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ABSTRACT

What We Already Know about This Topic
• Plasma B-type natriuretic peptide increase before and after
coronary artery bypass graft surgery is associated with an increase in all-cause mortality postoperatively
• Plasma B-type natriuretic peptide is a diagnostic and prognostic factor in ambulatory heart failure, but whether preoperative B-type natriuretic peptide increase predicts postoperative heart failure after coronary artery bypass graft surgery is
not known

Background: Heart failure (HF) is a leading cause of hospitalization and mortality. Plasma B-type natriuretic peptide (BNP) is an established diagnostic and prognostic
ambulatory HF biomarker. We hypothesized that increased
perioperative BNP independently associates with HF hospitalization or HF death up to 5 yr after coronary artery bypass
graft surgery.
Methods: The authors conducted a two-institution, prospective, observational study of 1,025 subjects (mean age =
64 ± 10 yr SD) undergoing isolated primary coronary artery

What This Article Tells Us That Is New
• In a secondary analysis of an observational study of 1,025 coronary artery bypass graft surgical patients, increased perioperative plasma B-type natriuretic peptide independently predicted 5-yr heart failure hospitalization and heart failure death
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bypass graft surgery with cardiopulmonary bypass. Plasma
BNP was measured preoperatively and on postoperative days
1–5. The study outcome was hospitalization or death from
HF, with HF events confirmed by reviewing hospital and
death records. Cox proportional hazards analyses were performed with multivariable adjustments for clinical risk factors. Preoperative and peak postoperative BNP were added
to the multivariable clinical model in order to assess additional predictive benefit.
Results: One hundred five subjects experienced an HF event
(median time to first event = 1.1 yr). Median follow-up for
subjects who did not have an HF event = 4.2 yr. When
individually added to the multivariable clinical model, higher
preoperative and peak postoperative BNP concentrations
each, independently associated with the HF outcome (log10
preoperative BNP hazard ratio = 1.93; 95% CI, 1.30–2.88;
P = 0.001; log10 peak postoperative BNP hazard ratio = 3.38;
95% CI, 1.45–7.65; P = 0.003).

Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are available in
both the HTML and PDF versions of this article. Links to the
digital files are provided in the HTML text of this article on the
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Conclusions: Increased perioperative BNP concentrations
independently associate with HF hospitalization or HF death
during the 5 yr after primary coronary artery bypass graft
surgery. Clinical trials may be warranted to assess whether
medical management focused on reducing preoperative and
longitudinal postoperative BNP concentrations associates
with decreased HF after coronary artery bypass graft surgery.

We have previously demonstrated that increased preoperative and peak postoperative BNP independently associate
with longer postoperative hospital stays and early cardiac ventricular dysfunction, as well as longer-term decreased physical functioning and all-cause mortality after primary CABG
surgery.26–28 However, the association between increased perioperative BNP and development of significant longer-term
HF after CABG surgery has not been assessed. We, therefore,
conducted this study to evaluate the hypothesis that even
after adjusting for important clinical risk factors, increased
preoperative and peak postoperative plasma BNP associate
with shorter postoperative time to first HF event (hospitalization or death) within the 5 yr after primary CABG surgery.

H

EART failure (HF) is a major cause of hospitalization, poor health-related quality of life (HRQL),
mortality, and healthcare expense.1,2 In the United States
alone, 5.7 million people suffer from HF, with coronary
artery disease known to be a major HF risk factor.1,3,4
Plasma B-type natriuretic peptide (BNP) is an established
diagnostic and prognostic biomarker in ambulatory HF
and acute coronary syndrome patients. BNP is secreted
primarily by cardiac ventricular myocytes in response to
ventricular pressure and volume overload and ischemia.5–10
Several studies of ambulatory chronic HF patients suggest
that medical management designed to reduce increased
plasma BNP (active fragment) or N-terminal-proBNP
(NT-proBNP; inactive fragment) concentrations may
reduce associated adverse cardiovascular events11–14 and
patient care costs,15 improve HF hospitalization-free survival13,16,17 and HRQL,13 and have favorable effects on cardiac remodeling.13
Each year almost a quarter of a million Americans
undergo coronary artery bypass graft (CABG) surgery.1
Guidelines from the American College of Cardiology and
the American Heart Association state that CABG surgery
is indicated not only to improve survival of coronary artery
disease patients, but also to enhance longer-term postoperative HRQL.18 Particularly with advances in percutaneous
coronary interventions and medical management of coronary artery disease delaying need for CABG surgery until
progressively later in life, improving postoperative HRQL
is arguably as important as postoperative survival. Although
many CABG surgical patients experience improved postoperative HRQL, 7–24% of CABG patients experience significant declines in HRQL during the years after surgery.19–22
Thus, there remains an important need to identify modifiable perioperative risk factors that strongly associate with
the postoperative outcomes that most adversely impact both
HRQL and survival after CABG surgery. Existing models for
perioperative risk stratification are modestly useful for predicting all-cause mortality or composite morbidity outcomes
after CABG surgery.23–25 However, predicting all-cause mortality or composite morbidity outcomes does little to guide
tailored medical interventions targeted to prevent and treat
specific outcomes, such as long-term postoperative HF, an
outcome that has substantial potential impact on both longterm HRQL and survival after CABG surgery.

