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This study was performed to determine the secretion
pattern and prognostic value of A-type (ANP) and
B-type (BNP) natriuretic peptide in patients undergo-
ing cardiac surgical procedures. We measured ANP
and BNP in patients undergoing coronary artery by-
pass grafting (CABG) with (n � 28) or without (n � 32)
ventricular dysfunction and in patients undergoing mi-
tral (n � 21) or aortic (n � 24) valve replacement, respec-
tively. Postoperative mortality was recorded up to
730 days after operation. ANP, but not BNP, concentra-
tions were closely associated with volume reloading of
the heart after aortic cross-clamp in all patients. The se-
cretion pattern of BNP during surgery was much less
uniform. BNP, but not ANP, concentrations correlated
with aortic cross-clamp time (r2 � 0.32; P � 0.006) and

postoperative troponin I concentrations (r2 � 0.22; P �
0.0009) in bypass patients, and preoperative BNP in-
creases were associated with a more frequent postoper-
ative (2-yr) mortality in these patients. Markedly in-
creased preoperative BNP concentrations in mitral (3-
fold) and aortic (14-fold) valve disease patients did not
further increase during cardiopulmonary surgery. The
data suggest that ANP is primarily influenced by intra-
vascular volume reloading of the heart after cross-
clamp, whereas the secretion of BNP is related to other
factors, such as duration of ischemia and long-term left
ventricular pressure and/or excessive intravascular
volume. BNP, but not ANP, was shown to be a mortal-
ity risk predictor in patients undergoing CABG.

(Anesth Analg 2004;98:11–9)

I n the human heart, A-type natriuretic peptide
(ANP) is primarily produced by atrial myocytes,
whereas B-type natriuretic peptide (BNP) is of both

atrial and ventricular origin. The physiological effects
of these peptides include natriuresis and diuresis, al-
dosterone antagonism, relaxation of vascular smooth
muscle cells, and direct antiproliferative effects on
cardiac myocytes counteracting hypertrophy and de-
struction of sarcomere structure (1,2). Increased
plasma concentrations of ANP and BNP are associated
with hypertension, myocardial hypertrophy, arrhyth-
mias, renal insufficiency, and cerebral salt wasting
(3–8). In myocardial infarction, concentrations of

ANP, and especially BNP, were reported as a prog-
nostic risk indicator independent from left ventricular
ejection fraction (9–14).

In critically-ill patients, ANP, but not BNP, secretion
is independent of the underlying disease, suggesting
different pathophysiological implications of the pep-
tides (15). This suggestion is supported by animal
experiments showing that ANP- and BNP-null mice
display different phenotypes (16–18). It is therefore
hypothesized that ANP and BNP play complementary
roles in the regulation of cardiovascular homeostasis.
However, clinical data supporting this model in hu-
mans are rare, and there are conflicting data for pa-
tients undergoing coronary artery bypass grafting
(CABG) (19,20). In this study, we evaluated the secre-
tion pattern and prognostic implications of pre- and
postoperative ANP and BNP concentrations in pa-
tients undergoing CABG or aortic or mitral valve re-
placement. We hypothesized that the secretion pattern
and, possibly, the prognostic value might differ for
ANP and BNP, respectively, and that there might also
be differences dependent on the underlying disease.
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Methods
After approval of the study protocol by the IRB, we
examined 105 adult patients undergoing different car-
diac surgical procedures after written, informed con-
sent was obtained from patients or their relatives.
Patients were randomly selected for the following four
groups: coronary artery disease (CAD) with left ven-
tricular ejection fraction �50% (n � 32), CAD with left
ventricular ejection fraction �50% (n � 28), aortic
valve disease (n � 24), and mitral valve disease (n �
21). Exclusion criteria were any preexisting endocri-
nological diseases, former cardiac or combined surgi-
cal procedures, acute myocardial infarction or acute
heart failure, and organ transplantation. ANP is stored
in atrial myocytes and can immediately be secreted in
response to atrial wall changes or hypervolemia. BNP
is not stored in ventricular myocytes, and increased
ventricular wall tension initiates the production of
new BNP, followed by cleavage and secretion. Thus,
BNP production and processing likely results in a
delay of secretion compared with ANP. We therefore
analyzed the plasma of patients for ANP (pg/mL) and
BNP (pg/mL) 20 min after the induction of anesthesia,
20 min after the onset of cardiopulmonary bypass
(CPB), 10 min after the onset of myocardial reperfu-
sion, 20 min after CPB, at admission to the intensive
care unit (ICU), and 6, 12, 24, and 48 h after admission
to the ICU. To calculate normal ranges of ANP and
BNP, blood samples were taken from 40 healthy vol-
unteers in the recumbent position. We further deter-
mined heart rate (bpm), mean arterial blood pressure
(mm Hg), cardiac output (L/min), systemic vascular
resistance (dynes · s�1 · cm�5), central venous and pul-
monary artery occlusion pressure (mm Hg), and tro-
ponin I (ng/mL). After the induction of anesthesia and
at admission to the ICU, left ventricular systolic func-
tion and afterload were assessed by transesophageal
echocardiography by using standard measurements
and formulas: fractional shortening (%), fractional
area change (%), global left ventricular wall motion,
and left ventricular end-systolic wall stress (dynes/
cm2) (21,22). The preoperative morbidity of patients
was determined by the modified Cleveland score (23).

