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CONCLUSIONS

In an international, collaborative evaluation of the
WHAT THIS STUDY ADDS diagnostic performance of NT-proBNP, guideline
recommended thresholds to diagnose acute heart
failure varied substantially in important patient
subgroups. The CoDE-HF decision support tool
incorporating NT-proBNP as a continuous measure and
other clinical variables provides a more consistent,

Most national and international guidelines recommend N-terminal pro-B-type
natriuretic peptide (NT-proBNP) testing to aid in the diagnosis of acute heart
failure

NT-proBNP testing has not been universally implemented owing to concerns
about diagnostic performance in clinically important patient subgroups

The guideline recommended NT-proBNP thresholds for acute heart failure had
relatively poor diagnostic performance in important patient subgroups

Avalidated decision support tool that uses statistical modelling to combine NT-pro-
BNP as a continuous measure with clinical variables has been developed

This tool ruled in and ruled out acute heart failure more accurately than did any accurate, and individualised approach.
approach using NT-proBNP thresholds alone and performed consistently across all STUDY REGISTRATION
subgroups PROSPERO CRD42019159407.

Pa198101d "auIdIpay [edidoi] pue ausiBAH JO |00YIS UOPUOT Je ZZ0Z SUNC 8Z UO /Wod"[Wg MMM//:dNy Wolj papeojumMoq 'Z2Z0g dunt €T UO ¥2¥890-T202-IWa/9eTT 0T Se paysiand 1s11y :CNg

thebmj | BMJ2022;377:¢068424 | doi: 10.1136/bmj-2021-068424 1


mailto:nick.mills@ed.ac.uk
https://twitter.com/HighSTEACS
https://dx.doi.org/10.1136/bmj-2021-068424
https://dx.doi.org/10.1136/bmj-2021-068424
https://crossmark.crossref.org/dialog/?doi=10.1136/ bmj-2021-068424&domain=pdf&date_stamp=2022-06-07
http://www.bmj.com/

RESEARCH

Introduction
Nearly 1 million people are living with heart failure
in the UK, and the prevalence is projected to rise by
approximately 50% over the next 25 years owing to
the ageing population.! Decompensated acute heart
failure accounts for 5% of all unplanned hospital
admissions.” The accurate and timely diagnosis of
acute heart failure can be challenging, and both
national and international guidelines recommend
natriuretic peptide testing to aid in the diagnosis.>®
Despite these recommendations, N-terminal pro-
B-type natriuretic peptide (NT-proBNP) testing has
not been universally implemented, in part owing to
concerns about its clinical utility in a real world setting.
Studies investigating the diagnostic performance
of NT-proBNP have mainly been conducted in
relatively small, selected patient cohorts, limiting
the generalisability of study findings across clinically
important subgroups, such as older patients and those
with renal disease or obesity, characteristics that are
becoming increasingly prevalent in patients with
heart failure.”!* Statistical modelling approaches that
incorporate patients’ characteristics to provide a more
individualised assessment may have more consistent
diagnostic performance across patient subgroups.'?
Although many models have been developed to
predict prognosis in patients with heart failure, very
few have been developed to aid in the diagnosis
of acute heart failure.”®*® Previous attempts have
many strengths but have incorporated subjective
variables, such as the clinician’s estimation of pre-test
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The decision support tool ruled in and ruled out acute heart failure
more accurately than approaches using NT-proBNP* thresholds alone
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probability or the patient’s description of symptoms.
Furthermore, they have incorporated NT-proBNP as
a binary variable, which does not take into account
the dynamic and non-linear interaction between NT-
proBNP and other clinical variables. Previous attempts
at developing and validating diagnostic scores have
also included a limited number of patients from a
single healthcare setting, which has precluded the
assessment of performance within subgroups and
limited external generalisability.

In this collaborative international analysis, we
evaluated the diagnostic performance of guideline
recommended NT-proBNP thresholds for acute heart
failure across patient subgroups. We subsequently
developed and validated a decision support tool
for patients with suspected acute heart failure that
uses statistical modelling to combine NT-proBNP
concentrations with clinical characteristics.

Methods

Study population

We did a systematic review to identify studies that
evaluated the diagnostic performance of NT-proBNP
in patients with suspected acute heart failure. We
updated a previous review by Roberts et al' with
studies published up to 18 August 2021 by searching
titles and abstracts on Embase, Medline, and the
Cochrane Central Register of Controlled Trials with the
key words “heart failure” and “natriuretic peptide”
(supplementary text 1). Studies were eligible if they met
the following pre-specified inclusion criteria: enrolled
patients aged =18 years with suspected acute heart
failure in an acute care setting, measured NT-proBNP
in blood samples obtained during the patients’ initial
assessment on the day of the hospital attendance, and
adjudicated diagnosis of acute heart failure by using an
acceptable reference standard. Two investigators (KKL
and MA) independently screened all studies identified
in the systematic literature search, and a third (NLM)
adjudicated conflicts by using a pre-specified protocol
(PROSPERO register: CRD42019159407).

We contacted the corresponding authors of all
eligible cohorts to request anonymised individual
patient level data on NT-proBNP concentrations,
adjudicated diagnosis of acute heart failure,
demographics (age, sex, ethnicity), past medical
history (heart failure, ischaemic heart disease,
diabetes, hypertension, hyperlipidaemia, smoking,
asthma, chronic obstructive pulmonary disease,
chronic kidney disease), physiological variables
during the initial assessment (heart rate and blood
pressure), and clinical haematology and biochemistry
profiles. We checked accuracy, definitions of variables,
and completeness with all corresponding authors
before harmonisation. All studies were conducted
in accordance with the Declaration of Helsinki and
with ethical approval to permit sharing of individual
patient level data to conduct this meta-analysis. Two
investigators (KKL and MA) independently assessed
risk of bias for each study by using the Quality
Assessment of Diagnostic Accuracy Studies version 2
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(QUADAS-2) tool,*® with conflicts resolved by a third
(NLM).

