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Abstract

Background and 
Aims

N-terminal pro-B-type natriuretic peptide (NT-proBNP) concentrations are influenced by age, which may influence the 
diagnostic performance of this peptide. Machine learning approaches incorporating NT-proBNP and age as continuous mea
sures may have improved diagnostic performance.
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Methods We pooled individual patient-level data for 10 369 patients [median age 73 years (25th–75th percentile: 59–82)] with sus
pected acute heart failure across fourteen studies. The diagnostic performance of guideline-recommended NT-proBNP 
thresholds (uniform rule-out threshold of 300 pg/mL and age-stratified rule-in thresholds of 450, 900, and 1800 pg/mL 
for patients <50, 50–75, and >75 years, respectively) and the Collaboration for the Diagnosis and Evaluation of Heart 
Failure (CoDE-HF) machine learning model were evaluated using random effects meta-analysis across age groups.

Results Overall, 43.9% (4549/10 369) of patients had an adjudicated diagnosis of acute heart failure. The negative predictive value 
(NPV) of the rule-out threshold of 300 pg/mL was lower in older patients [NPV 88.7% (confidence interval (CI) 84.2–92.1%) 
in patients ≥80 years vs 98.9% (97.6–99.5%) <50 years]. Conversely, the positive predictive value (PPV) of age-stratified 
rule-in thresholds was lower in younger patients [PPV 62.0% (56.2–67.5%) in those <50 years vs 79.6% (70.7–86.3%) 
≥80 years]. CoDE-HF was more accurate than guideline-recommended thresholds across all age groups, with NPV and 
PPV ranging from 96.4% to 99.5% (93.8–99.8% CIs) and 81.1% to 84.2% (74.7–90.4% CIs), respectively.

Conclusion The diagnostic performance of guideline-recommended thresholds of NT-proBNP varies significantly with age. A decision- 
support tool incorporating NT-proBNP with age as a continuous variable provides a more consistent and accurate approach.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Graphical Abstract
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Introduction
Acute heart failure is a leading cause of hospitalization in elderly pa
tients, and the incidence is expected to rise substantially due to ageing 
populations.1,2 However, diagnosing acute heart failure in older patients 
is more challenging because they often present with more comorbid
ities which can complicate the clinical presentation.3 Many of the signs 
and symptoms of acute heart failure can be caused by other life- 
threatening conditions that are more prevalent in older than younger 
patients. Nevertheless, an accurate and timely diagnosis is crucial be
cause delays in diagnosis and provision of evidence-based therapies 
are associated with increased length of hospital stay and mortality.4,5

Current guidelines recommend N-terminal pro-B-type natriuretic 
peptide (NT-proBNP) testing to aid in diagnosing acute heart failure.6,7

However, NT-proBNP concentrations increase with advancing age, 
presumably due to accumulating comorbidities and structural heart dis
ease; this may impact the diagnostic performance of NT-proBNP for 
acute heart failure in older individuals.8 Guidelines now recommend 
age-stratified NT-proBNP rule-in thresholds and a uniform threshold 
of 300 pg/mL to exclude acute heart failure.9–14 Given the challenges 
posed by using dichotomous thresholds for diagnostic biomarkers, 
we recently developed and validated a decision-support tool for acute 
heart failure called CoDE-HF (Collaboration for the Diagnosis and 
Evaluation of Heart Failure) that uses a machine learning algorithm 
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to combine NT-proBNP concentrations and age as continuous 
variables.15

In this study, we aimed to evaluate the diagnostic performance of 
guideline-recommended NT-proBNP thresholds and the CoDE-HF 
decision-support tool for acute heart failure across age groups.

Methods
Study population
We performed a systematic review to identify all studies evaluating the diag
nostic performance of NT-proBNP in patients with suspected acute 
heart failure, following a pre-specified protocol registered in 
PROSPERO (International Prospective Register of Systematic Reviews; 
CRD42019159407). A detailed description of our systematic review meth
odology has been published previously.15 We identified studies that en
rolled patients aged ≥18 years evaluated for acute medical presentations 
with suspected acute heart failure, measured NT-proBNP concentrations, 
and adjudicated the diagnosis of acute heart failure using an acceptable ref
erence standard (Supplementary Table S1). In most cohorts, adjudicators 
were blinded to NT-proBNP concentrations to minimize incorporation 
bias. Authors of all eligible studies were contacted for individual patient- 
level data. A total of 14 studies provided individual patient-level data in 
10 369 patients for our analysis (Supplementary Tables S2 and S3).