Materials and Methods
Study Population
Between August 2001 and September 2006, 1,519 patients
(age 20–89 yr), scheduled for CABG surgery with cardiopulmonary bypass at either Brigham and Women’s Hospital,
Boston, Massachusetts, or the Texas Heart Institute, Saint
Luke’s Episcopal Hospital, Houston, Texas, were enrolled
prospectively into an ongoing study called the CABG
Genomics Program.††27 Before subject enrollment, the
respective institutional review board approvals were obtained
and all subjects provided written informed consent. Exclusion criteria for enrollment into the CABG Genomics Program include inability to give written informed consent,
receiving leukocyte-rich blood product transfusion within
30 days before surgery, or having a preoperative hematocrit
less than 25%. CABG Genomics Program subjects were then
prospectively excluded from the current study if they had
one or more of the following criteria: emergency surgery;
concurrent valve surgery; previous cardiac surgery; preoperative intraaortic balloon pump, ventricular assist device or
inotrope support; CABG surgery without cardiopulmonary
bypass or without an aortic cross-clamp; preoperative hemodialysis or serum creatinine more than 3 mg/dl (severe renal
dysfunction and perioperative dialysis can variably influence
plasma BNP concentrations);29,30 or missing preoperative or
peak postoperative plasma BNP measurements. Of the 1,183
subjects eligible for study analysis, 158 subjects (13.4%) were
additionally excluded from analysis because they could not
be contacted for follow-up after discharge from their primary
surgical hospitalization. Seventy-seven percent of the subjects
analyzed were enrolled at Brigham and Women’s Hospital
and 23% were enrolled at the Texas Heart Institute.
Data and Blood Collection
Data were prospectively collected for each subject during
primary CABG surgery hospitalization using a detailed,
standardized case report form. This subject data included
information regarding: (1) demographics; (2) preoperative
medications, medical history, and co-morbidities; (3) surgical
events and characteristics; and (4) in-hospital postoperative
course.

†† http://clinicaltrials.gov/show/NCT00281164. Accessed May
21, 2013.
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to decline on postoperative days 4 and 5.26,27 Therefore, even
for subjects discharged on postoperative day 4, assessing the
peak of at least three postoperative BNP assessments should
closely approximate the peak BNP concentration during the
first 5 postoperative days.
Postoperative creatinine clearance was estimated using
the highest creatinine measured as part of each subject’s
routine primary postoperative hospitalization and the four
variable equation from the Modification of Diet in Renal
Disease Study Group.31 Postoperative creatinine clearance
less than 30 ml·min−1·1.73m−2 was used for multivariable modeling for postoperative HF, as this is an accepted
threshold for severe renal dysfunction and could potentially confound association between increased plasma BNP
and postoperative HF.31,32 Consistent with previous studies
of our cohort, postoperative ventricular dysfunction was
defined as new postoperative need for an intraaortic balloon
pump, or for two or more inotropes (continuous infusion of
amrinone, milrinone, dobutamine, dopamine more than 5
µg·kg−1·min−1, epinephrine, norepinephrine, isoproterenol,
or vasopressin) in the operating room after separating from
cardiopulmonary bypass or in the postoperative intensive
care unit.26,33

The follow-up period for this study was through 5 yr after
CABG surgery or until this study’s end date (May 7, 2009).
Postoperative hospitalizations were identified using subjects’
responses to mailed questionnaires (6 week, 6 month, and
annually for years 1–5 after surgery) and to telephone interviews, and through review of the electronic medical records
systems available at the enrolling institutions. Hospital
records were obtained for all subjects who were identified to
have had postoperative hospitalizations requiring overnight
stays for probable or possible cardiac or pulmonary reasons.
Subjects who died during study follow-up were identified by
responses to mailed questionnaires (family, friend, caregiver
responses) or telephone interviews and by using the Social
Security Death Index. Death certificates and/or National
Death Index cause of death information was obtained for all
subjects identified to have died during the study follow-up
period. Postoperative HF hospitalization or death outcomes
were identified by two investigators, who reviewed hospital
records (Drs. Fox and Nascimben) and by two investigators,
who reviewed death records (Drs. Fox and Muehlschlegel). If
between-investigator discrepancies occurred when identifying an HF event, a third investigator adjudicated identification of an HF event. Investigators were blinded to BNP data
when reviewing hospitalization and death records.
Plasma samples obtained preoperatively and daily on
postoperative days 1–5 were stored in vapor-phase liquid
nitrogen until analysis. BNP and cardiac troponin I were
measured for all samples at a single-core laboratory using
sandwich immunoassays (Biosite Triage®, San Diego, CA).
These biomarker assessments were performed in a batch
research analysis and were not available for clinical care of
the subjects.