After surgery, complications (relevant bleeding, se-
vere myocardial ischemia, malignant tachyarrhyth-
mias, low cardiac output syndrome, myocardial in-
farction, and intraaortic balloon counterpulsation)
were monitored and recorded to 14 days and mortal-
ity to 730 days after operation. Severe myocardial
ischemia was defined as new ST segment changes of
�2 mV detected in the 12-lead electrocardiogram
(ECG). Moreover, the occurrence of new supraventric-
ular or ventricular arrhythmias was indicative of myo-
cardial ischemia. Transesophageal examination was
performed in cases with ECG changes, arrhythmias, or
hemodynamic instability (characterized by increased

preload pressure, decreased afterload, low cardiac
output, mixed venous oxygen saturation, or in-
creased lactate concentrations). Acute low cardiac
output syndrome was defined as follows: cardiac
index �2.2 L · min�1 · m�2, systemic vascular resis-
tance �1000 dynes · s�1 · cm�5, tachycardia (heart
rate �120 bpm), oliguria (�2 mL/h), and metabolic
acidosis. Diagnosis of myocardial infarction was
based on ECG changes (new persistent Q waves and
ST segment deviations: 1-mV ST segment increases
in �2 limb leads and/or 2-mV ST segment increases
in �2 precordial leads), a typical increase and de-
crease in serum creatine phosphokinase, and creat-
ine phosphokinase brain isoenzyme activity curves.
Bleeding was deemed clinically important if the
blood loss was �150 mL/h during the first 3 h after
admission to the ICU and if this blood loss did not
decrease during the first 6 h after admission or after
normalization of serum coagulation variables.

General anesthesia was induced with IV midazolam
(0.1 mg/kg), sufentanil (2–5 �g/kg), and pancuro-
nium bromide (0.1 mg/kg) while patients breathed
100% oxygen. After endotracheal intubation, the pa-
tients were mechanically ventilated with oxygen and
air (fraction of inspired oxygen, 0.5). The ventilation
was adjusted to maintain an end-tidal carbon dioxide
tension of 35 to 40 mm Hg. A radial arterial catheter
and a flow-directed balloon-tipped 7F Edwards® ther-
modilution pulmonary artery catheter were inserted
for routine monitoring of hemodynamic variables. An-
esthesia was maintained by body weight-related doses
of sufentanil (0.25–0.375 �g · kg�1 · min�1) and propo-
fol (1.5–3 mg · kg�1 · h�1). As a standard procedure,
all patients received 2 million units of aprotinin (Tra-
sylol; Bayer, Leverkusen, Germany) in the pump
priming before CPB and a continuous infusion of
500,000 U of aprotinin during CPB. Anticoagulation
was achieved with an IV dose of heparin (Heparin-
Natrium; Braun Melsungen, Melsungen, Germany;
initial bolus dose of 400 IU/kg, targeting an activated
clotting time of �440 s) and was monitored by using
the activated clotting time. Management of extracor-
poreal circulation was standardized with pump flows
of 2.3 to 2.8 L · min�1 · m�2, normothermia (36.5°C),
and alpha-stat regulation of arterial blood gas values.
Cold cardioplegic arrest was induced by using
Bretschneider-HTK solution (Custodiol; Köhler, Als-
bach, Germany) and topical cooling. In aortic and
mitral valve repair procedures, double cannulation
was used, and myocardial protection was performed
with retrograde blood cardioplegia. After aortic
declamping, the lungs were ventilated with 100% ox-
ygen. Subsequently, the fraction of inspired oxygen in
air was adjusted to maintain an arterial oxyhemoglo-
bin saturation at �95%. A positive end-expiratory
pressure of 5 cm H2O was applied after CPB. Heparin
was neutralized in a standardized manner by the
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administration of protamine. Patients were weaned
from the extracorporeal circuit by using nitroglyc-
erin (Perlinganit; Schwarz Pharma, Monheim, Ger-
many; 0.5 �g · kg�1 · min�1) and epinephrine (Su-
prarenin; Hoechst, Bad Soden, Germany) when
mean arterial blood pressure was �60 mm Hg. In
the ICU, mechanical ventilation was maintained as
just described. Adequate analgesia and sedation
were achieved with repetitive doses of piritramide
and midazolam according to standard procedures at
our institution. Patients’ tracheas were extubated
4 – 8 h after surgery.