NT-proBNP threshold analysis

We derived meta-estimates with 95% confidence
intervals of the sensitivity, specificity, negative
predictive value, and positive predictive value of the
guideline recommended NT-proBNP rule-out threshold
(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)’ for acute heart failure by
using a two stage approach, with estimates calculated
separately within each study and then pooled across
studies in a binomial-normal random effects model
using the DerSimonian and Laird method.?! We further
evaluated the performance of these thresholds in pre-
specified subgroups stratified by age, sex, ethnicity,
body mass index, renal function, anaemia, and the
presence of comorbidities (previous heart failure,
hypertension, hyperlipidaemia, diabetes mellitus,
atrial fibrillation, chronic obstructive pulmonary
disease). Using the same approach, we subsequently
evaluated the diagnostic performance of NT-proBNP
concentrations across a range of concentrations to
determine a rule-out threshold that would identify
the highest proportion of patients as having a low
probability of a negative predictive value 298% and
a rule-in threshold that would identify the highest
proportion of patients as having a high probability of
a positive predictive value >75%.

Model development and validation

We developed and validated a decision support tool
(Collaboration for the Diagnosis and Evaluation of
Heart Failure (CoDE-HF); https://decision-support.
shinyapps.io/code-hf/) by using statistical modelling
to compute a value (0-100) that corresponds to an
individual patient’s probability of acute heart failure.
Owing to significant differences in comorbidities and
the prevalence of acute heart failure, we developed
and validated models for patients with and without
previous heart failure separately. We used NT-proBNP
concentrations as a continuous measure and selected
simple objective clinical variables that are known to be
associated with acute heart failure, which were found
to have the highest relative importance in our model
training phase (age, estimated glomerular filtration
rate, haemoglobin, body mass index, heart rate, blood
pressure, peripheral oedema, chronic obstructive
pulmonary disease, and ischaemic heart disease)
(supplementary text 2).

We evaluated four different statistical models in the
development of CoDE-HF: generalised linear mixed
model, naive Bayes, random forest, and extreme gradient
boosting (XGBoost) (supplementary text 2).*??* To
account for missing data across studies (supplementary
figure A), we multiply imputed 10 datasets by using
joint modelling multiple imputation with random study
specific covariance matrices fitted with a Markov chain
Monte Carlo algorithm.?® We did multiple imputation for
all variables included in the model except NT-proBNP.
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We ran 10 iterations of 10-fold cross validation for each
model and used the median score across the iterations
and imputed datasets as the CoDE-HF score for each
patient. We subsequently identified the score that would
classify the highest proportion of patients as having a
high or low probability of acute heart failure with
optimal performance to rule in (75% positive predictive
value and 90% specificity) and rule out (98% negative
predictive value and 90% sensitivity) acute heart failure.

We assessed the performance of each model across
a range of diagnostic metrics (area under the receiver
operator curve, Brier score, proportion of patients
achieving the optimal high and low probability
criteria, and positive and negative predictive value
across patient subgroups). The 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.?® We selected the best performing model for
the CoDE-HF decision support tool. We used a decision
curve analysis and internal-external cross validation
to evaluate the performance of CoDE-HF. In brief, this
approach iteratively leaves out one study at a time for
external validation and uses the remaining studies for
model development.”” We did not do imputation in
the external validation dataset, so external validation
was not done for studies in which most of the variables
were completely missing (supplementary figure A). We
used R version 4.1.2 for all analyses.

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 relevant
patient communities.

Results

Study population

We contacted investigators from 30 eligible studies, of
which 19 responded. Fourteen studies (12 prospective
cohort studies and two randomised controlled trials)
provided individual patient level data on 10369
patients with suspected acute heart failure (mean
age 69.3 years; 53.3% male) from 13 countries
(table 1; supplementary figure B; supplementary
tables A and B).* 2849 All studies were conducted in
the emergency department except one that included
patients admitted to the cardiology and pulmonology
department (median number of patients in each study
was 488 (interquartile range 322-1053)). Overall,
43.9% (4549/10369) of patients had an adjudicated
diagnosis of acute heart failure (median prevalence
across studies 46% (31-54%)). Patients with a previous
history of heart failure had a higher prevalence of acute
heart failure than those without (73.3% (2286/3119)
versus 29.0% (1802/6208)) (supplementary table C).

Guideline recommended and age specific
NT-proBNP thresholds

Pooled meta-estimates of negative predictive value,
sensitivity, positive predictive value, and specificity of
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Table 1 | Baseline characteristics of patients stratified by diagnosis of acute heart failure. Values are numbers (percentages) unless stated otherwise

