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Aims B-type natriuretic peptide (BNP) and mid-regional pro-atrial natriuretic peptide (MR-proANP) testing are guideline-
recommended to aid in the diagnosis of acute heart failure. Nevertheless, the diagnostic performance of these biomarkers
is uncertain.
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Methods
and results

We performed a systematic review and individual patient-level data meta-analysis to evaluate the diagnostic performance of
BNP and MR-proANP. We subsequently developed and externally validated a decision-support tool called CoDE-HF that com-
bines natriuretic peptide concentrations with clinical variables using machine learning to report the probability of acute heart
failure. Fourteen studies from 12 countries provided individual patient-level data in 8493 patients for BNP and 3899 patients for
MR-proANP, in whom, 48.3% (4105/8493) and 41.3% (1611/3899) had an adjudicated diagnosis of acute heart failure, respect-
ively. The negative predictive value (NPV) of guideline-recommended thresholds for BNP (100 pg/mL) and MR-proANP
(120 pmol/L) was 93.6% (95% confidence interval 88.4-96.6%) and 95.6% (92.2-97.6%), respectively, whilst the positive pre-
dictive value (PPV) was 68.8% (62.9-74.2%) and 64.8% (56.3—72.5%). Significant heterogeneity in the performance of these
thresholds was observed across important subgroups. CoDE-HF was well calibrated with excellent discrimination in those
without prior acute heart failure for both BNP and MR-proANP [area under the curve of 0.914 (0.906-0.921) and 0.929
(0.919-0.939), and Brier scores of 0.110 and 0.094, respectively]. CoDE-HF with BNP and MR-proANP identified 30% and
48% as low-probability [NPV of 98.5% (97.1-99.3%) and 98.5% (97.7-99.0%)], and 30% and 28% as high-probability [PPV
of 78.6% (70.4-85.0%) and 75.1% (70.9-78.9%)], respectively, and performed consistently across subgroups.

Conclusion The diagnostic performance of guideline-recommended BNP and MR-proANP thresholds for acute heart failure varied sig-
nificantly across patient subgroups. A decision-support tool that combines natriuretic peptides and clinical variables was
more accurate and supports more individualized diagnosis.

Study PROSPERO number, CRD42019159407
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CoDE-HF will improve the utility of all natriuretic peptides for the diagnosis of acute heart failure.
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IntrOductlon Accurate and tlmely.dlag.no.ss is challenging bec.ause many other clond|-
tions can present with similar symptoms and signs. National and inter-

Suspected acute heart failure is one of the commonest reasons for emer- national guidelines recommend the use of natriuretic peptide testing

gency department attendance and unplanned hospital admission.”
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with uniform thresholds to aid in the diagnosis of acute heart failure.

G20z 1sNBny 20 U0 150nB Aq $0/2 1 L8/v.LY/8/Y L/2I01E/90.[Y8/W0d dNodlWapeD.)/:Sd)lY WOl) papeojumod



D. Doudesis et al.

476

Downloaded from https://academic.oup.com/ehjacc/article/14/8/474/8112704 by guest on 07 August 2025

panunuo)y

(Tze) 885 (920 86€ (z0g) 986 (5€€) ss0L (060) €48 (€'1€) 8T61 0£<
(€10 66v (8728 v1v (860 €26 (597) s€8 (£67) 168 (080 L2L) 67-ST
(sop) 6€L (9°6€) LS (Lov) LLEL (oov) L9TL (€w) welL (9°01) €05T s>
LW3

‘xapul ssew Apog
wmmwm_U
(86) 17T (1'9¢) TS (£00) €61 (Lov) seT (67€) 969 (Teo) 16 Asupry d1uouyD
(1'8) 991 (8%€) 955 (86l) TL (901) L¥€ (92¢) €€0L (512 08gL UOIE||1IqY [BLIY
(1€ 2oL (TTo eS¢ (520 090L (S1p) TseL (190 sz € £20T adoo
(960 vht (€9) v¥ (zeo) ssy (§90) ste #9) L¥ (06L) TLe BLIYISY
J)NoWs-X9
(10€) s8v (570 £8L (§20 w9 (6'5€) 855 (092 90¢ (£1€) ¥98 40 uanD
(6€€) 91L (§6b) 0L (Tow) LTyl ('1€) 665 (rvb) LSL (5°£€) 0s¢€L eiwopidiledAy
(899) 8871 (CorARE=4) (#'59) 615 (T¥s) STl W2y wee (£29) 191% uoisusRdAH
(517) 681 (£¥€) 85§ (020 L¥0L (MY pia (s28) 6201 (§'97) 9521 sny|lsw s1aqelq
oseasIp
(081) vO¥ (02¥) 9vL (00¢) 0511 (L¥0) sv6 (L6¥) £89L (#'9¢) T€9T HERY dJWiRRYdS|
(01 sLe (£69) ¥88 1) 66l (eL1) veL (€99) 6LTC (£9¢) ev6T 4n|1e} 1ieaY Jolig
Aao3siy

[esipaw jsed
(6:0€) S0§ (Lel) ToL (690) £99 WD L (19) 96 (89) €T BEile)
(&)t (6'99) 995 (0¥9) se€L (529 ¥6L1L (z69) 880L (559 T8TT ueisedne))
(810 ss¢ (6€1) 8LL (Lel) €£¢ (10€) 55 (L%0) e8¢ (10 ¥96 Peig