ANP and BNP plasma concentrations were meas-
ured by radioimmunoassays (Peninsula Laboratories,
Belmont, CA) by using polyclonal rabbit immunoglob-
ulin G antisera raised to the following peptides:
�-ANP 1-28 (human) and BNP-32 (human). For meas-
urements, 10 mL of venous blood was taken into a
chilled syringe, transferred into polypropylene tubes
containing edetic acid (3 mmol/L) and aprotinin (500
kIU/mL) at 4°C, and centrifuged at 1600 rpm for
15 min at 4°C. Plasma was stored at �70°C until
analysis. Peptides were extracted from 5 mL of plasma
(Sep-Pak C-18; Waters Associates, Milford, MA) and
eluted with 3 mL of a mixture of 60% acetonitrile, 0.1%
trifluoroacetic acid, and 39% distilled water (by vol-
ume). All samples were assayed in triplicate and an-
alyzed as a batch to minimize assay variations. Stan-
dard curves were constructed with standard human
ANP and BNP in radioimmunoassay buffer. The mean
recovery of added natriuretic peptides from plasma
was 60%–80%, and the lower detection limits as de-
fined by 95% of the upper plateau of the standard
curve were 0.1 nmol per tube for ANP and 0.5 nmol
per tube for BNP. Cross-reactivity between natriuretic
peptides was �0.1%. The intraassay and interassay
coefficients of variations were 3.8% and 9.6% for ANP
and 6.1% and 7.9% for BNP, respectively.

Plasma concentrations of cardiac troponin I were
measured by using a commercially available one-step
colorimetric immunoassay based on the “sandwich”
principle (Dimension® RxL; Dade Behring, Marburg,
Germany). After sampling, the plasma was stored at
�70°C until analysis. For analysis, samples were in-
cubated with chromium oxide particles coated with a
monoclonal antibody specific for the cardiac troponin
I molecule and a conjugate reagent (alkaline
phosphate)-labeled monoclonal antibody specific for
cardiac troponin I to form a particle/cardiac troponin
I/conjugate sandwich. Unbound conjugates were re-
moved by magnetic separation and washing. The
particle/cardiac troponin I/conjugate sandwiches
were then transferred to the cuvette, where the sand-
wich bond triggered an amplification cascade that
finally converted 3,5-dichloro-2-hydroxybenzenesulfonic
acid and 4-aminoantipyrine to a colored product that
absorbs at 510 nm. The color change was directly

measured proportional to the concentration of cardiac
troponin I present in the patient sample. The intraas-
say and interassay coefficients of variations were 3.2%
and 4.7%, respectively. The cross-reactivity of the as-
say with human skeletal muscle troponin I, cardiac
troponin T, and cardiac troponin C was 0.04%, 0.34%,
and 0.00%, respectively. The sensitivity was 0.04
ng/mL.

Nominal scale variables were described by using
relative and absolute frequencies, and the Chi-Square
test was used to assess differences among groups.
Fisher’s Exact test was used if matched cells were rare
(expected frequencies �5). Interval or rational scaled
variables were described as mean � sd. Paired Stu-
dent’s t-tests or repeated-measures Analysis of Vari-
ance was used to compare groups (SPSS Version 10.0;
SPSS Inc., Chicago, IL). In the Analysis of Variance, we
calculated between- and within-group differences.
Between-subjects factors were analyzed by simple
contrasts; polynomial contrasts were used to analyze
within-subject factors. Differences of natriuretic pep-
tide concentrations among groups were detectable
(power � 80%; � � 0.05; � � 0.6) if they amounted to
0.75-fold of the sd. The described power required a
minimum of 20 patients per group. The predictive
value of BNP concentrations and other relevant vari-
ables for outcome in patients with CAD was calcu-
lated with Cox regression analysis. Covariates were
added by likelihood forward selection. Covariation
between variables was assessed with Pearson correla-
tion analyses. P � 0.05 was considered statistically
significant.

Results
All patients were separated successfully from CPB
and remained in the ICU for 24 h. In all patients,
cardioplegia induced a prompt temperature decrease
in both atria and ventricles, and none of the patients
had mechanical action or fibrillations during cross-
clamp. Moreover, none of the patients had a stroke.
Patients with CAD received one internal mammary
artery bypass onto the left anterior descending artery.
The number of venous grafts was not significantly
different between patients with left ventricular ejec-
tion fraction �50% and �50%. Three of the 28 patients
with left ventricular ejection fraction �50% experi-
enced severe myocardial ischemia, and one had a post-
operative myocardial infarction. None of the patients
with aortic or mitral valve disease had additional CAD
(as documented by angiography). Patients’ underlying
diseases, characteristics, demographic data, preoperative
morbidity, and left ventricular ejection fraction; use of
epinephrine during the weaning period from CPB and
intensive care therapy; incidence of postoperative com-
plications; and postoperative mortality are summarized
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in Tables 1 and 2 for each group. In all patients, heart rate
and cardiac output increased and systemic vascular re-
sistance decreased after CPB. Mean arterial blood pres-
sure, central venous pressure, and pulmonary artery
occlusion pressure did not change within groups. These
hemodynamic variables did not significantly differ
among groups during the study period. Global systolic
function was significantly reduced in patients with CAD
and preexisting impaired left ventricular function com-
pared with the other groups after the induction of anes-
thesia and at admission to the ICU (P � 0.05). In patients
with mitral valve disease, the left ventricular end-systolic
wall stress was increased compared with other patients
(P � 0.05) (Table 3).