Patients with acute heart failure

Patients without acute heart failure

Characteristics Overall (h=10369) (n=4549) (n=5820)
Male sex 5531 (53.3) 2568 (56.5) 2963 (50.9)
Mean (SD) age, years 69.3 (16.3) 75.0(12.6) 64.9 (17.5)
Age group, years:
<50 1377 (13.3) 222 (4.9) 1155 (19.8)
50-75 4370 (42.1) 1674 (36.8) 2696 (46.3)
>75 4622 (44.6) 2653 (58.3) 1969 (33.8)
Ethnicity: (n=5700) (nh=2532) (n=3168)
Black 845 (14.8) 316 (12.5) 529 (16.7)
White 4112 (72.1) 2028 (80.1) 2084 (65.8)
Other 743 (13.0) 188 (7.4) 555 (17.5)
Medical history:
Previous heart failure (n=9327) 3119 (33.4) 2286 (55.9) 833 (15.9)
Ischaemic heart disease (n=9136) 2953 (32.3) 1871 (46.8) 1082 (21.0)
Diabetes mellitus (n=8967) 2398 (26.7) 1382 (34.8) 1016 (20.3)
Hypertension (n=8548) 5071 (59.3) 2603 (71.0) 2468 (50.5)
Hyperlipidaemia (n=5501) 2269 (41.2) 1160 (50.8) 1109 (34.5)
Current smoker or ex-smoker (n=5946) 2458 (41.3) 918 (37.8) 1540 (43.8)
Asthma (n=4153) 770 (18.5) 98 (6.9) 672 (24.6)
Chronic obstructive pulmonary disease (n=7249) 2117 (29.2) 670(22.9) 1447 (33.5)
Atrial fibrillation (n=3588) 1701 (20.9) 1243 (33.3) 458 (10.4)
Chronic kidney disease (n=6441) 1215(18.9) 877 (33.6) 338 (8.8)
Mean (SD) body mass index 27.7 (7.2) 27.7 (6.8) 27.7 (7.6)
Body mass index category: (n=7852) (n=3528) (n=4324)
<25 3062 (39.0) 1349 (38.2) 1713 (39.6)
25-29 2473 (31.5) 1172 (33.2) 1301 (30.1)
>30 2317 (29.5) 1007 (28.5) 1310 (30.3)
Physiological parameters:
Mean (SD) heart rate, bpm 91.7 (23.7) 91.5 (25.9) 91.9 (21.9)
Mean (SD) systolic blood pressure, mm Hg 140.0 (27.9) 140.2 (30.0) 139.9 (26.4)
Mean (SD) diastolic blood pressure, mm Hg 79.7 (17.0) 80.3 (18.3) 79.3 (15.9)
Clinical haematology and biochemistry:
Mean (SD) haemoglobin, g/dL 13.1(2.1) 12.7 (2.1) 13.4 (2.0)
Mean (SD) eGFR, mL/min/1.73 m2 68.2 (31.3) 56.8 (27.1) 77.2 (31.6)

Median (IQR) NT-proBNP, pg/mL

1182 (191-4737) 4362 (1883-9883)

279 (70-1054)

eGFR=estimated glomerular filtration rate; IQR=interquartile range; NT-proBNP=N-terminal pro-B-type natriuretic peptide; SD=standard deviation.

NT-proBNP for the overall population at the guideline
recommended rule-out threshold of 300 pg/mL were
94.6% (95% confidence interval 91.9% to 96.4%),
96.8% (94.6% to 98.1%), 62.9% (51.3% to 73.3%),
and 49.3% (35.4% to 63.4%), respectively (fig 1;
supplementary table D). Overall, 30.4% (3148/10369)
of patients had NT-proBNP concentrations below
300 pg/mL. However, marked heterogeneity existed
across patient subgroups and studies (fig 2; fig 3;
supplementary figures C and D). Negative predictive
value was lower in patients >75 years (88.2%, 83.5%
to 91.8%) and in those with previous heart failure
(79.4%, 68.4% to 87.3%) and obesity (90.4%, 84.5%
t0 94.2%).

Pooled meta-estimates of the positive predictive
value for age specific NT-proBNP rule-in thresholds
of 450, 900 and 1800 pg/mL were 61.0% (55.3% to
66.4%), 73.5% (62.3% to 82.3%), and 80.2% (70.9%
to 87.1%), respectively (table 2). Corresponding
specificities were 87.8% (79.5% to 93.0%), 81.1%
(72.6% to 87.5%), and 73.1% (65.2% to 79.8%).
Overall, 48.7% (5052/10369) of patients with
suspected acute heart failure had NT-proBNP above
these age specific thresholds. Positive predictive values
of the age specific rule-in thresholds were higher
than the uniform 300 pg/mL threshold in subgroups,

although heterogeneity by age group, renal function,
and prevalence of acute heart failure was present
(supplementary figures E-I).

Overall, we identified seven studies as having a high
risk of bias (supplementary table A). In sensitivity
analyses restricted to studies in which the adjudication
of acute heart failure was blinded to NT-proBNP
concentrations and those with a low risk of bias,
diagnostic performance of the guideline recommended
and age specific NT-proBNP thresholds remained
unchanged (supplementary tables E and F).

Optimised NT-proBNP thresholds

An NT-proBNP threshold of 100 pg/mL achieved
our optimal rule-out criteria with a pooled negative
predictive value of 97.8% (95.8% to 98.8%) and
sensitivity of 99.3% (98.5% to 99.7%) (supplementary
table D). However, only 17.9% (1851/10369) of
patients had NT-proBNP concentrations below 100 pg/
mL and the negative predictive value remained lower
in older patients and those with previous history of
heart failure, ischaemic heart disease, and impaired
renal function (supplementary figure J). Similarly, a
NT-proBNP threshold of 1000 pg/mL achieved our
optimal rule-in criteria with a positive predictive value
of 74.9% (64.4% to 83.2%) and specificity of 76.1%
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Fig 1 | N-terminal pro-B-type natriuretic peptide (NT-proBNP) thresholds for acute heart failure. Top left: negative predictive values of NT-proBNP
concentrations to rule out diagnosis of acute heart failure. Bottom left: cumulative proportion of patients presenting with suspected acute heart
failure with NT-proBNP concentrations below each threshold. Top right: positive predictive values of NT-proBNP concentrations to rule in diagnosis
of acute heart failure. Bottom right: cumulative proportion of patients presenting with suspected acute heart failure with NT-proBNP concentrations

above each threshold

(65.6% to 84.2%), although performance was also
lower within patient subgroups, particularly those
without previous heart failure (positive predictive
value 62%, 41% to 79%) (supplementary table D;
supplementary figure K).