Apuyrz
(s70) S1S (5%S) 8.8 (£5¢) g6£L (0€€) evpL (6+5) v¥TT (9°€p) £89€ §/<
(619) £8L1 (£6€) 6€9 (8'9v) 9281 (2¥) 0£0C (#'8€) 6951 (L°ep) 6€9€ S/-0S
(950 985 (89) v6 (21) 089 (9°61) 558 (99) 11T (e€L) 9zLL 0s>

saedf 98y

(8%9) €571 (#'79) sooL (625) 8STC (8'19) tLTe (VRS WA 144 (£€9) 6SS¥ uay
sjuedpnJed

887 L9l 668¢€ 88¢t oL €648 Jo JaquinN

QJnjie} 3Jeay ajnde aJnjiej 3aeay QJnjie} 3aeay ajnde aJnjie} 3aeay
3INOYIIM sjudijed 9JNdE YIIM sjudijed [1ZZETNe} INOY3IIM sjudied 9JNdE YIIM sjudnied [1ZETNe)

dNvo4d-yW dNdg

aJnjre} 34eay 93nde jo sisoudelp Aq papieals syusaned jo soiysiivIdedRYd duljdseg | d|qelL



477

Natriuretic peptides in the diagnosis of acute heart failure

Downloaded from https://academic.oup.com/ehjacc/article/14/8/474/8112704 by guest on 07 August 2025

‘apndad s1auniieu [eLiye-oad [euoiBau-plly ‘dNVOId-Y|A 9384 UONHEI|Y JBNISWO[S PaJeWNSD Y49 Bseasip Aseuow|nd aAdNIISGO dIUoIYd ‘GdOD @pidad onauniieu adA1-g ‘dNg SUOREBIASIGAY
‘[98ue. sjuenb-us3ul] UBIPaW JO (OS) UBSW ‘(%) 'ON SEB PaIUSsAId

[oszL'sivl /8

(c0¢) 818
LD veL

(8'51) 108

(850 0'6€1L

(L1 se

aJ4njrey 34eay ajnde
INOY3IM sjuaijed

[$'86S ‘8997] £'06€

(#67) 888
(aX:x4"

(68L) 9’18

#0¢) vorl

(090 06

a4n|iey y4eay
jNdE YIIM sjudned

losse ‘ezl oL6l

(0ze) oL
LD LeL

(z21) L08

(820 96¢lL

(€0 €6

dNvo4d-yW

[oe8l ‘Ledd voL

(908) S¥2
(T9) el

(S'91) §°8¢

(590 06€L

(€10 916

aJ4njrey 34eay ajnde
INoY3Im sjusaied

lo's9zL ‘0esel 06T

(9'£0) 895
(Sv) LTL

(S61) 664

(€1e) Loyl

#s) 916

a4n|iej y4eay
ajnde Yam saudied

(07108 ‘0'09] 1'SST

(50€) 6'59
(6%) L€l

(08l) 6L

(680 86€L

€0 16

Towd 'gNwod-yiy
qw/3d ‘gNg
MELL

Jul/ W Y499
7p/3 ‘uigo|SowaeH
Aa3siwaydoiq
pue A3ojojewaey

reownd

SHwuw ‘aunssaud
pooq dljo3selq
SHwuw ‘aunssaud
poo|q 21|01SAS
L

Jad syeaq ‘o1ed JeaH
sJ93aweJded
res18ojoisAyd

panupuo) | 3|qeL



478

D. Doudesis et al.

100

95

90

85

80

75

Negative predictive value (95% Cl)

70

65

100

90

80

70

60

50

40 -

30 _ 7

20 ’

Proportion of patients below each threshold, %

25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

BNP concentration, pg/mL

Figure 1 BNP and MR-proANP thresholds for acute heart failure. (A) (top) NPVs of BNP concentrations to rule-out a diagnosis of acute heart failure.
(bottom) Cumulative proportion of patients presenting with suspected acute heart failure with BNP concentrations below each threshold. (B) (top)
NPVs of MR-proANP concentrations to rule-out a diagnosis of acute heart failure. (bottom) Cumulative proportion of patients presenting with sus-
pected acute heart failure with MR-proANP concentrations below each threshold. * dashed horizontal line corresponds to NPV of 98%.

However, natriuretic peptide concentrations are known to be influenced
by various patient factors such as body-mass index, renal function and
age, each of which may affect diagnostic performance.”"" This has, in
part, limited the reliability of natriuretic peptides in clinical practice.
There are currently three natriuretic peptides recommended for
the diagnosis of acute heart failure—N-terminal pro-B-type natriuretic
peptide (NT-proBNP), B-type natriuretic peptide (BNP) and
mid-regional pro-atrial natriuretic peptide (I"IR-proANP).6 We previ-
ously demonstrated that guideline-recommended thresholds of
NT-proBNP have comparatively lower accuracy in older patients,
those with obesity, renal dysfunction and prior heart failure.’> We sub-
sequently developed and validated a decision-support tool called
CoDE-HF (Collaboration for the Diagnosis and Evaluation of Heart
Failure) (https:/decision-support.shinyapps.io/code-hf/) to calculate an

individualized probability of acute heart failure for each patient.'
CoDE-HF uses machine learning to incorporate NT-proBNP concen-
trations as a continuous variable alongside other objective physiological
and patient factors that are routinely collected during the initial clinical
assessment. We demonstrated that CoDE-HF ruled-in and ruled-out
acute heart failure more accurately than any approach using
NT-proBNP thresholds alone. However, NT-proBNP testing is not
available in all healthcare systems; whether the CoDE-HF approach
could improve performance of BNP and MR-proANP is unclear.
Accordingly, the aim of this study was to evaluate the diagnostic per-
formance of current guideline-recommended BNP and MR-proANP
thresholds for acute heart failure across patient subgroups and to de-
velop and validate the CoDE-HF decision-support tool for BNP and
MR-proANP.
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Figure 1 Continued

