(LVEF), has brought considerable clarity to clinical practice by defining three major phe-
notypes: heart failure with reduced ejection fraction (HFrEF), heart failure with mildly
reduced ejection fraction (HFmrEF), and heart failure with preserved ejection fraction
(HFpEF) [4,5]. This framework has proven valuable for guiding therapeutic decisions and
structuring clinical trials, as each category differs meaningfully in underlying mechanisms,
patterns of cardiac remodeling, and response to treatment [6]. Yet clinicians and researchers
alike have increasingly recognized that LVEF alone, while pragmatic, offers an incom-
plete portrait of the disease. It does not, and cannot, fully capture the complex interplay
between neurohormonal activation, ventricular remodeling, diastolic dysfunction, and
the functional limitations that patients experience in their daily lives [7]. There is, there-
fore, a growing imperative to identify biomarkers that extend beyond echocardiographic
classification and provide a more holistic assessment of disease burden.

N-terminal pro-B-type natriuretic peptide (NT-proBNP) has emerged as one of the
most extensively validated biomarkers in cardiovascular medicine. Secreted primarily
by ventricular cardiomyocytes in response to increased wall stress and volume overload,
NT-proBNP is firmly embedded in international clinical guidelines for the diagnosis, risk
stratification, and prognostic evaluation of HF [8–10]. Its measurement is widely accessible,
analytically robust, and clinically familiar. However, the interpretation of NT-proBNP
levels is not always straightforward. Circulating concentrations are influenced by a range
of non-cardiac factors including advancing age, impaired renal function, obesity, and
various metabolic comorbidities which may confound their interpretation in individual
patients [11,12]. Beyond these practical considerations lies a more fundamental scientific
question that remains incompletely answered: to what extent does NT-proBNP reflect not
merely hemodynamic stress, but the broader landscape of cardiac remodeling and clinical
deterioration that defines the HF syndrome.

Emerging evidence suggests that NT-proBNP may carry information about the struc-
tural underpinnings of HF, including left ventricular dilation and left atrial enlargement
processes that are central to disease progression and strongly predictive of adverse out-
comes [13]. Yet the existing literature reveals a fragmented picture. Studies conducted
in HFrEF populations have demonstrated robust correlations between NT-proBNP and
ventricular dimensions, but these findings cannot be assumed to generalize to HFpEF,
where the pathophysiology and remodeling patterns are fundamentally different [14,15].
Investigations focusing on HFpEF, in turn, have linked NT-proBNP to diastolic dysfunction
and filling pressures, yet have rarely included direct comparisons with HFrEF or HFmrEF
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groups within the same study [16]. Meanwhile, studies that have spanned multiple pheno-
types often report mean biomarker levels across groups without systematically examining
whether the strength of association between NT-proBNP and remodeling indices varies by
phenotype [17,18]. The consequence of this fragmented evidence base is a persistent and
clinically important knowledge gap: it remains unclear whether NT-proBNP functions con-
sistently as an integrative biomarker, one that simultaneously reflects systolic dysfunction,
adverse structural remodeling, and clinical symptom burden across the full HF spectrum.
To the best of our knowledge, no prior study has addressed this question by combining
comprehensive phenotypic stratification, multi-parameter echocardiographic phenotyping,
and standardized clinical severity assessment within a single, well-characterized cohort. To
the best of our knowledge, few studies have simultaneously evaluated HFrEF, HFmrEF,
and HFpEF within a single cohort using a unified analytical framework that examines
NT-proBNP in relation to ventricular function, structural remodeling, and symptom bur-
den. Consequently, it remains uncertain whether the biomarker exhibits a consistent
phenotype-dependent pattern across the full spectrum of HF severity.

This gap carries direct clinical relevance. In an era moving toward precision medicine
and phenotype-guided management, clinicians need biomarkers that bridge the divide
between what is measured on echocardiography and what patients experience symptomat-
ically. A biomarker capable of reflecting the multidimensional nature of HF could refine
risk stratification, guide therapeutic intensity, and potentially serve as a surrogate endpoint
in clinical trials targeting reverse remodeling [19].

The present study was therefore designed to close this gap by addressing several
interrelated aims within a unified analytical framework. The study sought to quantify and
compare serum NT-proBNP concentrations across HFrEF, HFmrEF, HFpEF, and age- and
sex-matched controls without HF, with the hypothesis that NT-proBNP levels would exhibit
a phenotype-dependent gradient reflecting increasing disease severity. It further aimed
to determine the strength, direction, and consistency of associations between NT-proBNP
and key echocardiographic indices, including LVEF as a measure of systolic function, and
both left ventricular end-diastolic diameter (LVEDD) and left atrial diameter (LAD) as
measures of adverse structural remodeling, testing whether these associations persist across
all phenotypes or are attenuated in specific subgroups. Finally, the study evaluated the
relationship between NT-proBNP levels and clinical symptom burden, as assessed by New
York Heart Association (NYHA) functional class, to determine whether the biomarker
captures not only structural and functional derangements but also their symptomatic
expression. Collectively, these analyses tested the central hypothesis that NT-proBNP
serves not merely as a conventional diagnostic marker, but as a multidimensional indicator
of the HF phenotype that reflects the full burden of disease.