CoDE-HF score
The extreme gradient boosting (XGBoost) model
and generalised linear mixed model were the
best performing models (area under curve in the
overall training cohort of 0.925 (95% confidence
interval 0.919 to 0.932) and 0.931 (0.925 to 0.937),
respectively) (supplementary text 2). Although the
performance of XGBoost was similar to the generalised
linear mixed model, a key advantage of XGBoost is its
ability to compute a score despite missing values. This
is an important functionality that we wished to build
into the CoDE-HF decision support tool to facilitate its
implementation in clinical practice, so we selected the
XGBoost model as the final model for CoDE-HF.
CoDE-HF was well calibrated with excellent
discrimination in patients with and without previous
heart failure (area under the receiver operator curve
0.846 (0.830 to 0.862) and 0.925 (0.919 to 0.932)
and Brier scores of 0.130 and 0.099, respectively) (fig
4; supplementary figure L). A CoDE-HF score of 4.7
achieved a negative predictive value of 98.6% (97.8%
to 99.1%) and sensitivity of 98.1% (96.9% to 98.9%)
(supplementary table G), and a score of 51.2 achieved
a positive predictive value of 75.0% (65.7% to 82.5%)
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and a specificity of 92.2% (87.5% to 95.2%) in patients
without previous heart failure. These rule-in and rule-
out scores had similar diagnostic performance across
all subgroups (fig 5; fig 6; fig 7). If these scores were
applied in patients with suspected acute heart failure,
CoDE-HF would identify 40.3% (2502/6208) at low
probability (<4.7) and 28.0% (1737/6208) at high
probability (251.2) of acute heart failure. In patients
with previous heart failure, no score achieved our
target rule-out criteria in the training cohort. A CoDE-
HF score of 84.5 achieved a positive predictive value
of 92.7% (89.1% to 95.2%) and specificity of 90.2%
(84.0% to 94.1%). This score would identify 45.5%
(1420/3119) of patients as having a high probability of
acute heart failure (fig 8). In a decision curve analysis,
CoDE-HF had superior net benefit compared with the
NT-proBNP alone across all threshold probabilities
(supplementary figure M). The performance of CoDE-
HF was marginally attenuated when trained without
past medical history (area under the receiver operator
curve of 0.922 (0.916 to 0.929) and 0.841 (0.825 to
0.857) in patients without and with previous heart
failure). Internal-external cross validation showed
good performance across cohorts for both models
(supplementary figure N).

Patients who were identified as low probability by
CoDE-HF had a substantially lower rate of all cause
and cardiovascular mortality at 30 days and one year
compared with those who were identified asintermediate
and high probability (30 day all cause mortality: 1.0%
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Subgroups True False Negative predictive Negative predictive
negative negative value (95% CI) value (95% CD

Sex

Male 1522 87 —_— 94.5(90.6 t0 96.9)

Female 1465 74 —'30— 95.2(93.0t0 96.7)
Age §

<50 years 991 1 § —~&| 98.9(97.61099.5)

50-75 years 1518 84 —30— 95.1(91.8t097.1)

>75 years 478 66 ~— | 88.2(83.5t091.8)
Ethnicity §

Black 341 23« 3 & 97.6 (75.4t0 99.8)

White 1041 67 —0+ 93.1(89.3t0 95.6)

Other 387 8 § —e- 98.0(96.0 t0 99.0)
Smoking §

Current or ex-smoker 996 49 —;—0— 96.1(92.9t0 97.9)

Non-smoker 1133 53 e ‘ — 94.5(91.3t0 96.6)
Heart failure §

Yes 203 62 —— § 79.4 (68.4t0 87.3)

No 2694 92 *3—0—' 96.6 (94.4 t0 98.0)
Ischaemic heart disease §

Yes 384 52 —_— § 89.3(82.7t0 93.6)

No 2459 97 —;—0— 96.0(93.6 t0 97.6)
Diabetes §

Yes 471 50 —_— § 89.1(81.2t0 94.0)

No 2352 101 —;—0— 95.7(93.3t097.3)
Hypertension §

Yes 1161 84 —0+ 92.9 (88.6 t0 95.6)

No 1624 40 § —o- 97.6 (96.0 to 98.6)
Hyperlipidaemia §

Yes 542 24 —;—0— 95.7(93.3t097.3)

No 1251 31 § -& 97.6 (96.6 t0 98.3)
Anaemia §

Yes 433 27 —03— 94.2 (91.2t0 96.2)

No 2080 92 —;-0— 95.5(93.4t0 96.9)
COPD §

Yes 706 36 —;—0— 95.7(92.7t0 97.5)

No 1683 68 —3'0— 95.3(92.4t097.2)
Atrial fibrillation §

Yes 82 21 & § 83.2(65.3t092.9)

No 2319 118 —‘0— 94.7 (91.7t0 96.7)
eGFR §

<60 mL/min 348 48 —0—§ 90.0(82.8 t0 94.4)

60-90 mL/min 1078 68 —30— 95.0(91.4t097.2)

>90 mL/min 1429 44 *3—0—- 96.6 (94.3 t0 98.0)
Body mass index §

<25 (normal/underweight) 942 32 § —- 96.9(95.1 t0 98.1)

25-29.9 (overweight) 755 35 —;—0— 95.6 (92.1 t0 97.6)

>30 (obese) 777 72 0—§ 90.4 (84.5t0 94.2)
Overall 2987 161 “ 94.6 (91.9 t0 96.4)

80 85 90 95 100

Fig 2 | Diagnostic performance of guideline recommended N-terminal pro-B-type natriuretic peptide thresholds across patient subgroups: negative
predictive value of threshold of 300 pg/mL. COPD=chronic obstructive pulmonary disease; eGFR=estimated glomerular filtration rate

versus 4.0% and 10.4%, respectively; one year all cause  4.1%; one year cardiovascular mortality: 1.4% versus
mortality: 5.9% versus 17.8% and 33.4%, respectively;  3.4% and 16.3%, respectively) (fig 9). In patients with
30 day cardiovascular mortality: 0.2% versus 0.8% and ~ NT-proBNP concentrations <300 pg/mL compared with
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Subgroups True False Positive predictive Positive predictive %
negative negative value (95% CI) value (95% CD =

