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Abstract

Objective—Postoperative atrial fibrillation (POAF) is common after anatomic thoracic surgery. 

Elevated preoperative brain natriuretic peptide (BNP) level is strongly associated with risk of 

POAF. We describe the development and internal validation of a clinical prediction model for 

POAF that includes BNP and other clinical factors.

Methods—Clinical and preoperative BNP data were collected for 635 patients in sinus rhythm 

before anatomic lung (n=540) or esophageal (n=95) resection. The primary outcome was new 

onset of POAF (>5 min) during hospitalization. A prediction model was developed using 

multivariable logistic regression analysis and internally validated using a bootstrap-resampling 

approach.

Results—POAF occurred in 20% of patients (124/635). BNP level was higher among patients 

with than without POAF (median, 45 vs 23 pg/mL; P<0.0001). The final prediction model 

included 5 factors: age (odds ratio [OR], 1.05 [95% CI, 1.02–1.08]; P=0.001), body mass index 

(OR, 1.05 [95% CI, 1.00–1.09]; P=0.016), BNP level (75th vs. 25th percentile, 57.5 vs 12.5 pg/mL; 

OR, 2.08 [95% CI, 1.26–3.43]; P=0.0003), history of atrial fibrillation (OR, 5.91 [95% CI, 2.47–

14.11]; P<0.0001), and extent of surgery (compared to segmentectomy [reference]: 

pneumonectomy OR, 6.70 [95% CI, 1.91–24.70]; esophagectomy OR, 4.93 [95% CI, 1.94–14.06]; 

lobectomy OR, 1.88 [95% CI, 4.90–8.34]; overall P=0.0002). The model had good calibration and 

discrimination (C-index=0.736). After internal validation, optimism-corrected measures showed 

similarly good calibration and discrimination (C-index=0.720 [95% CI, 0.664–0.765]).

Conclusions—Our novel prediction model–based interactive calculator can be used to identify 

patients at high risk of POAF and could be incorporated into practice prevention guidelines.
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Introduction

Postoperative atrial fibrillation (POAF) occurs in 16% of patients after noncardiac thoracic 

surgery and may be associated with prolonged hospital stay and short- and long-term risk of 

ischemic stroke.1–3 Patient age, male gender, and extent of surgical resection are known 

independent risk factors for POAF.1,2 Mechanisms that have been implicated in predisposing 

postsurgical patients to reentrant arrhythmias such as POAF include altered sympathovagal 

balance, operative injury to autonomic hilar nerve fibers, and/or oxidative and inflammatory 

changes.2,4 We and others have recently shown that preoperative echocardiographic indices 

of atrial enlargement and diastolic dysfunction are associated with risk of POAF after 

thoracic surgery.5–7 Echocardiography, however, is not performed routinely before thoracic 

surgery, and, if it is performed, the special measurements needed to detect these factors 

require significant expertise and additional costs. By comparison, blood biomarkers are easy 

to analyze. An accumulating body of literature illustrates that increased levels of brain 

natriuretic peptide (BNP) are associated with postoperative major adverse cardiovascular 

events in general8,9 and POAF in particular.10–12 On the basis of our previous work 

examining the association between BNP and POAF, we sought to develop and internally 

validate a prediction model for POAF, including BNP level and other clinical factors, for use 

with patients undergoing anatomic lung or esophageal surgery.

Materials and Methods

Following approval from the Memorial Sloan Kettering Cancer Center Institutional Review 

Board, we examined the charts of patients who underwent routine preoperative BNP 

measurement within 30 days before lung or esophageal resection (n=1800) as part of our 

standard of care between April 2009 and March 2012. Excluded patients are described in the 

flow diagram (Figure 1). The final analysis set included 635 patients who underwent 

anatomic lung or esophageal resection.1,3,6 No additional BNP measurements were taken in 

the postoperative period. The current study cohort included a subset of patients (n=269) 

from our previously published study on the association between BNP and POAF.11 Patients 

with a history of paroxysmal atrial fibrillation (AF) but who were in sinus rhythm at the time 

of preoperative evaluation and in the operating room were included in the study. The BNP 

measurements were performed using an Alere Triage Meter (Alere North America, Orlando, 