The mean concentration of ANP in healthy volun-
teers was 26.8 � 9.7 pg/mL. In all patients, baseline
values of ANP were slightly increased compared with
controls (P � 0.05). This increase was more pro-
nounced in patients with mitral valve disease (P �
0.05). In all groups, ANP concentrations increased to
the highest values during reperfusion after aortic
cross-clamp and decreased thereafter (P � 0.05). This
secretion pattern was less pronounced in patients with
CAD and normal left ventricular function compared
with those with CAD and impaired left ventricular
function or with aortic or mitral valve disease. More-
over, there was no effect for ANP between groups in
the analysis of variance comparing patients with CAD
and patients with mitral or aortic valve disease (Fig.
1).

The mean control value of BNP was 15.9 � 9.6
pg/mL. BNP concentrations were also increased in all
patients at baseline. However, this increase was 6.8-
fold larger in patients with aortic valve disease com-
pared with patients with CAD (P � 0.05). Moreover,
the secretion pattern of BNP in coronary artery pa-
tients was completely different from that in patients
with aortic or mitral valve disease (Fig. 2). In patients
with CAD, BNP concentrations that were only mildly
increased under baseline conditions and increased 6 h
after admission to the ICU, reaching a maximum 24 h
after surgery. By contrast, baseline BNP concentra-
tions in patients with aortic or mitral valve disease
were approximately 14-fold and 3-fold increased, re-
spectively, and remained unchanged during the entire
observation period (P � 0.05).

In patients with CAD, the largest BNP concentra-
tions obtained 24 h after surgery correlated with the
duration of aortic cross-clamp (r � 0.57; r2 � 0.32; P �
0.006; n � 60), CPB time (r � 0.53; r2 � 0.28; P � 0.003;
n � 60), and postoperative troponin I concentrations (r
� 0.47; r2 � 0.22; P � 0.009; n � 60). Such correlations
were not found in patients undergoing aortic or mitral
valve replacement (P � 0.05). The largest ANP con-
centrations obtained during the reperfusion time, by
contrast, did not correlate with aortic cross-clamp (r �
0.127; r2 � 0.02; P � 0.405; n � 60) or CPB (r � 0.13; r2

� 0.017; P � 0.85; n � 60) time in all groups. No
significant correlation was detected between pre- and
postoperative variables of left ventricular systolic and
end-systolic meridional wall stress and the concentra-
tions of ANP and BNP at any time point (P � 0.05).

Ten of the 60 patients with CAD died during the
observation period of 730 days after coronary revas-
cularization. Before surgery, BNP, but not ANP, con-
centrations were significantly larger in nonsurvivors
(65.0 � 17.1 pg/mL; n � 10) compared with survivors
(28.8 � 9.0 pg/mL; n � 50) (P � 0.05). This difference
in BNP concentrations for survivors and nonsurvivors
was not detectable after CABG (P � 0.05). In patients
who died, troponin I concentrations were significantly
increased before surgery (survivors, 0.2 � 1.1 ng/mL;
nonsurvivors, 3.5 � 3.2 ng/mL; P � 0.05) and in-
creased 12 h after admission to the ICU (survivors, 5.7
� 2.1 ng/mL; nonsurvivors, 18.8 � 5.6 ng/mL; P �
0.05). Before and after the surgical procedure, the left
ventricular wall motion index was higher in nonsur-
vivors compared with survivors, indicating more
global left ventricular dysfunction in nonsurvivors (P
� 0.05). Figure 3 shows the values of BNP and ANP
and the left ventricular wall motion index in survivors
and nonsurvivors before and after surgery and shows
the troponin I concentrations of these patients after
CABG. Other postoperative echocardiographic vari-
ables of left ventricular systolic function did not differ
between survivors and nonsurvivors (P � 0.05).

Twelve patients had preexisting BNP concentra-
tions of �80 pg/mL, and 48 patients had concentra-
tions of �80 pg/mL. The mortality in patients with
BNP concentrations more than 80 pg/mL (4 of 12) was
2.7-fold higher than in patients with BNP concentra-
tions less than 80 p/mL (6 of 48) (P � 0.03). Significant
prognostic values for long-term outcome after CABG
were found for preoperative BNP concentrations (P �
0.008), the extent of postoperative regional wall mo-
tion abnormalities (P � 0.006), and cross-clamp time
(P � 0.044). No significant prognostic value could be
calculated for preoperative left ventricular ejection
fraction, Cleveland score, and postoperative troponin
I concentrations (Table 4).

Discussion
This study describes for the first time the secretion
pattern of ANP and BNP during and after different
cardiac surgical procedures. Natriuretic peptides are
thought to play an important role in the defense
against excess salt and water retention (1). The pep-
tides act through the bloodstream to relax vascular
smooth muscle or stimulate diuresis and natriuresis,
through an autocrine pathway to block excessive car-
diac hypertrophy and destruction, or through para-
crine mechanisms to inhibit fibroblast proliferation
(17,24–26).