2. Materials and Methods
2.1. Study Design and Setting

This investigation was designed as a single-center, cross-sectional observational study
conducted at the Madinah Cardiac Center, Al-Madinah Al-Munawarah, Saudi Arabia, over
a 12-month period from October 2024 to September 2025. The study protocol was devel-
oped in accordance with the Declaration of Helsinki and was approved by the Institutional
Review Board of the Madinah Cardiac Center (Approval No.: H-03-M-143; approval date:
14 October 2024). Written informed consent was obtained from all participants prior to any
study-related procedure. The cross-sectional design was selected to enable simultaneous as-
sessment of biochemical, echocardiographic, and clinical parameters within a single cohort,
permitting comprehensive between-group comparisons under standardized conditions.

https://doi.org/10.3390/jcm15134957

https://doi.org/10.3390/jcm15134957


J. Clin. Med. 2026, 15, 4957 4 of 16

2.2. Study Population

A total of 125 participants were consecutively recruited during the study period, com-
prising 65 patients with clinically stable chronic HF and 60 age- and sex-matched control
subjects without clinical evidence of HF. HF was diagnosed according to current guide-
line criteria, requiring typical symptoms and/or signs together with echocardiographic
evidence of cardiac structural or functional abnormality. Patients were stratified into three
phenotypic groups based on LVEF measured at enrollment: HFrEF (LVEF < 40%), HFmrEF
(LVEF 40–49%), and HFpEF (LVEF ≥ 50%). Eligibility criteria were defined a priori. Inclu-
sion criteria for HF patients were: age ≥ 18 years, a confirmed diagnosis of chronic HF, and
stable NYHA functional class for at least four weeks prior to enrollment, absence of acute
decompensation on physical examination, HF-related hospitalization, or major changes in
HF pharmacotherapy. Control subjects were recruited from among individuals undergoing
routine clinical evaluation at the same center and were required to have no history or clini-
cal evidence of HF and a preserved LVEF. The required sample size was estimated a priori
using G*Power software (version 3.1.9.7; Heinrich-Heine Universität Düsseldorf, Düssel-
dorf, Germany). For a one-way ANOVA comparing four independent groups, assuming a
medium to large effect size (Cohen’s f = 0.35), an alpha level of 0.05, and a statistical power
of 80%, the minimum total sample size was calculated to be 112 participants. The final en-
rolled sample of 125 participants exceeded this threshold, providing adequate power for the
planned between-group comparisons. Exclusion criteria applied to all participants included:
acute coronary syndrome within the preceding three months; hemodynamically significant
valvular heart disease (moderate or greater stenosis or regurgitation); congenital heart dis-
ease; severe renal impairment (estimated glomerular filtration rate < 30 mL/min/1.73 m2);
active infection or inflammatory disease; known malignancy; and any condition judged
likely to influence NT-proBNP concentrations independently of cardiac status. Individuals
receiving investigational therapies or with incomplete clinical or echocardiographic data
were also excluded. All HF patients were receiving guideline-directed medical therapy as
clinically indicated, including renin-angiotensin system inhibitors, beta-blockers, miner-
alocorticoid receptor antagonists, and diuretics. Pharmacotherapy had been stable for at
least four weeks prior to enrollment, reducing intra-patient variability in NT-proBNP levels
attributable to recent treatment changes.

2.3. Clinical and Echocardiographic Assessments

Demographic data, medical history, and medication use were collected through struc-
tured patient interviews and verified against medical records. Comorbid conditions, in-
cluding hypertension, diabetes mellitus, and dyslipidemia, were systematically recorded
based on documented diagnoses and current treatment. Clinical assessment included
general physical examination and determination of the NYHA functional class by a car-
diologist blinded to NT-proBNP results. Comprehensive transthoracic echocardiography
was performed using a Vivid E95 ultrasound system (GE Healthcare, Chicago, IL, USA).
All measurements were acquired according to the recommendations of the American Soci-
ety of Echocardiography and the European Association of Cardiovascular Imaging [20].
LVEF was calculated using the modified Simpson’s biplane method of disks from apical
four-chamber and two-chamber views. LVEDD was measured from parasternal long-axis
M-mode recordings at the level of the mitral valve leaflet tips. LAD was measured from
the parasternal long-axis view at end systole. All echocardiographic measurements rep-
resented the average of three consecutive cardiac cycles in sinus rhythm or five cycles in
atrial fibrillation. To minimize operator-related variability, studies were performed by two
cardiologists whose inter-observer agreement had been established prior to study initiation
(intraclass correlation coefficient >0.90 for all reported parameters).
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2.4. Laboratory Measurements

