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Summary

This study compared cardiac output measured with an arterial pressure-based cardiac output

measurement system and a thermodilution cardiac output measurement system. We studied

36 patients undergoing cardiac surgery with cardiopulmonary bypass. Simultaneous arterial

pressure-based and thermodilution cardiac output measurements were compared before and

after cardiopulmonary bypass, and after phenylephrine administration. Bland-Altman analysis

showed good overall agreement between the two methods. Bias (limits of agreement) before

and after cardiopulmonary bypass were ) 0.21 () 2.97–2.55) l.min)1 and 0.01 () 3.79–3.81)

l.min)1, respectively. Phenylephrine administration decreased thermodilution cardiac output

by a mean (SD) of 11 (16)% and increased arterial pressure-based cardiac output by 55 (34)%.

We conclude that arterial pressure-based cardiac output and thermodilution cardiac output

measurement systems yield comparable results during cardiac surgery with cardiopulmonary

bypass. However, after phenylephrine administration, the two measurement systems provided

opposing results.
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Continuous measurement of cardiac output is routinely

used to monitor changes in cardiovascular function in

critically ill patients. Continuous measurement of cardiac

output (CCO) using a thermodilution technique gener-

ating thermal pulses from a heating filament attached to a

pulmonary artery catheter produces a clinically acceptable

level of accuracy when compared with the gold standard

intermittent bolus technique [1–3]. A new, less invasive

method for arterial pressure-based continuous cardiac

output (APCO) measurement, using a technique invol-

ving determination of the area under the arterial pressure

curve, requires only standard radial artery catheterisation

and does not necessitate central venous access or injection

of a dilution medium for calibration [4]. Comparative

studies of these techniques in different patient populations

during and after surgery showed the prototype APCO to

be comparable to intermittent bolus and continuous

thermodilution cardiac output [5–7]. However, it is

unclear whether APCO is accurate and reliable after

significant haemodynamic changes such as those that

occur after cardiopulmonary bypass (CPB) or vasocon-

strictor administration. We hypothesised that the increase

in the area under the arterial pressure curve induced by

vasoconstrictor administration might interfere with the

agreement between APCO and CCO. To address these

questions, we compared APCO and CCO values before

and after phenylephrine administration during cardiac

surgery with CPB.

Methods

The study was approved by the institutional ethical

committee and written, informed consent was obtained

from all subjects. Thirty-six patients undergoing elective

cardiac surgery with CPB were studied prospectively.

Exclusion criteria included patients with significant val-

vular regurgitation or cardiac rhythm disturbances, intra-

aortic balloon pumps, intracardiac shunts, aneurysmal
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deformities of the aorta or symptomatic peripheral vascular

disease. All patients were given sublingual lorazepam

2.5 mg 90 min before surgery and intramuscular fentanyl

1 lg.kg)1 and droperidol 50 lg.kg)1 60 min before

surgery. Routine monitoring was started in the operating

theatre: five-lead ECG, radial arterial pressure, pulse

oximetry, capnography and both blood and bladder

temperature monitoring. Anaesthesia was conducted

according to institutional standards with sevoflurane,

remifentanil and cisatracurium. In all patients, anaesthesia

was induced by mask with sevoflurane and a contin-

uous intravenous infusion of remifentanil at 0.2–

0.4 lg.kg)1.min)1, which was continued and to which

was added inhaled sevoflurane at an end-tidal concentra-

tion of 0.5–2.0%. Muscle relaxation was initiated with a

cisatracurium 0.15 mg.kg)1 bolus followed by top-up

doses of 0.03 mg.kg)1 every 40–60 min. After induction

of anaesthesia, a pulmonary artery catheter (Swan Ganz

CCO ⁄ VIP; Edwards Lifesciences LLC, Irvine, CA, USA)

was placed into the right internal jugular vein and was

connected to a monitor (Baxter Vigilance monitor,

Edwards Lifesciences LLC) for measurement of CCO.

The methodology of the CCO measurement, based on the

pulsed warm thermodilution technique, has been des-

cribed previously [8] and involves the release of small

pulses of heat from a thermal coil mounted on the

pulmonary artery catheter at the level of the right ventricle.

To reflect sudden changes in CCO, the Vigilance monitor

was set in the STAT-mode, which has been shown to

provide accurate measurement of CCO [9, 10]. The CCO

is computed from the area under the thermodilution curve

and the displayed CCO is updated every 30–60 s.

Radial arterial blood pressure was monitored using a

20G, 48-mm-long catheter (BD Insyte, Becton Dickin-

son, Madrid, Spain) that was attached to a sensor. This

sensor (FloTrac, Edwards Lifesciences LLC) has a bifur-

cated cable with one limb going to the bedside monitor to

display arterial blood pressures and the other going to

the Vigileo (software version 1.01; Edwards Lifesciences

LLC, Irvine, CA, USA) monitor to analyse data for the

APCO. The APCO is based on the assessment of arterial

pulse waveform and pulse pressure. Pulse pressure is

proportional to stroke volume. The stroke volume is

calculated by multiplying the standard deviation of the

pulse pressure against a value Chi (v), which is adjusted

for differences in vascular compliance and resistance, and

patient-to-patient differences. Pulse rate is derived from

the arterial pressure signal. Cardiac output is calculated by

multiplying heart rate and stroke volume. Variations in

the arterial pressure waveform are measured at a sampling

rate of 100 Hz over a 20-s period, which provides

approximately 2000 data points. Estimates of the APCO

values are calculated and updated at 20-s intervals [11].