Sex 8
Male 2161 699 —— 79.0 (68.6 to 86.6) o
Female 1574 618 —0—;— 72.9(62.61t081.2) S
Age % Q
<50 years 203 130 —— 3 61.0 (55.3 t0 66.4) =
50-75 years 1308 553 —_——— 727 (62.1 0 81.3) =
>75 years 2224 634 ——0— 80.5 (71.1 to 87.4) §
Ethnicity § g
Black 262 102 —0—; 72.0(67.1t0 76.4) 8
White 1650 521 ——— 82.0(66.2t091.4) ,‘%
Other 167 92 —— | 64.5 (58.5t0 70.1) p
Smoking § i
Current or ex-smoker 741 225 —3—0— 78.9 (67.6t0 87.1) 8
Non-smoker 1237 403 —— 81.6 (66.6 0 90.8) s
Heart failure § g
Yes 1933 326 % — 85.9(79.3t090.7) §
No 1406 754 <—& ; 63.2 (42.3t0 80.1) U
Ischaemic heart disease § g
Yes 1535 354 —%—0— 81.3(72.4t087.9) %
No 1727 704 —_— 73.6 (63.21081.8) 8_
Diabetes § 8
Yes 1121 274 -;—0— 85.7(76.1t091.9) g
No 2116 726 —0;— 76.0 (65.9 to 83.9) o §_
Hypertension § ‘: %’
Yes 2139 552 —— 81.6 (72.9 t0 87.9) S
No 876 374 —0—%— 71.4(56.9 to 82.5) é %
Hyperlipidaemia i 2o
Yes 972 245 1 >r— 83.9 (70.3t0 92.0) %
No 952 377 ;0— 78.3(59.8t0 89.8) g
Anaemia § °
Yes 1307 344 —;'0— 78.3(69.7 to 84.9) l:\;J
No 1480 469 —f— 76.4(67.6 to 83.4) 2
COPD 3 5
Yes 543 297 —& 3 67.2(49.9t0 80.8) g
No 1867 567 —— 78.5 (68.6 t0 86.0) S
Atrial fibrillation i @
Yes 1046 220 —%—0— 83.7(73.4t0 90.5) g
No 2001 690 — 77.0 (66.6 to 85.0) a
eGFR § S
<60 mL/min 2269 694 —3—0— 79.0 (70.0to 85.9) %
60-90 mL/min 1095 433 —0—%— 72.7 (63.2 t0 80.5) g
>90 mL/min 336 178 —_—! 64.3(53.0t0 74.2) Q
Body mass index % E
<25 (normal/underweight) 1164 362 —f— 76.7 (68.5 to 83.3) %.
25-29.9 (overweight) 946 235 —%—0— 82.6 (72.5t0 89.6) g
>30 (obese) 745 219 —%—0— 79.6 (72.9 to 85.0) %
Overall 3735 1317 i 76.5(66.5 t0 84.2) f'
50 60 70 80 90 100 -g

o

Fig 3 | Diagnostic performance of guideline recommended NT-proBNP thresholds across patient subgroups: positive predictive value of age specific 2
thresholds across patient subgroups (450, 900, and 1800 pg/mL for <50, 50-75, and »75 years, respectively). COPD=chronic obstructive pulmonary %
disease; eGFR=estimated glomerular filtration rate %
>

those 300 pg/mL, the all cause mortality rates were rates were 0.1% versus 2.6% at 30 days and 1.3% %
0.8% versus 7.6% at 30 days and 5.9% versus 26.6% at  versus 10.2% at one year, respectively (supplementary 3
one year, respectively, and the cardiovascular mortality ~ table H; supplementary figure O). g

®

o
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Table 2 | Diagnostic performance of age specific thresholds of N-terminal pro-B-type natriuretic peptide (NT-proBNP) for acute heart failure

NT-proBNP Prevalence of

threshold True False True False acute heart
Age groups (pg/mL) positive positive negative negative failure (%) NPV (95% ClI) PPV (95% Cl) Sensitivity (95% Cl) Specificity (95% Cl)
<50 years 450 203 130 1025 19 16.1 98.4 (96.21099.3) 61.0 (55.3t0 66.4) 91.4(87.0t0 94.5) 87.8(79.5t093.0)
50-75 years 900 1407 575 2121 267 38.3 88.3(82.91t092.2) 73.5(62.3t082.3) 83.2(76.0t0 88.6) 81.1(72.61087.5)
>75 years 1800 2135 621 1348 518 57.4 72.2(63.4t079.7) 80.2 (70.9t087.1) 79.3 (74.2t083.5) 73.1(65.2t079.8)
All 300 4388 2833 2987 161 43.9 94.6 (91.9t096.4) 62.9(51.3t073.3) 96.8(94.6t098.1) 49.3 (35.41t063.4)

Cl=confidence interval; NPV=negative predictive value; PPV=positive predictive value.