Statistical Analysis
Statistical analyses were performed using SAS (version
9.2; SAS Institute, Cary, NC) and R (version 2.13.1; R
Foundation for Statistical Computing, Vienna, Austria). P
values for all study analyses were two-tailed. Distributions
of both preoperative and peak postoperative plasma BNP
data were right skewed. Wilcoxon rank sum tests were
used to compare BNP concentrations for subjects who did
and did not experience the study’s HF outcome. Wilcoxon
signed-rank tests were used to compare preoperative versus
peak postoperative BNP concentrations within the group
of subjects who experienced a postoperative HF event and
within the group of subjects who did not experience a
postoperative HF event. Continuous BNP data were log10
transformed to normalize distributions before additional
analyses. Pearson correlation was calculated between the
preoperative and peak postoperative BNP variables. Table 1
covariates were selected a priori as potentially important
risk factors for postoperative HF events. Cox proportional
hazards regression was used to assess univariate associations
of clinical and BNP variables with time to first postoperative
HF event. In all Cox proportional hazards regression
analyses, subjects were censored at the time of postoperative
loss to follow-up, if loss to follow-up occurred before the end
of the study period. Otherwise subjects were censored at the
end of the study period. Given that we obtained follow-up
data for 1,025 subjects, assuming 80% power and a type
I error rate = 0.025, we estimate a minimum detectable
unadjusted hazard ratio (HR) of 1.25 for the association
between a 1 unit change in log10 preoperative BNP and risk
of HF event during 5 yr postoperative follow-up, and we

Definitions
The study outcome was defined prospectively as time to first
HF hospitalization or HF death (if a preceding HF hospitalization was not identified) occurring up to 5 yr after primary
CABG surgery. Although HF severity can be difficult to
adjudicate in ambulatory populations, we felt that HF resulting in hospitalization or death could be well adjudicated as
a study outcome. Five years was prospectively chosen as the
maximum interval for postoperative follow-up based on
consensus among investigators that even elderly subjects in
the study cohort should reasonably expect enhanced HRQL
and survival during this postoperative timeframe. Investigators developed criteria defining HF hospitalization and HF
death before reviewing hospitalization and death records
(Supplemental Digital Content 1, Methods, http://links.
lww.com/ALN/A945).
Peak postoperative BNP was defined as the highest BNP
measures of postoperative days 1–5, with all analyzed subjects having successful BNP measurements for at least 3
postoperative days. Previously, we reported that plasma BNP
concentrations tend to increase significantly during the first 3
days after primary CABG surgery and then plateau or begin
Anesthesiology 2013; 119:284-94
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Table 1. Univariate Associations between Perioperative Clinical Characteristics and Time to Heart Failure
Hospitalization or Heart Failure Mortality after Primary Coronary Artery Bypass Graft Surgery (n = 1,025; 105 subjects
experienced heart failure hospitalization or heart failure death events)
Clinical Variables
Preoperative clinical characteristics
Age ≥65 yr
Female sex
Ethnicity (minority)
Obesity (BMI >30 kg/m2)
Diabetes mellitus (n = 1,024)
Hypertension (n = 1,023)
Hypercholesterolemia (n = 1,020)
Smoking, >30 pack-year history (n = 981)
Preoperative creatinine clearance (ml·min−1·1.73m−2)
Myocardial infarction ≤2 wk preoperatively (n = 1,024)
Left ventricular ejection fraction (%; n = 990)
Coronary artery regions with >50% stenosis
  0–1 region
  2 regions
  3 regions
Mitral insufficiency (moderate or severe; n = 988)
History of preoperative arrhythmia treatment
Anemia (n = 1,024)
Preoperative cTnI >0.1 µg/l
Preoperative medications
ACE-inhibitor (n = 1,024)
Diuretic (n = 1,024)
Statin
Digoxin
β blocker
Calcium channel blocker (n = 1,024)
Aspirin
Nonaspirin platelet inhibitor (n = 1,024)
Nitroglycerin intravenous (n = 1,020)
Heparin intravenous
Surgical characteristics
Urgent surgery (n = 1,024)
Cardiopulmonary bypass time >120 min
Number of coronary grafts (n = 1,024)
  <3 grafts
  3 grafts
  >3 grafts
In-hospital postoperative characteristics
Ventricular dysfunction*
New onset atrial fibrillation
Postoperative creatinine clearance (ml·min−1·1.73m−2;
n = 1,024)
Postoperative creatinine clearance <30 ml·min·
1.73m−2; n = 1,024)
Peak postoperative cTnI, µg/l

Mean or
Proportion

Hazard Ratio (95% CI)

P Value
<0.001
0.002
0.79
0.03
<0.001
0.02
0.37
<0.001
<0.001

180 (17.6%)
53 (SD, 12)

2.25 (1.50–3.38)
1.95 (1.28–2.95)
1.08 (0.62–1.90)
1.51 (1.03–2.22)
2.48 (1.69–3.63)
1.88 (1.10–3.20)
0.82 (0.53–1.27)
2.36 (1.59–3.49)
0.97 (0.96–0.98) for 1
ml·min−1·1.73m−2 increase
1.73 (1.12–2.68)
0.97 (0.95–0.98) for 1% increase

73 (7.1%)
339 (33.1%)
613 (59.8%)
24 (2.4%)
103 (10.1%)
342 (33.4%)
151 (14.7%)

1.18 (0.56–2.46)
1.12 (0.74–1.69)
1.00
3.96 (1.84–8.55)
2.99 (1.90–4.72)
3.36 (2.26–4.99)
1.28 (0.78–2.10)

