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Abstract Objective: The mixed ve-
nous-arterial (v-a) pCO2 difference
has been shown to be inversely cor-
related with the cardiac index (CI). A
central venous pCO2, which is easier
to obtain, may provide similar infor-
mation. The purpose of this study was
to examine the correlation between
the central venous-arterial pCO2 dif-
ference and CI. Design: Prospective,
cohort study. Setting: Intensive care
unit of an urban tertiary care hospital.
Patients and participants: Eighty-
three consecutive intensive care unit
patients. Measurements: Simultane-
ous blood gases from the arterial,
pulmonary artery (PA), and central
venous (CV) catheters were obtained.
At the same time point, cardiac in-
dices were measured by the thermo-
dilution technique (an average of
three measurements). The cardiac
indices obtained by the venous-arte-
rial differences were compared with
those determined by thermodilution.
Results: The correlation (R2) between
the mixed venous-arterial pCO2 dif-
ference and cardiac index was 0.903 (
p <0.0001), and the correlation be-
tween the central venous-arterial
pCO2 difference and cardiac index

was 0.892 ( p <0.0001). The regres-
sion equations for these relationships
were natural log (CI)=1.837�0.159
(v-a) CO2 for the PA and natural log
(CI)=1.787�0.151 (v-a) CO2 for the
CV ( p <0.0001 for both). The root-
mean-squared error for the PA and
CV regression equations were 0.095
and 0.101, respectively. Conclusion:
Venous-arterial pCO2 differences
obtained from both the PA and CV
circulations inversely correlate with
the cardiac index. Substitution of a
central for a mixed venous-arterial
pCO2 difference provides an accurate
alternative method for calculation of
cardiac output.

Keywords Carbon dioxide ·
Cardiac output · Central venous ·
Hemodynamics · Venous-arterial
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Introduction

Cardiac output is a fundamental measurement in the he-
modynamic assessment of critically ill patients. The
thermodilution technique, using a flow-directed pulmo-

nary artery catheter (PAC), has traditionally been the
most frequently utilized method to measure flow [1].
However, this technology is not readily available in all
clinical settings such as the emergency department, the
intermediate care unit, or the general practice unit. A
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number of alternative techniques have been proposed to
measure cardiac output with varying degrees of accuracy,
accessibility, and ease of use [1]. One such method con-
sists of calculating the cardiac output based upon the
measurement of the mixed venous-arterial partial pressure
of carbon dioxide (pCO2) difference [2].

The mixed venous-arterial pCO2 difference is deter-
mined by subtracting the peripheral arterial pCO2 from
the mixed venous pCO2 (pulmonary artery, PA). Ob-
taining a mixed venous-arterial (v-a) pCO2 difference
requires access to the pulmonary arterial circulation and
thus has limitations similar to the PAC. Furthermore, if a
PAC is in place, cardiac output can be obtained by ther-
modilution, and the clinical utility of an alternative
method of measurement is diminished. In contrast, central
venous (CV) access is more frequently and easily ob-
tained, yet no direct measure of cardiac output can be
calculated. The substitution of a central venous pCO2 for
a mixed venous pCO2 may yield a similar inverse rela-
tionship to cardiac output [3]. If this relationship could be
obtained by substitution of central venous pCO2, cardiac
output could be calculated in a more feasible and rapid
fashion. The purpose of this study was to examine the
correlation between the central venous-arterial pCO2
difference and the cardiac index (CI).

Materials and methods

A prospective cohort study of 83 consecutive critically ill patients
was performed in a large inner-city tertiary care intensive care unit.
Patients were eligible for enrollment if they had pulmonary and
radial or femoral artery catheterization. The study was approved by
the Henry Ford Hospital Review Board for Human Research.

Arterial, central venous, and mixed venous blood gases (Radi-
ometer, Waltham, MA, USA) were obtained from all 83 patients.
Simultaneously, thermodilution cardiac output measurements were
determined from the pulmonary artery catheter (Baxter-Edwards,
Irvine, CA, USA). Thermodilution cardiac output was measured at
end expiration by injecting 10 ml of isotonic saline at 24–26.5�C
through the proximal port of the catheter. Three cardiac outputs,
which were within 10% of each other, were obtained and averaged.
The venous-arterial pCO2 differences were calculated from the
pCO2 from both the central venous system and the pulmonary ar-
tery. Cardiac index was calculated by dividing the cardiac output by
the body surface area.

Statistical analysis

The agreement between the mixed and central venous pCO2 dif-
ferences was graphically described using a Bland/Altman plot. An
intra-class correlation coefficient was obtained to measure the
strength of the agreement between the mixed and central readings.

Linear regression equations were derived to depict the rela-
tionships between the natural log of the cardiac index (CI) and the
venous-arterial pCO2 differences from both the central and mixed
venous circulations. Pearson correlation coefficients and root-
mean-squared errors were obtained to evaluate the strength of the
relationships.