14 CARDIOVASCULAR ANESTHESIA BERENDES ET AL. ANESTH ANALG
A-TYPE AND B-TYPE NATRIURETIC PEPTIDES IN CARDIAC SURGERY 2004;98:11–9



One important and novel finding of this investiga-
tion is that only the secretion of ANP was consistently
related to reloading of the heart after cross-clamp in all
cardiac surgery patients independently of the under-
lying disease. The largest concentrations of ANP were
found during reperfusion after aortic cross-clamping.
In this period, the heart is reloaded with volume after
cardiac arrest. Moreover, the timely secretion pattern

of ANP was very similar in all patient groups. Thus,
the main trigger of ANP secretion in our patients was
most likely volume reloading. A larger peak secretion
of ANP was observed in patients with primarily al-
tered left ventricular function or preexisting conges-
tive heart failure because of mitral or aortic valve
dysfunction. These groups had a larger percentage of
patients needing initial inotropic support, which may

Table 1. Patients’ Underlying Diseases and Surgical Procedures

Group Underlying disease Surgical procedure

Coronary artery disease, EF �50% (n � 32) One-vessel disease (n � 3) Coronary artery bypass grafting
Two-vessel disease (n � 6)
Three-vessel disease (n � 23)

Coronary artery disease, EF �50% (n � 28) One-vessel disease (n � 2) Coronary artery bypass grafting
Two-vessel disease (n � 5)
Three-vessel disease (n � 21)

Aortic valve disease (n � 24) Predominant stenosis (n � 13) Valve replacement (n � 24)
Predominant insufficiency (n � 11)

Mitral valve disease (n � 21) Predominant stenosis (n � 3) Valve replacement (n � 17)
Predominant insufficiency (n � 18) Valve reconstruction (n � 4)

EF � left ventricular ejection fraction.

Table 2. Demographic Data of Patients

Variable

Coronary
artery disease,

EF �50%
(n � 32)

Coronary
artery disease,

EF �50%
(n � 28)

Aortic valve
disease

(n � 24)

Mitral valve
disease

(n � 21)

Age (yr) 65 � 9 63 � 9 66 � 10 59 � 9
Height (cm) 172 � 8 169 � 9 172 � 10 166 � 10
Weight (kg) 76.1 � 10.3 72.4 � 14.5 77.3 � 13.9 70.2 � 14.4
Sex (F/M) 7/25 5/23 6/18 9/12
Body surface area (m2) 1.9 � 0.2 1.8 � 0.2 1.9 � 0.2 1.8 � 0.2
Baseline ANP concentration (pg/mL) 44 � 18 52 � 27 59 � 24 102 � 34
Baseline BNP concentration (pg/mL) 30 � 11 28 � 10 205 � 74 43 � 9
Patients with hypertension (%) 7/25 (21.9) 16/12 (57.1) 15/9 (62.5) 2/19 (9.5)
Cleveland scorea 2 � 1 12 � 2 7 � 2 14 � 4
Left ventricular ejection fraction (%) 65 � 10 36 � 8 60 � 7 44 � 11
Cross-clamp time (min) 40 � 10 45 � 16 62 � 15 51 � 14
Cardiopulmonary bypass time (min) 60 � 14 75 � 25 92 � 20 81 � 19
Use of epinephrine

Weaning period (%) 3/29 (9.4) 10/18 (35.7) 7/17 (29.1) 5/16 (23.8)
Intensive care unit (%) 1/31 (3.1) 7/21 (25.0) 3/21 (12.5) 3/18 (14.3)

No. of venous grafts 1.7 � 0.3 2.1 � 0.6 NA NA
Mechanical ventilation (h) 11 � 4 20 � 9 14 � 7 14 � 9
Intensive care therapy �24 h (%) 1/31 (3.1) 4/24 (14.3) 2/22 (8.3) 1/20 (4.7)
Postoperative complications (%)

Bleeding ND 1/27 (3.6) ND ND
Severe myocardial ischemia ND 3/25 (10.7) ND ND
Intraaortic counterpulsation ND 6/22 (21.4) ND 1/20 (4.7)
Malignant tachyarrhythmias ND 5/23 (17.8) ND 1/20 (4.7)
Myocardial infarction ND 1/27 (3.57) ND ND

Postoperative CPK-MB (U/L) 17 � 11 28 � 14 26 � 12 23 � 12
Nonsurvivors (%)b 2/30 (6.3) 8/20 (25.6) 1/23 (4.1) 2/19 (8.3)

Data are mean � sd unless otherwise noted.
ND � not detectable; NA � not applicable; CPK-MB � creatine phosphokinase (brain and cardiac muscle isoenzyme); EF � left ventricular ejection fraction;

ANP � A-type natriuretic peptide; BNP � B-type natriuretic peptide.
a The modified Cleveland score estimates patients’ preoperative comorbidity; the highest value is 32 points, indicating a very severe risk.
b Mortality was recorded to 730 days after surgery.
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also have contributed as a secretion stimulus. Al-
though there are no available data about the influence
of atrial cannulation on ANP concentrations, the pos-
sibility that the double cannulation for valve surgery
may be responsible for the larger peak concentrations
of ANP in these patients induced by muscle injury
cannot be dismissed. Moreover, ANP secretion could
be stimulated by interleukin-1, endothelins, or other
mechanisms. A further finding is the increase in basal
concentrations of ANP in all patients. Because ANP is
a defense against volume overload and hypertension,
the most likely explanation for this finding is that a
relevant percentage of patients has preexisting hyper-
tension (1,18). None of the healthy volunteers, by con-
trast, had hypertension.