CoDE-HF score
A detailed description of the development and validation of CoDE-HF 
(https://decision-support.shinyapps.io/code-hf/) has been published previ
ously.15 CoDE-HF uses an extreme gradient boosting (XGBoost) algorithm 
to compute a value (0–100) that corresponds to an individual patient’s 
probability of acute heart failure.16,17 The variables included in CoDE-HF 
are NT-proBNP, age, estimated glomerular filtration rate, haemoglobin, 
body mass index, heart rate, blood pressure, peripheral oedema, chronic 
obstructive pulmonary disease, and ischaemic heart disease.

Statistical analyses
We calculated meta-estimates with 95% confidence intervals of the sensi
tivity, specificity, negative predictive value (NPV), and positive predictive va
lue (PPV) of the guideline-recommended NT-proBNP rule-out threshold of 
300 pg/mL and age-specific rule-in thresholds (450, 900 and 1800 pg/mL for 
patients aged <50, 50–75, and >75 years, respectively) across 10-year age 
groups (<50, 50–59, 60–69, 70–79, ≥80 years) and subsequently across age 
as continuous variable. The diagnostic performance of the CoDE-HF rule-in 
and rule-out thresholds were also calculated across the same age groups. 
Estimates were calculated within each study and then pooled across studies 
in a binomial-normal random effects model using the DerSimonian and 
Laird method.18 Overall discrimination was evaluated using receiver oper
ating curve analyses. We subsequently performed a sensitivity analysis re
stricted to patients who were not previously known to have heart failure 
(Supplementary Table S4). All data analysis was conducted in R (version 
4.3.0, R Foundation for Statistical Computing).

Results
Study population
Overall, individual patient-level data on 10 369 patients with suspected 
acute heart failure [median age 73 years (p25–p75 59–82); 53.3% male] 
were harmonized from 14 cohorts across 13 countries.19–32 The me
dian NT-proBNP concentration was 1182 pg/mL (191–4737 pg/mL) 
(Table 1). All studies were conducted in the Emergency Department, 
except for one that included patients hospitalized in the cardiology 
and pulmonology departments. In total, 4549 (44%) patients had an ad
judicated diagnosis of acute heart failure with a median prevalence of 
46% (31%–54%) across studies.

The prevalence of comorbidities increased considerably with age 
(Table 1). Patients ≥80 years had a four times higher prevalence of prior 

heart failure compared with those <50 years (48% vs 12%). Older pa
tients also had a higher prevalence of ischaemic heart disease, hyperten
sion, atrial fibrillation and chronic kidney disease. NT-proBNP 
concentrations were higher in older patients [median of 64 (20–376) 
pg/mL in patients <50 vs 3136 (1020–8463) in those ≥80 years old]. 
Older patients were also more likely to have an adjudicated diagnosis 
of acute heart failure (16% in patients <50 vs 58% in those ≥80 years). 
Similar findings were observed in a sensitivity analysis restricted to pa
tients without a prior heart failure diagnosis (Supplementary Table S4).

Diagnostic performance of 
guideline-recommended thresholds
Overall, the discrimination by NT-proBNP alone for the diagnosis of acute 
heart failure declined with age from an area under receiver operator curve 
(AUC) of 0.951 (0.937–0.965) in patients <50 to an AUC of 0.802 (0.787– 
0.817) in those ≥80 years (Figure 1A). The guideline-recommended rule-out 
threshold of 300 pg/mL had a sensitivity of 96.8% (94.6%–98.1%) and an 
NPV of 94.6% (91.9%–96.4%) in all patients (Supplementary Table S5). 
Across the age continuum, the NPV of an NT-proBNP threshold of 
300 pg/mL decreased below 98% in patients older than 65 years 
(Figure 2A). NPV was 98.9% (97.6%–99.5%) in those <50 years but de
creased to 88.7% (84.2%–92.1%) in those ≥80 years (Figure 2B). 
Sensitivity was lower in younger patients [95% (91.1%–97.2%) <50 years] 
and improved with age [98.4% (97.2%–99%) ≥80 years] (Supplementary 
Table S5). The proportion of patients ruled out by the 300 pg/mL threshold 
decreased substantially with age (73% in those <50 years and 8.7% in those 
≥80 years) (Figure 2B).

