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Abstract Objective: To compare
a modified pulmonary artery catheter
(PAC) and pulse-contour analysis by

the PiCCO (Pulsion Medical Systems,
Munich, Germany) system for contin-
uous assessment of cardiac output in
patients with septic shock. In addition,
to assess the relationships between an
index of global end-diastolic volume
(GEDV) derived by the PiCCO system
with traditional PAC-derived indica-
tors of filling: central venous pressure;
pulmonary artery occlusion pressure;
and right ventricular end-diastolic
volume (RVEDV). Design: Prospec-
tive cohort study. Setting: Surgical
intensive care unit of a university
hospital. Patients and participants:
14 patients with septic shock. Inter-
ventions: None. Measurements and
results: A significant correlation was
found between continuous cardiac
output by PAC (CCOPAC) and by
pulse-contour analysis (r2 = 0.714,
p < 0.0001), accompanied by a bias
of 0.1 l min–1 and a precision of
2.7 l min–1. The correlation between
CCOPAC and cardiac output measured

by transcardiopulmonary thermodilu-
tion was also significant (r2 = 0.781,
p < 0.0001). There was a bias for
the two methods of 0.2 l min–1, and
a precision of 2.2 l min–1. The GEDV
showed no correlation with central
venous pressure, pulmonary artery
occlusion pressure, or RVEDV. Con-
clusion: In patients with septic shock,
the averaged bias in continuous mea-
surement of cardiac output by both
a modified pulmonary artery catheter
and pulse-contour analysis was small,
but variability was large. No correla-
tion was found between GEDV and
RVEDV. The clinical importance of
different cardiac filling parameters
needs further investigation.

Keywords Cardiac output · Central
venous pressure · Continuous moni-
toring · Global end-diastolic volume ·
Pulmonary artery occlusion pressure ·
Right ventricular end-diastolic vol-
ume · Septic shock

Introduction

Reliable bedside measurement of cardiac output is desir-
able for purposeful interventions in patients with septic
shock. Although intermittent measurement of cardiac
output using a pulmonary artery catheter has widely been
accepted as the clinical reference method [1], intermittent
techniques may not provide sufficient information for
long periods throughout a day in patients with septic

shock who are frequently haemodynamically unstable. In
addition, intermittent measurements using cold fluid boli
may cause bacterial contamination [2] or fluid overload in
fluid-sensitive patients. The pulsed warm thermodilution
technique uses a modified pulmonary artery catheter and
allows continuous or semi-continuous assessment of car-
diac output, right ventricular ejection fraction (RVEF) and
right ventricular end-diastolic volume (RVEDV) [3–5].
Because right ventricular function may be the limiting
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factor in determining cardiac output in patients with
septic shock [6], this technique may be advantageous in
septic patients; however, since this invasive procedure
may be infrequently associated with severe compli-
cations [7], less invasive techniques for monitoring of
cardiac output may be an attractive alternative. The PiCCO
system, which uses transpulmonary thermodilution for
calibration, is regarded as being less invasive because
it only requires the placement of a central venous and
arterial catheter, which are routinely used in critically ill
patients [8].

Traditionally, central venous pressure (CVP) and
pulmonary artery occlusion pressure (PAOP) have been
considered to be measures of right and left ventricular
preload; however, it has become increasingly clear that
a poor correlation between these filling pressures and
ventricular preload may be found under experimental [9]
and clinical [10] conditions, even in healthy subjects [11].
In contrast, end-diastolic volume estimates are supposed
to be better indicators for the degree of myocardial fibre
stretch, i.e. cardiac preload according to the Frank-Starling
law [10, 11]. The RVEDV has been demonstrated to reflect
cardiac preload in critically ill patients [12], although the
clinical usefulness of this variable has not been conclu-
sively elucidated. The PiCCO system is able to calculate
another global parameter for cardiac preload, the global
end-diastolic volume (GEDV). The GEDV has recently
been demonstrated to reflect cardiac filling in patients with
septic shock [13].