The secretion pattern of BNP was completely differ-
ent and greatly varied among the patient groups. In
patients with CAD, BNP concentrations increased
6 hours after admission to the ICU, peaked after
24 hours, and decreased thereafter. A subgroup of
patients with reduced ejection fraction had larger peak
concentrations; however, the time course of secretion
was identical. Thus, the secretion of BNP did not
parallel reperfusion after aortic cross-clamping. This
observation does not necessarily exclude a role of BNP
in volume regulation. BNP, in contrast to atrial natri-
uretic peptide, is not stored in intracellular vesicles,
which may explain a delay in secretion. However, the
late onset �24 hours after reperfusion makes a key
role of this natriuretic peptide in volume regulation
less likely. We were interested to find that BNP, but
not ANP, concentrations closely correlated with the
duration of myocardial ischemia induced by aortic
cross-clamp in patients with CAD. Myocardial ische-
mia may be a key inductor of BNP secretion in these
patients. Thus, the duration of cross-clamp represents

a potential confounder for inhomogeneous BNP re-
lease after myocardial revascularization. Moreover,
only BNP was a mortality risk predictor. In aggregate,
these data suggest that the secretion stimuli and the
physiological roles of these two natriuretic peptides
are different.

It has been shown that BNP is a more powerful
predictor of left ventricular function after myocardial
infarction than ANP. Richards et al. (13) proposed that
the increase in BNP in patients with CAD may also
reflect the extent of myocardial ischemia. Our data
strongly support this concept and suggest that ische-
mia is the main secretion stimulus for BNP during
cardiac surgery. In accordance with this concept, in
patients with aortic and mitral valve disease (in whom
CAD had been excluded by angiography), BNP con-
centrations were not influenced by the surgical proce-
dure and the following intensive care therapy. In ad-
dition, we found no relationship between BNP
concentration and aortic cross-clamp time in this sub-
group of patients.

In contrast, the basal concentration of BNP in aortic
and in mitral valve patients was markedly increased.
The reason for this increase is not clear. Chronic mech-
anisms, such as long-term left ventricular volume
overload and increased wall tension after left ventric-
ular hypertrophy or increased left ventricular end-
diastolic pressure, may be responsible. This possibility
is further supported by the larger plasma concentra-
tions in patients with aortic valve dysfunction (14-fold
increase) compared with patients with mitral valve
disease (3-fold increase).

The most likely explanation for our observations
and previous reports on ANP- and BNP-null mice and
guanylyl cyclase A-null mice is that these peptides

Table 3. Patients’ Left Ventricular Systolic Function Before and After Surgery

Variable
Reference

values

Coronary artery
disease, EF �50%

Coronary artery
disease EF �50%

Aortic valve
disease

Mitral valve
disease

Before After Before After Before After Before After

Systolic function
Fractional area change (%) �50% 56 � 13 58 � 11 32 � 12* 36 � 9* 60 � 12 63 � 12 37 � 10† 41 � 8†
Fractional shortening (%) 40–50% 39 � 11 44 � 16 26 � 11* 28 � 14* 42 � 15 44 � 15 28 � 11† 32 � 9†
Left ventricular ejection

time (ms)
�300 291 � 42 271 � 48 289 � 65 262 � 49 301 � 65 280 � 46 277 � 42 260 � 52

Global left ventricular wall
motiona

0 0.5 � 0.2 0.4 � 0.3 1.8 � 0.3* 1.6 � 0.3* 1.0 � 0.6 1.1 � 0.6 1.0 � 0.6 1.1 � 0.6

Left ventricular end-systolic
wall stress (dynes/cm2)b

80–90 62 � 16 64 � 15 66 � 21 57 � 26 47 � 28 48 � 22 86 � 12† 97 � 16†

Data are mean � sd. EF � left ventricular ejection fraction.
a Global left ventricular wall motion was assessed from following views: midesophageal four-chamber view (three septal and three lateral segments),

midesophageal two-chamber view (three anterior and three inferior segments), midesopheageal long axis (two anteroseptal and two posterior segments), and
transgastric short axis (six segments at the mid level). Estimation of wall motion was performed by the same investigator and scored as follows: 0, normal wall
motion, 1, hypokinesia; 2, akinesia; and 3, dyskinesia.

b Left ventricular end-systolic wall stress was derived from the basic Laplace relationship according a previously described formula (23, 24).
* P � 0.05, patients with coronary artery disease without (EF �50%) versus with (EF �50%) left ventricular dysfunction; † P �0.05, patients with aortic versus

mitral valve disease.
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play complementary roles in the regulation of car-
diovascular homeostasis. ANP is likely to regulate
blood pressure and water-electrolyte balance,
whereas BNP may function as a ventricular local
regulator to protect the heart from damage and
fibrosis. However, both ANP and BNP act through
the guanylyl cyclase A receptor, and the secretion of
both peptides is thought to be triggered by similar
mechanisms (2). There are several possible explana-
tions for this apparent discrepancy. ANP and BNP
display a different distribution pattern in the heart.
ANP is stored in granules within the cardiac atrial
myocytes, and atrial stretch causes an immediate
release of the granules, enabling very rapid endo-
crine and local effects. BNP, in contrast, is more
widespread in atrial and ventricular tissue. BNP is
not stored in granules, and its secretion is rather
constitutive. Moreover, BNP may also have an

autocrine-paracrine role to modulate left ventricular
and coronary vascular function, to abbreviate con-
tractile function, and to accelerate isovolumic relax-
ation mediated by its second messenger guanosine
3',5'-cyclic monophosphate (27).