Global haemodynamic data, CCO and APCO were

recorded simultaneously at the following time points:

before skin incision (control), before the start of CPB

(pre-CPB), 15 min after weaning from CPB (post-CPB)

[12], and at the end of surgery. After median sternotomy

and a stabilisation period of 10 min, the effect of

phenylephrine administration was studied. Baseline

CCO and APCO were recorded simultaneously before

phenylephrine administration. Then, an intravenous

bolus of phenylephrine 2–5 lg.kg)1 was given [13].

After phenylephrine administration, when the systolic

arterial pressure had increased up to 30% above baseline

values, simultaneous CCO and APCO were recorded

again.

Standardised surgical techniques and cardioprotective

strategies were used in all patients and have been

described in detail [14]. After the surgical procedure,

the heart was paced in atrioventricular sequential mode at

a rate of 90 beats.min)1 and the patients were weaned

from CPB. In this study, filling pressures were kept

constant (mean central venous pressure > 10 mmHg

and pulmonary capillary wedge pressure > 12 mmHg)

throughout the entire observation period with the

administration of intravenous fluids (crystalloids and

hydroxyethyl starch). Hypotension (mean arterial blood

pressure < 60 mmHg) was treated with inotropes and

vasoactive drugs (phenylephrine, dobutamine, noradren-

aline and milrinone) according to protocols already

described [14]. All data were collected by trained

observers who did not participate in patient care.

Statistical analysis was performed using the SIGMASTAT

2.03 software package (SPSS, Leuven, Belgium). All data

were tested for normal distribution. Differences between

data sets were compared against control using one-way

analysis of variance. Effects before and after phenylephrine

administration were compared using a paired t-test.

Agreement between the two different methods of meas-

uring cardiac output was assessed with the Bland-Altman

analysis [15], using the GRAPHPAD software (version Prism

4) (GraphPad Software Inc, San Diego, CA, USA). Data

are expressed as mean (SD). Statistical significance was set

at p < 0.05.

Results

Patient characteristics and surgical data are given in

Table 1. Surgery was uneventful in all patients. In 36

patients, a total of 900 pairs of simultaneous cardiac

output measurements were recorded. Figure 1 shows the

Bland-Altman plots comparing CCO to APCO for all

measurements. The bias and the 95% limits of agreement

were 0.12 l.min)1 and )3.25–3.49 l.min)1. Figure 2

shows the Bland-Altman plots of CCO and APCO
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before and after CPB. The bias and the 95% limits of

agreement before CPB were ) 0.21 l.min)1 and ) 2.97–

2.55 l.min)1, and after CPB were 0.01 l.min)1 and

) 3.79–3.81 l.min)1, respectively. Haemodynamic varia-

bles during the study period are summarised in Table 2.

Figure 3 shows CCO and APCO for each subject

before and after phenylephrine administration. The CCO

decreased, whereas APCO increased, after phenylephrine

was given. Mean (SD) CCO was 4.8 (1.3) l.min)1 before

phenylephrine administration and significantly decreased

to 3.9 (0.9) l.min)1 after phenylephrine administration

(p < 0.001), whereas the mean (SD) APCO significantly

increased from 4.0 (0.9) l.min)1 before to 6.0 (1.3)

l.min)1 after phenylephrine administration (p < 0.001)

(Table 3).

Discussion

This findings of this study indicate that APCO and CCO

overall yield comparable results during cardiac surgery

with CPB. However, after phenylephrine administration,

the two methods of measurement showed changes in

opposite directions.

The APCO and CCO provided similar results at all

time points during the study period. This finding

contrasts to observations obtained with another method

of arterial pulse contour analysis of cardiac output, which

provided an underestimate and required recalibration

[16]. The reliability of APCO using the Vigileo system

during the profound haemodynamic changes associated

with weaning from CPB makes it practical for clinical use

in cardiac anaesthesia.

Table 1 Patient characteristics and surgical data. Values are
number, mean (SD) or median [range].

