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 .Introduction

Brain natriuretic peptide (BNP) was first isolated from porcine 
brain and then was found to be synthesized by myocytes and 
fibroblast in the atria and ventricle in response to left ventricular 
filling pressure and wall stress (1). Since its discovery, BNP has 
been extensively studied in many clinical settings. In urgent 
care setting, it has been consistently proven to be a helpful 
tool in differentiating dyspnea caused by chronic heart failure 
from noncardiac dyspnea (2,3), and BNP testing has become 
a standard part of the evaluation in patients presented to the 

emergency department with dyspnea. In chronic heart failure, 
circulating concentrations of BNP are elevated in proportion 
to the severity of symptoms and the degree of ventricular 
dysfunction (4,5). Additionally, the measurement of a single 
BNP level significantly improves the management of patients 
with acute dyspnea, and thus reduces the length of hospital stay 
and medical costs (6). 

Stretch of cardiomyocytes is believed to be the most 
important stimulus of BNP regulation (7), and many human 
studies have focused on the correlation between BNP levels and 
cardiac filling pressure (8). Although a significant correlation 
exists between serum BNP levels and cardiac filling pressure, 
this correlation is not sufficiently strong to make BNP a reliable 
surrogate indicator of cardiac filling pressure (9-11). However, 
a large body of evidence suggests that cardiac filling pressure 
may not be a good indicator of the stretch of cardiomyocytes, 
especially in the critical care setting (12,13). Factors such as 
mechanical ventilation, use of vasoactive agents and cardiac wall 
compliance all contribute significantly to the measurement of 
filling pressure. Thus, it is not surprising that the filling pressure 
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is only modestly correlated to plasma BNP.
With the development of new techniques, more indices of 

cardiac performance can be measured with less invasive technique. 
PiCCO-technology is one of such system that can provide 
many cardiac parameters by using thermodilution method (14). 
Global end diastolic volume (GEDV) is an index that can be 
measured with this system and has been found to be a more 
accurate indicator of cardiac preload than filling pressures (15,16). 
However, the correlation between plasma BNP and GEDV 
has not been extensively studied. To our best knowledge, only 
one small study enrolled eight patients has been conducted in 
this area (17). Thus, to better establish the correlation between 
plasma BNP and GEDVI, we conducted this prospective 
study in a cohort of critically ill patients who required PiCCO 
monitoring. Because BNP concentrations are influenced by many 
factors such as sex, age, renal function and cardiac impairment, a 
single value of BNP may not be related to a fixed volume status. 
However, because factors influencing BNP concentrations 
remain unchanged in a single patient within a short period, we 
hypothesized that changes in BNP was correlated with changes 
in GEDVI and serial measurements of BNP could reflect changes 
in volume status in an individual patient. 

 .Methods

Study population

The study was conducted between August 2010 and August 2011 
in a tertiary teaching hospital. Patients admitted to the 18-bed 
intensive care unit (ICU) and required PiCCO monitoring were 
evaluated for inclusion. Indications for PiCCO monitoring were: 
(I) shock defined by the presence of 4 criteria (Heart rate of at 
least 90/min; a respiratory rate of at least 20/min or a PaCO2 

of 32 mmHg or lower or the use of mechanical ventilation; the 
use of vasopressors to maintain a systolic blood pressure of at 
least 90 mmHg despite fluid resuscitation, low dose of dopamine  
(≤5 μg/kg per minute), or dobutamine; at least 1 of 3 signs of 
hypoperfusion (urine output <0.5 mL/kg of body weight per 
hour for 1 hour or more; neurologic dysfunction defined by 
confusion, psychosis, or a Glasgow coma scale score of ≤6; 
plasma lactate higher than the upper limit of the normal value); 
and (II) acute respiratory distress syndrome (ARDS) defined by 
the presence of more than 24 hours of 4 criteria: acute decrease 
in PaO2/FIO2 to 200 mmHg or lower, whatever the level of 
positive end-expiratory pressure; bilateral pulmonary infiltrates 
or a chest radiograph consistent with edema; no clinical evidence 
of left atrial hypertension; and requirement for positive pressure 
ventilation. Patients were excluded if they were: younger than  
18 years, older than 80, moribund, experienced hemorrhagic 
shock, or had thrombocytopenia (≤10.0×109/L) or renal 
dysfunction (serum creatinine >200 μmol/L), or the patient 