BNP, but not ANP, was shown to be a mortality risk
predictor in our patients with CAD. Patients who died
within the first 2 years had significantly larger con-
centrations of BNP before surgery. It has previously
been shown that BNP is a hormonal predictor of death
in patients with CAD, especially in those with myo-
cardial infarction (11,12). Our data show that preop-
erative BNP may also provide independent informa-
tion for risk prediction in patients undergoing CABG
and support previous findings that BNP concentra-
tions of 80 pg/mL in patients with CAD predict a
worse long-term outcome (12). However, our findings
suggest further that the measurement of preoperative,

Figure 1. Time course of A-type natriuretic peptide concentrations
during and after coronary artery bypass grafting with and without
left ventricular dysfunction (A) and aortic and mitral valve replace-
ment (B). Mean values of healthy volunteers are indicated by the
dotted lines. Data are mean � sd. ANP � A-type natriuretic pep-
tide; CPB � cardiopulmonary bypass; ICU � intensive care unit; EF
� left ventricular ejection fraction.

Figure 2. Time course of B-type natriuretic peptide concentrations
during and after coronary artery bypass grafting with and without
left ventricular dysfunction (A) and aortic and mitral valve replace-
ment (B). Mean values of healthy volunteers are indicated by the
dotted lines. Data are mean � sd. BNP � B-type natriuretic peptide;
CPB � cardiopulmonary bypass; ICU � intensive care unit; EF �
left ventricular ejection fraction.
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but not of intra- or postoperative, BNP allows predic-
tion of long-term outcome in patients undergoing
CABG. Interpretation of troponin I concentrations re-
veals a similar problem. Although postoperative car-
diac troponin I concentrations were larger in patients
who died during the following 2 years after coronary
artery grafting, no predictive value could be calcu-
lated for this variable. Moreover, for postoperative
cardiac troponin I, a cutoff value for relevant myocar-
dial ischemia could not be defined. Thus, periopera-
tive myocardial ischemia was detected by relevant ST
segment changes and echocardiographic detection of
new regional wall motion abnormalities and was only
supported by measured troponin I concentrations.

Two limitations of our study are the relatively small
sample size and the inhomogeneity of subgroups.
However, we measured ANP and BNP plasma con-
centrations at several time points during and after the

surgical procedures, demonstrated a differential secre-
tion pattern for the peptides, and showed that BNP,
but likely not ANP, concentrations are dependent on
the underlying disease.

In conclusion, ANP and BNP show a differential
secretion pattern in cardiac surgery patients. ANP
seems to be primarily associated with volume reload-
ing of the heart after cross-clamp. The secretion of
BNP, in contrast, is related to other factors, such as
ischemia or increased myocardial wall tension. Preop-
erative BNP, but not postoperative BNP, concentra-
tions are helpful for the prediction of long-term out-
come after CABG.

We thank Dr. David Garbers for many helpful comments and
suggestions and for critical reading of the manuscript.

Table 4. Prognostic Value of Preoperative BNP Concentrations and Confounding Variables in Patients with Coronary
Artery Disease

Variable B Wald index P value

Preoperative BNP concentrations 0.058 6.954 0.008
Duration of intraoperative myocardial ischemia �0.145 4.057 0.044
Cleveland score 0.378 2.427 0.119
Postoperative troponin I �0.005 0.054 0.995
Preoperative left ventricular ejection fraction 0.024 0.447 0.504
Postoperative wall motion abnormalities 4.342 7.702 0.006

Cox regression analysis; Wald index indicates the significance of the calculated coefficient (B).
BNP � B-type natriuretic peptide.

Figure 3. Pre- and postoperative values of B-type natriuretic peptide (A), postoperative troponin I values (B), pre- and postoperative values
of A-type natriuretic peptide (C), and left ventricular wall motion abnormalities (D) in patients who survived (n � 50) and died (n � 10)
during the first 730 days after coronary artery bypass grafting. Postoperative values of natriuretic peptides and cardiac troponin I were
determined 12 h after surgery. Data are mean � sd. *P � 0.05; **P � 0.001. ANP � A-type natriuretic peptide; BNP � B-type natriuretic
peptide.

18 CARDIOVASCULAR ANESTHESIA BERENDES ET AL. ANESTH ANALG
A-TYPE AND B-TYPE NATRIURETIC PEPTIDES IN CARDIAC SURGERY 2004;98:11–9



References
1. Levin ER, Gardner DG, Samson WK. Natriuretic peptides.

N Engl J Med 1998;339:321–8.
2. Tamura N, Chrisman TD, Garbers DL. The regulation and phys-

iological roles of the guanylyl cyclase receptors. Endocr J 2001;
48:611–34.

3. Takahashi K, Totsune K, Sone M, et al. Human brain natriuretic
peptide-like immunoreactivity in human brain. Peptides 1991;
13:121–3.