<0.001
<0.001
<0.001
0.33

475 (46.4%)
218 (21.3%)
794 (77.5%)
27 (2.6%)
806 (78.6%)
145 (14.2%)
788 (76.9%)
215 (21.0%)
106 (10.4%)
236 (23.0%)

1.52 (1.03–2.23)
2.94 (1.99–4.33)
1.32 (0.80–2.17)
2.68 (1.17–6.10)
1.32 (0.80–2.19)
1.70 (1.06–2.71)
0.75 (0.49–1.15)
1.54 (1.01–2.37)
0.86 (0.45–1.66)
1.87 (1.25–2.79)

0.03
<0.001
0.27
0.02
0.28
0.03
0.19
0.05
0.66
0.002

562 (54.9%)
231 (22.5%)

1.89 (1.25–2.86)
0.96 (0.60–1.52)

0.002
0.85
0.04

147 (14.4%)
469 (45.8%)
408 (39.8%)

1.91 (1.08–3.36)
1.61 (1.03–2.51)
1.00

120 (11.7%)
308 (30.1%)
67.8 (SD, 21.4)

2.95 (1.89–4.60)
1.76 (1.19–2.59)
0.97 (0.96–0.98) for 1
ml·min·1.73m−2 increase
5.12 (2.86–9.16)

487 (47.5%)
196 (19.1%)
139 (13.6%)
395 (38.5%)
296 (28.9%)
764 (74.7%)
773 (75.8%)
262 (26.7%)
74.3 (SD, 20.6)

38 (3.7%)
3.82 (SD, 8.56)

1.52 (1.09–2.12) for log10 increase

0.01
<0.001
0.82

<0.001
0.005
<0.001
<0.001
0.01

Data are shown as n (%) for categorical variables and mean ± SD for continuous variables.
* Defined as new postoperative need for two or more inotropes or an intraaortic balloon pump.
ACE = angiotensin-converting enzyme; BMI = body mass index; cTnI = cardiac troponin I.
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estimated a minimum detectable unadjusted HR of 2.37 for
a 1 unit change in log10 peak postoperative BNP.34
A multivariable clinical model for association with time
to first postoperative HF event was created using step-wise
selection with Cox proportional hazards regression. Age 65
yr or more, sex, study institution, and preoperative left ventricular ejection fraction were locked into the multivariable
model before step-wise selection from the variables shown in
table 1. P value thresholds for entry and exit into the multivariable model during step-wise selection were 0.15 and
0.05, respectively. Continuous preoperative and peak postoperative BNP data were entered into the final multivariable
clinical model separately and then together to assess additional predictive benefit, and Akaike information criteria
(AIC) were used to compare goodness of fit of these multivariable models. Proportional hazards assumptions for the
variables in the final multivariable model (including preoperative and peak postoperative BNP assessed as continuous
variables) were evaluated by using the Schoenfeld residuals
method to confirm that the residuals for each variable were
not correlated (P > 0.05) with the ordering of times to postoperative HF events.
Harrell time-censored C-indices (R Hmisc package; version 3.8.3) were used to assess the prognostic discriminatory
relationship between perioperative BNP variables and time
to first postoperative HF event.35 Harrell’s C-indices were
calculated for preoperative and peak postoperative BNP data
and for the final multivariable clinical model with and without the BNP variables added. C-indices for different models
represent the probability of concordance between predicted
and observed survival, with c = 1 for a perfectly discriminating model. U statistics were then computed to test whether
multivariable clinical models including BNP variables had
a higher fraction of concordant pairs than the multivariable
clinical model that did not include BNP variables. Additionally, to assess the internal validity of the multivariable clinical
models: (1) that did not include perioperative BNP variables; (2) that included preoperative BNP; (3) that included
peak postoperative BNP, we computed C-indices for these
models after performing bootstrap resampling (n = 100; R
rms package; version 3.6.3).
Lastly, preoperative and peak postoperative BNP data were
dichotomized at their top quartiles (preoperative BNP ≥50.8
pg/ml and peak postoperative BNP ≥314.1 pg/ml) and were
entered separately into the final multivariable clinical model
in order to assess additional predictive benefit. The dichotomized preoperative and peak postoperative BNP variables
were also assessed together by classifying subjects into one
of four groups according to whether preoperative and peak
postoperative BNP concentrations were in the top quartile
(high) or the bottom three quartiles (low). In other words,
preoperative and peak postoperative BNP both low; preoperative BNP low and peak postoperative BNP high; preoperative BNP high and peak postoperative BNP low; preoperative
BNP high and peak postoperative BNP high. AIC were used
Anesthesiology 2013; 119:284-94
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to compare goodness of fit of the multivariable models with
and without dichotomized BNP variables. Kaplan–Meier survival curves were constructed to compare HF event-free survival in subjects with preoperative BNP in the top quartile as
compared with subjects with preoperative BNP concentration
in the bottom three quartiles. Kaplan–Meier survival curves
were similarly created for peak postoperative BNP dichotomized at the top quartile. Log rank tests were used to assess for
significant differences between stratified curves.