FL), which has a reportable range of 5–3200 pg/mL. Following surgery, patients were 

transferred from the postanesthesia care unit to the thoracic surgical floor on postoperative 

day 1. To avoid withdrawal symptoms, preoperative β-blockers and calcium channel 

blockers were continued; additional use of these medications for early postoperative 

management in other patients was recorded. Patients were monitored with continuous 

telemetry for 48–72 h on average, or longer if needed. The primary clinical endpoint of the 

study was the new onset of POAF lasting >5 min during hospitalization and detected by 

continuous telemetry or 12-lead ECG if the patient developed clinically significant POAF 

after telemetry was discontinued.

No formal power analysis was performed for this study. We focused on statistical power 

provided by the proposed prediction model on the basis of the reliability of predictions, 

rather than on specific predictors. The minimum events per variable to obtain good 
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prediction is commonly set at 10 for logistic regression analysis. With an anticipated 

historical POAF rate of 20% and an anticipated selection of 6 final factors (5 degrees of 

freedom), the minimum required sample size must be at least 300 to meet the criterion of 

events per variable ≥10.13

Clinical characteristics were summarized by POAF status. The relationships between 

clinical factors and POAF were quantified using univariable logistic regression models. 

There were no missing data in this cohort. The linearity assumptions for continuous 

variables were examined using restricted cubic splines with at least 3 knots. Restricted cubic 

splines were fit using the rcspline.eval function in the rms R package, with three knots 

placed at the 10th, 50th, and 90th percentile of the continuous variable. To develop the 

prediction model, a multivariable logistic regression model for the probability of POAF was 

constructed using a backward selection strategy, starting with factors with P≤0.1 in 

univariable analyses. The final prediction model was translated into a nomogram to provide 

an estimate of the probability of POAF following anatomic lung or esophageal resection 

using a visual point system.

The performance of the prediction model was assessed by examining the discrimination (C-

index) and calibration (calibration plots). The C-index describes the predictive accuracy of 

the model, and values closer to 1 indicate superior discriminatory ability. Calibration plots 

were generated to compare the predicted probability of POAF from the prediction model 

with the observed occurrence of POAF, by dividing patients into groups (or bins) on the 

basis of predicted probability of POAF. An ideal prediction model would yield a plot where 

the observed and predicted probabilities perfectly correspond and align along the 45-degree 

line. We also present the Hosmer-Lemeshow goodness-of-fit test to evaluate the model’s fit. 

In addition, we present the net reclassification improvement (NRI) index to measure the 

improvement with the addition of BNP to the prediction model.

To address overfitting and to quantify optimism, the prediction model was internally 

validated using a bootstrap-resampling approach. Optimism represents the difference 

between the apparent (unadjusted) performance measure and bootstrap (bias-) corrected 

measures. The optimism-corrected C-index and calibration curves were derived on the basis 

of 1000 bootstrap resamples of the original sample. All statistical tests are 2-sided, and 

P<0.05 indicates statistical significance. Statistical analyses were conducted with Stata 13.1 

(Stata Corp) and R 3.5.1 (R Development Core Team, Austria, Vienna) using the rms, 
pROC, predicABEL, and Hmisc packages.

Results

Patient characteristics and surgical data for the study cohort of 635 patients are presented in 

Table 1. The outcome of interest, POAF, occurred in 20% of patients (124/635) at a median 

of 2 days (range, 0–6 days) after surgery. Length of hospital stay was significantly longer 

among patients who developed POAF (median, 8 days [25th-75th percentile, 5–12.5 days]) 

than among those who did not (median, 5 days [25th-75th percentile, 4–8 days]; P<0.0001). 