4. Wei C, Heublein DM, Perella MA, et al. Natriuretic peptide
system in human heart failure. Circulation 1993;88:1004–9.

5. Stevens TL, Burnett JC Jr, Kinoshita M, et al. A functional role
for endogenous atrial natriuretic peptide in a canine model of
early left ventricular dysfunction. J Clin Invest 1995;95:1101–8.

6. Berendes E, Walter M, Cullen P, et al. Secretion of brain natri-
uretic peptide in patients with aneurysmal subarachnoid haem-
orrhage. Lancet 1997;349:245–9.

7. Walter M, Berendes E, Claviez A, Suttorp M. Inappropriate
secretion of natriuretic peptides in a patient with a cerebral
tumor. JAMA 1999;282:27–8.

8. Berger TM, Kistler W, Berendes E, et al. Hyponatremia in a
pediatric stroke patient: SIADH or cerebral salt wasting. Crit
Care Med 2002;30:792–5.

9. Talwar S, Squire IB, Downie PF, et al. Profile of plasma
N-terminal proBNP following acute myocardial infarction: cor-
relation with left ventricular dysfunction. Eur Heart J 2000;21:
1514–21.

10. Richards AM, Nicholls MG, Yandle TG, et al. Neuroendocrine
prediction of left ventricular function and heart failure after
acute myocardial infarction. Heart 1999;81:114–20.

11. Omland T, Aakvaag A, Bonarjee VV, et al. Plasma brain natri-
uretic peptide as an indicator of left ventricular systolic function
and long-term survival after acute myocardial infarction: com-
parison with plasma atrial natriuretic peptide and N-terminal
proatrial natriuretic peptide. Circulation 1996;93:1963–9.

12. De Lemos JA, Morrow DA, Bentley JH, et al. The prognostic
value of B-type natriuretic peptide in patients with acute coro-
nary syndromes. N Engl J Med 2001;345:1014–21.

13. Richards AM, Nicholls MG, Yandle TG, et al. Plasma N-terminal
probrain natriuretic peptide and adrenomedullin: new neuro-
humoral predictors of left ventricular function and prognosis
after myocardial infarction. Circulation 1998;97:1921–9.

14. Arakawa N, Nakamura M, Aoki H, Hiramori K. Plasma brain
natriuretic peptide concentrations predict survival after acute
myocardial infarction. J Am Coll Cardiol 1996;27:1656–61.

15. Berendes E, Van Aken H, Raufhake C, et al. Differential secre-
tion of atrial and brain natriuretic peptide in critically ill pa-
tients. Anesth Analg 2001;93:676–82.

16. John SW, Krege JH, Oliver PM, et al. Genetic decreases in atrial
natriuretic peptide and salt-sensitive hypertension. Science
1995;267:679–81.

17. Tamura N, Ogawa Y, Chusho H, et al. Cardiac fibrosis in mice
lacking brain natriuretic peptide. Proc Natl Acad Sci U S A
2000;97:4239–44.

18. Lopez MJ, Wong SK, Kishimoto I, et al. Salt-resistant hyperten-
sion in mice lacking the guanylyl cyclase-A receptor for atrial
natriuretic peptide. Nature 1995;378:65–8.

19. Avidan MS, Meehan N, Ponte J, et al. Changes in brain natri-
uretic peptide concentrations following open cardiac surgery
with cardioplegic cardiac arrest. Clin Chim Acta 2001;303:
127–32.

20. Chello M, Mastroroberto P, Perticone F, et al. Plasma levels of
atrial and brain natriuretic peptide as indicators of recovery of
left ventricular systolic function after coronary artery bypass
grafting. Eur J Cardiothorac Surg 2001;20:140–6.

21. Reichek N, Wilson J, St. John Sutton M, et al. Noninvasive
determination of left ventricular end-systolic stress: validation
of the method and initial application. Circulation 1982;65:
99–108.

22. Schmidt C, Roosens C, Strys M, et al. Contractility in humans
after coronary artery surgery. Anesthesiology 1999;91:58–70.

23. Higgins TL. Quantifying risk and assessing outcome in cardiac
surgery. J Cardiothorac Vasc Anesth 1998;12:3570–71.

24. Taylor KM, Bain WH, Morton JJ. The role of angiotensin II in the
development of peripheral vasoconstriction during open-heart
surgery. Am Heart J 1980;100:935–7.

25. Davies GC, Sobel M, Salzman EW. Elevated plasma fibrinopep-
tide A and thromboxane B2 levels during cardiopulmonary
bypass. Circulation 1980;61:808–14.

26. deBold AJ, Bruneau KG, Kuroski deBold ML. Mechanical and
neuroendocrine regulation of the endocrine heart. Cardiovasc
Res 1966;31:7–18.

27. Yamamoto K, Burnett JC, Redfield MM. Effect of endogenous
natriuretic peptide system on ventricular and coronary function
in failing heart. Am J Physiol 1997;273:H2406–14.

ANESTH ANALG CARDIOVASCULAR ANESTHESIA BERENDES ET AL. 19
2004;98:11–9 A-TYPE AND B-TYPE NATRIURETIC PEPTIDES IN CARDIAC SURGERY