Discussion

We did a meta-analysis of individual patient level
data to evaluate the diagnostic performance of NT-
proBNP thresholds in more than 10000 patients

100 a
Probability group ol
® Low v
Intermediate ./-,/’ ‘
® High Vi

Adjudicated diagnosis of acute heart failure (%)

Adjudicated diagnosis of acute heart failure (%)

0 20 40 60 80 100
CoDE-HF score

Fig 4 | Calibration of Collaboration for the Diagnosis and Evaluation of Heart Failure
(CoDE-HF) score with observed proportion of patients with acute heart failure. Dashed
line represents perfect calibration. Each point represents 100 patients. Top: calibration
of CoDE-HF in patients with no previous heart failure. Bottom: calibration of CoDE-HF in
patients with previous heart failure

with suspected acute heart failure recruited in
14 prospective studies from 13 countries, and we
developed and externally validated a decision support
tool that uses NT-proBNP as a continuous measure. We
report several important findings. Firstly, the guideline
recommended threshold to rule out acute heart
failure was heterogeneous across important patient
subgroups.” Whereas performance was good in the
overall population and in several subgroups such as
younger patients and women, the negative predictive
value was substantially lower in older patients and
in those with obesity or previous heart failure, for
whom the false negative rates were between one in
10 and one in five. Secondly, age stratified thresholds
performed well to rule in the diagnosis of acute heart
failure. However, the positive predictive value was
lower in younger patients. Thirdly, although our
optimised NT-proBNP thresholds of 100 pg/mL to rule
out and 1000 pg/mL to rule in acute heart failure had
excellent negative and positive predictive values in the
overall population, performance was lower in older
patients and in those with previous heart failure and
obesity. Finally, we developed and validated a decision
support tool, the CoDE-HF score, which had excellent
diagnostic performance across all patient subgroups.
This decision support tool ruled in and ruled out acute
heart failure more accurately than any approach using
NT-proBNP thresholds alone.

Strengths of study

To our knowledge, this is the largest study evaluating
the diagnostic performance of NT-proBNP for acute
heart failure to date. All included studies were
prospective, and the final diagnosis was adjudicated
by a panel of clinicians using all available information.
Importantly, the availability of individual patient level
data across a large study population allowed a robust
evaluation of diagnostic performance across a full
range of possible NT-proBNP thresholds within patient
subgroups and the development and validation of a
novel diagnostic score.

Comparison with other studies

Most national and international guidelines
recommend the use of an NT-proBNP threshold of 300
pg/mL to rule out acute heart failure,’ ® on the basis
of evidence from multiple previous studies,’ * 4 42
which reported a negative predictive value of 98% at
this threshold. However, these studies were unable to
evaluate the diagnostic performance within important
patient subgroups. Our study, which included three
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80 85 90

Fig 5 | Diagnostic performance of Collaboration for the Diagnosis and Evaluation of Heart Failure (CoDE-HF) score across patient subgroups:
negative predictive value of CoDE-HF rule-out score of 4.7 in patients without previous heart failure across patient subgroups. CoDE-HF incorporates
N-terminal pro-B-type natriuretic peptide concentrations as continuous measure and predefined simple objective clinical variables (age, estimated
glomerular filtration rate (eGFR), haemoglobin, body mass index, heart rate, blood pressure, peripheral oedema, chronic obstructive pulmonary
disease (COPD), and ischaemic heart disease) to provide individualised assessment of likelihood of diagnosis of acute heart failure

95 100

times as many patients as a previous study level meta-
analysis,? showed a lower overall negative predictive
value at the 300 pg/mL threshold, with a pooled meta-
estimate of 94.6%. More importantly, the negative
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Subgroups True False Negative predictive Negative predictive &
negative negative value (95% CI) value (95% CI) >

g

Sex 2
Male 1285 19 -& 98.5(97.4t099.2) =
Female 1183 15 ~® | 98.8(97.81t099.4) S
Age § Q
<50 years 960 5 % 99.5(98.8t099.8) =
50-75 years 1275 22 -¢ 98.3(97.4t0 98.9) \—?
>75 years 233 7 ¢~ 97.8(91.9t099.4) §
Ethnicity i e
: o

Black 281 6 ¢ | 97.3(90.0t0 99.3) 8
White 822 15 —e- 98.2(96.5t0 99.1) ,‘%
Other 382 3 —® 99.2(97.6t099.7) g
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Current or ex-smoker 830 —® 99.3(96.81t099.9) 8
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' @

Ischaemic heart disease ' N
Yes 180 3 —®-  98.4(95.0t0 99.5) §
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Yes 336 8 —&— | 97.7(93.1t099.3) %
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Hyperlipidaemia ; ‘: =S
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No 1228 10 : 99.2 (98.5t0 99.6) é %
Anaemia i o
Yes 359 8 —or 97.8(95.7 t0 98.9) %
No 1779 20 @ 98.9(98.3t099.3) g
COPD 3 8
Yes 623 5 =& 99.2(98.1t099.7) I?J
No 1457 21 4 98.6 (97.8t0 99.1) 2
Atrial fibrillation i 5
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predictive value was markedly lower in key subgroups,
such as older patients and those with previous
heart failure, ischaemic heart disease, and obesity.
Moreover, nearly 70% of all patients had an NT-
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Subgroups True False Positive predictive Positive predictive
negative negative value (95% CI) value (95% CI)

Sex

Male 748 223 —_— 77.5(66.8 to 85.5)

Female 578 188 —_— 73.2(63.7 t0 81.0)
Age

<50years 63 24 —_— 72.4(62.1 to 80.8)

50-75 years 466 166 —_—1 76.7 (64.7 to 85.5)

>75 years 797 221 —_— 74.4(65.4t0 81.7)
Ethnicity

Black 52 26 —_— 66.7 (55.5t0 76.2)

White 723 216 ——— 79.1(63.7 to 89.1)

Other 78 28 —_— 73.6 (64.4t0 81.1)
Smoking

Current or ex-smoker 262 69 - 78.5(72.0t0 83.8)

Non-smoker 507 133 —_— 80.1 (64.1 t0 90.0)
Ischaemic heart disease

Yes 457 123 —_—T— 77.1(66.7 to 85.0)

No 824 273 —_—— 74.2 (64.7 to 81.9)
Diabetes

Yes 377 98 —_— 82.1(70.4 to 89.8)

No 918 295 — 74.3(65.9t0 81.2)
Hypertension

Yes 841 210 —T— 78.6 (70.6 to 84.9)

No 379 120 —_— 73.9(63.9 to 82.0)
Hyperlipidaemia

Yes 294 73 —_— 81.8(66.3t091.1)