Venous blood samples were collected from all participants following an overnight
fast of at least eight hours. Samples were processed within 30 min of collection by cen-
trifugation at 3000 rpm for 10 min, and serum was aliquoted and stored at −80 ◦C until
analysis. Laboratory evaluations included high-sensitivity troponin I, lipid profile (low-
density lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides), and glycated
hemoglobin (HbA1c), all measured using automated analyzers according to standard
procedures. Serum NT-proBNP concentrations were quantified using an electrochemilumi-
nescence immunoassay (ECLIA) on a Cobas e immunoassay analyzer (Roche Diagnostics,
Basel, Switzerland) with the Elecsys proBNP II kit (Roche Diagnostics, Mannheim, Ger-
many). The analytical measurement range of the assay was 5–3500 pg/mL. The intra-assay
coefficient of variation was <3% and the inter-assay coefficient of variation was <5% across
the range of concentrations observed in this study. All assays were performed in duplicate,
and the mean value was used for analysis. Laboratory personnel performing NT-proBNP
measurements were blinded to all clinical and echocardiographic data.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS software (version 21.0; IBM Corp.,
Armonk, NY, USA). Data were examined for completeness, distributional properties, and
outliers prior to hypothesis testing. Continuous variables are presented as mean ± standard
deviation (SD), and categorical variables are expressed as frequencies and percentages.
For comparisons across the four study groups (controls, HFpEF, HFmrEF, HFrEF), one-
way analysis of variance (ANOVA) was applied, followed by Tukey’s honestly significant
difference (HSD) post hoc test for pairwise comparisons when the overall F-test was sig-
nificant. Between-group effect size was quantified using partial eta squared (η2) for the
overall ANOVA and Cohen’s d for pairwise comparisons. Linear trend analysis (P-trend)
was performed across groups ordered by increasing HF severity (controls → HFpEF →
HFmrEF → HFrEF) using polynomial contrast analysis within the ANOVA framework.
Relationships between NT-proBNP and continuous clinical, biochemical, and echocardio-
graphic variables were assessed using Pearson’s correlation coefficient with corresponding
95% confidence intervals. Associations between NT-proBNP and NYHA functional class
were examined using point-biserial correlation (NYHA III–IV vs. I–II) within each HF
phenotype. To identify independent determinants of NT-proBNP, multivariable linear
regression analysis was performed with log-transformed NT-proBNP as the dependent
variable. Log transformation was applied to normalize the positively skewed distribution of
NT-proBNP values. All variables that were clinically relevant or demonstrated associations
in unadjusted analyses were entered simultaneously into the model. Results are reported as
unstandardized regression coefficients (β) with standard errors, standardized coefficients,
and 95% confidence intervals. Model assumptions were verified by inspection of residual
plots (normality, homoscedasticity) and calculation of variance inflation factors (VIF); a
VIF < 5 was considered indicative of acceptable multicollinearity. Model fit was assessed
using R2 and adjusted R2. Diagnostic performance of NT-proBNP for discriminating HF
phenotypes from controls was evaluated using receiver operating characteristic (ROC)
curve analysis. The area under the ROC curve (AUC) with 95% confidence intervals was
calculated for each HF phenotype. All statistical tests were two-tailed, and a p-value < 0.05
was considered statistically significant.
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3. Results
3.1. Baseline Characteristics of Study Participants Stratified by HF Phenotypes

A total of 125 participants were enrolled, comprising 65 patients with HF and 60 age-
and sex-matched controls. Baseline demographic and cardiovascular risk characteristics
are summarized in Table 1. No statistically significant differences were observed across the
four study groups in age, sex distribution, body mass index, or the prevalence of diabetes
mellitus, hypertension, or smoking (all p > 0.05). These findings confirm comparability
of the study groups with respect to major demographic variables and cardiovascular
risk factors.

Table 1. General characteristics of study participants stratified by HF phenotypes and controls.

Variable Controls
(n = 60)

HFrEF
(n = 28)

HFmrEF
(n = 20)

HFpEF
(n = 17) p-Value *

Age (years) 57.2 ± 9.8 59.1 ± 10.6 58.4 ± 9.9 57.8 ± 10.1 0.82
Gender
Male (%) 38 (63.3%) 19 (67.9%) 13 (65.0%) 10 (58.8%) 0.79
Female (%) 22 (36.7%) 9 (32.1%) 7 (35.0%) 7 (41.2%) 0.76
BMI (kg/m2) 28.6 ± 4.1 29.5 ± 4.5 28.9 ± 4.2 28.7 ± 4.0 0.73
Diabetes Mellitus (%) 31 (51.7%) 15 (53.6%) 10 (50.0%) 9 (52.9%) 0.96
Hypertension (%) 29 (48.3%) 14 (50.0%) 10 (50.0%) 8 (47.1%) 0.99
Smoking (%) 15 (25.0%) 7 (25.0%) 5 (25.0%) 4 (23.5%) 0.99

BMI, body mass index; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mildly
reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction. Data are expressed as mean ± SD
or n (%). * Group comparisons were performed using one-way ANOVA with Tukey’s post hoc test for continuous
variables and chi-square test for categorical variables. A p-value < 0.05 was considered statistically significant.

3.2. Clinical, Biochemical, and Echocardiographic Characteristics Across Study Groups

Clinical, biochemical, and echocardiographic parameters stratified by study group are
presented in Table 2. LVEF demonstrated a progressive decline from controls (61.5 ± 3.8%)
through HFpEF (56.8 ± 4.1%) and HFmrEF (44.6 ± 3.2%) to HFrEF (32.4 ± 5.1%; over-
all p < 0.001; P-trend < 0.001). Indices of cardiac remodeling followed a reciprocal
pattern, with LVEDD and LA diameter increasing significantly across the same gra-
dient (LVEDD: 48.2 ± 3.9 mm in controls vs. 63.2 ± 6.5 mm in HFrEF; LA diameter:
36.5 ± 3.2 mm vs. 46.5 ± 5.8 mm; both p < 0.001; P-trend < 0.001). The proportion of
patients with advanced symptoms (NYHA class III–IV) rose in parallel with HF severity,
from 29.4% in HFpEF to 50.0% in HFmrEF and 71.4% in HFrEF (p < 0.001; P-trend < 0.001).
Among biochemical parameters, troponin I concentrations were significantly higher in HF
patients compared with controls, with the highest values observed in HFrEF (p < 0.001;
P-trend < 0.001). LDL cholesterol and triglyceride levels differed significantly across groups
and showed significant linear trends (P-trend = 0.02 and 0.03, respectively), whereas HDL
cholesterol did not differ significantly between groups (p = 0.21). HbA1c showed a non-
significant trend toward higher values across HF phenotypes (p = 0.09; P-trend = 0.06).

