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Abstract

Background: Acute kidney injury (AKI) is common after cardiac surgery and is difficult to predict. N-terminal pro-B-type

natriuretic peptide (NT-proBNP) is highly predictive for perioperative cardiovascular complications and may also predict

renal injury. We therefore tested the hypothesis that preoperative NT-proBNP concentration is associated with renal

injury after major cardiac surgery.

Methods: We included 35 337 patients who had cardiac surgery and measurements of preoperative NT-proBNP and

postoperative creatinine. The primary outcome was Kidney Disease: Improving Global Outcomes Stages 1e3 AKI. We also

separately considered severe AKI, including Stage 2, Stage 3, and new-onset dialysis.

Results: Postoperative AKI occurred in 11 999 (34.0%) patients. Stage 2 AKI occurred in 1200 (3.4%) patients, Stage 3 AKI in

474 (1.3%) patients, and new-onset dialysis was required in 241 (0.7%) patients. The NT-proBNP concentrations

(considered continuously or in quartiles) were significantly correlated with any-stage AKI and severe AKI (all adjusted

P<0.01). Including NT-proBNP significantly improved AKI prediction (net reclassification improvement: 0.24 [0.22�0.27];

P<0.001) beyond basic models derived from other baseline factors in the overall population. Reclassification was espe-

cially improved for higher grades of renal injury: 0.30 (0.25�0.36) for Stage 2, 0.46 (0.37�0.55) for Stage 3, and 0.47

(0.35�0.60) for dialysis.

Conclusions: Increased preoperative NT-proBNP concentrations were associated with postoperative AKI in patients

having cardiac surgery. Including NT-proBNP substantially improves AKI predictions based on other preoperative factors.
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Editor’s key points

� Natriuretic peptides, such as N-terminal pro-B-type

natriuretic peptide (NT-proBNP), are elevated in

people with heart failure and chronic kidney disease.

� This large study found that elevated preoperative

levels of N-terminal pro-B-type natriuretic peptide

(NT-proBNP) were associated with postoperative

acute kidney injury (AKI), especially more severe

acute kidney injury.

� Acute kidney injury is simple-to-measure, and is

probably an indicator of other organ injury in major

surgery.

NT-proBNP and AKI after cardiac surgery - 863
Acute kidney injury (AKI) is a well-recognised and severe

complication of cardiac surgery, with a reported incidence of

up to 40% depending on the definitions used, the complexity of

surgical types, and patient-associated factors.1 Up to 5.1% of

patients recovering from cardiac surgery need dialysis.2,3 The

risk of AKI is greater for valve, aorta, and combined procedures

than for isolated coronary artery bypass graft (CABG) sur-

gery.4e6 Patients who develop AKI, even moderate grades,

have more complicated postoperative courses, stay longer in

the hospital, and are more likely to develop end-stage renal

disease and long-term mortality.4,7e11

Natriuretic peptides are released in response to intracardiac

stress and myocardial ischaemia, and are also inversely related

to kidney function, especially clearance.12,13 Circulating natri-

uretic peptide concentrations therefore depend on both cardiac

and renal performance. Baseline plasma B-type natriuretic

peptide (BNP) concentrations are associated with subsequent

AKI in patients with acute coronary syndrome14 and ST-

segment-elevation myocardial infarctions who had primary

percutaneous coronary interventions.15 The precursor of BNP,

N-terminal pro-brain natriuretic peptide (NT-proBNP), is simi-

larly associated with kidney injury in Type 2 diabetics16 and in

patients who had selective coronary angiography17 and pul-

monary surgery.18 Within some types of cardiac surgery, natri-

uretic peptide concentrations are associated with AKI in high-

risk cohorts.19,20 However, it remains unclear to what extent

preoperativeNT-proBNPconcentrationsare associatedwithAKI

across a broad range of patientswho had cardiac surgery. It also

remains unknown to what extent NT-proBNP enhances AKI

predictions based on other preoperative factors.2,21,22

We therefore tested the primary hypotheses that preoper-

ative NT-proBNP concentration is associated with various

grades of AKI after major cardiac surgery, and that NT-proBNP

improves predictions based on other preoperative factors.