Results
Patient Characteristics
Table 1 describes clinical and surgical characteristics of the
1,025 subjects included in the study analysis along with univariate associations between each of these variables and time
to postoperative first HF event. One hundred five subjects
(10.2%) experienced at least one HF event within the 5-yr
postoperative follow-up period; 99 subjects were hospitalized for HF and 12 subjects died from HF. Median time to
first HF event was 1.1 yr (range 6 days to 4.8 yr). Clinical
and surgical characteristics of subjects who experienced HF
events are shown in Supplemental Digital Content 1 (table
2, http://links.lww.com/ALN/A945). For the 920 subjects
who did not experience HF events, median follow-up time
was 4.2 yr (range 5 days to 5 yr; this includes 68 subjects
who died of non-HF causes during follow-up).
Perioperative BNP Concentrations and Unadjusted
Associations with Postoperative HF Hospitalization
or Mortality
Median preoperative BNP concentration was 17.2 pg/ml
(25th to 75th percentile range: 4.9–50.8 pg/ml). Median
peak postoperative BNP concentration was 184.1 pg/ml
(25th to 75th percentile range: 116.9–314.1 pg/ml). Preoperative BNP concentrations significantly correlated with
peak postoperative BNP concentrations (r2 = 0.25; P <
0.001). Preoperative and peak postoperative BNP were significantly higher in the group of subjects who experienced
HF hospitalization or HF death events during follow-up
when compared with the group of subjects who did not
experience HF events (P < 0.001; fig. 1). In both the subjects
who did and did not develop postoperative HF events, peak
postoperative BNP was significantly increased when compared with preoperative measures (P < 0.001).
In Cox proportional hazards analyses, both increased
preoperative and peak postoperative BNP concentrations
had strong univariate associations with shorter time to HF
event during up to 5 yr postoperative follow-up (HR for
log10 increase in preoperative BNP = 3.20; 95% CI, 2.33–
4.40; P < 0.001; HR for log10 increase in peak postoperative
BNP = 9.78; 95% CI, 5.54–17.28; P < 0.001). When the
preoperative and peak postoperative BNP were considered
together, despite significant correlation between preoperative and peak postoperative BNP, both remained significant
predictors of time to first HF event (HR for log10 increase in
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of preoperative arrhythmia treatment, preoperative anemia,
preoperative diuretic use, postoperative ventricular dysfunction, and postoperative creatinine clearance less than 30
ml·min−1·1.73m−2 (Supplemental Digital Content 1, table 1,
http://links.lww.com/ALN/A945). When preoperative and
peak postoperative BNP were added separately to the multivariable clinical model, both BNP variables significantly
associated with shorter time to postoperative HF event (P ≤
0.003; table 2). When both preoperative and peak postoperative BNP were added simultaneously into the multivariable
model, preoperative BNP remained significantly associated
with shorter time to first HF event (P = 0.02; table 2), but
peak postoperative BNP was no longer significantly associated (P = 0.16; table 2). The goodness of fit of the clinical
multivariable model was improved (lower AIC) by the individual additions of preoperative BNP (AIC = 1,185.25) or
peak postoperative BNP data (AIC = 1,190.24). However,
simultaneously adding preoperative BNP and peak postoperative BNP to the clinical multivariable model resulted in a
model AIC that was essentially unchanged from the AIC of
the multivariable clinical model that incorporated preoperative BNP alone (table 2).
Time-censored Harrell C-indices were calculated for
both continuous preoperative and peak postoperative BNP
data in relation to occurrence of HF events during the 5 yr
after CABG surgery. Preoperative BNP demonstrated good
prognostic discrimination with a C-index = 0.753, 95%
CI, 0.706–0.801. Peak postoperative BNP had a C-index =
0.721 (95% CI, 0.674–0.769). The C-index for the study’s
multivariable clinical model (without BNP data added) =
0.803 (95% CI, 0.760–0.845). When preoperative BNP
was added to the study’s multivariable clinical model, the
multivariable model’s C-index increased significantly (P =
0.01) to 0.820 (95% CI, 0.780–0.861). When peak postoperative BNP was added to the multivariable clinical model,
the multivariable model’s C-index increased to 0.812 (95%
CI, 0.771–0.854), but this C-index increase was not statistically significant (P = 0.12).
After performing bootstrap resampling from the dataset, C-indices were 0.784 for the multivariable clinical
model, which did not include BNP variables, 0.805 for the

Fig. 1. Box and whisker plots of preoperative and peak postoperative plasma B-type natriuretic peptide (BNP) concentrations for 1,025 subjects undergoing primary coronary artery
bypass graft surgery. BNP concentrations are stratified by the
group of 920 subjects who did not experience heart failure
(HF) events and the group of 105 subjects who did experience HF events during 5-yr postoperative follow-up. The 10th
(lower whisker), 25th (lower box end), 50th (middle line), 75th
(upper box end), and 90th (upper whisker) percentile BNP values are shown for each group for both the preoperative and
peak postoperative (postoperative days 1–5) assessments.
*P < 0.001 HF event compared with the no-HF event group at
that perioperative time point.