The PPV of guideline-recommended age-specific rule-in thresholds de
clined below 75% in patients younger than 55 years (Figure 3A). The PPV of 
these thresholds was 62.0% (56.2%–67.5%) in those <50 and 79.6% 
(70.7%–86.3%) in those ≥80 years (Figure 3B). Specificity was higher in 
younger patients compared with older patients [87.8% (79.8%–93%) 
<50 years and 68.1% (61.2%–74.3%) in those ≥80 years] 
(Supplementary Table S5). The proportion of patients ruled in by the age- 
specific thresholds was higher in older compared with younger patients 
(23.9% in those <50 years and 63.2% for those ≥80 years) (Figure 3B).

Diagnostic performance of CoDE-HF
The discrimination of CoDE-HF was also influenced by increasing age but 
remained robust across all age groups [AUC of 0.971 (0.962–0.980) in 
those <50 and 0.881 (0.868–0.895) in those ≥80] (Figure 1B). 
CoDE-HF achieved a sensitivity of 99.2% (98.5%–99.6%) and an NPV of 
98.5% (97.7%–99.1%) for the overall study population (Supplementary 
Table S6). The low-probability threshold of CoDE-HF achieved a consist
ent NPV above 98% across all age groups [NPV of 99.5% (98.8%–99.8%) 
in those <50 years and 98.1% (92.9%–99.5%) in those ≥80 years] 
(Figure 2). The sensitivity achieved by CoDE-HF was lower in younger pa
tients and improved with age but remained higher than the recommended 
guidelines [97.7% (94.6%–99%) vs 95% (91.1%–97.2%) <50 years, re
spectively] (Supplementary Tables S5 and S6). The negative likelihood ra
tio of the CoDE-HF low-probability threshold remained lower than the 
NT-proBNP threshold of 300 pg/mL across all age groups 
(Supplementary Fig. S1). The proportion of patients ruled out decreased 
substantially with increasing age (71.5% in those <50 years and 4.3% for 
those ≥80 years) (Figure 2B). In an exploratory analysis, CoDE-HF 
achieved a higher NPV than NT-proBNP thresholds of 100, 200, and 
300 pg/mL across the age continuum (Supplementary Fig. S2).

The PPV of the CoDE-HF high-probability threshold achieved a 
consistent PPV above 75% across all age groups [PPV of 82.0% 
(75.0%–87.4%) in <50 years and 83.4% (75.2%–89.2%) in those ≥80 
years] (Figure 3A). Specificity was lower in older patients [97.9% 
(95.7%–99%) <50 years and 80.8% (73.8%–74.3%) ≥80 years] but 
was higher than the age-specific NT-proBNP thresholds across all 
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Figure 1 Discrimination of N-terminal-pro B-type natriuretic peptide and CoDE-HF for the diagnosis of acute heart failure. (A) Receiver operator 
curve of N-terminal-pro B-type natriuretic peptide stratified by age groups. (B) Receiver operator curve of CoDE-HF stratified by age groups
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age groups (Supplementary Tables S5 and S6). The positive likelihood 
ratio of the CoDE-HF high-probability threshold was similar to or high
er than the age-specific NT-proBNP thresholds across all age groups 
(Supplementary Fig. S3). CoDE-HF ruled in fewer patients overall com
pared with age-specific thresholds (33.8% vs 48.7%, respectively) and 
the proportion of patients ruled in varied by age group, with 11.2% 
in those <50 years and 53.4% for those ≥80 years (Figure 3B). Similar 
results were observed in a sensitivity analysis restricted to patients 
with no prior diagnosis of heart failure (Supplementary Figs. S4–S6).