signed do-not-resuscitation order. Baseline characteristics 
including sex, age, clinical diagnosis, APACHII score and 
reasons for hemodynamic monitoring were recorded at ICU 
admission. During treatment, valuables such as fluid balance, use 
of vasoactive agents and mechanical ventilation were recorded. 
Because this was an observational study, informed consent was 
waived. The study was approved by the Ethics Committee of 
our hospital and registered in Chinese Clinical Trial Registry 
(ChiCTR-OCH-11001332).

PiCCO monitoring

We used the PiCCO system (PULSION medical system, 
Germany) for the hemodynamic monitoring. This system is 
a transpulmonary thermodilution method that can provide 
information on volume status, including global end diastolic 
volume index (GEDVI), inrathoracic blood volume index (ITBVI) 
and central venous pressure (CVP). A central venous catheter 
was inserted into the internal jugular vein or subclavian vein, and 
PiCCO arterial catheter was inserted into the femoral artery. Then 
10-15 mL normal saline at the temperature of <8 ℃ was injected 
into the central vein, and various hemodynamic parameters can be 
obtained through analysis of variations in blood temperature taken 
by the temperature sensor of the arterial catheter. The recordings of 
hemodynamic parameters were carried out at least every 8 hours. 
After the first measurement, fluid management and the use of 
vasoactive agents were instituted according the protocol of our 
institution. The first 8-hour was used as the study period and 
blood sampling for BNP was taken simultaneously at the first 
two transpulmonary thermodilution measurements. 

Statistical analysis

Continuous variables were expressed as mean±standard 
deviation or median and interquartile range as appropriate. 
Categorical data were expressed as proportion. Pairwise 
correlation was used to test the correlation between BNP and 
cardiac parameters (CI, CVP, GEDVI and ITBVI). Because BNP 
values were not normally distributed, Spearman correlation 
analysis was used to analyze its correlation with GEDVI. 
ΔGEDVI was the difference between two measurements of 
GEDVI, its correlation with the difference of corresponding 
BNP values (ΔBNP) was analyzed. Two tailed test was used 
and a P value of <0.05 was considered statistically significant. 
Software Stata 10.0 (College Station, TX 77845 USA) was used 
for the statistical analysis.

 .Results

Clinical and hemodynamic characteristics of the 46 patients are 
shown in Table 1. The median age was 71 years old. More male 
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patients were included with a male to female ratio of 30/16. The 
median APACHE II score was 23. The most common reason for 
PiCCO monitoring was septic shock (37%), followed by heart 
failure (19.6%), ARDS (21.7%) and hypovolemic shock (21.7%). 
Twenty-nine (63%) patients required mechanical ventilation 
and 39 (84.8%) required vasopressor/inotropes support due to 
hemodynamic instability. The median baseline serum creatinine 
was 142.5 μmol/L. The hemodynamic parameters were as follows: 
the median heart rate was 105 beats/min; the invasive arterial 
blood pressure was 126/66 mmHg; the median central venous 
pressure (CVP) was 9 mmHg; the median cardiac index (CI) 
was 3.47 L/min/m2; the median stroke index was 31 mL/m2;  
the median systemic vascular resistance index (SVRI) was  
1,873 dyne∙sec/cm5∙m2; the median EVLWI was 9 mL/kg. 