preoperative BNP = 2.10; 95% CI, 1.42–3.09; P < 0.001;
HR for log10 increase in peak postoperative BNP = 3.36;
95% CI, 1.56–7.25; P = 0.002).
Multivariable Adjusted Associations between BNP
Concentrations and Postoperative HF Hospitalization
or Mortality
The study’s multivariable clinical model for time to postoperative HF event included age of 65 yr or more, sex, institution, preoperative left ventricular ejection fraction, diabetes
mellitus, more than 30 pack-yr history of smoking, history

Table 2. Multivariable Adjusted Associations between BNP Assessments and Time to Heart Failure Hospitalization or
Heart Failure Mortality after Primary Coronary Artery Bypass Graft Surgery*
Perioperative BNP Variable; n = 947†;
99 Subjects with Heart Failure Events
Preoperative BNP (pg/ml)
Peak postoperative BNP (pg/ml)
Preoperative BNP (pg/ml) together with
Peak postoperative BNP (pg/ml)

Hazard Ratio (95% CI)
1.93 (1.30–2.88) for log10 increase
3.38 (1.45–7.65) for log10 increase
1.67 (1.09–2.56) for log10 increase
1.96 (0.77–4.98) for log10 increase

P Value
0.001
0.003
0.02
0.16

AIC of Multivariable Model*
with BNP Included in Model
1,185.25
1,190.24
1,185.28

* Variables in multivariable clinical model are shown in Supplemental Digital Content 1, table 1, http://links.lww.com/ALN/A945. The
AIC of the Supplemental Digital Content 1, table 1 model = 1,196.90 before adding BNP data to the model. † Seventy-eight subjects
missing one or more of the variables in Supplemental Digital Content 1, table 1, http://links.lww.com/ALN/A945, are not included in the
multivariable analysis.
AIC = Akaike information criterion; BNP = B-type natriuretic peptide.
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* Multivariable clinical model is shown in table 1 of Supplemental Digital Content 1, http://links.lww.com/ALN/A945. The AIC of the multivariable clinical model before adding BNP into the
model = 1,196.90. † Seventy-eight subjects missing one or more of the variables in Supplemental Digital Content, table 1, http://links.lww.com/ALN/A945, are not included in the multivariable analysis.
AIC = Akaike information criterion; BNP = B-type natriuretic peptide.

1.00
2.70 (1.39–5.27)
3.96 (2.17–7.24)
7.27 (4.61–11.46)
669 (65.3)
99 (9.7)
100 (9.7)
157 (15.3)

Reference
0.003
<0.001
<0.001

1.00
1.66 (0.81–3.40)
3.05 (1.58–5.89)
3.06 (1.72–5.44)

Reference
0.17
<0.001
<0.001

1,182.75
1,193.65
1,184.93
<0.001
0.02
2.60 (1.63–4.14)
1.74 (1.08–2.78)

Multivariable
Adjusted†
P Value
Multivariable Adjusted†
Hazard
Ratio (95% CI)
Unadjusted
P Value

<0.001
<0.001
4.93 (3.34–7.27)
4.01 (2.73–5.89)
257 (25.1)
256 (25.0)

Top quartile preoperative BNP
Top quartile peak postoperative BNP
Preoperative BNP and Peak Postoperative BNP
Lower 3 quartiles
Lower 3 quartiles
Lower 3 quartiles   Top quartile
Top quartile     Lower 3 quartiles
Top quartile      Top quartile

Despite undergoing nonemergency, isolated primary CABG
surgery, more than 10% of the 1,025 subjects followed in
this study during the 5 yr after surgery, experienced HF
severe enough to result in hospitalization or death. Both
increased preoperative and peak postoperative BNP concentrations individually associated with significantly decreased
time to first HF event after CABG surgery. This was true
even after adjusting for multiple demographic and clinical
HF risk factors, including preoperative left ventricular ejection fraction and development of in-hospital postoperative
ventricular dysfunction requiring multiple inotropes or an
intraaortic balloon pump.
The American College of Cardiology/American Heart Association’s perioperative evaluation guidelines highlight patients’

Perioperative BNP Variable

Discussion

Proportion,
n (%)

Perioperative BNP Concentrations Dichotomized at
the Top Quartile and Postoperative HF Hospitalization
or Mortality
Before adjusting for clinical risk factors, subjects in the top
quartiles for preoperative or peak postoperative BNP concentrations were at significantly higher risk for HF events
during the 5 yr after CABG surgery (P ≤ 0.003; table 3), with
subjects in the top quartiles for both preoperative and peak
postoperative BNP at highest risk when compared with subjects in the lower three quartiles for both BNP assessments
(HR = 7.27; 95% CI, 4.61–11.46; P < 0.001). When added
separately into the study’s multivariable clinical model, the
top quartiles of both preoperative (P < 0.001) and peak postoperative BNP (P = 0.02) remained significantly associated
with shorter time to HF event during the 5 yr after CABG
surgery (table 3). After adjusting for the multivariable clinical model, subjects in the top quartile for preoperative BNP
(regardless of whether peak postoperative BNP was in the
top or lower quartiles) remained at significantly increased
risk for HF events when compared with subjects in the lower
three quartiles for both preoperative and peak postoperative
BNP (P < 0.001; table 3). However, subjects in the top quartile for peak postoperative BNP but in the lower three quartiles for preoperative BNP were no longer at significantly
increased risk for HF events when compared with subjects
in the lower three quartiles for both preoperative and peak
postoperative BNP (P = 0.17; table 3).
Kaplan–Meier survival curves comparing HF event-free
survival for subjects in the top quartile versus the lower three
quartiles for preoperative BNP (fig. 2A) and for subjects in
the top quartile versus the lower three quartiles for peak postoperative BNP (fig. 2B) assessments indicate significantly
improved (P < 0.001) HF event-free survival for subjects
with the lower values of both BNP assessments.