Discussion
In this secondary analysis of an individual patient-level data meta- 
analysis,15 we evaluated the diagnostic performance of guideline- 
recommended NT-proBNP thresholds and a novel decision-support 

tool called CoDE-HF for the diagnosis of acute heart failure across 
age groups. We made several important findings which inform the 
use and interpretation of natriuretic peptides. First, the NPV of the 
guideline-recommended NT-proBNP rule-out threshold of 300 pg/mL 
decreases significantly with age. Beyond the age of 65 years, the NPV 
decreases below 98%, such that the false negative rate was over one 
in ten in patients older than 80 years. Second, the PPV of the age- 
specific NT-proBNP thresholds remained variable across age, with a 
significantly lower PPV in younger patients below the age of 50 compared 
with older patients. Finally, compared with the guideline-recommended 
NT-proBNP thresholds, the CoDE-HF score had a consistent and im
proved diagnostic performance for both the rule-in and rule-out of acute 
heart failure across all patient age groups.

Previous studies have been performed in relatively small and selected 
cohorts with a limited number of older and younger patients to fully 
evaluate the performance of natriuretic peptides in these important 

Figure 2 Negative predictive value of N-terminal-pro B-type natriuretic peptide rule-out threshold of 300 pg/mL and CoDE-HF low-probability 
score. (A) Negative predictive value across age as a continuous variable. (B) Forest plot of negative predictive value across patient age groups
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groups of patients.26,27,33,34 The availability of individual patient-level 
data in this analysis allowed a detailed evaluation of the diagnostic per
formance of current guideline-recommended thresholds across the age 
continuum. All studies included in the analysis were performed pro
spectively with the final diagnosis adjudicated by panels of clinicians 
using all available clinical information.

Natriuretic peptide concentrations are known to increase with age. 
Several potential mechanisms have been suggested, including an in
crease in diastolic dysfunction, a reduction in natriuretic peptide clear
ance, and a higher prevalence of comorbidities such as chronic kidney 
disease and atrial fibrillation with age.35,36 This observation has led to 

the development of age-specific NT-proBNP thresholds to improve 
the rule-in performance for acute heart failure.33,37 Although an im
portant clinical advance, we observed that the diagnostic performance 
of age-specific thresholds continued to vary across age, with a false 
positive rate of two in five in those younger than 50 compared with 
one in five in those older than 80. We also observed a significant reduc
tion in the diagnostic performance of the uniform NT-proBNP thresh
old of 300 pg/mL with age, particularly in patients older than 80 years, 
having a false negative rate of one in eight.

The findings of this pooled, retrospective analysis require validation 
and further understanding of the factors that undermine NPV and PPV 

Figure 3 Positive predictive value of age-specific N-terminal-pro B-type natriuretic peptide rule-in thresholds and CoDE-HF high-probability score. 
(Age-specific NT-proBNP thresholds: 450, 900, and 1800 pg/mL for those <50 years, 50–75 years, and >75 years, respectively.) (A) Positive predictive 
value across age as a continuous variable. (B) Forest plot of positive predictive value across patient age groups. AUC, area under receiver operator curve; 
CI, confidence interval; NT-proBNP, N-terminal-pro B-type natriuretic peptide; CoDE-HF, Collaboration for the Diagnosis and Evaluation of Heart 
Failure
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in different age groups. Recent studies based on dichotomous cut-offs 
have shown consistent performance of age-stratified cut-offs.38,39

Age-related differences in heart failure phenotypes may help explain 
the variation in diagnostic performance across age groups. For instance, 
reduced sensitivity in older individuals may be influenced by a higher 
prevalence of heart failure with preserved ejection fraction (HFpEF), 
which can present with less typical biomarker profiles. Conversely, re
duced specificity in younger individuals may reflect a higher prevalence 
of subclinical structural heart disease, often referred to as Stage B heart 
failure, in which NT-proBNP may be elevated despite the absence of clin
ical symptoms. Dichotomous thresholds are limited in detecting clinically 
relevant subclinical disease, such as stage B heart failure in young patients 
and the impact of multimorbidity in elderly individuals; thresholds alone 
cannot adequately take into account these factors in the interpretation 
of NT-proBNP, but a tool like CoDE-HF could be highly valuable.