3.3. Serum NT-proBNP Levels Across Study Groups

Serum NT-proBNP concentrations differed markedly across study groups (Table 3).
Overall, NT-proBNP was substantially elevated in HF patients compared with controls
(mean ± SD: 1845 ± 620 vs. 95.7 ± 40.5 pg/mL). A clear stepwise gradient was observed
across HF phenotypes, with mean levels rising from HFpEF (920.9 ± 310.3 pg/mL) to
HFmrEF (1620.8 ± 480.2 pg/mL) and reaching the highest values in HFrEF (2850.6 ±
710.4 pg/mL). One-way ANOVA confirmed a highly significant overall difference across
groups (F[3, 121] = 86.4, p < 0.001, partial η2 = 0.68). All three HF groups had significantly
higher NT-proBNP than controls (all p < 0.001), with large pairwise effect sizes (Cohen’s d:
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1.32, 1.86, and 2.45 for HFpEF, HFmrEF, and HFrEF, respectively). Post hoc comparisons
further confirmed significant differences between all HF phenotypes (HFpEF vs. HFmrEF:
p = 0.01; HFmrEF vs. HFrEF: p = 0.003; HFpEF vs. HFrEF: p < 0.001). The distribution of
NT-proBNP levels across groups is illustrated in Figure 1, which highlights the progressive
increase in median values and the greater dispersion observed with advancing HF severity.
Few outliers were present, and their exclusion did not materially alter the study findings.

Table 2. Clinical, biochemical, and echocardiographic characteristics across HF phenotypes and controls.

Variable Controls
(n = 60)

HFrEF
(n = 28)

HFmrEF
(n = 20)

HFpEF
(n = 17) p-Value * P-Trend **

LVEF (%) 61.5 ± 3.8 32.4 ± 5.1 44.6 ± 3.2 56.8 ± 4.1 <0.001 <0.001
LVEDD (mm) 48.2 ± 3.9 63.2 ± 6.5 56.4 ± 5.2 50.8 ± 4.6 <0.001 <0.001
LA Diameter (mm) 36.5 ± 3.2 46.5 ± 5.8 42.1 ± 4.7 39.3 ± 3.9 <0.001 <0.001
NYHA Class (III–IV, %) 0 (0%) 20 (71.4%) 10 (50.0%) 5 (29.4%) <0.001 <0.001
Troponin I (ng/mL) 0.0 0.18 ± 0.06 0.12 ± 0.04 0.08 ± 0.03 <0.001 <0.001
LDL (mmol/L) 1.80 ± 0.60 2.95 ± 0.72 2.71 ± 0.65 2.58 ± 0.58 <0.05 0.02
HDL (mmol/L) 1.32 ± 0.34 1.05 ± 0.28 1.10 ± 0.30 1.14 ± 0.27 0.21 0.08
Triglycerides (mmol/L) 1.45 ± 0.52 1.98 ± 0.64 1.82 ± 0.58 1.78 ± 0.55 <0.05 0.03
HbA1c (%) 5.6 ± 0.7 7.2 ± 1.1 6.9 ± 1.0 6.7 ± 0.9 0.09 0.06

Data are expressed as mean ± SD for continuous variables and n (%) for categorical variables. HbA1c: glycated
hemoglobin; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; LA, left
atrial; NYHA, New York Heart Association; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction;
HFpEF, heart failure with preserved ejection fraction. * Group comparisons were performed using one-way
ANOVA with Tukey’s post hoc test for continuous variables and chi-square test for categorical variables. ** P-
trend was calculated using linear trend analysis across increasing heart failure severity (controls → HFpEF →
HFmrEF → HFrEF.

Figure 1. Box-and-whisker plots illustrate the distribution of serum NT-proBNP levels across control
subjects and HF phenotypes.
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Table 3. Phenotype-dependent differences in serum NT-proBNP concentrations across HF.

Group n NT-proBNP(pg/mL)
Mean ± SD *

p-Value vs.
Controls

Pairwise Post Hoc p-Value Cohen’s d

HFpEF HFmrEF HFrEF HFpEF HFmrEF HFrEF

Controls 60 95.7 ± 40.5 — — — — — — —
HFpEF 17 920.9 ± 310.3 <0.001 — 0.01 <0.001 — 1.32 2.45
HFmrEF 20 1620.8 ± 480.2 <0.001 0.01 — 0.003 1.32 — 1.86
HFrEF 28 2850.6 ± 710.4 <0.001 <0.001 0.003 — 2.45 1.86 —

* Data are presented as mean ± standard deviation (SD). Group comparisons were performed using one-way
ANOVA followed by Tukey’s post hoc multiple comparison test. Overall ANOVA: F(3, 121) = 86.4, p < 0.001,
partial η2 = 0.68. Between-group effect size is expressed as partial eta squared (η2); pairwise effect sizes are
expressed as Cohen’s d. HFpEF: Heart Failure with preserved Ejection Fraction; HFmrEF: Heart Failure with
mildly reduced Ejection Fraction; HFrEF: Heart Failure with reduced Ejection Fraction.