Age; years 67 [47–82]
Sex ratio; M : F 27 : 9
Body mass index; kg.m)2 26.6 [18.9–36.9]
Left ventricular ejection fraction; % 62 [43–78]
Medical history

Chronic obstructive pulmonary disease 9 (25%)
Insulin dependent diabetes mellitus 0 (0%)
Non-insulin dependent diabetes mellitus 10 (27.8%)

Intercurrent medication
Beta-blocker 18 (50%)
Calcium channel blocker 8 (22.2%)
Angiotensin converting enzyme inhibitors 11 (30.6%)
Nitrates 7 (19.4%)
Diuretics 10 (27.7%)
Aspirin 21 (58.3%)
Oral antidiabetic drugs 8 (22.2%)
Insulin 3 (8.3%)

Surgical data
Aortic clamp time; min 45 (23)
Duration of cardiopulmonary bypass; min 91 (22)
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Figure 1 Bland-Altman plots comparing continuous thermo-
dilution cardiac output (CCO) with arterial pressure-based
continuous cardiac output (APCO) for all measurements. The
solid line indicates the mean bias and the dotted lines represent
the limits of agreement.
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Figure 2 Bland-Altman plots comparing continuous thermo-
dilution cardiac output (CCO) with arterial pressure-based
continuous cardiac output (APCO) before and after cardio-
pulmonary bypass (CPB). The solid line indicates the mean bias
and the dotted lines represent the limits of agreement.
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The fact that no additional invasive lines are necessary

for its calibration, as is the case for other methods of

APCO measurement, makes the Vigileo system a simple

and less invasive tool for cardiac output measurement

[17–19]. These features may contribute to the extension

of cardiac output monitoring to patients who currently

are not monitored with a pulmonary artery catheter

during surgery.

Phenylephrine is a direct alpha1 adrenoceptor agonist.

Its primary effects are peripheral vasoconstriction with a

concomitant increase in systemic vascular resistance and

arterial blood pressure, and a slight decrease in cardiac

output [20]. In the present study, phenylephrine admin-

istration increased mean arterial pressure and decreased

CCO as expected. However, APCO values increased.

This is probably related to the fact that phenylephrine

increased the area under the arterial pressure curve, hence

increasing the APCO. A similar phenomenon has been

reported with other systems using pulse contour analysis

[21, 22]. The increase in the APCO may also occur in

other situations in which systemic vascular resistance is

increased, e.g. after median sternotomy [23].

In conclusion, the results of this study show that

continuous cardiac output measurement with an arterial

pressure-based method using the Vigileo system and a

thermodilution-based method give comparable results for

cardiac output measurement during cardiac surgery with

CPB. However, during periods of vasoconstriction,

APCO may become less reliable.

Table 2 Haemodynamic data. Values are
mean (SD).Before

incision
(n = 36)

Before
CPB
(n = 36)

15 min
after CPB
(n = 36)

At the end
of surgery
(n = 36)

Heart rate; beats.min)1 66 (12) 70 (13) 92 (5)* 92 (6)*
Mean arterial pressure; mmHg 69 (8) 67 (7) 72 (7) 73 (7)
Central venous pressure; mmHg 12 (3) 12 (3) 13 (3) 14 (3)
CCO; l.min)1 4.6 (1.4) 4.6 (1.2) 5.8 (1.9)* 5.9 (1.3)*
APCO; l.min)1 4.8 (1.4) 4.7 (0.9) 5.7 (1.0)* 5.4 (1.1)*
Thermodilution-based stroke
volume; ml.beat)1

72 (21) 67 (19) 64 (21)* 64 (15)*

Arterial pressure-based stroke
volume; ml.beat)1

73 (22) 67 (17) 61 (11)* 58 (12)*

Core temperature; �C 36.3 (0.4) 36.1 (0.4) 36.2 (0.5) 36.2 (0.5)

CCO, continuous thermodilution cardiac output; APCO, arterial pressure-based continuous
cardiac output; CPB, cardiopulmonary bypass; SV, stroke volume.
*Significantly different from ‘Before incision’ values, p < 0.05.

Table 3 Haemodynamic effects of phenylephrine administration
Value are mean (SD).

Before

phenylephrine
(n = 36)

After

phenylephrine
(n = 36) p values

Heart rate; beats.min)1 69 (13) 69 (14) 0.883
Mean arterial pressure;
mmHg

65 (6) 84 (7) < 0.001*

Central venous pressure;
mmHg

13 (3) 13 (4) 0.432

CCO; l.min)1 4.8 (1.3) 3.9 (0.9) < 0.001*
APCO; l.min)1 4.0 (0.9) 6.0 (1.3) < 0.001*
Thermodilution-based
stroke volume; ml.beat)1

71 (18) 62 (20) 0.002*

Arterial pressure-based
stroke volume; ml.beat)1

60 (18) 86 (21) < 0.001*

Temperature; �C 36.2 (0.5) 36.1 (0.5) 0.169

CCO, continuous thermodilution cardiac output; APCO, arterial pres-
sure-based continuous cardiac output.
*Significantly different from ‘before phenylephrine’ values, p < 0.05.
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Figure 3 Individual changes in continuous thermodilution
cardiac output (CCO) and arterial pressure-based continuous
cardiac output (APCO) before and after phenylephrine admin-
istration. The points with error bars represent the mean (SD)
values of continuous thermodilution cardiac output (CCO) (j)
and arterial pressure-based continuous cardiac output (APCO)
(s) before and after phenylephrine administration.
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