Methods
Study population

A systematic review was performed to identify studies that evaluated BNP
and MR-proANP in the diagnosis of acute heart failure. A previous review
by Roberts et al.> was updated by searching Embase, Medline and the
Cochrane Central Register of Controlled Trials for studies published up
to 18 August 2021 using the following keywords: ‘heart failure” and ‘natri-
uretic peptide’ (see Supplementary material online, Text S7). Studies were
included if they satisfied the following inclusion criteria: (i) enrolled pa-
tients >18 years with suspected acute heart failure in an acute care set-
ting, (i) measured BNP or MR-proANP on blood samples obtained
during the initial assessment, and (jii) adjudicated the diagnosis of acute
heart failure using an acceptable reference standard. A pre-specified
protocol (PROSPERO register: CRD42019159407) was used by two in-
vestigators (KKL and MA) to independently screen all studies identified
in the systematic literature search. and conflicts were adjudicated by a
third investigator (NLM).

The corresponding authors of all eligible cohorts were contacted to re-
quest anonymized individual patient-level data on BNP and MR-proANP
concentrations, adjudicated diagnosis of acute heart failure, demographics
(age, sex, ethnicity), past medical history (heart failure, ischaemic heart dis-
ease, diabetes, hypertension, hyperlipidemia, smoking, asthma, chronic ob-
structive pulmonary disease (COPD), chronic kidney disease), physiological
variables (heart rate and blood pressure), and clinical haematology and
biochemistry profiles. The accuracy and completeness of the individual
patient-level data were checked with all corresponding authors prior
to harmonisation. All studies were conducted in accordance with the
Declaration of Helsinki and with ethical approval to permit sharing of indi-
vidual patient-level data to conduct this analysis.

BNP and MR-proANP threshold analysis

A two-stage approach was used to calculate meta-estimates with 95% con-
fidence intervals of the sensitivity, specificity, negative predictive value
(NPV) and positive predictive value (PPV) of guideline-recommended
BNP and MR-proANP thresholds for acute heart failure (100 pg/mL and
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Table 2 Diagnostic performance of BNP, MR-proANP and CoDE-HF thresholds for acute heart failure

A. Rule-out thresholds and CoDE-HF scores.

Threshold or True False True
score positive positive negative

All patients
BNP 100 pg/mL 3862 1798 2590
MR-proANP 120 pmol/L 1552 866 1422
Patients without

prior heart

failure
CoDE-HF—BNP 54 1704 1943 1508
CoDE-HF— 8.1 695 675 1259

MR-proANP
B. Rule-in thresholds and CoDE-HF scores.

Threshold or True False True
score positive positive negative

All patients

BNP 100 pg/mL 3862 1798 2590

MR-proANP 120 pmol/L 1552 866 1422
Patients without

prior heart

failure

CoDE-HF—BNP 58.0 1240 329 3122

CoDE-HF— 46.0 548 179 1755

MR-proANP
Patients with

prior heart

failure

CoDE-HF—BNP 90.7 1093 60 664

CoDE-HF— 91.7 459 25 290

MR-proANP

False NPV (95% CI) Sensitivity Proportion
negative (95% CI) ruled out
243 93.6 (88.4-96.6)  96.0 (93.2-97.6) 33%
59 95.6 (92.2-97.6)  96.3 (95.3-97.2) 38%
20 98.5(97.1-99.3)  98.9 (98.0-99.3) 30%
19 98.6 (97.5-99.2)  97.9 (96.5-98.8) 48%
False PPV (95% CI) Specificity Proportion
negative (95% ClI) ruled in
243 68.8 (62.9-74.2) 56,5 (48.4-64.3) 67%
59 64.8 (56.3-72.5)  63.5 (54.4-71.7) 62%
484 78.6 (70.4-85.0)  90.2 (86.8-92.8) 30%
166 77.5 (72.6-81.7)  90.0 (84.1-93.9) 28%
1126 94.9 (90.9-97.1)  92.6 (87.7-95.7) 39%
425 95.7 (93.3-97.2)  90.4 (73.6-96.9) 40%

120 pmol/L, respectively).*® These metrics were calculated separately
within each study, then pooled across studies in a binomial-normal random
effects model using the method of DerSimonian and Laird."® The perform-
ance of these thresholds was further evaluated in the overall population and
subsequently in pre-specified subgroups that are known to influence natri-
uretic peptide levels and the diagnosis of acute heart failure [age, sex, eth-
nicity, body mass index, renal function, anaemia and the presence of
comorbidities (prior heart failure, hypertension, hyperlipidemia, diabetes
mellitus, atrial fibrillation, COPD)]. The diagnostic performance of BNP
and MR-proANP concentrations was subsequently evaluated across vari-
ous levels to establish a rule-out threshold that identifies the highest pro-
portion of patients as low-probability with an NPV >98%, and a rule-in
threshold that identifies the highest proportion of patients as high-
probability with a PPV >75%.