Cardiac procedures vary considerably, and natriuretic peptide

concentrations are higher andmore accurately predict various

outcomes in patients with valve and combined procedures

than in those having isolated CABG surgery.23,24 We therefore

considered the overall population of patients who had cardiac

surgery, along with various surgical subtypes.
Methods

Study population

We considered adults who had cardiac surgery at the Fuwai

Hospital, Chinese Academy of Medical Sciences, Beijing, China
between 2012 and 2019. This retrospective, observational,

single-centre cohort study was approved by the Institutional

Review Board with waived written consent. Reporting and

methods adhered to the Transparent Reporting of a multi-

variable prediction model for Individual Prognosis Or Diag-

nosis statement.25

When patients had multiple cardiac operations between

2012 and 2019, only the first was considered. We included

adults 18 yr or older who had cardiac surgery; procedures

involving any part of the aorta were not eligible. We excluded

patients who had heart transplants and those who required

preoperative dialysis or lacked baseline serum creatinine or

NT-proBNP concentrations (Supplementary Fig. 1).
Data sources

All data were obtained from the electronic health records as in

recent studies.26,27 Demographic characteristics, comorbid-

ities, laboratory biomarkers, intraoperative information, and

postoperative data were recorded in real time by medical

personnel.

Plasma NT-proBNP concentration was routinely measured

by our clinical laboratory upon hospital admission using an

Elecsys proBNP, Cobas E analyser (Roche Diagnostics GmbH,

Mannheim, Germany) withinmeasurable range between 5 and

35 000 pg ml�1. Serum creatinine concentrations were deter-

mined upon hospital admission and daily whilst patients

remained in critical care.
AKI assessment

The primary outcome was any-stage postoperative AKI. Stage

2 and Stage 3 AKI (including dialysis) were defined as sec-

ondary outcomes based on their severity. Estimated

creatinine-based glomerular filtration rate (eGFR) was esti-

mated with the Chronic Kidney Disease Epidemiology

Collaboration equation.28 Acute kidney injury was scored with

the Kidney Disease: Improving Global Outcomes (KDIGO)

classification, where Stage 1 was defined as an increase �26

mmol L�1 within 48 h window or a 1.5e1.99 increase within the

initial 7 days, Stage 2 as a 2.0e2.99 increase, and Stage 3 as a

�3.0 times increase or creatinine level >354 mmol L�1 or initi-

ation of dialysis.29 As usual, for perioperative studies, urine

output was not considered.
Statistical analysis

The statistical analysis was approved on January 14, 2020 by

the Institutional Review Board before data were accessed for

analysis. We initially planned to restrict secondary analyses to

Stage 3 AKI and dialysis. During analysis, we added Stage 2 AKI

because it is a clinically meaningful outcome.7,11

Missingness of data was assumed to be at random. Missing

data were estimated using multiple imputation techniques

with 20 data sets (Supplementary Table 1).

Patient characteristics are summarised as means (stan-

dard deviations [SD]) or medians and inter-quartile ranges

(IQRs) for continuous variables, and as frequencies and pro-

portions for categorical variables. Student’s t-tests and

ManneWhitney U-tests were used for continuous variables,

whereas c2 or Fisher’s exact tests were used for categorical

variables.

Multivariable logistic regression models were used to eval-

uate associations between baseline characteristics with and
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without NT-proBNP and degrees of AKI in the overall popula-

tion, and separately by surgical categories. For all analyses, we

required a minimum of 10 events per predictor to avoid overfit

models.30 Potentially relevant baseline factors were adopted

from a review of publications on scoring systems and risk

models regrading AKI,2 21 22 matched to available data. We

therefore adjusted for conventional factors, including age, sex,

body mass index, baseline eGFR, current/ever smoker, hyper-

lipaemia, diabetes mellitus, anaemia, chronic obstructive

pulmonary disease, peripheral vascular disease, atrial fibrilla-

tion, hypertension, a history of cardiac surgery, myocardial

infarction, New York Heart Association classification III/IV,

heart failure, non-elective procedure, preoperativemechanical

cardiac support, and left ventricular ejection fraction (LVEF)

value. The NT-proBNP concentration was natural log trans-

formed to reduce skew and to minimise influence of extreme

values. N-terminal pro-brain natriuretic peptide wasmodelled

as both a continuous variable and by quartiles.

To estimate the added predictive value of NT-proBNP for

AKI beyond conventional factors, C-index, integrated

discrimination improvement (IDI) index, and net reclassifica-

tion improvement (NRI) were used to assess discrimination.25

Akaike information criterion and Bayesian information crite-

rion were calculated to rate model calibration, with lower

values indicating better fit and calibration.31 Likelihood ratio

tests were also performed to test the fit between the two

models.25 Restricted cubic splines were applied to delineate

the curve of associations between baseline NT-proBNP level

and post-procedural acute kidney events. Our models were

internally validated using 1000 bootstrap samples, which is

preferrable to data splitting.32

We evaluated interactions to determine whether the rela-

tionship between NT-proBNP concentration and AKI were

parallel across various types of surgery. Surgical types were

categorised as isolated CABG, isolated valve procedures,

combined CABG and valve procedures, septal myectomy, and

other procedures. For isolated CABG surgery, we included time

elapsed since coronary angiography and the type of coronary

lesion. For isolated valve surgery, we included type of valve

procedure. For concomitant CABG and valve procedures, we

considered time elapsed since coronary angiography and the

types of valve and coronary lesions. And finally, for septal

myectomy, we considered left atrial diameter, left ventricular

maximal thickness, left ventricular outflow tract gradient, and

whether other procedures were done simultaneously.