In univariable analyses, patients who developed POAF were older (median, 72 vs 68 years; 

P< 0.0001) and more likely to be male (65% vs 50%; P=0.003), have hypertension (66% vs 
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56%; P=0.043), and use preoperative β-blockers (42% vs 26%; P=0.001), compared with 

patients who did not develop POAF. Patients with a history of AF were also more likely to 

experience POAF, compared with those without a history of AF (13% vs 2%; P<0.0001). 

Esophagectomy and pneumonectomy were associated with a higher rate of POAF, compared 

with segmentectomy (overall Wald test, P=0.0002). The incidence of POAF was similar 

between video-assisted thoracic surgery (VATS) and standard open thoracotomy for 

anatomic lung resection (38/194 [19.6%] vs. 58/346 [16.7%]; P= 0.41). The incidence of 

POAF did not differ significantly between minimally invasive surgery and standard open 

abdominal-thoracic esophagectomy (5/12 [41.7%] vs. 23/83 [27.7%]; P= 0.32). The use of 

metoprolol or diltiazem in the immediate postoperative period did not differ by POAF status 

(Table 1). The distribution of BNP level was right-skewed: only 10% of patients had BNP 

level >100 pg/mL, and 3% had BNP level >200 pg/mL. Across all patients, the median BNP 

level was 25 pg/mL (25th-75th percentile, 12–58 pg/mL), and BNP level was higher among 

patients with than without POAF (median [25th-75th percentile], 45 [20–94] vs 23 [11–50] 

pg/mL; P<0.0001).

Development of the Prediction Model

Eight preoperative variables (age, male gender, body mass index [BMI], hypertension, 

coronary artery disease, preoperative use of β-blockers, BNP level [with restricted cubic 

spline], and extent of surgery) with P≤0.1 in univariable analyses were considered as 

candidates for multivariable logistic regression analysis. The linearity assumption was not 

rejected for age (P=0.6) or BMI (P=0.4) but was significant for BNP level on a univariable 

basis (P=0.004). The final multivariable model included age, BMI, BNP level (with 

restricted cubic splines), history of AF, and extent of surgery (segmentectomy, lobectomy, 

pneumonectomy, or esophagectomy) (Table 2). On the basis of the final prediction model, 

we generated a nomogram for predicting the probability of POAF (Figure 2). We also 

constructed an interactive calculator (Supplemental Appendix) to estimate the risk of POAF.

Model Performance and Internal Validation

The C-index for the prediction model was 0.736 (95% confidence interval [CI], 0.690–

0.784), indicating good discrimination. The Hosmer-Lemeshow goodness-of-fit statistic was 

P=0.317. Calibration curves (Figure 3) were close to the 45-degree ideal line, showing 

excellent agreement between the observed and predicted probabilities. Internal validation 

with the bootstrap approach was performed to address the optimism of the model. The 

optimism-corrected C-index of 0.720 (95% CI, 0.664–0.765) reflected good discrimination, 

and the bias-corrected calibration curve similarly confirmed that the prediction model was 

well-calibrated. To investigate the additive value of BNP level above clinical factors alone, 

we assessed the relative improvement in prediction with the addition of BNP level. The 

apparent C-index of the proposed model with BNP level was 0.737 (95% CI, 0.689–0.782), 

which is higher than the C-index from the model excluding BNP level (0.708 [95% CI, 

0.657–0.753]). This improvement in prediction with the inclusion of BNP level is reflected 

by the NRI (continuous) of 0.363 (95% CI, 0.170–0.556; P=0.002) (Supplementary Table 1).
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Discussion