Model development and validation

A decision-support tool [Collaboration for the Diagnosis and Evaluation of
Heart Failure (CoDE-HF)] was developed and validated using extreme gra-
dient boosting (XGBoost)'* to compute a value (0-100) corresponding to
an individual patient’s probability of acute heart failure. CoDE-HF was de-
veloped and validated for both BNP and MR-proANP separately.

The model was developed for individuals with and without prior heart
failure separately due to differences in the demographics, comorbidities,
and prevalence of acute heart failure in these two groups. BNP and
MR-proANP concentrations were used as a continuous measure together
with selected clinical variables associated with acute heart failure, which
were found to have the highest relative importance in our model training
phase [age, estimated glomerular filtration rate (eGFR), haemoglobin,
body mass index, heart rate, blood pressure, peripheral oedema, prior his-
tory of heart failure, COPD and ischaemic heart disease].

Ten datasets were multiply imputed using joint-modelling multiple imput-
ation with random study-specific covariance matrices fitted with a Markov
chain Monte Carlo algorithm to account for missing data in the cohorts."®
Ten iterations of 10-fold cross-validation were performed for each model.
The median score across the iterations and imputed datasets was used as
the CoDE-HF score for each patient. High- and low-probability thresholds
for CoDE-HF were pre-specified as the scores that classified the greatest pro-
portion of patients with a rule-in performance of 75% PPV and 90% specifi-
city, and a rule-out performance of 98% NPV and 90% sensitivity, respectively.

The performance of each model was subsequently evaluated using a
range of diagnostic metrics including the area under the receiver operator
curve (AUQC), Brier score, proportion of patients identified as high- and low-
probability, and the PPV and NPV in the overall cohort and across
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A

Subgroups True negative False negative Negative predictive value (95% CI)
Sex

Male 1339 113 } L | 93.6 (68.3-96.6)

Female 1251 130 I = | 92.7 (86.5-96.1)
Age

<50 years 721 29 | e | 97.8 (92.8-99.3)

50-75 years 12687 99 e 94.9 (90.3-97.3)

>75 years 590 113 I = | 90.1 (82.3-94.7)
Ethnicity

Black 703 79 < = { 91.6 (77.4-97.2)

Caucasian 864 110 = | 89.9 (77.7-95.8)

Other 130 1" } - i 82.2 (86.5-95.6)
Smoking

Current or ex-smoker 359 23 I - i 84 4 (80.3-98 6}

Non-smoker 543 52 - { 82.0(77.1-97.5}
Heart failure

Yes 285 140 < 1 76.7 (56.2-89.4)

No 2188 98 e 95.8 (92 9-97.5)
Ischaemic heart disease

Yes 431 91 - | 85.6 (73.9-92.6)

No 1861 130 I ol ! 94.7 (89.2-97.5)
Diabetes

Yes 405 7" < L i 85.3 (75.8-91.4)

No 1709 142 I = | 93.4 (85.5-97.2)
Hypertension

Yes 1073 129 I = | 90.9 (82.3-95.5)

No 1112 49 | —— 96.3 (93.3-98.1)
Hyperlipidaemia

Yes 319 28 | — e | 91,9 (88.6-94.4)

No 852 50 < = 1 85.3 (77.0-99.2)
Anaemia

Yes 436 65 < - | 88.6 (78.7-94.2)

No 1341 89 - | 94 5 (86 2-97.9)
COPD

Yes 836 48 } = | 84 2 (88.9-97.1)

No 1188 111 I & | 92.4 (83.3-96.8)
Atrial fibrillation

Yes 77 39 L S | 71.5(50.4-86.2)

No 1883 175 [ L { 92.7 (85.1-96.6)
eGFR

<60 mifmin 447 85 I L | 90.6 (81.0-95.7)

60-90 ml/min 795 85 F - i 93.5 (84.7-97 4}

280 mi/min 927 46 s 95.9 (92.2-97.9)
Body mass index

<25 (normal/underweight) 746 48 I L { 94.7 (87.6-97.9)

25-29.9 (overweight) 507 47 t = | 93.6 (83.0-97.8)

230 (obese} 727 100 | 86.8 (77.4-92.7)
Overall 2590 243 i , - . ; 93.6 (88.4-96.6)

80 85 90 95 100

Figure 2 NPV of guideline-recommended BNP and MR-proANP thresholds across patient subgroups. (A) NPV of the BNP threshold of 100 pg/mL
across patient subgroups. (B) NPV of the MR-proANP threshold of 120 pmol/L across patient subgroups. COPD, chronic obstructive pulmonary dis-

ease; eGFR, estimated glomerular filtration rate.

subgroups. Brier score is a measure of both discrimination and calibration
and is calculated by taking the mean squared difference between predicted
probabilities and the observed outcome. A lower Brier score indicates bet-
ter model performance, with scores close to zero indicating perfect calibra-
tion and discrimination, while scores closer to one indicate poor
performance.'®

A decision curve analysis and internal-external cross-validation were per-
formed to evaluate the performance of CoDE-HF. In brief, this approach
iteratively leaves one study out at a time for external validation and uses
the remaining studies for model development."” Imputation was not per-
formed in the external validation. The incidence of all-cause death was eval-
uated stratified by CoDE-HF into probability groups. All analyses were
performed in R version 4.2.0.

Patient and public involvement

Members of a patient and public panel were involved in the interpretation of
results. There are plans to disseminate the results of the research to rele-
vant patient communities.