Results

Samples from 83 individual critically ill patients were
analyzed in the study group. All patients enrolled were
mechanically ventilated. The mean age of the patients was
62.6€7 years, with a range of 36–98 years. The mean
temperature was 37.7€1.0�C with a range of 35.5–41.1�C.
The spectrum of disease states is represented in Table 1.
The cardiac indices ranged from 1.6 l/min/m2 to 9.2 l/
min/m2, with a mean cardiac index of 3.6€1.2 l/min/m2.
The mean venous-arterial pCO2 gradients were 3.8€
1.8 mmHg and 3.7€1.3 mmHg in the CV and PA, re-
spectively (p�0.05). Using a cardiac index of 2.5 l/min/
m2 to distinguish between a normal and low flow state, 12
of 83 patients had a cardiac index of less than 2.6 l/
min/m2. The mean venous-arterial pCO2 differences for
those in a low flow state were 6.9€0.9 mmHg and
6.8€0.7 mmHg for the CV and PA gases, respectively
(p=0.1). For patients with a normal flow state, the venous-
arterial pCO2 differences were 3.1€1.4 mmHg and
3.3€1.4 mmHg for the CV and PA circulation, respec-
tively (p<0.05).

To secondarily evaluate the agreement between the
mixed and central pCO2 difference data, a Bland/Altman
plot of each patient’s pCO2 difference delta (mixed minus
central) versus the corresponding mixed and central ve-
nous pCO2 average is given in Fig. 1. Regarding the pCO2
difference delta (mixed minus central), the mean is 0.14;
the standard deviation is 0.39; the minimum is �0.8, and
the maximum is 1.0. The mean delta of 0.14 is signifi-
cantly different from 0 (paired t-test p value<0.05), sug-
gesting that the mixed pCO2 difference readings tend to
be very slightly higher than central pCO2 differences.
However, the data points in the Bland/Altman plot appear
to be well scattered, and the limits-of-agreement band
(mean€SD) of �0.64 to 0.92 appears to be relatively
narrow, suggesting good overall agreement between the
mixed and central pCO2 differences. Furthermore, the
intra-class correlation coefficient between the mixed and
central pCO2 differences is 0.978, indicating extremely
good agreement.

The relationship between the cardiac index and the
venous-arterial pCO2 difference was evaluated for both
circulations using linear regression analysis. Linear re-

Table 1 Diagnosis, quantity, and cardiac indexes of study patients

Diagnosis Number Cardiac index range

Hypovolemic shock 10 2.0–8.0 l/min/m2

Intra-abdominal sepsis 25 2.1–9.2 l/min/m2

Intra-op cardiac arrest 2 3.0–4.0 l/min/m2

Pentobarbital coma 7 2.5–5.3 l/min/m2

Peri-op monitoring 3 2.8–5.4 l/min/m2

Post-op myocardial infarct 26 1.6–4.7 l/min/m2

Post-op respiratory arrest 4 2.4–3.8 l/min/m2

Vasospasm 3 2.0–4.6 l/min/m2

Total 83 1.6–9.2 l/min/m2
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gression models with the best fit were obtained using the
natural log of the cardiac index. The resulting regression
lines and 95% individual prediction interval bands are
given in Figs. 2 and 3. The regression equations for these
relationships are natural log (CI)=1.837�0.159 (v-a) CO2
for the PA and natural log (CI)=1.787�0.151 (v-a) CO2
for the CV (p<0.0001 for both). The resulting (R2) (cor-
relation coefficient squared) for the model involving the
mixed venous-arterial pCO2 difference and cardiac index
is 0.903 (p<0.0001), which is very similar to the resulting
R2 of 0.892 (p<0.0001) for the model involving the cen-
tral venous-arterial pCO2 difference data. The root-mean-
squared error for the PA and CV regression equations are
also very similar (0.095 and 0.101, respectively).

Discussion

Circulatory failure secondary to hypovolemia, sepsis, and
primary cardiac dysfunction is associated with increased
tissue (mixed venous) hypercapnia [4]. Mixed venous
hypercapnia results when cellular oxidation overwhelms
existing buffering systems. While arterial pCO2 is vari-
able and dependent on pulmonary gas exchange, mixed
venous pCO2 is dependent on circulatory flow. Thus, an
increased difference reflects decreased flow [2,5–12]. The
Fick principle states that the mass flux of a diffusing
substance is proportional to the concentration gradient in
that direction. Applying the Fick principle to cardiac
output, the cardiac output is calculated from the ratio
between alveolar oxygen uptake and arteriovenous oxy-
gen content difference (cardiac output=VO2/CaO2�C-
vO2), or from the ratio of carbon dioxide production and
arteriovenous carbon dioxide content difference (car-
diac output=VCO2/(CaCO2�CvCO2). By substituting
CO2 pressure for content and rearranging the equation, the
inverse relationship between cardiac output and the mixed
venous-arterial pCO2 difference can be seen [13]. An
increase in the venous-arterial pCO2 difference occurs in
states of decreased flow, regardless of the reason for the
circulatory failure, and this has been demonstrated in
clinical trials to be inversely related to cardiac output [2,
5, 7, 8, 10,14].

Clinical assessment of cardiac output is largely limited
to the use of a pulmonary artery catheter. Unfortunately,
the PAC cannot be utilized when the technology is not
available (i.e., emergency department, intermediate care
unit, or general practice unit) or the risks for placement
are unjustifiably high [1, 15,16]. A reliable substitution,
such as a central venous-arterial pCO2 difference, is
practical and can provide immediate information until a

Fig. 1 This Bland/Altman plot reveals strong agreement between
the mixed and central pCO2 differences

Fig. 2 The mixed venous-arterial pC02 difference is correlated
with the line of the cardiac index (R2=0.903)(p<0.0001). The outer
lines represent 95% prediction intervals. Cardiac index =l/min/m2

Fig. 3 The central venous-arterial pC02 difference is correlated
with the line of the cardiac index (R2=0.892)(p<0.0001). The outer
lines represent 95% prediction intervals. Cardiac index=l/min/m2
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