No 426 132 —_—T— 78.7 (62.9 to 89.0)
Anaemia

Yes 438 125 —t— 77.1(70.0 to 82.9)

No 664 187 — 74.8 (67.7 to 80.8)
COPD

Yes 152 65 —_— 69.3(58.7to0 78.1)

No 757 224 —_— 75.9(67.2 t0 82.9)
Atrial fibrillation

Yes 426 90 —_— 80.7 (68.0t0 89.1)

No 802 271 —_— 75.7(67.3t0 82.5)
eGFR

<60 mL/min 658 207 —_— 76.4(67.3to0 83.6)

60-90 mL/min 501 155 —_— 74.4(64.8 to 82.1)

=90 mL/min 150 48 —_— 75.8(69.3t081.2)
Body mass index

<25 (normal/underweight) 460 123 T 78.6 (73.4 t0 83.0)

25-29.9 (overweight) 335 109 *>— 74.2(61.5t0 83.8)

30 (obese) 302 90 —— 79.5 (69.2 t0 87.0)
Overall 1326 411 el 75.0(65.7 to 82.5)

50 60 70 80 90 100

Fig 6 | Diagnostic performance of Collaboration for the Diagnosis and Evaluation of Heart Failure (CoDE-HF) score across patient subgroups: positive
predictive value of CoDE-HF rule-in score of 51.2 in patients without previous heart failure across patient subgroups. CoDE-HF incorporates NT-
proBNP concentrations as continuous measure and predefined simple objective clinical variables (age, estimated glomerular filtration rate (eGFR),
haemoglobin, body mass index, heart rate, blood pressure, peripheral oedema, chronic obstructive pulmonary disease (COPD), and ischaemic heart
disease) to provide individualised assessment of likelihood of diagnosis of acute heart failure

proBNP concentration above the 300 pg/mL threshold, of 98%, performance was poorer within important
highlighting the limitation of using a single threshold patient subgroups. Furthermore, the age specific and
in practice. Although a lower threshold of 100 pg/ optimised thresholds to rule in acute heart failure had
mL achieved an overall negative predictive value heterogeneous performance within patient subgroups,
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Subgroups True False Positive predictive Positive predictive
negative negative value (95% CI) value (95% CI)

Sex

Male 822 59 —o- 93.5(89.5t0 96.0)

Female 503 36 —03— 92.4(87.4t095.5)
Age §

<50 years 62 3 —;—0— 95.4 (86.6 t0 98.5)

50-75 years 410 34 —‘:— 92.1(87.5t095.2)

>75 years 853 58 —30— 93.0(89.2t0 95.5)
Ethnicity §

Black 103 8 —30— 92.8(86.2t0 96.4)

White 595 49 —Ql— 92.5(86.5t095.9)

Other 39 5 —0+ 88.6 (75.5t0 95.2)
Smoking §

Current or ex-smoker 302 18 —‘30— 94.1 (89.6 t0 96.7)

Non-smoker 467 37 —30— 93.0(87.9t0 96.0)
Ischaemic heart disease §

Yes 797 62 —03— 92.3(86.9t0 95.5)

No 501 31 —'30- 94.1(89.9 to 96.6)
Diabetes §

Yes 491 28 —;-0— 95.0(88.9t097.9)

No 823 65 —03- 92.3(88.7t0 94.8)
Hypertension §

Yes 916 64 —30- 93.3(89.4t0 95.8)

No 294 13 —;—0— 95.4(89.0t098.2)
Hyperlipidaemia §

Yes 494 33 -30- 93.7(91.3t0 95.5)

No 343 21 —;—0— 95.4(86.8 t0 98.5)
Anaemia §

Yes 646 39 —30— 93.4(89.4 t0 96.0)

No 517 37 —4- | 930(89.0t095.6)
COPD i

Yes 171 8 —;—0— 95.3(89.4 t0 98.0)

No 757 59 —03- 92.3(88.9t094.7)
Atrial fibrillation §

Yes 455 32 —10— 92.9(86.9t0 96.2)

No 814 55 —30- 93.5(90.4 to 95.6)
eGFR §

<60 mL/min 942 72 —Ql- 92.5(89.2t0 94.8)

60-90 mL/min 293 21 —30— 93.1(86.1t0 96.7)

>90 mL/min 75 1 -;—0 98.7(91.2t0 99.8)
Body mass index §

<25 (normal/underweight) 488 37 —03- 92.6 (89.0t0 95.1)

25-29.9 (overweight) 431 26 —3'0— 94.5(89.0t0 97.3)

>30 (obese) 264 16 —'30- 94.3(90.9 to 96.5)
Overall 1325 95 “ 92.7(89.1t095.2)

50 60 70 80 90 100

Fig 7 | Diagnostic performance of Collaboration for the Diagnosis and Evaluation of Heart Failure (CoDE-HF) score across patient subgroups: positive
predictive value of CoDE-HF rule-in score of 84.5 in patients with previous heart failure across patient subgroups. CoDE-HF incorporates NT-

proBNP concentrations as continuous measure and predefined simple objective clinical variables (age, estimated glomerular filtration rate (eGFR),
haemoglobin, body mass index, heart rate, blood pressure, peripheral oedema, chronic obstructive pulmonary disease (COPD), and ischaemic heart
disease) to provide individualised assessment of likelihood of diagnosis of acute heart failure

particularly in those without previous heart failure.
This heterogeneity in diagnostic performance is
particularly concerning as our patient populations are
ageing and living with more comorbidities. This raises

thebmj | BMJ2022;377:¢068424 | doi: 10.1136/bmj-2021-068424

the question as to whether clinical guidelines should
continue to recommend use of uniform thresholds
when NT-proBNP is influenced by many risk factors
and comorbidities.
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Fig 8 | Diagnostic performance of Collaboration for the Diagnosis and Evaluation of Heart Failure (CoDE-HF) score in patients without previous heart

failure. Top: negative and positive predictive values of CoDE-HF scores. Blue vertical dashed line represents target rule-out score of 4.7. Red vertical
dashed line represents target rule-in score of 51.2. Bottom: density plot of CoDE-HF score in patients without previous heart failure. Target rule-out

and rule-in scores identify 40.3% of patients as low probability and 28.0% as high probability respectively