In contrast to the NT-proBNP thresholds, we observed that 
CoDE-HF had a consistent and more accurate performance across 
age. CoDE-HF had higher discrimination than NT-proBNP in a receiver 
operator curve analysis and maintained a negative and PPV of greater 
than 98% and 75%, respectively, across all patient age groups. By in
corporating age and NT-proBNP as continuous variables in the ma
chine learning algorithm, CoDE-HF was able to optimize the 
diagnostic performance of NT-proBNP across age. Importantly, 
CoDE-HF also outperformed the age-specific NT-proBNP rule-in 
thresholds, suggesting that adjust for age alone is insufficient to maintain 
the diagnostic accuracy of NT-proBNP. CoDE-HF adjusts for other im
portant patient factors such as renal function, body mass index and 
prior comorbidities that are also likely to modify the relationship be
tween natriuretic peptide concentrations and age.40–42 These differ
ences reflect not only underlying biological variation but also how 
guideline thresholds are applied operationally in clinical practice.

We believe our findings are important and could inform the use of 
natriuretic peptides in the assessment of patients with suspected acute 
heart failure in our ageing populations. Older patients are more likely to 
have other life-threatening conditions that can mimic the signs and 
symptoms of acute heart failure. They are also more likely to have co
morbidities that influence natriuretic peptide concentrations, contrib
uting to diagnostic uncertainty. Indeed, in our study, patients older 
than 80 had over four times higher prevalence of previous heart failure 
and ischaemic heart disease and approximately ten times higher preva
lence of atrial fibrillation and chronic kidney disease. Although 
age-stratification in part adjusts for the accumulation of comorbidities 
that affect the diagnostic performance of NT-proBNP, approaches that 
specifically consider both age and comorbidities are likely to outper
form current rule-out strategy that disregards age or adjustment for 
age alone for the rule-in of acute heart failure. This is consistent with 
previous studies demonstrating the predictive value of comorbidities 
in assessing the health status of individuals beyond chronological age 
alone.43,44 Whilst CoDE-HF rules in fewer patients than the age- 
specific thresholds, we believe this is a strength of this algorithm since 
a higher PPV of the high-probability score would allow clinicians to se
lect those most likely to benefit from early specialist investigations and 
evidence-based therapies.4

The extensive external validation of our tool provides confidence in 
the clinical performance of the model but to encourage clinical imple
mentation, there is a plan to evaluate its real-world impact in a rando
mized trial, work with multidisciplinary clinicians to integrate the tool 
within existing workflows and electronic healthcare record, and pro
mote AI literacy among clinicians. Recent studies have explored other 
machine-learning approaches for acute heart failure diagnosis and prog
nosis, highlighting the growing role of data-driven decision support in 
this field.45–47 While CoDE-HF has the potential to enhance diagnostic 
accuracy and improve efficiency in the emergency department, its inte
gration into routine clinical workflows presents practical challenges. 
Differences in electronic health record compatibility, clinician adoption, 

and the need for real-time data availability may influence implementa
tion. Future studies should focus on prospective validation in diverse 
emergency settings to evaluate its impact on clinical decision-making, 
patient outcomes, and resource utilization. Additionally, demonstrating 
its superiority over existing NT-proBNP-based approaches in large, 
multicentre trials will be crucial for gaining guideline endorsement 
and supporting widespread adoption in clinical practice.

There are several limitations to our analysis. First, the adjudicated 
diagnosis of acute heart failure did not differentiate between heart fail
ure with reduced and preserved ejection fraction. Heart failure with 
preserved ejection fraction is more prevalent in older patients, and 
NT-proBNP is known to be lower in HFpEF, which might explain the 
lower NPV seen in older study participants.48 Nevertheless, current 
guidelines on NT-proBNP thresholds do not differentiate between 
those with preserved or reduced ejection fraction.9–14 Second, acute 
heart failure is a clinical syndrome, and there will be some inherent un
certainty and variability in the diagnostic adjudication across studies, 
particularly in older patients. Importantly, biomarkers and decision- 
support tools such as CoDE-HF should be interpreted as complemen
tary aids to, rather than substitutes for, clinician judgment. Finally, this is 
a retrospective evaluation of the diagnostic performance of CoDE-HF 
in studies where it was not used to guide clinical decisions.

Conclusions
The diagnostic performance of guideline-recommended uniform and age- 
specific NT-proBNP thresholds for acute heart failure varies significantly 
with patient age. A machine learning decision-support tool called 
CoDE-HF that incorporates NT-proBNP with age as continuous variables 
along with comorbidities and important clinical measurements had a more 
consistent and accurate diagnostic performance across age groups.
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