On the basis of our previous examination of the association between BNP and POAF, we 

developed and internally validated a prediction model for the risk of POAF that included 

age, BMI, history of AF, extent of surgery, and preoperative BNP level. Using these risk 

factors, we developed a novel probability nomogram and an interactive calculator to estimate 

the likelihood of POAF occurrence, with good predictive ability for the model. Figure 4 

summarizes the study design, data, and development of the prediction model and interactive 

calculator. We showed that the model that included BNP level performed better than the 

model without BNP level. The overall incidence of POAF in our study was 20% (124/635) 

and was associated with longer hospital stay. Although we included esophagectomy patients 

in our study, on the rationale that they have similar rates of POAF as patients undergoing 

anatomic lung resection,2 our multivariable model considered esophagectomy patients 

independently and showed that they have a greater risk of POAF, compared with patients 

undergoing anatomic lung resection, with the exception of pneumonectomy. The rate of 

POAF among esophagectomy patients was higher than the rate in an early series from our 

institution14 but was similar to the rate in more recently published work.15

Previously, examining a cohort of patients without available BNP data, we devised a clinical 

prediction rule and point score for POAF risk using the easily available preoperative clinical 

characteristics of age >55 years, male gender, and preoperative heart rate >72 beats per 

minute, with age as the most important risk factor.1 In the current cohort, preoperative heart 

rate did not discriminate patients likely to develop POAF (Table 1), possibly because of the 

higher rate of β-blocker use among these patients (29% vs. 13.8% in the previous study1). A 

recent post hoc analysis of a large cohort of patients undergoing noncardiac surgery 

identified increasing age and thoracic surgery as predictors of POAF among patients 

undergoing vascular or abdominal surgery.16 In contrast to that study, we focused on 

thoracic surgery patients only and used a proven biomarker (BNP) to identify patients at risk 

of POAF.9–12 In the current study, we built on previous work showing that preoperative 

subclinical elevation in BNP level is associated with a greater risk of POAF.9,10,12 When we 

directly compared BNP level to echocardiography-derived parameters to predict POAF in a 

similar population of patients, indices of left atrial and diastolic dysfunction, but not BNP 

level, were independently associated with greater risk of POAF.7 However, in that study, 

elevations in preoperative BNP level were correlated with older age and increased left atrial 

size and diastolic dysfunction among patients who mostly had no evidence of clinically 

significant cardiac dysfunction.7 Traditionally, elevated atrial natriuretic peptide levels have 

been demonstrated in patients with heart failure and either ventricular or atrial wall 

distension. BNP level may also increase with chronic conditions, such as aging, atrial 

fibrosis, and inflammation—factors that are also known to contribute to the occurrence of 

POAF in patients without clinical evidence of cardiac wall stretch or heart failure.17 In cases 

where an isolated abnormal BNP level is observed before surgery without clinical 

correlation, possible intervention to evaluate and optimize the patient’s condition may be 

required. Taken together, these findings from the literature suggest that the presence of 

preoperative subclinical left atrial dysfunction (as measured by echocardiography or elevated 

BNP level) contributes to known postoperative aggravating conditions (such as systemic 
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inflammation, oxidative stress, and altered sympathovagal balance) that play a role in 

initiating POAF in older patients undergoing major thoracic surgery.2,4,18

Clinical Implications

The clinical variables used in our prediction rule are quantifiable risk factors that are readily 

available to the surgeon, anesthesiologist, or cardiologist before surgery. On the basis of 

these results, we have modified our practice to incorporate preoperative BNP measurement 

in the workup for patients scheduled for major resections, and eligible patients are 

considered for amiodarone prophylaxis, for example, as recommended by the American 

Association for Thoracic Surgery 2014 Taskforce.2 Others have used BNP cutoffs to guide 

small clinical trials to prevent POAF using novel medications, such as human atrial 

natriuretic peptide or olprinone, a phosphodiesterase III inhibitor, as well as more-

conventional drugs like β-blockers or angiotensin converting enzyme inhibitors.19–21

Limitations

Our patients were monitored with telemetry for 48–72 h on average, or longer if necessary. 