Receiver operating characteristic analysis (Figure 2) confirmed the diagnostic perfor-
mance of NT-proBNP across HF phenotypes. The area under the ROC curve was 0.867
(95% CI: 0.78–0.93) for HFpEF, 0.890 (95% CI: 0.82–0.95) for HFmrEF, and 0.936 (95% CI: 0.88–
0.97) for HFrEF (all p < 0.001), demonstrating phenotype-graded discriminatory accuracy
with the highest performance observed in HFrEF.

Figure 2. Receiver operating characteristic (ROC) curves for serum NT-proBNP levels across HF
phenotypes. (A) HFrEF patients; (B) HFmrEF patients; (C) HFpEF patients vs. controls.

3.4. Association Between NT-proBNP and Cardiac Function, Remodeling, and Clinical Severity

Correlations between NT-proBNP and clinical, biochemical, and echocardiographic
parameters are detailed in Table 4. NT-proBNP exhibited a strong inverse correlation
with LVEF across all groups, with the magnitude increasing from controls (r = −0.42,
95% CI: −0.61 to −0.18) through HFpEF (r = −0.58, 95% CI: −0.84 to −0.14) and HFm-
rEF (r = −0.65, 95% CI: −0.86 to −0.29) to HFrEF (r = −0.71, 95% CI: −0.86 to −0.44; all
p < 0.001). Figure 3 displays scatter plots with fitted regression lines for each HF phenotype,
visually confirming the progressive strengthening of the NT-proBNP–LVEF relationship
with worsening systolic dysfunction.

Positive correlations were observed between NT-proBNP and markers of cardiac
remodeling across all HF phenotypes. The associations with LVEDD and LA diameter were
strongest in HFrEF (r = 0.66 and r = 0.61, respectively) and progressively weaker, though
still significant, in HFmrEF (r = 0.59 and r = 0.55) and HFpEF (r = 0.52 and r = 0.49; all
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p < 0.001). NYHA functional class (III–IV) was positively correlated with NT-proBNP in all
HF groups, with the strongest association in HFrEF (r = 0.68), followed by HFmrEF (r = 0.60)
and HFpEF (r = 0.54; all p < 0.001). Troponin I showed moderate positive correlations with
NT-proBNP that followed a similar phenotype-dependent gradient.

Table 4. Correlations between NT-proBNP and clinical, biochemical, and echocardiographic parame-
ters across HF phenotypes.

Variable
Controls HFrEF HFmrEF HFpEF

p-Value
r * 95% CI r * 95% CI r * 95% CI r * 95% CI

LVEF (%) −0.42 −0.61–−0.18 −0.71 −0.86–−0.44 −0.65 −0.86–−0.29 −0.58 −0.84–−0.14 <0.001
LVEDD (mm) 0.38 0.14–0.58 0.66 0.35–0.84 0.59 0.19–0.82 0.52 0.06–0.80 <0.001
LA Diameter (mm) 0.35 0.10–0.55 0.61 0.28–0.81 0.55 0.13–0.80 0.49 0.02–0.78 <0.001
NYHA Class (III–IV) — — 0.68 0.38–0.85 0.60 0.21–0.82 0.54 0.08–0.81 <0.001
Troponin I (ng/mL) — — 0.53 0.18–0.76 0.47 0.04–0.75 0.42 −0.06–0.74 <0.001
LDL (mmol/L) 0.20 −0.06–0.43 0.34 −0.04–0.64 0.30 −0.16–0.65 0.27 −0.22–0.65 0.04
HDL (mmol/L) −0.18 −0.42–0.08 −0.31 −0.62–0.07 −0.28 −0.63–0.18 −0.25 −0.63–0.24 0.04
Triglycerides (mmol/L) 0.22 −0.04–0.45 0.38 0.01–0.67 0.33 −0.12–0.67 0.29 −0.20–0.67 0.03
HbA1c (%) 0.24 −0.02–0.47 0.40 0.04–0.68 0.36 −0.09–0.69 0.32 −0.17–0.69 0.02

* Data are presented as Pearson correlation coefficients (r) with corresponding 95% confidence intervals (CI).
Correlation analyses were performed using Pearson’s correlation test. A two-tailed p-value < 0.05 was considered
statistically significant. LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter;
LA, left atrial; NYHA, New York Heart Association; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
HbA1c, glycated hemoglobin; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with
mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction.

Figure 3. Scatter plots with fitted linear regression lines for the association between serum levels of
NT-proBNP (pg/mL) and LVEF (%) in patients with (A) HFrEF (n = 28), (B) HFmrEF (n = 20), and
(C) HFpEF (n = 17).

Metabolic parameters showed modest associations with NT-proBNP. Positive corre-
lations were observed for LDL, triglycerides, and HbA1c, while HDL showed an inverse
correlation (p < 0.05 for all). However, these correlations were substantially weaker than
those observed for cardiac parameters, and several confidence intervals included or ap-
proached zero, indicating less robust and less consistent relationships.