In this prospective study, we compared the PiCCO sys-
tem and the modified pulmonary artery catheter in patients
with septic shock. The specific goals of the study were to:
(a) study the reliability and accuracy of the PiCCO sys-
tem compared with the modified pulmonary artery catheter
with regard to continuous monitoring of cardiac output; (b)
define a correlation between RVEDV and GEDV and the
widely used cardiac filling pressures (CVP and PAOP); and
(c) determine a correlation between the two preload vari-
ables, RVEDV and GEDV.

Patients and methods

This prospective study was conducted in a surgical 14-bed
ICU in a university hospital. The study protocol was ap-
proved by the local ethics committee, and written informed
consent was obtained by the legal representatives of each
patient.

We studied 14 patients with septic shock as defined
by the criteria of the International Sepsis Definitions
Conference in 2001 [14]. All patients were equipped
with a central venous catheter (jugular or subclavian),
a modified pulmonary artery catheter inserted in the right
jugular vein (774HF75, Edwards Lifesciences, Irvine,
Calif.), and a 4-F thermistor-tipped arterial catheter
(PV2015L13, Pulsion Medical Systems, Munich, Ger-

many), which was inserted in the left femoral artery and
advanced to the abdominal aorta. All patients received
mechanical ventilation, vasopressor therapy (nore-
pinephrine 0.1–0.7 µg/kg min–1) and inotropic support
by epinephrine (0.1–0.5 µg/kg min–1, 9 patients) and/or
dobutamine (3–10 µg/kg min–1, 10 patients). Ventila-
tor settings and infusion rates of catecholamines were
adapted by the attending physician according to clinical
requirements.

Haemodynamic measurements

Patients were studied in a supine position. During haemo-
dynamic measurement, the dose of catecholamines was
maintained constantly, and no additional fluids were given.
Central venous pressure (CVP) and pulmonary artery oc-
clusion pressure (PAOP) were measured at end-expiration.
Continuous assessment of cardiac output (CCOPAC) and
right ventricular end-diastolic volume (RVEDV) were
performed using a modified pulmonary artery catheter
thermodilution technique described elsewhere [3–5].
Continuous cardiac output using pulse contour analysis
was measured by the PiCCOplus system (version 5.2.2,
Pulsion Medical Systems, Munich, Germany). Cardiac
output measured by transcardiopulmonary thermodilution
(COTCP) and GEDV were determined discontinuously
by thermodilution using a triplicate injection of 15 ml
ice-cold saline administered through the central venous
catheter. This method has also been described elaborately
elsewhere [8, 15].

Study protocol

Measurements were started when diagnostic criteria of
septic shock were fulfilled, i.e. when persistent arterial
hypotension unexplained by other causes occurred [14].
All haemodynamic measurements were recorded hourly
in a time period when no significant arrhythmias or
haemodynamic instability were present. Measurement
of CCOPCCO was performed 30 min after assessment of
COTCP by averaging three measurements of CCOPCCO
taken within 3 min. Single measurements were repeated if
deviation between two measurements was more than 20%.
Ventilator settings, volume resuscitation and infusion
rates for catecholamines were controlled at the attending
physician’s discretion. Data recording was terminated
when the patient required no more catecholamines. To
minimize patients’ effects due to unequal numbers of
measurement among the patients, data points from each
patient were randomly selected until the number of data
points selected equalled the number of measurements in
the patient with the fewest number. By this means, 13 data
points per patient were used for evaluation.
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Statistical analysis

Data are presented as means ± standard deviation (SD).
Data pairs were analysed using linear correlations and
Pearson’s correlation coefficient. Bias and limits of
agreement of data pairs were determined as described
by Bland and Altman. Bias represents the systemic
error between two methods and was calculated as the
mean difference between CCOPAC and CCOPCCO, and
between CCOPAC and COTCP. Upper and lower limits
of agreement, calculated as bias ± 1.96 SD, define the
range in which 95% of the differences are expected to
lie. The relative error was calculated as 100 × (CCOPAC-
CCOPCCO)/[(CCOPAC+CCOPCCO)] and 100 × (CCOPAC-
CCOTCP)/[(CCOPAC+CCOTCP)], as proposed by Rödig et
al. [16].