The NT-proBNP thresholds for patients with various sur-

gical subtypes were determined by Cutoff Finder, which is

designed to identify thresholdeoutcome relationships in

complex circumstances.33 We used a procedure aimed at

detecting the threshold that best splits patient populations

based on dividing the population into groups separated by

various NT-proBNP concentrations over the range of observed

values. Specifically, the best threshold was defined as the

point providing the lowest P-value in Pearson’s correlation

tests. To adjust for baseline differences between groups

divided by thresholds, we used inverse probability of treat-

ment weighting (IPTW) based on propensity score, which was

individually estimated for each patient using a multivariable

logistic model with all 19 aforementioned variables.34 The

adjusted odds ratio (OR) and 95% confidence interval (CI) for

AKI were calculated by fitting a logistic regression model

weighted by inverse probability of treatment.
A series of sensitivity analyses were also performed. (i) We

restricted the analyses to patients with complete data to

address the potential bias from imputation. (ii) We incorpo-

rated other intraoperative details into the fixed model to

examine the robustness of the role of NT-proBNP in predicting

AKI, including red blood cell transfusion and cardiopulmonary

bypass duration. (iii) We used least absolute shrinkage and

selection operator (Lasso) regression, a method used to iden-

tify candidate confounders, across the entire population and

various subsets to mitigate their model overfitting, reduce

multicollinearity, and improve predictive performance.35 The

tuning parameter (l) was determined in the Lasso regression

using 10-fold cross-validation on the basis of minimum

criteria.

R software, version 3.6.1 for Windows (R Foundation for

Statistical Computing, Vienna, Austria, 2019), was used to

perform all statistical analyses.
Results

The NT-proBNP concentrations at hospital admission were

available for 35 337 patients. The baseline characteristics of pa-

tients with and without NT-proBNP data are provided in

Supplementary Table 2. Patients without NT-proBNP were

younger and had lower preoperative creatinine concentrations.

The distribution of NT-proBNP across the entire cohort is pre-

sented in Supplementary Fig. 2. Themean (SD) agewas 58 (11) yr,

and 66%weremalepatients in the final cohort. The baselineNT-

proBNPconcentrationwas410 (IQR: 116e952)pgml�1, creatinine

concentration was 83 (20) mmol L�1, and eGFR was 73 (21) ml

min�1 1.73m�2.Hypertension,hyperlipaemia,diabetesmellitus,

stroke, and anaemiawere the top fivenoncardiac comorbidities.
AKI in the overall population

Patients with higher preoperative NT-proBNP concentrations

also had higher creatinine concentrations, and they tended to

be female and older (Supplementary Table 3). In the overall

population, admission NT-proBNP concentrations correlated

mildly with LVEF (r¼e0.29; P<0.001), creatinine concentration

(r¼0.13; P<0.001), and eGFR (r¼e0.15; P<0.001).
Individual baseline characteristics and perioperative in-

formation for patients who did not develop AKI and those

who developed AKI are summarised in Table 1. Acute kidney

injury developed in 11 999 (34%) patients after cardiac sur-

gery. Stage 1 AKI occurred in 10 325 patients (29.2%), Stage 2

in 1200 (3.4%), and Stage 3 in 474 (1.3%), and 241 (0.7%) pa-

tients required postoperative dialysis. Patients who devel-

oped AKI had substantially higher baseline NT-proBNP and

creatinine concentrations, and had more comorbidities than

those without AKI. Categories of AKI and eGFR and their as-

sociation with NT-proBNP quartiles are presented in

Supplementary Fig. 3.

Multivariable analyses revealed that ln (NT-proBNP) was

robustly linked with any-stage AKI (OR 1.29; 95% CI: 1.26e1.31;

P<0.001) and severe AKI, including Stage 2 (OR 1.41; 95% CI:

1.33e1.49; P<0.001), Stage 3 (OR 1.66; 95% CI: 1.50e1.83; P<0.001),
and dialysis (OR 1.71; 95% CI: 1.48e1.97; P<0.001) across the

overall population (Table 2). There was amonotonic increase in

the odds of post-procedural any-stage AKI with increasing NT-

proBNP concentrations (Fig. 1). Similar patterns linked preop-

erative NT-proBNP concentrations and severe AKI.