The concentration of BNP (median 4,602 pg/mL; IQR 1,988 
to 12,439 pg/mL) was markedly elevated. However, the BNP 
concentration showed a weak and insignificant correlation with 
GEDVI (Figure 1; rho=-0.09, P=0.56). Each given GEDVI value 
was associated with wide ranges of BNP values. The differences 
of respective GEDVI (ΔGEDVI) and ΔBNP) between two 
measurements were obtained. ΔBNP showed significant correlation 
with ΔGEDVI (Figure 2; rho=0.52, P<0.01). Table 2 displays the 
correlation between logBNP with other variables. Age (r=0.43, 
P=0.002), serum creatinine (r=0.36, P=0.012) and CI (r=-0.35, 
P=0.016) were significantly correlated with logBNP. Other variables 
such as APACHE II score, CVP, HR, ITBVI, EVLWI and SVRI 
were not significantly correlated with logBNP. To exclude the 
influence of confounding factors on the relationship between BNP 
and GEDVI, multivatiate regression analysis was performed. The 
result showed that ΔBNP remained independently associated with 
ΔGEDVI (coefficient =0.012; 95% CI: 0.006-0.02). 

 .Discussion

The study is among the few studies (11,18,19) that investigated 
the correlation between BNP concentration and parameters 
representative of cardiac preload. What is unique to our study 
is the use of transpulmonary thermodilution technique to 
evaluate cardiac preload (represented by GEDVI), which is 
thought to be more accurate than that estimated by filling 
pressures. However, our result showed that BNP concentration 
was not correlated with single measurement of GEDVI 
(rho=-0.09, P=0.56). W hen serial measurements of BNP 
concentrations and GEDVI were used for correlation analysis, 
ΔBNP showed significant correlation with ΔGEDVI (Figure 2; 
rho=0.52, P<0.01). The result was in line with other studies 
showing that BNP dropped in parallel with the reduction of 
cardiac preload (18,20). This is likely due to that many factors 
that (age, gender, renal function) cause wide variations in BNP 
in patients with similar volume status usually remain unaltered 
in a single patient, and serial measurement of BNP may be 
useful tool in monitoring hemodynamic changes. One clinical 
indication of our result is that, when a patient with initial 
high BNP concentration show reduced BNP after aggressive 
treatment, the volume status may be optimized. However, 
because there are wide variations in ΔGEDVI for any given 
value of ΔBNP, BNP concentration cannot replace invasive 
techniques (e.g., PiCCO, Swan-Ganz catheter) to quantitatively 
assess patient volume status. 

The weak correlation between BNP and GEDVI is most 
probably due to the heterogeneity of included patients, which 
is an inherent limitation of studies conducted in mixed ICU. 
Previous studies identified strong correlation between BNP and 

Figure 1. Scatterplots showing the correlation between global end 
diastolic volume index (GEDVI) and brain natriuretic peptide 
(BNP). The shaded area represents the 95% confidence interval of 
the correlation line. The figure shows that BNP is not correlated with 
GEDVI (P=0.56).

Figure 2. Scatterplots showing the correlation between Delta global end 
diastolic volume index (ΔGEDVI) and delta brain natriuretic peptide 
(ΔBNP). The shaded area represents the 95% confidence interval of the 
correlation line. The figure shows that ΔBNP correlates with ΔGEDVI 
(P<0.01).
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Our secondary analysis showed that age, CI and serum 
creatinine were significantly correlated with BNP. Consistently 
with other studies (23-26), advanced age was found to be 
associated with increased BNP concentrations. This is thought to 
be due to age-related myocardial fibrosis and dysfunction. Even 
in normal subset of population (without cardiovascular, renal or 
pulmonary diseases), a correlation between age and BNP still 
exists. This has led to the call for age-specific reference range for 
BNP to classify heart failure (27). CI correlates significantly but 
weakly with BNP concentration (r=–0.35, P=0.016), which was 
consistent to the study by Forfia PR (11). CI is dependent on 
cardiac preload and contractility, and its value partly explains 
the fluctuation of BNP concentrations. Renal function has long 
been known as a determinant of circulating BNP level, because 
BNP is primarily excreted from kidney (28,29). Furthermore, 
renal dysfunction may coexist with higher arterial and systemic 
pressure, and greater ventricular mass, all factors contribute to 
BNP release. We have tried to reduce the impact of renal function 
on BNP levels by restricting study population to those with 
serum creatinine <200 μmol/L. However, the result indicates 
that even mild impairment of renal function contributes to the 
elevated BNP concentration. 