Results

Patients

The mean age of patients was 59 ± 17 years (range
30–81 years), body weight was 86 ± 14 kg, height was
177 ± 8 cm, and body surface area was 2.00 ± 0.14 m2.
Thirteen data sets per patient measured over a median
time period of 15.5 h were used for statistical calculation,
resulting in a total number of 182 data sets.

Cardiac output measurement

The mean CCOPAC was 8.8 ± 2.2 l min–1. The mean
CCOPCCO and COTCP were8.9 ± 2.5 and 9.0 ± 2.4 l min–1,
respectively. The range of CCOPAC was 3.6–12.8 l min–1,
the range of CCOPCCO was 3.5–14.8 l min–1 and
the range of COTCP was 4.2–13.5 l min–1. Differ-
ences between the methods are reported in Table 1.

Parameters r2 Bias (l min−1) 95% limits of agreement (l min−1)

CVP vs RVEDV 0.119 – –
CVP vs GEDV 0.001 – –
PAOP vs RVEDV 0.015 – –
PAOP vs GEDV 0.013 – –
RVEDV vs GEDV 0.005 – –
CCOPAC vs COTCP 0.781 0.2 –2.0 to 2.4
CCOPAC vs CCOPCCO 0.714 0.1 –2.5 to 2.8

Table 1 Summary of
correlations and differences
between parameters assessed by
the pulmonary artery catheter
and the PiCCO system,
respectively. CCOPAC
continuous cardiac output
measured by pulmonary artery
catheter, CCOPCCO continuous
cardiac output measured by
pulse contour analysis, COTCP
cardiac output measured by
transpulmonary thermodilution,
CVP central venous pressure,
GEDV global end-diastolic
volume, PAOP pulmonary artery
occlusion pressure, RVEDV right
ventricular end-diastolic volume

Fig. 1 a Bland-Altman plot comparing CCOPAC and CCOPCCO. Bias
was 0.1 l min−1 and 95% limits of agreement were from −2.5 to 2.8
l min−1. b Bland-Altman plot comparing CCOPAC and COTCP. Bias
was 0.2 l min−1 and 95% limits of agreement were from −2.0 to 2.4
l min−1
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The correlation between CCOPAC and CCOPCCO was
highly significant (r2 = 0.714, p < 0.0001), accompanied
by a bias of 0.1 l min–1 and 95% limits of agreement
between –2.5 l and 2.8 l min–1 (Fig. 1a). The correlation
between CCOPAC and COTCP was also highly significant
(correlation coefficient r2 = 0.781, p < 0.0001). There was
a bias for the two methods of 0.2 l min–1 and 95% limits of
agreement ranging from –2.0 to 2.4 l min–1 (Fig. 1b). The
median relative error of comparisons between CCOPAC
and CCOPCCO was 1.5 and 2.5% for comparisons between
CCOPAC and CCOTCP. It was within 15% for 72.5% of
comparisons between CCOPAC and CCOPCCO, and for
75.1% of comparisons between CCOPAC and CCOTCP.

Comparison of preload variables

The mean CVP and mean PAOP were 13.9 ± 6.8 and
17.6 ± 5.5 mm Hg, respectively. The mean RVEDV was
289.4 ± 85.8 ml, and mean GEDV was 1787.3 ± 372.4 ml.
There was no clinically relevant correlation between CVP
and RVEDV (r2 = 0.119, p < 0.0001; Fig. S.F1a), and
no correlation between CVP and GEDV (r2 = 0.001,
p = 0.736; Fig. S.F2a). In addition, PAOP did not corre-
late with RVEDV or GEDV (r2 = 0.015, p = 0.102 and
r2 = 0.013, p = 0.127 respectively; Figs. S.F1b, S.F2b).
Measurement of RVEDV by pulmonary artery catheter did
not correlate with GEDV measured by the PiCCO system
(r2 = 0.005, p = 0.336; Fig. S.F3).