Table 1 Patient characteristics and intraoperative information according to AKI development. AKI, acute kidney injury; ASD, absolute
standard difference; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CPB, cardiopulmonary bypass; eGFR,
estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; PVD, peripheral vascular
disease; RBC, red blood cell; ICU, intensive care unit. *ASD <0.10 was considered ideal in the variates.

Full cohort (n¼35 337) Non-AKI (n¼23 338) AKI (n¼11 999) P-value ASD*

Baseline characteristics
Age (yr) 58 (11) 57 (12) 60 (11) <0.001 0.271
Male, n (%) 23 332 (66.0) 15 405 (66.0) 7927 (66.1) 0.926 0.001
BMI (kg m�2) 25 (3) 25 (3) 25 (4) 0.859 0.002
Smoker, n (%) 16 438 (46.5) 10 777 (46.2) 5661 (47.2) 0.076 0.02
Atrial fibrillation, n (%) 5438 (15.4) 2880 (12.3) 2558 (21.3) <0.001 0.242
PVD, n (%) 2493 (7.1) 1553 (6.7) 940 (7.8) <0.001 0.046
Hypertension, n (%) 17 388 (49.2) 11 019 (47.2) 6369 (53.1) <0.001 0.117
Hyperlipaemia, n (%) 15 805 (44.7) 10 714 (45.9) 5091 (42.4) <0.001 0.07
Diabetes mellitus, n (%) 8620 (24.4) 5565 (23.8) 3055 (25.5) 0.001 0.037
COPD, n (%) 484 (1.4) 284 (1.2) 200 (1.7) 0.001 0.038
Anaemia, n (%) 8000 (22.6) 4839 (20.7) 3161 (26.3) <0.001 0.133
Stroke, n (%) 8413 (23.8) 5556 (23.8) 2857 (23.8) 1.0 <0.001
eGFR (ml min�1 1.73 m�2) 73 (21) 74 (20) 71 (22) <0.001 0.139
Previous cardiac surgery, n (%) 1506 (4.3) 720 (3.1) 786 (6.6) <0.001 0.162
Previous PCI, n (%) 3102 (8.8) 2077 (8.9) 1025 (8.5) 0.27 0.013
NYHA III/Ⅳ, n (%) 12 948 (36.6) 8150 (34.9) 4798 (40.0) <0.001 0.105
MI, n (%) 4850 (13.7) 3233 (13.9) 1617 (13.5) 0.338 0.011
Heart failure, n (%) 9666 (27.4) 5382 (3.1) 4284 (35.7) <0.001 0.282
LVEF, n (%) 60.8 (8.2) 61.1 (8.0) 60.3 (8.7) <0.001 0.096
Mechanical cardiac support, n (%) 106 (0.3) 62 (0.3) 44 (0.4) 0.123 0.018

Preoperative biomarkers at baseline
NT-proBNP (pg ml�1) 410 (116e952) 318 (93e799) 595 (211e1242) <0.001 0.265
ln NT-proBNP 5.8 (1.4) 5.6 (1.4) 6.2 (1.3) <0.001 0.422
Creatinine (mmol L�1) 83 (20) 82 (18) 85 (22) <0.001 0.139
Haemoglobin (g L�1) 136 (17) 137 (16) 135 (18) <0.001 0.102

Intra-procedural information
Non-elective surgery, n (%) 788 (2.2) 522 (2.2) 266 (2.2) 0.935 0.001
CPB duration (min) 108 (46) 101 (40) 118 (53) <0.001 0.359
No CPB 9880 (28.0) 7497 (32.1) 2383 (19.9) <0.001 0.395
<120 min 17 402 (49.2) 11 623 (49.8) 5779 (48.2)
120e180 min 6333 (17.9) 3517 (15.1) 2816 (23.5)
180e240 min 1343 (3.8) 597 (2.6) 746 (6.2)
�240 min 379 (1.1) 104 (0.4) 275 (2.3)
Aortic cross-clamp duration (min) 76 (34) 72 (32) 83 (38) <0.001 0.294
RBC transfusion (U) 1.3 (2.7) 1.1 (2.2) 1.6 (3.4) <0.001 0.18