Results
Study population

Fourteen studies from 12 countries provided individual patient-level data in
8493 patients for BNP [mean age 69 (+16) years, 46% women], and 3899
patients for MR-proANP [mean age 66 (+17) years, 42% women],
in whom, 48.3% (4105/8493) and 41.3% (1611/3899) had a diagnosis of
acute heart failure confirmed by adjudication, respectively (Table 1,
Supplementary material online, Figure S1 and Tables $1-53)."8" Patients
with a prior history of heart failure had a higher prevalence of acute heart
failure than those without (75% vs. 33% and 74% vs. 27% for BNP and
MR-proANP, respectively) (see Supplementary material online, Table $4).

Guideline-recommended BNP threshold

Pooled meta-estimates of NPV, sensitivity, PPV and specificity of the
guideline-recommended BNP threshold of 100 pg/mL were 93.6%
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B

Subgroups True negative False negative Negative predictive value {95% CI)
Sex

Male 764 31 [ | 95.9 (91 7-98.0)

Female 858 28 ] 95.9 (93 2-97 6)
Age

<50 years 537 9 b 98.4 (96 9-89.1)

50-75 years 743 26 — | 96.3 (92.9-98.0)

>75 years 142 24 = | 85.9 (78.1-91.3)
Heart failure

Yes 89 21 | 77.4 (60.8-88.4)

No 1313 38 f———m—] 96.9 (93.5-98.5)
Ischaemic heart disease

Yes 141 17 | 86.2 (70.7-04.2)

No 1259 40 —a— 96.8 (94 3-98 3)
Diabetes

Yes 263 20 - = i 92.4 (81.2-97.1)

No 1151 ag  — 96.6 (94 5-97.9)
COPD

Yes 384 12 f— 97.0 (94.7-98.3)

No 1026 46 } = { 94.8 (89.4-97.6)
Atrial fibrillation

Yes 18 7 i 73.2 (45.0-90.1)

No 1191 52 —a— 95.7 (93.4-97.2)
eGFR

<60 mi/min 100 6 I ] | 94.3 (8B.0-97.4)

60-90 mlimin 423 22  — | 95.1 (92 2-97.0)

290 mimin 779 3 f——a— 95.8 (92.3-97.8)
Body mass index

<25 (normal/underweight) 438 E f—m 98.0 (96.2-98.9)

25-29.9 (overweight) 303 10 I — S 97.0 (92.6-98.8)

230 (obese) 383 33 | = | 90.7 (82.7-95.3)
Overall 1422 59 ————— 95.6 (92.2-97.6)

I T T T 1
80 85 90 95 100

Figure 2 Continued

(95% Cl, 88.4-96.6%), 96.0% (93.2-97.6%), 68.8% (62.9—74.2%), and
56.5% (48.4-64.3%) respectively (Figure 1 and Table 2). The AUC for
BNP as a continuous measure was 0.885 (0.878-0.892). BNP concen-
trations were below 100 pg/mL in 2833 (33%) patients. There was
marked heterogeneity in the performance of this threshold across pa-
tient subgroups (Figure 2). The NPV and sensitivity was lower in those
with prior heart failure [76.7% (56.2-89.4%) and 96.4% (92.7-98.3%)],
atrial fibrillation [71.5% (50.4-86.2%) and 96.9% (93.7-98.5%)] and
obesity [86.8% (77.4-92.7%) and 88.9% (84.1-92.4%)]. We subse-
quently evaluated alternative BNP thresholds and found that none
achieved our pre-specified optimal rule-out criteria (NPV of 98% and
sensitivity of 90%). The PPV of a BNP concentration >100 pg/mL
was also heterogeneous with lower performance in patients without
prior heart failure [56.0% (48.0-63.8%)], those with COPD [53.7%
(38.2-68.5%)] and those with normal renal function [60.3% (52.3—
67.8%)] (see Supplementary material online, Figure S2).

Guideline-recommended MR-proANP
threshold

Pooled meta-estimates of NPV, sensitivity, PPV and specificity of the
guideline-recommended MR-proANP threshold of 120 pmol/L were

95.6% (92.2-97.6%), 96.3% (95.3-97.2%), 64.8% (56.3-72.5%), and
63.5% (54.4-71.7%), respectively (Figure 1 and Table 2). The AUC for
MR-proANP as a continuous measure was 0.901 (0.891-0.910).
MR-proANP concentrations were below 120 pmol/L in 1481 (38%) pa-
tients. Similar to BNP, there was marked heterogeneity in the perform-
ance of this threshold across patient subgroups (Figure 2). NPV was lower
in those with prior heart failure [77.4% (60.8-88.4%)] and atrial fibrilla-
tion [73.2% (45.0-90.1%)], and the NPV and sensitivity were lower in
those with obesity [90.7% (82.7-95.3%) and 91.7% (88.6-94.0%)]. A low-
er MR-proANP threshold of 80 pmol/L achieved our pre-specified opti-
mal rule-out criteria (NPV of 98% and sensitivity of 90%) and ruled out
1079 (28%) patients. However, performance remained heterogeneous
across patient subgroups (see Supplementary material online,
Figure S3). The PPV of an MR-proANP concentration >120 pmol/L
was also heterogeneous with lower PPV in patients without prior heart
failure [53.1% (44.1-62.0%)] or atrial fibrillation [59.5% (54.2-64.6%)],
and in those with COPD [50.0% (40.7-59.3%)] (see Supplementary
material online, Figure S2).