3.5. Multivariate Regression Analysis of Determinants of NT-proBNP

Multivariable linear regression analysis was performed to identify independent de-
terminants of log-transformed NT-proBNP levels (Table 5). The model included age, BMI,
LVEF, LVEDD, LA diameter, NYHA class, troponin I, LDL, HDL, triglycerides, and HbA1c
as independent variables, and was significant overall (F = 28.9, p < 0.001), explaining 68% of
the variance in NT-proBNP (adjusted R2 = 0.68). Among all variables examined, LVEF was
the strongest independent predictor, as indicated by the largest standardized coefficient
(β = −0.42, p < 0.001). LVEDD (β = 0.33, p < 0.001), NYHA functional class (β = 0.36,
p < 0.001), and LA diameter (β = 0.21, p = 0.003) were also independently associated
with NT-proBNP. Troponin I demonstrated a modest independent association (β = 0.19,
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p = 0.003). Among metabolic parameters, only triglycerides (β = 0.12, p = 0.047) and HbA1c
(β = 0.13, p = 0.039) retained independent associations, while LDL and HDL did not
(p = 0.10 and p = 0.21, respectively). Age and BMI were not independently associated with
NT-proBNP after adjustment for cardiac parameters. All variance inflation factors were
below 5, indicating acceptable multicollinearity.

Table 5. Multivariate linear regression analysis for independent determinants of log-transformed
NT-proBNP levels.

Variable β Coefficient Standard Error Standardized β 95% CI p-Value

Age (years) 0.012 0.006 0.14 0.001–0.023 0.032
BMI (kg/m2) −0.018 0.009 −0.12 −0.035–−0.001 0.038
LVEF (%) −0.045 0.007 −0.42 −0.059–−0.031 <0.001
LVEDD (mm) 0.031 0.006 0.33 0.019–0.043 <0.001
LA Diameter (mm) 0.024 0.008 0.21 0.008–0.040 0.003
NYHA Class (III–IV) 0.52 0.11 0.36 0.30–0.74 <0.001
Troponin I (ng/mL) 0.88 0.29 0.19 0.31–1.45 0.003
LDL (mmol/L) 0.067 0.041 0.10 −0.014–0.148 0.10
HDL (mmol/L) −0.091 0.073 −0.08 −0.235–0.053 0.21
Triglycerides (mmol/L) 0.072 0.036 0.12 0.001–0.143 0.047
HbA1c (%) 0.058 0.028 0.13 0.003–0.113 0.039

Data are presented as β coefficients (unstandardized), standard error (SE), standardized β, and 95% confidence
intervals (CI). NT-proBNP was log-transformed prior to analysis. Multicollinearity was assessed using variance
inflation factor (VIF < 5). Statistical significance was set at p < 0.05. Model fit: R2 = 0.71; adjusted R2 = 0.68;
F = 28.9; p < 0.001.

4. Discussion
The present study demonstrates that serum NT-proBNP concentrations exhibit a clear,

stepwise gradient across the spectrum of heart failure, rising progressively from HFpEF
to HFmrEF to HFrEF, and that this gradient is accompanied by consistent, phenotype-
dependent associations with systolic dysfunction, adverse structural remodeling, and
clinical symptom burden. These findings, derived from a single, well-characterized cohort
integrating biochemical, echocardiographic, and clinical parameters, provide additional
evidence that NT-proBNP reflects multiple dimensions of HF severity, including ventricular
dysfunction, structural remodeling, and symptom burden, beyond its established role as
a marker of hemodynamic stress. Nevertheless, the interpretation of NT-proBNP should
remain individualized, as circulating concentrations are influenced by several patient-
related factors beyond heart failure severity alone. Variables such as age, renal function,
obesity, atrial fibrillation, and treatment status may substantially modify NT-proBNP levels
and should be considered when interpreting NT-proBNP values in clinical practice and
when designing future biomarker-based risk stratification strategies.

The phenotype-dependent gradient observed in this study is biologically coherent and
aligns with the distinct pathophysiological drivers operating across the HF spectrum. In
HFrEF, the markedly elevated NT-proBNP levels reflect the combined effects of pronounced
ventricular dilation, increased wall stress, and sustained neurohormonal activation, all
of which potentiate natriuretic peptide secretion from the failing myocardium [10,21]. In
contrast, the lower concentrations observed in HFpEF are consistent with a pathophys-
iology in which elevated filling pressures and diastolic dysfunction, rather than overt
systolic impairment and volume overload, constitute the primary hemodynamic stimulus
for NT-proBNP release [21]. Importantly, NT-proBNP levels in HFpEF remained signifi-
cantly elevated compared with controls, confirming that even in the absence of reduced
LVEF, myocardial wall stress is sufficiently increased to drive meaningful biomarker el-
evation. The intermediate position of HFmrEF, both in NT-proBNP concentrations and
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in most echocardiographic indices, reinforces the concept that this phenotype represents
a transitional state along a continuous disease spectrum rather than a discrete biological
entity [22]. Our findings are also consistent with recent evidence highlighting the clinical
significance of natriuretic peptides beyond diagnostic applications. A recent systematic
review and meta-analysis by Ammar et al. demonstrated the prognostic utility of BNP
and NT-proBNP in patients with HFpEF, emphasizing their value for risk stratification and
adverse outcome prediction. Although our study was not designed to evaluate prognosis,
our observation that NT-proBNP exhibits phenotype-specific gradients and significant
associations with structural remodeling and symptom burden further supports the concept
that natriuretic peptides capture multiple dimensions of heart failure pathophysiology and
should be interpreted within an integrated phenotype-oriented framework [23].