Postoperative outcomes
Duration of mechanical ventilation (h) 16 (13e20) 16 (12e18) 18 (14e27) <0.001 0.326
ICU stay (days) 2 (1e4) 2 (1e3) 2 (1e4) <0.001 0.282
The general ward stay (days) 4 (3e5) 4 (3e5) 5 (3e6) <0.001 0.189

NT-proBNP and AKI after cardiac surgery - 865
Surgical subtypes

The crude incidence of AKI was 29.4% (5272/17 917) for isolated

CABG surgery, 37.6% (3018/8033) for isolated valve surgery,

54.6% (1030/1885) for concomitant CABG and valve procedures,

29.5% (249/844) for septal myectomy, and 35.8% (2385/6658) for

other procedures (Supplementary Tables 4 and 5). The risk of

AKI increased markedly as a function of NT-proBNP concen-

tration (Supplementary Table 6 and Supplementary Fig. 4).

There was a significant interaction between ln (NT-proBNP)

and AKI for isolated CABG and isolated valve surgery (P¼0.037),

indicating that the relationships are not parallel across surgi-

cal types (Table 3).

The optimal threshold of NT-proBNP was 245 pg ml�1 for

isolated CABG, 365 pg ml�1 for isolated valve procedures, 735

pg ml�1 for combined CABG and valve procedures, and 493 pg

ml�1 for septal myectomy. Multivariable regressions with
inverse probability weighting indicated that preoperative NT-

proBNP concentrations for various procedures were signifi-

cantly associated with AKI (Supplementary Table 7). These

data are illustrated using spline regressions in Supplementary

Fig. 5.

Prognostic value of NT-proBNP

Adding NT-proBNP to the baseline prediction model slightly,

but significantly, improved prediction of AKI across the entire

cohort (Table 4). The NRI was 0.24 (0.22e0.27) for any-stage

AKI, 0.30 (0.25e0.36) for Stage 2 AKI, 0.46 (0.37e0.55) for Stage

3 AKI, and 0.47 (0.35e0.60) for dialysis. The results remained

consistent after Lasso regression was applied (Supplementary

Table 8). Additionally, prognostic value was apparent with and

without Lasso regression across various types of surgery

(Supplementary Tables 9 and 10).



Table 2 Univariable andmultivariable analyses of the association between NT-proBNP at baseline and post-procedural any-stage AKI,
Stage 2 AKI, Stage 3 AKI, and dialysis of the whole population. *With adjustment for age, sex, BMI, baseline eGFR, smoking history,
hyperlipaemia, diabetes, anaemia, COPD, peripheral vascular disease, atrial fibrillation, hypertension, previous cardiac surgery,
myocardial infarction, NYHA III/IV, heart failure, non-elective procedure, mechanical support before surgery and LVEF value. AKI,
acute kidney injury; CI, confidence interval; BMI, body mass index; COPD, chronic obstructive pulmonary disease; eGFR, estimated
glomerular filtration rate; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New
York Heart Association; OR, odds ratio.

NT-proBNP quartiles/
continuous

Number of
events

Crude OR (95%
CI)

Crude P-
value

Adjusted OR* (95%
CI)

Adjusted P-
value*

Any-stage
AKI

Q1 1913 (21.7) Reference d Reference d

Q2 2651 (30.0) 1.55 (1.45e1.66) <0.001 1.40 (1.31e1.51) <0.001
Q3 3389 (38.4) 2.25 (2.11e2.41) <0.001 1.92 (1.7e2.06) <0.001
Q4 4046 (45.8) 3.06 (2.86e3.26) <0.001 2.46 (2.27e2.66) <0.001
ln d 1.35 (1.33e1.38) <0.001 1.29 (1.26e1.31) <0.001

Stage 2 AKI Q1 109 (1.2) Reference d Reference
Q2 227 (2.6) 2.12 (1.69e2.68) <0.001 1.77 (1.40e2.24) <0.001
Q3 341 (3.9) 3.25 (2.63e4.06) <0.001 2.47 (1.97e3.11) <0.001
Q4 523 (6.2) 5.20 (4.24e6.43) <0.001 3.55 (2.81e4.50) <0.001
ln d 1.54 (1.47e1.61) <0.001 1.41 (1.33e1.49) <0.001

Stage-3 AKI Q1 19 (0.2) Reference d Reference d

Q2 56 (0.6) 2.96 (1.79e5.11) <0.001 2.18 (1.31e3.79) 0.004
Q3 126 (1.4) 6.71 (4.25e11.23) <0.001 4.00 (2.49e6.77) <0.001
Q4 273 (3.1) 14.79 (9.55

e24.39)
<0.001 6.54 (4.06e11.11) <0.001

ln d 2.01 (1.86e2.17) <0.001 1.66 (1.50e1.83) <0.001
Dialysis Q1 7 (0.1) Reference d Reference d