However, our goal was to record clinically significant episodes of AF, which, in our 

experience as well as that of others, would consist of AF episodes that lasted >5 minutes to 

require intervention. It has also been our experience that approximately 10% of AF episodes 

are silent and may have occurred after telemetry was discontinued. We did not have accurate 

data on rates of readmission attributable to POAF following discharge from the hospital. In 

our experience, VATS lung resection carries a similar risk of POAF as open thoracotomy; we 

therefore included patients undergoing VATS procedures.22 The rate of POAF in the current 

study did not differ meaningfully between VATS and standard open thoracotomy for 

anatomic lung resection. Although no patients were excluded because of a history of heart 

failure or severe valvular heart disease, these are uncommon conditions in the population of 

patients referred to our institution for thoracic surgery. Our prediction model was derived 

from a single center, and as external validation data are not currently available, we 

performed internal validation by bootstrapping. Internal validation by bootstrapping has 

been shown to be superior to other internal validation methods (e.g., split-sample) and is 

thus a recommended approach for predictive logistic regression models.14 However, we 

emphasize that no internal validation methods can substitute for external validation, and we 

stress that external validation is still necessary to determine whether our proposed prediction 

model can be generalized to an external population.

Conclusion

To our knowledge, the prediction rule described here, which uses preoperative BNP level 

together with age, BMI, extent of surgery, and history of AF to predict the risk of POAF 

after thoracic surgery, is a novel development. We propose that the novel prediction model–

based interactive calculator described here might be used to identify patients at high risk of 

POAF and could be incorporated into practice prevention guidelines.2,23
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AF atrial fibrillation

BMI body mass index

BNP brain natriuretic peptide

CI confidence interval

OR odds ratio

NRI net reclassification improvement

POAF postoperative atrial fibrillation

VATS video-assisted thoracic surgery
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Perspective statement (362/405 char incl spaces)

Postoperative atrial fibrillation is common after noncardiac thoracic surgery and may be 

associated with longer hospital stay and greater risk of stroke. We developed and 

internally validated a novel brain natriuretic peptide–based prediction model using easily 

available preoperative clinical variables and an interactive calculator for probability of 

postoperative atrial fibrillation.
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Figure 1. 
Study flow diagram showing patients excluded from the study and the final cohort included 

in the study analysis. BNP, brain natriuretic peptide.
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Figure 2. 
The nomogram presents a visual method to calculate the probability of postoperative atrial 

fibrillation (POAF) based on a patient’s combination of characteristics. To calculate the 

probability of POAF, sum up the points identified on the scale for each of the five variables 

(age, body mass index [BMI], brain natriuretic peptide [BNP] level, history of atrial 

fibrillation [AF], and extent of surgery) to obtain the total points. Draw a vertical line down 

from the total points scale to the last axis to obtain the corresponding probability of POAF.
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Figure 3. 
Calibration curves for the probability of postoperative atrial fibrillation (POAF) from the 

prediction model are shown. A perfectly accurate prediction model would yield a plot where 

the actual observed and predicted probabilities perfectly correspond and fall along the 45-

degree (dashed) line. The apparent calibration curve (dotted line) represents the model’s 

calibration in the development data set, whereas the bias-corrected curve (solid line) is the 

calibration result after applying the bootstrap-resampling procedure to correct for optimism 

(1000 bootstrapped resamples).
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Figure 4. 
A pictorial summary of the incidence of postoperative atrial fibrillation and its association 

with increased length of hospital stay. We present our model to calculate the risk of 

postoperative atrial fibrillation using a novel brain natriuretic peptide–based prediction rule. 

AF, atrial fibrillation; BMI, body mass index; BNP, brain natriuretic peptide; POAF, 

postoperative atrial fibrillation.
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Central picture legend (196/90 char incl spaces): Graphical abstract summarizing the study 

results and interactive calculator. AF, atrial fibrillation; BMI, body mass index; BNP, brain 

natriuretic peptide; POAF, postoperative atrial fibrillation.

Central message (197/200 char incl spaces): We developed a prediction model and 

interactive calculator using preoperative clinical variables and brain natriuretic peptide level 

that predicts probability of postoperative atrial fibrillation.
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Table 1.