The CoDE-HF score

CoDE-HF with BNP had an AUC of 0.914 (0.906-0.921) and a Brier
score of 0.110 in patients without prior heart failure and an AUC of
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Figure 3 Calibration plot of CoDE-HF with BNP in patients with (A) no previous heart failure and (B) previous heart failure.

0.848 (0.831-0.864) and Brier score of 0.123 in those with prior heart
failure (Figure 3 and Supplementary material online, Figure S4).
CoDE-HF with MR-proANP achieved an AUC 0.929 (0.919-0.939)
and Brier score of 0.094 in patients without prior heart failure, and
AUC 0.857 (0.831-0.882) and Brier score of 0.122 in patients with
prior heart failure (see Supplementary material online, Figures S5-S6).

For BNP, a CoDE-HF score of 5.4 achieved an NPV of 98.5% (97.1—
99.3%) and a sensitivity of 98.9% (98.0-99.3%), whilst a score of 58.0
achieved a PPV of 78.6% (70.4-85.0%) and a specificity of 90.2%
(86.8-92.8%) in those without prior heart failure (Table 2 and
Supplementary material online, Table S5). These rule-out and rule-in
scores had a more consistent performance across all subgroups com-
pared with BNP thresholds (Figure 4). If these scores were applied in
patients without prior heart failure, CoDE-HF with BNP would identify
30% as low-probability and 30% as high-probability of acute heart fail-
ure, respectively. In patients with prior heart failure, no score achieved
our target rule-out criteria in the training cohort. A CoDE-HF score of
90.7 achieved a PPV of 94.9% (90.9-97.1%) and a specificity of 92.6%
(87.7-95.7%) (Figure 4).

For MR-proANP, a CoDE-HF score of 8.1 achieved an NPV of 98.5%
(97.7-99.0%) and sensitivity of 97.3% (95.5-98.4%), whilst a score of
46.0 achieved a PPV of 75.1% (70.9-78.9%) and a specificity of 90.4%
(86.1-93.5%) in those without prior heart failure (Table 2 and
Supplementary material online, Table S6). Similarly, these rule-out and
rule-in scores had more consistent performance across subgroups
than the biomarker threshold alone (see Supplementary material
online, Figure S7). If these scores were applied in patients without prior
heart failure, CoDE-HF with MR-proANP would identify 48% as low-
probability and 28% as high-probability of acute heart failure. In patients
with prior heart failure, a CoDE-HF score of 91.7 achieved a PPV of
94.2% (89.5-96.9%) and a specificity of 90.1% (81.4-95.0%) (see
Supplementary material online, Figure S7).

In a decision curve analysis, CoDE-HF had a superior net benefit
compared with the BNP and MR-proANP alone across all threshold

probabilities (see Supplementary material online, Figure S8). Internal-
external cross-validation demonstrated good performance across
cohorts for all models (see Supplementary material online, Figures
$9-510).

Patients who were identified as low-probability by CoDE-HF had a
substantially lower rate of all-cause mortality at 30-days and 1 year
compared with those who were identified as intermediate and high-
probability for both BNP (30-day all-cause mortality: 0.8% vs. 5.1%
and 11.5%; 1 year all-cause mortality: 7.0% vs. 21.9% and 34.6%, re-
spectively) and MR-proANP (30-day all-cause mortality: 1.0% vs.
5.6% and 8.9%; 1 year all-cause mortality: 5.8% vs. 19.8% and 30.6%, re-
spectively) (see Supplementary material online, Figure S11).

Discussion

In this individual patient-level meta-analysis, we evaluated the diagnostic
performance of guideline-recommended BNP and MR-proANP
thresholds in over 9303 patients across 14 studies, and subsequently
developed and validated a decision-support tool that uses these natri-
uretic peptides as a continuous variable with patient factors for the
diagnosis of acute heart failure. Several findings are reported that could
affect clinical practice. First, the guideline-recommended thresholds of
BNP and MR-proANP to rule out acute heart failure had heteroge-
neous performance across important patient subgroups. NPV was sub-
stantially lower in those with prior heart failure, atrial fibrillation, and
ischaemic heart disease where false negative rates were as high as
one in five. Second, there was no threshold at which BNP achieved
an NPV of 98%. For MR-proANP, an optimized threshold of
80 pmol/L achieved an NPV of 98%; however, performance remained
heterogenous across patient subgroups. Finally, the CoDE-HF decision-
support tool was developed and validated for BNP and MR-proANP
using machine learning to combine these natriuretic peptides with sim-
ple and objective patient factors to calculate an individualized
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A

Subgroups True negative False negative Negative predictive value (95% CI)
Sex

Male 769 7 — 98.1 (97.4-99.7)

Female 739 13 s 98.4 (95.4-99.5)
Age

<50 years 641 3 —= 99.5 (98.6-99.8)

50-75 years 767 15 — 98.0 (85.7-99.1)

>75 years 96 2 | e | 98.0 (92.2-99.5)
Ethnicity

Black 480 9 —a— 98.1 (95.5-99.2)

Caucasian 488 5 —uq 99.0 (97.6-99.6)

Other 74 1 ; = 98.7 (81.1-99.8)
Smoking

Current or ex-smaker 252 3 ] 98.8 (96.4-99.6)

Non-smoker 337 3 | | 99.1 (85.1-100.0)
Ischaemic heart disease

Yes 115 4 : 2 | 96.7 (87.1-99.2)