Unadjusted
Hazard
Ratio
(95% CI)

Table 3. Univariate (n = 1,025) and Multivariable Adjusted (n = 947)*† Associations between BNP Variables Dichotomized at the Top Quartile and Time to Heart
Failure Hospitalization or Heart Failure Mortality after Primary Coronary Artery Bypass Graft Surgery

multivariable clinical model, which added the preoperative BNP variable, and 0.796 for the multivariable clinical
model, which added the peak postoperative BNP variable.

AIC of
Multivariable
Model*
with BNP
Included in
Model*†
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preoperative BNP and adverse postoperative outcomes may
reflect increased clinical cardiac distress that occurs in these
cardiac surgical groups already known to be at high risk for
adverse postoperative events. Furthermore, many of these
studies enrolled small subject numbers, and thus, did not
adjust observed BNP associations for additional clinical risk
factors.40,41 A strength of our study is that we assessed more
than 1,000 subjects undergoing nonemergency, isolated primary CABG surgery, thereby, focusing on a patient population that presents for surgery with reasonable expectation of
good long-term postoperative HRQL and survival. This cardiac surgical group is frequently not at obvious risk for developing adverse postoperative outcomes, and therefore, could
derive considerable potential benefit from knowledge of risk
factors that can be modified to help avoid adverse long-term
postoperative cardiovascular morbidities such as HF.
In previous studies of primary CABG patients, we have
shown that increased perioperative BNP concentrations significantly associate with increased postoperative in-hospital ventricular dysfunction,26 longer primary hospital stays,26,27 lower
longer-term physical function,28 and increased all-cause mortality.26,27 However, these adverse outcomes do not have clearly
defined approaches for their prevention or mitigation (i.e., it
is difficult to design perioperative interventions to prevent or
treat all-cause death). In ambulatory patients, HF is clearly
linked with reduced HRQL and survival, and there are clear
medical practice guidelines for HF prevention, surveillance,
and treatment.1,2,42,43 Because BNP is an established diagnostic and prognostic biomarker in ambulatory HF patients,6–8
there is biology to suggest that increased perioperative BNP
concentrations should independently associate with long-term
HF after CABG surgery. Indeed, our study found that even
after adjusting for clinical risk factors, increased preoperative
and peak postoperative BNP concentrations strongly associate with significantly decreased time to first HF event during
the 5 yr after CABG surgery. In previous studies of BNP and
cardiac surgery, although increased BNP significantly associated with all-cause mortality, the prognostic discrimination of
the BNP biomarker by itself for identifying patients at risk of
dying after CABG surgery was not very robust (i.e., reported
C-indices <0.70).26,27,41 The current study’s assessment of
occurrence of HF hospitalization or HF death after CABG
surgery identified substantially higher C-indices for individual
assessments of preoperative (C-index = 0.75) and peak postoperative BNP (C-index = 0.72). Furthermore, adding preoperative BNP data to the study’s multivariable clinical model
improved the prognostic discrimination of the multivariable
model as determined by a statistically significant increase in the
multivariable model’s C-index. These findings further support
the potential clinical usefulness of perioperative BNP assessments for identifying patients at increased risk of developing
HF after CABG surgery.
What still needs to be determined is how perioperative BNP
measurements in CABG patients can be used to prevent adverse
long-term postoperative outcomes such as HF. Some studies of

Fig. 2. Kaplan–Meier survival curves for 1,025 primary coronary artery bypass graft (CABG) surgical patients followed up
to 5 yr after surgery. Curves are stratified according to the
top versus bottom three quartiles of (A) preoperative B-type
natriuretic peptide (BNP) concentrations and (B) the peak of
postoperative day 1–5 BNP concentrations. Curves signified
by dotted lines signify 95% CIs for heart failure (HF) eventfree survival estimates during 5 yr of postoperative follow-up.