Q2 21 (0.2) 3.00 (1.34e7.63) 0.012 1.95 (0.86e4.98) 0.131
Q3 61 (0.7) 8.77 (4.30e21.07) <0.001 4.18 (2.0e10.22) 0.001
Q4 152 (1.7) 22.07 (11.16

e52.06)
<0.001 6.97 (3.33e17.05) <0.001

ln d 2.24 (2.01e2.51) <0.001 1.71 (1.48e1.97) <0.001
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The final variables selected with Lasso regressions are

shown in upper panels of Supplementary Figs 6 and 7. The

contributions of ln (NT-proBNP) to AKI are shown in the

lower panels of Supplementary Figs 6 and 7, where ln (NT-
Table 3 Multivariable logistic regression of the association between N
procedures, and any-stage AKI. *The interaction between surgical typ
specifically selected using least absolute shrinkage and selection o
listed in the footnotes of Table 2 in conjunction with ln (NT-proBNP)
those labelledy were chosen. zThe adjusted ORs and 95% CIs were
variables selected by Lasso regression and an interaction term for NT
body mass index; CABG, coronary artery bypass graft; CI, confidence
OR, odds ratio.

Confounders

History of cardiac surgeryy

ln (NT-proBNP)y

Anaemiay

Atrial fibrillationy

Maley

Heart failurey

Current/ever smokery

Age (per 1 yr increment)y

BMI (per 1 kg m�2 increment)y

Hyperlipaemiay

Isolated valve surgery vs isolated CABGy

CABG plus valve surgery vs isolated CABGy

Septal myectomy vs isolated CABGy

Other procedures vs isolated CABGy

Isolated valve surgery vs isolated CABG* ln (NT-proBNP)
CABG plus valve surgery vs isolated CABG* ln (NT-proBNP)
Septal myectomy vs isolated CABG* ln (NT-proBNP)
Other procedures vs isolated CABG* ln (NT-proBNP)
proBNP) was the strongest predictor for any-stage AKI

among all potentially relevant factors in the overall popu-

lation and among the Top 3 predictors for various surgical

subtypes.
T-proBNP at baseline, including an interaction term for surgical
es and ln (NT-proBNP) on postoperative AKI. yThe variables were
perator (Lasso) regression. Following all 19 candidate variables
and surgical types were entered into Lasso regression, and only
estimated using multivariable logistic regression adjusting for
-proBNP and surgical procedures. AKI, acute kidney injury; BMI,
interval; NT-proBNP, N-terminal pro-B-type natriuretic peptide;

Adjusted OR (95% CI)‡ P-value

2.14 (1.92e2.40) <0.001
1.25 (1.21e1.28) <0.001
1.25 (1.18e1.32) <0.001
1.22 (1.13e1.31) <0.001
1.16 (1.09e1.24) <0.001
1.16 (1.09e1.23) <0.001
1.08 (1.02e1.15) 0.007
1.02 (1.02e1.03) <0.001
1.02 (1.02e1.03) <0.001
0.95 (0.90e1.01) 0.095
2.02 (1.54e2.65) <0.001
2.51 (1.49e4.18) <0.001
0.32 (0.10e0.96) 0.046
1.18 (0.88e1.59) 0.264
0.96 (0.91e1.00) 0.037
0.98 (0.91e1.06) 0.656
1.17 (1.01e1.37) 0.044
1.05 (1.00e1.11) 0.036
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Internal validation

Bootstrapping internal validation revealed the C-index of the

models, including ln (NT-proBNP), and fixed confounders were

0.66 for any-stage AKI, 0.72 for Stage 2 AKI, 0.83 for Stage 3 AKI,

and 0.89 for dialysis. The performances of internal validations

were similar.

Sensitivity analyses

None of the sensitivity analyses substantially altered our re-

sults (Supplementary Table 11).
Discussion

Our major findings are that amongst patients having cardiac

surgery, preoperative NT-proBNP was a marginal predictor of

any-stage postoperative AKI, a good predictor for Stage 2 AKI,

and an excellent predictor for Stage 3 AKI and the need for

dialysis. Furthermore, NT-proBNP significantly enhanced

predictions based on other preoperative factors. The
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Fig 1. Associations between preoperative NT-proBNP and any-stage AK

shading indicates the 95% confidence intervals around the estimat

natriuretic peptide.
biomarker is thus prognostically useful and possibly a useful

guide to clinical decision-making. We also found that the

relationship between preoperative NT-proBNP and AKI varies

by type of surgery, with different risk threshold for each.