No 1309 12 —= 998.0 (97.8-99.5)
Diabetes

Yes 194 6 F—a— 97.0 (93.1-98.7)

No 1132 9 —] 99.2 (98.2-99.7)
Hypertension

Yes 528 8 ——a 98.7 (96.4-99.6)

No 853 6 - 99.3 (98.0-99.8)
Hyperlipidasmia

Yes 147 1 ] 99.3 (95.4-99.9)

No 628 2 - 99.7 (98.7-99.9)
Anaemia

Yes 201 2 —a 98.1(83.4-99.9)

No 870 8 —= 99.1 (98.0-99.6)
COPD

Yes 523 5 b 99.1 (87.7-99.6)

No 784 7 = 98.1 (88.2-99.6)
Atrial fibrillation

Yes 18 0 < 4 100.0 (0.0-100.0)

No 1169 14 —a 98.8 (97.2-99.5)
eGFR

<60 ml/min 102 2 | e | 98.1 (82.6-99.5)

60-90 ml/min 407 8 —a 98.1 (96.2-99.0)

290 mi/min 724 5 = 99.3 (98.4-99.7)
Body mass index

<25 (normal/underweight) 456 2 = 99.6 (98.3-99.9)

26-29.9 (overweight) 307 3 = 99.0 (97.0-99.7)

230 (obese} 47 8 —— 98.3 (82.9-99.6)
Overall 1508 20 ‘ . . . - g 98.5 (97.1-99.3)

80 85 %0 95 100

Figure 4 Diagnostic performance of the CoDE-HF score across patient subgroups. CoDE-HF incorporates BNP concentrations as a continuous
measure and predefined simple objective clinical variables (age, eGFR, haemoglobin, body mass index, heart rate, blood pressure, peripheral oedema,
prior history of heart failure, COPD and ischaemic heart disease) to provide an individualized assessment of the likelihood of the diagnosis of acute heart
failure. (A) NPV of the CoDE-HF rule-out score of 5.4 in patients without prior heart failure across patient subgroups. (B) PPV of the CoDE-HF rule-in
score of 58.0 in patients without prior heart failure across patient subgroups. (C) PPV of the CoDE-HF rule-in score of 90.7 in patients with prior heart

failure across patient subgroups.

probability of acute heart failure. CoDE-HF had a more consistent per-
formance across patient subgroups compared with BNP or
MR-proANP thresholds alone.

This is the largest study using pooled data to evaluate the diagnostic
performance of BNP and MR-proANP for acute heart failure to date.
All studies confirmed the diagnosis of acute heart failure using a standar-
dized adjudication process. The availability of individual patient-level data
allowed us to evaluate the performance of guideline-recommended
thresholds across patient subgroups. Furthermore, this enabled the evalu-
ation of these natriuretic peptides across a range of alternative thresholds
and the development of a decision-support tool using machine learning.

We have previously developed the CoDE-HF decision-support tool
using NT-proBNP.'> We have now further developed CoDE-HF for
BNP and MR-proANP and demonstrate that the use of machine

learning improves the diagnostic performance of all three natriuretic
peptides. This is intuitive given that all natriuretic peptides share a simi-
lar mechanism of release from the myocardium in response to myocar-
dial pressure and volume overload, and are similarly influenced by
patient factors such as age, heart rhythm, renal function and obes-
ity.373® This is particularly important given the increasing prevalence
of heart failure in ageing populations with an increasing number of
comorbidities. The availability of a simple decision-support tool that in-
corporates routinely collected clinical variables to aid in the interpret-
ation of these biomarkers could improve the efficiency and accuracy of
the assessment of patients in busy emergency departments.
CoDE-HF has the potential to improve equity of care and patient
outcomes by accurately identifying those who would benefit from ex-
pedited treatment, specialist referrals and investigations such as
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B

Subgroups True positive False positive Positive predictive value (95% CI)
Sex

Male 653 164 e e 78.6 (70.9-84.7)

Female 587 165 s 78.9(69.4-86.1)
Age

<50 years 56 11 S | 858 (67.0-94.8)

50-75 years 426 132 o | 80.2 (68.7-88.2)

>75 years 754 183 e 77.9(70.1-84.1)
Ethnicity I

Black 134 52 —s— 72.0 (65.2-78.0)

Caucasian 441 168 [ . | 75.8 (62.9-85.3)

Other 15 12 i | 54.8 (32.9-75.0)
Smoking

Current or ex-smoker 84 24 I - | 82.4 (62.4-93.0)

Non-smoker 214 83 f——— 72.1 (66.7-76.9)
Ischaemic heart disease

Yes 384 114 —— | 77.3 (66.5-85.3)

No 592 186 e 75.0 (67.6-81.1)
Diabetes

Yes 254 77 - | 78.4 (67.1-86.5)

No 690 200 e e | 77.9(69.6-84 4)
Hypertension

Yes 621 148 e | 80.6 (72.9-86.4)

No 283 85 I = i 75.1 (65.3-82.8)
Hyperlipidaemia |

Yes 184 48 ! - | 76.7 (55.3-89.7)

No 341 74 I ] | 82.8 (66.2-92.2)
Anaemia

Yes 357 94 - - | 79.9 (68.4-88.0)

No 437 o8 |—-—I—| 79.8 (71.9-86.0)
COPD

Yes 175 58 I L i 72.8 (50.5-87.5)