functional status as a key factor for deciding who should
undergo preoperative cardiac testing or optimization, yet surgical patients are frequently elderly and have limited preoperative
physical activity levels.36 Therefore, identification of a biomarker such as BNP, which could identify surgical patients with
subclinical as well as clinically symptomatic HF or ischemia5
could potentially improve perioperative risk stratification and
optimization. Several meta-analyses of studies of noncardiac
surgical patients indicate that increased preoperative BNP (or
NT-proBNP) significantly associates with higher incidence of
postoperative adverse cardiovascular events and mortality.37–40
Our study expands on studies of noncardiac surgical
patients, as we hypothesized that in patients with known
preoperative coronary artery disease presenting for primary
CABG surgery, increased preoperative and peak postoperative BNP concentrations significantly associate with occurrence of HF resulting in hospitalization or death during the
5 yr after CABG surgery. Two meta-analyses of studies assessing the relationship between increased preoperative BNP and
adverse outcomes after cardiac surgery report a significant
association between higher preoperative BNP concentrations
and increased all-cause mortality after cardiac surgery.40,41
However, the majority of studies in these meta-analyses
included subjects undergoing emergency cardiac surgery,
valve surgery, or a combination of valve and CABG surgery. Consequently, associations observed between increased
Anesthesiology 2013; 119:284-94
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ambulatory HF patients have found that medical management
(e.g., frequent clinic visits coupled with careful and persistent
titration of medications such as β-blockers and angiotensinconverting enzyme inhibitors) targeted toward gradually lowering serial follow-up measurements of BNP or NT-proBNP
concentrations may reduce associated adverse cardiovascular
events11–14 and improve HF hospitalization-free survival,13,16,17
HRQL,13 cardiac structure and function,13 healthcare costs,15
and overall mortality.44 What is intriguing about evaluation of
BNP concentrations in primary CABG patients is the potential to use knowledge of increased perioperative BNP levels to
guide medical surveillance and management aimed at decreasing postoperative HF and related sequelae. To date, there have
been no studies of BNP-guided preoperative or postoperative
surveillance and management of CABG surgical patients. However, it seems plausible that CABG surgery patients who have
increased perioperative BNP concentrations and who receive
perioperative medical interventions targeted toward identifying
the cause(s) of increased BNP and lowering serial postoperative BNP measurements, could experience fewer adverse postoperative cardiac events (particularly HF events), than patients
who are discharged to “usual” medical follow-up after CABG
surgery. This hypothesis could be tested in future appropriately
designed clinical trials.
In this study, when preoperative and peak postoperative
BNP were considered together along with clinical risk factors
for postoperative HF, increased preoperative BNP remained
an independent predictor of HF hospitalization or death
during the 5 yr after CABG surgery, whereas peak postoperative BNP did not remain an independent predictor. This
is likely because peak postoperative BNP is significantly
correlated with preoperative BNP and has a wider range of
values when compared with preoperative BNP. However,
our results suggest that increased peak postoperative BNP
could be a useful biomarker for predicting development of
significant HF after primary CABG surgery, particularly, if
a preoperative BNP assessment is unavailable. Furthermore,
because there is a significant BNP response to the intraoperative insults of CABG surgery itself, the peak postoperative
BNP measurement provides a potentially important starting assessment for monitoring and treating those patients
deemed at highest risk for developing long-term HF after
CABG surgery. It is also possible that in a larger cohort
study, peak postoperative BNP would also be an independent predictor of adverse outcome.
Several potential limitations of our study should be considered. First, it should be recognized that this is a study of
patients undergoing isolated nonemergency primary CABG
surgery with cardiopulmonary bypass, and our results may
not apply to patients undergoing other types of cardiac surgery. For example, patients presenting with aortic stenosis
for aortic valve replacement surgery may have higher preoperative BNP concentrations than patients undergoing
CABG surgery, possibly because of relatively increased ventricular pressure overload. Future studies should validate our
Anesthesiology 2013; 119:284-94
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study’s observed associations in other primary CABG surgery cohorts and assess the utility of perioperative BNP measures in patients undergoing other types of cardiac surgeries.
Second, there are multiple commercially available assays
for measuring BNP and NT-proBNP, and although these
assessments correlate well with each other, there is often
between-assay variability in absolute values.45 Furthermore,
although both BNP and NT-proBNP have been associated
with adverse postoperative outcomes,37–41 NT-proBNP is
metabolized differently than BNP, and NT-proBNP values
are typically higher than BNP values.45 Absolute cutpoints
in perioperative BNP concentrations should be considered
specific to this study’s subject population and BNP assay.
Third, we were unable to obtain postoperative follow-up
data for 13% of our subjects, and therefore, cannot rule out
the possibility of information bias influencing our results.
Fourth, this is an analysis of an existing cohort for which we
have previously assessed and reported associations between
perioperative BNP and outcomes that include early postoperative ventricular dysfunction,26 primary hospital length
of stay,26,27 longer-term physical function,28 and up to 5 yr
postoperative all-cause mortality.26,27 The current study’s
assessment of occurrence of HF hospitalization or HF death
during the 5 yr after primary CABG surgery did not adjust
for previous analyses of these other outcomes in the CABG
Genomics Program cohort. Finally, our study’s HF outcome
did not delineate specific etiologies of observed postoperative HF events (e.g., systolic vs. diastolic dysfunction or left
atrial enlargement). Future studies are needed to describe
cardiac structural changes that may exist preoperatively or
occur over time in CABG patients, who have increased perioperative BNP concentrations. Such future studies could
incorporate detailed echocardiographic characterization of
cardiac structure and function, with corresponding delineation of the correlations between these echocardiographic
assessments and perioperative and longer-term postoperative
BNP concentrations.

Conclusion
After adjusting for clinical risk factors such as low preoperative left ventricular ejection fraction, increased preoperative
and peak postoperative BNP strongly associate with HFrelated hospitalization or death during the 5 yr after nonemergency isolated primary CABG surgery. Future studies are
warranted to assess whether medical management, to reduce
increased perioperative BNP in CABG surgical patients,
decreases incidence of HF-related postoperative admissions
and mortality.
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