A central finding of this study is the demonstration that NT-proBNP maintains sig-
nificant associations with both functional and structural indices across all HF phenotypes,
albeit with varying strength. The inverse correlation with LVEF and the positive correlations
with LVEDD and LA diameter were present in HFpEF, HFmrEF, and HFrEF, indicating that
NT-proBNP captures the shared axis of adverse remodeling that underlies HF progression
irrespective of LVEF category. The graded strengthening of these correlations from HFpEF
to HFrEF is instructive: it suggests that the coupling between natriuretic peptide release
and cardiac structure becomes tighter as ventricular dilation and systolic dysfunction
become more pronounced. These observations should also be interpreted in the context
of cardiac remodeling and reverse remodeling processes, which have become central ther-
apeutic targets in contemporary heart failure management. Effective implementation of
guideline-directed medical therapy (GDMT) may attenuate ventricular dilation, improve
systolic performance, reduce myocardial wall stress, and consequently lower circulating
natriuretic peptide concentrations [24]. Conversely, persistent adverse remodeling may
contribute to sustained elevations in NT-proBNP and progressive deterioration of cardiac
function. Therefore, the relationship between NT-proBNP and LVEF should be viewed as a
dynamic interaction that may evolve over time in response to therapeutic interventions,
rather than as a static association [25]. This observation is consistent with prior work by
Iwanaga et al. [26], who reported stronger BNP remodeling correlations in dilated car-
diomyopathy compared with diastolic HF, and extends those findings to NT-proBNP in a
fully stratified cohort. The weaker correlations observed in HFpEF, while still statistically
significant, likely reflect the greater heterogeneity of this phenotype, the lesser contribution
of volumetric remodeling, and the influence of comorbidities, particularly obesity. The
relationship between obesity and NT-proBNP is complex and is often described as the
obesity–natriuretic peptide paradox, whereby obese individuals may exhibit dispropor-
tionately lower circulating natriuretic peptide concentrations despite significant cardiac
dysfunction. In addition, obesity may independently affect cardiac structure and func-
tion through increased plasma volume, altered ventricular loading conditions, systemic
inflammation, and metabolic dysregulation. These factors may attenuate the association
between NT-proBNP and conventional echocardiographic indices, particularly in HFpEF,
and underscore the need for individualized interpretation of biomarker levels in obese
patients [27,28].

The strong association between NT-proBNP and NYHA functional class across all phe-
notypes warrants particular attention. This finding suggests that NT-proBNP is associated
not only with the structural and hemodynamic derangements of HF but also with their
functional expression as experienced by the patient [29]. The observed relationship between
objective cardiac abnormalities and symptom severity further supports the potential clinical
utility of NT-proBNP beyond diagnosis alone. However, given the cross-sectional design,
the role of NT-proBNP in gauging disease activity or monitoring therapeutic response
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remains speculative and should be evaluated in prospective longitudinal studies [30]. The
phenotype graded strength of this association, strongest in HFrEF and weakest in HFpEF,
parallels the pattern observed for structural indices and suggests that in HFpEF, factors
beyond cardiac remodeling, including peripheral mechanisms and comorbid conditions,
may contribute more substantially to symptom generation [31].

The ROC analysis further substantiates the phenotype-dependent discriminatory per-
formance of NT-proBNP. The AUC gradient was 0.867 for HFpEF, 0.890 for HFmrEF, and
0.936 for HFrEF, which mirrors the stepwise increase in mean NT-proBNP concentrations
and the progressive separation from controls. The excellent discriminatory accuracy in
HFrEF is expected and consistent with the substantial body of evidence supporting NT-
proBNP as a diagnostic tool in this phenotype [32]. The lower AUC in HFpEF, while still
representing good discriminatory performance, reflects the inherently more challenging
diagnostic context: HFpEF patients often have NT-proBNP levels that overlap with those
of controls, particularly in the presence of obesity or when assessed during compensated
states [33]. This finding underscores the importance of interpreting NT-proBNP in conjunc-
tion with echocardiographic and clinical data in suspected HFpEF, rather than relying on
biomarker thresholds in isolation.

Integration of emerging biomarkers of heart failure destabilization provides a more
comprehensive framework for interpreting the clinical significance of NT-proBNP in the
present study. Beyond natriuretic peptides, a growing body of evidence supports the use of
multi-biomarker strategies incorporating markers of myocardial injury, systemic inflam-
mation, and multiorgan congestion to improve risk stratification and early identification
of impending decompensation. In this context, biomarkers such as high-sensitivity car-
diac troponins, soluble suppression of tumorigenicity-2 (sST2), and growth differentiation
factor-15 (GDF-15) have demonstrated incremental prognostic value when used alongside
natriuretic peptides, particularly in patients with chronic and acutely decompensated HF.
Recent evidence further suggests that integrated biomarker panels may outperform single-
marker approaches in capturing the complex pathophysiological transitions underlying
HF destabilization, including subclinical myocardial injury and evolving haemodynamic
congestion [34,35]. Beyond conventional circulating biomarkers, emerging multimodal
approaches that integrate NT-proBNP with complementary physiological and biochemical
parameters, including arterial blood gas and electrolyte assessments, may further enhance
diagnostic precision and support individualized management strategies across the spec-
trum of heart failure. Future studies should investigate the incremental value of these
integrated approaches in phenotype-specific heart failure assessment [36].