No 653 155 P 78.6(71.4-84.4)
Atrial fibrillation

Yes N7 65 ; & | 81.9(71.6-8%.1)

No 631 208 e 76.2 (67.2-834)
eGFR

<60 ml/min 495 162 I - { 76.4 (64.3-85.3)

80-90 ml/min 355 94 . e | 79.1 (69.7-86.2)

280 ml/min 111 30 } = | 79.0 (68.2-86.9)
Body mass index

<25 (normal/underweight) 373 81 I - | 80.5 (70.3-87.8)

25-29.9 (overweight) 253 82 I - { 74.0 (56.6-86.1)

230 (cbese) 214 70 = { 76.9 (67.1-84.5)
Overall 1240 329 e ——————— 78.6 (70.4-85.0)

50 55 60 65

Figure 4 Continued

echocardiography in patients with a high-probability of the diagnosis.
Indeed, recent randomized-controlled trial evidence shows that many
treatments for heart failure result in rapid onset of benefit and prompt
initiation of evidence-based therapies can result in improved outcomes
for patients with heart failure.3**' Patients with a low-probability of
acute heart failure could be discharged from the Emergency
Department safely or investigated for other differential diagnoses
more promptly resulting in cost savings for healthcare institutions.
Furthermore, different thresholds of CoDE-HF score to identify those
at high- and low-probability of acute heart failure can be selected by in-
dividual healthcare institutions based on the availability of local re-
sources and tolerance for risk. Since CoDE-HF utilizes routinely
collected variables, it can be embedded within the electronic patient re-
cords to facilitate more accurate and efficient patient assessment.
We are aware of numerous validated prognostic risk scores for pa-
tients with an established diagnosis of heart failure.>"**** However,
there are only a few that have been developed to aid in the diagnosis
of acute heart failure.***> Whilst these diagnostic scores have many
strengths, they incorporate more subjective variables such as the

clinicians’ estimation of the pre-test probability, patients’ description
of symptoms, and natriuretic peptides as a binary variable, which
does not take into account the dynamic and non-linear interaction be-
tween natriuretic peptides and other measures. These previous at-
tempts at developing and validating diagnostic scores have also
included a limited number of patients from a single healthcare setting,
which precluded the assessment of diagnostic performance within im-
portant patient subgroups and limits external generalisability.

Several potential limitations should be considered in this study. First,
acute heart failure is ultimately a clinical diagnosis and therefore, it is
likely that there is some inherent heterogeneity in the adjudication of
this diagnosis across different studies. Second, the adjudicated diagnosis
of acute heart failure did not differentiate between the different under-
lying aetiologies of heart failure or between heart failure with reduced
ejection fraction, heart failure with mildly reduced ejection fraction, and
heart failure with preserved ejection fraction. Nevertheless, the
CoDE-HF decision-support tool was designed to aid in the initial triage
of all patients with suspected acute heart failure regardless of aetiology.
Our approach aligns with how a diagnostic tool is used in acute care and

G20z 1sNBny 20 U0 150nB Aq £0/2 | L8/t L/8/Y L /2101E/90.[Y8/10d dNOdILSPED.)/:SA)Y WO} POPEOJUMO(



486

D. Doudesis et al.

Suhgroups True positive False positive Positive predictive value (95% Cl)
Sex

Male 663 36 —a 95.2 (89.3-97.9)

Female 430 24 —= 94.7 (91.5-96.7)
Age

<50 years 83 6 s 93.3 {85886 9)

50-75 years 378 18 —a— 96.1 (91.8-98 2)

>75 years 625 34 | —| 95.2 (90.3-97.7)
Ethnicity

Black 247 13 —= 95.0 (91.6-67.1)

Caucasian 325 30 ] 92.5 (85.4-96.3)

Other 56 2 ——a— 96.6 (87.2-99.1)
Smoking

Current or ex-smoker 75 11 } - | 86.6 (69.8-94.8)

Non-smoker 244 17 —_— 94.8 (87.2-88.0)
Ischaemic heart disease

Yes 608 33 —a— 95.4 (89.9-97.9)

No 365 26 ————a— 92.5 (86.6-96.0)
Diabetes

Yes 305 14 e 95.1 (88.2-97 8)

No 613 41 s 93.5 {88.0-96 5)
Hypertension

Yes 738 38 —a— 95.0 (91.1-97.2)

No 198 10 | e 96.3 (87.1-99.0)
Hyperlipidaemia
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Figure 4 Continued

the emergency department. Further testing and determination of ejec-
tion fraction occurs after an acute heart failure diagnosis is made. Third,
the prevalence of acute heart failure varies significantly across studies
and may have influenced the diagnostic performance of BNP,
MR-proANP and CoDE-HF. This heterogeneity reflects the diverse
range of settings and populations in which natriuretic peptides and
the decision-support tool will be applied in clinical practice and
strengthens the generalizability of the study findings.** However, fur-
ther prospective validation in consecutive patient populations would
be useful. Finally, there is significant missingness in some of the studies
included in this analysis. Where possible, multiple imputation was per-
formed to maximize the use of data in the development of the machine
learning model.

Conclusion

Guideline-recommended thresholds of BNP and MR-proANP have
heterogeneous performance across important patient subgroups.

The CoDE-HF decision-support tool was developed and validated for
BNP and MR-proANP and ruled-in and ruled-out acute heart failure
more accurately than natriuretic peptide thresholds alone.
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