Demographic and clinical characteristics of patients by postoperative atrial fibrillation (POAF) status and 

univariable logistic regression results for the odds of POAF

Characteristic
POAF (N=124; 20%) NO POAF (N=511; 80%)

Univariable Logistic Regression

OR (95% CI) P

Age, years 71 (67–77) 68 (63–74) 1.05 (1.03–1.08) <0.0001

Male 81 (65) 256 (50) 1.88 (1.25–2.82) 0.003

Body mass index, kg/m2 28 (25–31) 27 (24–30) 1.04 (1.00–1.07) 0.027

Smoking history 101 (81) 411 (80) 1.07 (0.65–1.77) 0.8

Hypertension 82 (66) 286 (56) 1.54 (1.02–2.32) 0.041

Coronary artery disease 26 (21) 90 (18) 1.24 (0.76–2.02) 0.4

Chemotherapy 45 (36) 169 (33) 1.15 (0.77–1.74) 0.5

Diabetes mellitus 18 (15) 66 (13) 1.14 (0.65–2.01) 0.6

History of atrial fibrillation 16 (13) 11 (2.2) 6.73 (3.04–14.92) <0.0001

Preoperative β-blocker use 52 (42) 134 (26) 2.03 (1.35–3.05) 0.001

Preoperative calcium blocker use 9 (7.3) 21 (4.1) 1.83 (0.81–4.09) 0.14

Preoperative heart rate, bpm 70 (63–80) 72 (64–81) 1.00 (0.98–1.02) 0.9

BNP, pg/mL (spline)
a 45 (20–94) 23 (11–50)

2.64 (1.68–4.16)
a <0.0001

Extent of surgery

 Segmentectomy 7 (5.6) 57 (11) 1.0

 Lobectomy 80 (65) 375 (73) 1.74 (0.76–3.95) 0.2

 Pneumonectomy 9 (7.3) 12 (2.3) 6.11 (1.90–19.63) 0.002

 Esophagectomy 28 (23) 67 (13) 3.40 (1.38–8.37) 0.008

Postoperative β-blocker use 73 (59) 287 (56) 1.12 (0.75–1.66) 0.6

Postoperative calcium blocker use 38 (31) 143 (28) 1.14 (0.74–1.74) 0.6

Values are presented as no. (%) or median (25th–75th percentile), unless otherwise noted. BNP, brain natriuretic peptide; bpm, beats per minute; 
CI, confidence interval; OR, odds ratio.

a
Odds ratio for BNP is derived from 75th percentile vs 25th percentile (57.5 vs 12.5 pg/mL) on the basis of restricted cubic splines with 3 knots 

(nonlinear component in univariable model: P=0.004).
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Table 2.

Multivariable logistic regression model for the probability of postoperative atrial fibrillation

Variable OR 95% CI P Overall P

Age, years 1.05 1.02–1.08 0.001 0.001

Body mass index, kg/m2 1.05 1.00–1.09 0.016 0.016

BNP, pg/mL (spline) [57.5 vs 12.5 pg/mL]
a 2.08 1.26–3.43 0.0003 0.0003

History of atrial fibrillation 5.91 2.47–14.11 <0.0001 <0.0001

Operation type (reference: segmentectomy) 0.0002

 Lobectomy 1.88 0.83–4.90 0.16

 Pneumonectomy 6.70 1.91–24.70 0.003

 Esophagectomy 4.93 1.94–14.06 0.001

Apparent C-index=736; optimism-corrected C-index=0.720 (optimism-corrected value is based on 1000 bootstrap resamples). Hosmer-Lemeshow 
goodness-of-fit test: P=0.3. BNP, brain natriuretic peptide; CI, confidence interval; OR, odds ratio.

a
Odds ratio for BNP is derived from 75th percentile vs 25th percentile (57.5 vs 12.5 pg/mL) on the basis of restricted cubic splines with 3 knots.
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