Taken together, these findings generate several hypotheses that may inform future
clinical practice and research. First, they suggest that NT-proBNP may contribute to future
phenotype-based risk stratification approaches that move beyond LVEF alone to incorporate
biomarkers reflecting multiple disease dimensions. Such an approach may be particularly
valuable in HFmrEF and HFpEF, although this hypothesis requires validation in prospective
studies before clinical implementation. Second, the consistent associations between NT-
proBNP and remodeling indices raise the possibility that serial NT-proBNP measurements
could serve as a non-invasive surrogate for tracking adverse remodeling or its reversal
during therapy, a hypothesis that requires prospective testing in longitudinal studies with
paired biomarker and imaging assessments [37]. Third, the phenotype-specific differences
in correlation strength suggest that the same NT-proBNP concentration may carry different
biological meaning depending on the underlying HF phenotype; this observation argues
against uniform biomarker thresholds and favors phenotype-informed interpretation.

This study has several methodological strengths, including the inclusion of all major
HF phenotypes within a single cohort, the use of age- and sex-matched controls, stan-
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dardized echocardiographic and biochemical measurements, and comprehensive statis-
tical analyses incorporating effect sizes and multivariable adjustment. However, several
limitations must be acknowledged. The cross-sectional design precludes assessment of
longitudinal biomarker trajectories and their relationship to disease progression or ther-
apeutic response. In addition, the relatively modest sample size, particularly within the
individual HF phenotype subgroups, may have limited statistical power for subgroup
analyses and reduced our ability to comprehensively account for all potential confounding
variables. Although age and BMI were included in the multivariable model, other clinically
relevant determinants of NT-proBNP concentrations, including atrial fibrillation and renal
dysfunction, were not systematically collected and therefore could not be incorporated
into the analyses [12,38]. Consequently, residual confounding cannot be excluded, and the
findings should be interpreted with appropriate caution. NT-proBNP was measured at a
single time point, and biological variability over time was not captured [37]. In addition,
detailed information regarding guideline-directed medical therapy, including treatment du-
ration, dose optimization, and therapeutic intensity, was not systematically collected. Since
GDMT may substantially influence cardiac remodeling, reverse remodeling, and natriuretic
peptide concentrations, its potential confounding effect could not be assessed in the present
study [24,25]. The sample sizes within individual phenotype subgroups, particularly HF-
pEF (n = 17), may limit the precision of subgroup-specific correlation estimates and the
stability of ROC-derived metrics; the wider confidence intervals observed for HFpEF corre-
lations reflect this constraint. Renal function was assessed only for eligibility purposes at
the severe impairment threshold (eGFR < 30 mL/min/1.73 m2), and detailed renal function
parameters were not systematically collected for analytical adjustment. Likewise, infor-
mation regarding atrial fibrillation status was unavailable. Since both renal dysfunction
and atrial fibrillation are established determinants of natriuretic peptide concentrations,
their absence from the analyses may have contributed to residual confounding [39]. All
participants were recruited from a single tertiary cardiac center, which may limit gener-
alizability to community-based or primary care populations. Finally, the absence of an
external validation cohort means that the reported AUC values and correlation coefficients
require independent confirmation before translation into clinical practice. In addition,
the relatively small number of patients within individual HF phenotypes, particularly
the HFpEF subgroup, may have limited the statistical power of subgroup analyses and
affected the stability of phenotype-specific ROC-derived threshold estimates. Therefore,
these findings should be interpreted as exploratory and hypothesis-generating, pending
validation in larger and more diverse populations. Future research should address these
limitations through multicenter, prospective, longitudinal study designs incorporating
serial biomarker and imaging assessments, comprehensive renal function characteriza-
tion, and external validation of diagnostic and prognostic thresholds. Investigation of
whether phenotype-specific NT-proBNP cutoffs improve diagnostic accuracy or prognostic
discrimination over uniform thresholds would be of clinical value.

5. Conclusions
Herein, serum NT-proBNP concentrations demonstrated a clear phenotype-dependent

gradient rising progressively from HFpEF through HFmrEF to HFrEF and exhibited robust,
consistent associations with left ventricular systolic dysfunction, adverse structural remod-
eling, and clinical symptom severity. These associations were present across all phenotypes,
with a graded increase in strength paralleling the severity of systolic impairment and ven-
tricular dilation. These findings further support the concept that NT-proBNP may function
as an integrative biomarker in heart failure, as its concentrations were associated with func-
tional impairment, structural remodeling, and clinical symptom burden across different HF
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phenotypes within a single study population. The observation that NT-proBNP remained
significantly associated with indices of cardiac remodeling and symptom burden, even in
HFpEF, where diagnostic uncertainty is often greatest, underscores its potential clinical
relevance. The phenotype-dependent gradient of NT-proBNP and the differing strengths of
its associations across HF categories are consistent with the concept that biomarker behav-
ior may vary across the spectrum of HF phenotypes. However, given the cross-sectional
design, these findings should be interpreted as associative rather than causal and do not
permit conclusions regarding disease progression, reverse remodeling, treatment response
monitoring, or risk stratification. Instead, these observations generate hypotheses that
warrant confirmation in future prospective longitudinal studies specifically designed to
evaluate temporal changes, therapeutic response, and clinical outcomes. Nevertheless,
the relatively small sample size, particularly in the HFpEF subgroup, warrants cautious
interpretation, and these findings should be validated in larger multicenter studies.
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