All cause mortality (%)

N
o

To improve the clinical utility of NT-proBNP,
we developed and externally validated a clinical
decision support tool, the CoDE-HF score. This score
incorporates NT-proBNP as a continuous measure
together with simple, objective clinical variables to
provide an individualised assessment of the likelihood
of the diagnosis of acute heart failure. We showed that
the diagnostic performance of the CoDE-HF score was
robust across patient subgroups. CoDE-HF was able to
rule out and rule in the diagnosis of acute heart failure
in a larger proportion of patients compared with using
optimised NT-proBNP thresholds alone. Furthermore,
in our decision curve analysis, we found that CoDE-HF
had a higher net benefit than NT-proBNP alone across
the full range of threshold probabilities. We believe
that this finding is intuitive given that NT-proBNP is

CoDE-HF group

w
o

20

—— Low probability
Intermediate probability
----- High probability

_____
Pt
______

-
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="
=

400
Days since index presentation

Fig 9 | Cumulative incidence of all cause mortality stratified by Collaboration for the
Diagnosis and Evaluation of Heart Failure (CoDE-HF) probability group

12

a continuous marker of risk and concentrations are
influenced by other patient related factors, such as
body mass index, age, and renal function.***> Although
these proportions were calculated on the basis of
pre-specified performance criteria, we acknowledge
that these targets may not be universally supported
and different healthcare settings may have different
tolerances for risk. The advantage of using a decision
support tool, such as CoDE-HF, is that clinicians or
institutions have the option to select the diagnostic
performance criteria used to guide local decisions
depending on their priorities and the availability of
echocardiography or heart failure specialists.

Implications for practice and future research

We anticipate that CoDE-HF, our novel decision
support tool, has the potential to improve the triage of
patients with suspected acute heart failure presenting
to multiple medical specialties and to transform their
care by facilitating more accurate diagnosis. Previous
studies have showed that prompt and accurate delivery
of evidence based treatments for patients with acute
heart failure can lead to a substantial reduction in
mortality and length of hospital stay, whereas delays
are associated with worse outcomes.*® Furthermore,
CoDE-HF uses routinely collected variables and
therefore can be embedded within the clinical
workflow as part of the triage pathway in the emergency
department to facilitate more efficient assessment.
Currently, the vast majority of patients with suspected
acute heart failure undergo echocardiography during
the course of their hospital admission to guide their
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care, but only a proportion of these patients ultimately
have the diagnosis.’ Echocardiography is a relatively
time consuming and resource intensive specialist
investigation. We anticipate that use of CoDE-HF to
guide more accurate and judicious use of specialist
services such as echocardiography could lead to
significant cost and efficiency savings for healthcare
systems. Additionally, cost savings could also be made
by triaging patients at low risk to outpatient care.
A prospective study is now needed to evaluate the
clinical and cost effectiveness of different CoDE-HF
decision thresholds in clinical practice.

Limitations of study

We acknowledge several limitations. Firstly, we
were able to obtain individual patient level data for
14 of 30 studies that met our eligibility criteria, so
the introduction of selection bias is a possibility.
Nevertheless, the eligible studies that were not
included had similar prevalence of acute heart failure,
publication dates, and geographical coverage,
and the population had similar demographic and
clinical characteristics to those that were included.
Secondly, in combining information from multiple
studies, data were missing for some variables in
several studies. To maximise the use of information,
we have used a hierarchical multiple imputation
method. Thirdly, we did not have consistently
recorded data from the electrocardiogram and chest
radiograph to enable inclusion of these data in our
model. The interpretation of NT-proBNP in patients
with suspected acute heart failure should be made in
conjunction with these investigations,*” and future
studies are needed to determine whether approaches
that integrate these investigations can improve the
performance of CoDE-HF. Fourthly, not all studies
have adjudicated the diagnosis blinded to the results
of NT-proBNP testing. In our sensitivity analysis,
diagnostic performance was unchanged when we
excluded the two studies in which adjudication
was unblinded. Fifthly, the adjudicated diagnosis
of acute heart failure did not differentiate between
heart failure with reduced ejection fraction and
heart failure with preserved ejection fraction.*® The
increasing prevalence of heart failure with preserved
ejection fraction in older patients may explain some
of the heterogeneity observed across age groups, but
current guidelines recommend the same NT-ProBNP
threshold for both heart failure with reduced ejection
fraction and heart failure with preserved ejection
fraction.” ® Sixthly, although most of the studies
included consecutive patients with acute dyspnoea,
the prevalence of acute heart failure was high and
some selection bias may have existed. However,
the performance of guideline recommended and
age specific NT-proBNP thresholds were unchanged
in a sensitivity analysis excluding studies at high
risk of bias. Finally, acute heart failure is a clinical
syndrome and the diagnostic adjudication itself has
inherent uncertainty and variability across studies.
This uncertainty may be greater among older adults,
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which may, in part, explain some of the observed
heterogeneity in diagnostic performance.

Conclusions

We have shown that the diagnostic performance of
guideline recommended NT-proBNP thresholds for
acute heart failure varies across important patient
subgroups. We developed and validated the CoDE-HF
score, which combines NT-pro-BNP as a continuous
measure with clinical variables by using statistical
modelling to determine the probability of acute
heart failure for individual patients. This decision
support tool accurately ruled in and ruled out acute
heart failure and performed consistently across all
subgroups. Prospective studies are now needed to
evaluate the effect of implementing this decision
support tool on healthcare resource utilisation and
patients’ outcomes.
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