Furthermore, there are significant interactions by type of

surgery, indicating that the relationships are not parallel.

Consequently, preoperative NT-proBNP should be interpreted

in context.

The C-index of preoperative NT-proBNP and any-stage AKI

was only 0.66, which is ofmarginal prognostic value. However,

the C-index was 0.72 for Stage 2 AKI, 0.83 for Stage 3 AKI, and

0.89 for dialysisdall of which are potentially helpful.

Furthermore, including NT-proBNP obviously enhanced pre-

dictive models generated from a wide range of baseline fac-

tors. For example, although the performance for any-stage AKI

was relatively weak, the net reclassification index was 0.24

(0.22e0.26), indicating that addition of NT-proBNP improved

risk classification by 24%. Furthermore, including NT-proBNP

improved classification of Stage 2 AKI by 30%, Stage 3 AKI by

46%, and dialysis support by 47%. These are substantial and
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Table 4 Additional predictive value of NT-proBNP in AKI beyond the base models for the overall cohorts. The associated sensitive
analysis is shown in Supplementary Table 8. With adjustment for age, sex, BMI, baseline eGFR, smoking history, hyperlipaemia,
diabetes, anaemia, COPD, peripheral vascular disease, atrial fibrillation, hypertension, previous cardiac surgery, myocardial infarc-
tion, NYHA III/Ⅳ, heart failure, non-elective procedure, mechanical support before surgery, and LVEF. AIC, Akaike information cri-
terion; AKI, acute kidney injury; BIC, Bayesian information criterion; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; eGFR, estimated glomerular filtration; IDI, integrated discrimination improvement; LR, likelihood ratio; LVEF, left ventricular
ejection fraction; NRI, net reclassification improvement; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York
Heart Association. *P<0.001; yP¼0.012.

C-
index

Continuous NRI
(95% CI)

NRI for events
(95% CI)

NRI for non-events
(95% CI)

IDI (95% CI) LR test, P-
value

AIC BIC

Any-stage AKI
ln NT-proBNP 0.620
Base 0.634 Reference Reference Reference Reference 43 499 43660
Baseþln NT-
proBNP

0.658 0.243 (0.222e0.265)* 0.141 (0.126
e0.155)

0.102 (0.090e0.114) 0.016 (0.015
e0.017)*

<0.001 42 893 43 062

Stage 2 AKI
ln NT-proBNP 0.661
Base 0.699 Reference Reference Reference Reference 9847 10 016
Baseþln NT-
proBNP

0.723 0.304 (0.247e0.361)* 0.180 (0.144
e0.232)

0.124 (0.101e0.147) 0.005 (0.004
e0.006)*

<0.001 9696 9874

Stage 3 AKI
ln NT-proBNP 0.741
Base 0.809 Reference Reference Reference Reference 4330 4491
Baseþln NT-
proBNP

0.834 0.459 (0.372e0.546)* 0.287 (0.223
e0.359)

0.172 (0.139e0.211) 0.007 (0.003
e0.01)*

<0.001 4224 4393

Dialysis
ln NT-proBNP 0.771
Base 0.868 Reference Reference Reference Reference 2318 2479
Baseþln NT-
proBNP

0.888 0.474 (0.352e0.595)* 0.286 (0.170
e0.369)

0.187 (0.142e0.241) 0.006 (0.001
e0.011)y

<0.001 2263 2432
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clinically meaningful improvements, indicating that adding

NT-proBNP to other preoperative information markedly im-

proves prediction accuracy.

We defined AKI based on the creatinine component of the

well-accepted KDIGO guideline over the initial 7 postoperative

days. Any-stage AKI was common, occurring in a third of our

patients, with 4.7% having Stage 2 or worse injury. But, we

note that in noncardiac surgery, even Grade 1 AKI, technically

‘risk’, presages persistent renal injury.11 Additionally, AKI af-

ter cardiac surgery is a leading contributor to long-term

adverse outcomes, including advanced end-stage renal dis-

ease, dialysis support, cardiovascular events, and death.7,36,37

It remains unclearwhyNT-proBNP concentration predicted

AKI. One possibility is that there are baseline factors related to

both cardiovascular and renal risk. For example, preoperative

NT-proBNP production is prompted by elevated venous pres-

sure, increased filling diastolic pressure, and systolic dys-

functiondall of which contribute to renal dysfunction. But, the

most likely explanation is that postoperative cardiovascular

compromise, which is predicted by NT-proBNP, promotes AKI

via hypotension.38 For example, systematic vasodilation and

antagonism of renineangiotensinealdosterone system medi-

ated by NT-proBNP might directly promote renal hypo-

tention.39 But, for whatever reason, NT-proBNP was an

independent predictor and substantially improved predictions

based on a wide range of baseline factors, including cardio-

vascular risk factors.