In conclusion, the current study demonstrated that changes in 
BNP concentration was correlated with changes in GEDVI and 
serial measurement of BNP might be a useful tool for monitoring 
volume status. Other factors such as age, CI and renal function 
were also contributors of BNP concentration. 
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Table 1. Clinical and hemodynamic characteristics of the 46 pa-
tients.

Clinical characteristics 

Age, yrs [median, IQR] 71 [58, 77]

Gender [male/female] 30/16

APACHE II score [median, IQR] 23 [17, 29]

Diagnosis 

 Septic shock 17 [37.0%]

 Heart failure 9 [19.6%]

 ARDS 10 [21.7%]

 Hypovolemic shock 10 [21.7%]

 Mechanical ventilation 29 [63.0%]

 Use of vasopressor/inotropes 39 [84.8%]

 Serum creatinine level [μmol/L] 142.5 [86, 177]

Hemodynamic parameters [median, IQR]

 Heart rate [beats/min] 105 [91, 118]

 ABPs [mmHg] 126 [110, 135]

 ABPd [mmHg] 66 [60, 72]

 CVP [mmHg] 9 [7, 13]

 GEDVI [mL/m2] 677 [611, 811]

 ITBVI [mL/m2] 846 [763, 1,014]

 CI [L/min/m2] 3.47 [2.63, 4.09]

 SI [mL/m2] 31 [23, 43]

 SVRI [dyne · sec/cm5·m2] 1873 [1,430, 2,465]

 EVLWI [mL/kg] 9 [6.6, 13]

Abbreviations: IQR, interquartile range; APACHE II, Acute Phys-
iology and Chronic Health Evaluation II; ARDS, acute respiratory 
distress syndrome; ABPs, systolic arterial blood pressure; CVP, 
central venous pressure; CI, cardiac index; SI, stroke index; SVRI, 
Systemic vascular resistance index; EVLWI, extravascular lung 
water index. Hemodynamic parameters were measured immedi-
ately after installation of PiCCO system (the first measurement).

Table 2. Univariate correlations (r) of Log BNP with hemody-
namic and other clinical parameters.

Parameter r P value

Age 0.43 0.002

Serum creatinine 0.36 0.012

APACHE II –0.04 0.753

CVP 0.21 0.156

CI –0.35 0.016

HR 0.20 0.173

ITBVI –0.24 0.114

SVRI 0.09 0.561

EVLWI 0.23 0.130

Abbreviations: APACHE II, Acute Physiology and Chronic Health 
Evaluation II; CVP, central venous pressure; CI, cardiac index; 
SVRI, Systemic vascular resistance index; EVLWI, extravascu-
lar lung water index; ITBVI, intrathoracic blood volume index.

volume status were those focused almost exclusively on patients 
with significant left ventricular dysfunction (21,22). However, a 
recent small study (17) focused on heterogeneous ICU patients 
also found significant correlation between NT-proBNP and 
GEDVI (r=0.61), and the author suggested NT-proBNP was 
a good indicator of cardiac preload. In contrast to our study, 
this study focused on patients receiving large volumes fluid 
replacement (>1,000 mL within 4 hours after hospitalization). 
This aggressive volume resuscitation may place cardiomyocytes 
at overly stretched status, in which BNP release correlates better 
with GEDVI. For patients with volume depletion, more fluid 
infusion (increased GEDVI) will simply put cardiomyocytes to 
their normal functional status but not overly stretch them, and 
BNP concentration will not increase proportionally to GEDVI.
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