Discussion
Our results show an excellent correlation, a small median
relative error and a small mean difference (bias) of
CCOPCCO as compared with CCOPAC for continuous
cardiac output measurement in patients with septic shock.
There was, however, a considerable variability of corre-
sponding data pairs. No correlation was found between
GEDV and the traditional preload markers CVP and
PAOP, as well as between GEDV and REDV.

This is the first study that compares two methods
for continuous monitoring of cardiac output in patients
with septic shock. Both continuous and intermittent
measurement of cardiac output by the PiCCO system
showed a small systematic error (bias) compared with
CCOPAC in patients with septic shock. Although the
median relative error between CCOPAC and CCOPCCO
and between CCOPAC and COTCP was small, the 95%
limits of agreement between CCOPAC and CCOPCCO and
between CCOPAC and COTCP in our patients appeared to
be relatively high; however, similar variabilities in car-
diac output using the two methods have been reported by

numerous studies focusing on the perioperative pe-
riod [17–20]. The variability of cardiac output data in our
study may have been caused by haemodynamic changes
and changing doses of catecholamines that may have
occurred over hours. Since the CCOPAC displays the
averaged cardiac output of the previous 3–6 min [5], acute
haemodynamic changes may be apprehended less rapidly
by this system. In addition, mechanical ventilation causing
cyclic changes in temperature of pulmonary arterial blood
and venous return may have influenced cardiac output
measurement by pulmonary thermodilution [1, 4].

Several authors have shown a good agreement between
CCOPAC and cardiac output assessed by intermittent
measurement via a pulmonary artery catheter [21–23]. It
has been suggested that CCOPAC may be accepted itself
as a reference method for measuring cardiac output [22];
therefore, in order to limit the time needed to perform the
measurements, and to avoid fluid overload in these septic
patients, we chose CCOPAC as a reference method.

Our data show that in patients with septic shock, CVP
or PAOP do not show a correlation with RVEDV or GEDV.
The importance of CVP and PAOP as markers of ventric-
ular preload has been questioned by several studies be-
fore [9–11]. Our patients represented a relatively heteroge-
neous population regarding age, concomitant cardiovascu-
lar diseases and cause for septic shock; therefore, the ven-
tricular compliance may have varied significantly between
patients and even in the same patient over time. In addition,
cardiomyopathy may occur during sepsis [24], and there-
fore, hidden heart failure may have also contributed to the
poor relationship between filling pressures and GEDV or
RVEDV.

Since RVEDV and GEDV have been suggested to
estimate ventricular preload more precisely, we hypothe-
sized that a correlation be detectible between RVEDV and
GEDV. Previous investigations on RVEDV as an index
of cardiac preload have yielded conflicting results. While
some studies in critically ill patients found changes in
RVEDV to predict changes in cardiac output [12, 25],
others did not find RVEDV to be a reliable predictor of
the response to fluid challenge [26, 27]. Numerous studies
have shown that GEDV was a more reliable indicator of
cardiac preload than CVP and PAOP in patients undergo-
ing cardiac surgery [28, 29] and critically ill patients [30].
The GEDV was shown to reflect echocardiographic
changes in left ventricular preload [31] and has been
suggested to be a useful indicator of cardiac preload in
patients with septic shock [13, 32].

Since our data showed no correlation between RVEDV
and GEDV, these variables appear to be not equally
suitable to estimate cardiac preload in patients with
septic shock. Further studies are required to show which
measurement is most appropriate for estimation of cardiac
preload in patients with septic shock.
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Conclusion

We found an excellent correlation and a small bias of
CCOPCCO as compared with CCOPAC for continuous
cardiac output measurement in patients with septic shock.
The precision of single CCOPCCO measurements com-
pared with CCOPAC, however, appeared to be limited.

No correlation was found between RVEDV and GEDV,
suggesting that they are not equally suitable for estimation
of cardiac preload in patients with septic shock.
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