The risk threshold for NT-proBNP and cardiovascular

events in patients who had noncardiac surgery is just 100 pg

ml�1.40 Furthermore, median NT-proBNP concentrations are

about 100 pg ml�1 in various noncardiac settings.16,18,40,41 The

baseline NT-proBNP in our cohort averaged 410 pg ml�1,
indicatingdunsurprisinglydthat most cardiac patients have

high baseline cardiovascular risk. The baseline NT-proBNP

concentrations differed by pathology as might be expected.

Specifically, the NT-proBNP thresholds for combined proced-

ures (735 pg ml�1) and septal myectomy (493 pg ml�1) were

higher than those of isolated CABG (245 pg ml�1) or isolated

valve repair (365 pg ml�1). It is understandable that concen-

trations of the biomarker would differ with underlying con-

ditions ranging from inherited obstructive hypertrophic

cardiomyopathies to wall stress and abnormal chamber vol-

ume in patients with valve disease to myocardial ischaemia in

patients undergoing CABG. A consequence was that, whilst

NT-proBNP was predictive over a broad range of cardiac sur-

gical procedures, the risk thresholds varied by procedure, as

did slopes of the relationships. Further studies may delineate

the clinical applicability of various surgery-specific thresholds

for NT-proBNP, and identify high-risk patients who might

benefit from strategies to reduce the risk and severity of AKI.

Previous studies of NT-proBNP in patients who had cardiac

surgery were limited to 1139 and 960 patients, and largely

confined to high-risk populations.19,20 In one, for example,

only 17 patients developed Stage 3 AKI.19 In contrast, 474 of our

patients had Stage 3 AKI defined by more than a three-fold

increase from preoperative creatine concentration or initia-

tion of dialysis. Our models are therefore not only robust for

any-stage AKI, but separately for severe grades. In fact, our

models were especially helpful for both discrimination and

reclassification at the highest levels of injurydthe ones that

most concern both clinicians and patients.

We did not include intraoperative or postoperative factors

in our models because they would not be available preopera-

tively when decision-making occurs. As with BNP and AKI,19
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overall discrimination for predicting severe AKI and dialysis

was best. But, even for any-stage or moderate AKI, there is no

simple scoring tool. Nonetheless, adding NT-proBNP improves

predictions of AKI overall, and AKI of various severities,

compared with other baseline characteristics.
Limitations

We analysed a large cohort of patients who had cardiac sur-

gery and NT-proBNP assessments. However, NT-proBNP was

not uniformly assessed in all our patients who had cardiac

surgery, and those without NT-proBNP were younger, had

fewer comorbidities, and had lower preoperative creatinine

concentrations. Our findings may not apply to this relatively

healthier subgroup.

A limitation of all biomarker analyses, including ours, is

that they are inherently observational. However, our data set

was large and dense, and included a broad range of factors

relevant to the development of AKI. We were thus able to

evaluate multivariable relationships between baseline factors

and development of AKI, and therefore quantify the extent to

which NT-proBNP enhanced predictions based on other

baseline patient characteristics. The potential confounding

factors we included in our models were selected from prior

publications and clearly linked to AKI risk.

Our analysis was performed in a single site and restricted to

Chinese patients. Whilst the relationship between NT-proBNP

and AKI probably differs slightly in other populations, it seems

likely that the relationships we identify are broadly general-

isable. We did not consider innovative biomarkers, including

ones shed directly from renal structures, such as urinary

dickkopf-3.42 It seems likely that such biomarkers are better

predictors of postoperative AKI and long-term loss of kidney

function thanNT-proBNP, but they remain poorly validated for

either general or cardiac surgery.43 Furthermore, none is

available for routine clinical use.
Conclusions

In summary, NT-proBNP concentrations (considered contin-

uously or in quartiles) were significantly correlated with any-

stage AKI and severe AKI. Including NT-proBNP significantly

improved discrimination and reclassification beyond AKI

prediction models derived from other baseline factors in the

overall population and various subsets. Improvements in both

were especially notable at higher and more clinically mean-

ingful levels of injury. N-terminal pro-brain natriuretic peptide

therefore not only predicts cardiovascular complications, but

is also a predictor of acute renal injury in patients having

cardiac surgery. Baseline NT-proBNP could be considered as a

stratifying factor in AKI trial designs.
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