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Pulse contour cardiac output:
 an evaluation of the
FloTrac method
Morten Østergaard, Jonas Nielsen and Eigil Nygaard
Background and objective The aim of this study was to

determine the agreement between pulmonary artery

thermodilution (PA-TD) and a new pulse contour method

(PCM), FloTrac/Vigileo version 1.0, and to asses the ability

of FloTrac to track sudden changes in cardiac output.

Methods Cardiac output was determined twice after

induction of anaesthesia, but before cardiac surgery, with

both PA-TD and a PCM in order to determine the precision of

both methods. The bias and agreement between the two

methods were calculated using Bland–Altman analysis.

Postoperatively, in patients with heart rates under

60 beats minS1, atrial pacing was initiated and cardiac

output was determined before and after with both methods.

Results Twenty-five patients were investigated. The

precisions of PA-TD and the PCM were 0.35 (95%

confidence interval W0.12) and 0.6 l minS1 (95% confidence

interval W0.21%). The bias between PA-TD and the PCM was

S0.51 l minS1 and the limits of agreement were

W1.87 l minS1 (95% confidence interval W0.39 and W0.66).
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The percentage error was 48%. The changes in cardiac

output with atrial pacing were in the same direction in all

nine patients.

Conclusion In this study, agreement between PA-TD and

the PCM was poor, but the PCM was able to track the

direction of pace-induced changes in cardiac output. Eur J

Anaesthesiol 26:484–489 Q 2009 European Society of

Anaesthesiology.
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Introduction
Measurement of cardiac output (CO) is widely used in

critically ill patients and cardiac surgical patients. Over

recent decades, the main method for determination of

CO has been pulmonary artery thermodilution (PA-TD)

requiring insertion of a pulmonary artery catheter (PAC).

More recently, new less invasive methods have been

developed. Technology using pulse contour CO (PICCO

System; PULSION Medical Systems AG, Munich,

Germany, and LIDCO; LiDCO Ltd, London, UK) is

now used as an alternative to PA-TD and has in some

clinics replaced the use of a PAC.

The theory behind the calculations of CO from the pulse

wave has been known for decades, but was reintroduced

by Wesseling et al. [1]. From analysis of the pulse wave

contour, compliance and impedance of the arterial sys-

tem, CO is calculated. The compliance of the arterial

system varies individually and pressure/volume relations

of arteries are known not to be linear. Therefore, an

independent technique is required to provide initial

calibration of the pulse contour CO analysis, as this

technique cannot account for variables such as compli-

ance of the vascular tree. In most cases, this is done by
calibration with thermo or lithium dilution using the

Stewart–Hamilton formula (PiCCO and LIDCO).

Although considered less invasive than PAC, these

methods do need insertion of a central venous catheter

(CVC) and/or special arterial lines.

Therefore, the development of the FloTrac monitor

(FloTrac/Vigileo, Edwards Lifesciences, Irvine, Califor-

nia, USA), which requires only a standard arterial line and

no independent calibration for measurement of continu-

ous CO (CCO), sounds appealing.

FloTrac calculates CO with a new algorithm, which

should eliminate the necessity for independent cali-

bration and insertion of a CVC. From comprehensive

analysis of the pulse waveform characteristics and

dynamic changes, patient-to-patient differences esti-

mated from demographic data, heart rate (HR), mean

arterial pressure (MAP) and pulse pressure, this pulse

contour method (PCM) should, according to the manu-

facturers, compensate for differences in arterial size and

vascular tone (compliance and resistance). CO is calcu-

lated as an average of the previous 20 s measurements and

uses the previous 10 min for ‘internal calibration’.
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However, the exact algorithm is not available and only

limited validation data for this technique have so far been

published. These are showing conflicting results from

acceptable [2–7] to limited [8,9] to poor agreement

[10–12], just like previous validation of the PCM with

calibration [13–19]. None of the studies investigating

FloTrac have calculated the precision of the investigated

method (FloTrac) or the reference method (PA-TD) in

order to determine an unbiased estimate of acceptable

limits of agreement (LOA).

Only one of these 11 studies [2] investigating FloTrac

has tried to calculate the precision of the investigated

method (FloTrac) and the reference method (PA-TD)

in order to determine an unbiased estimate of accep-

table LOA [2]; unfortunately, this was calculated in an

incorrect way.

The aim of this study is to validate the CO measured

with FloTrac against PA-TD CO (still regarded as the

de facto clinical gold standard) in an unbiased fashion

by calculating the precision of the two methods and

the bias and LOA between the methods as recom-

mended by Bland and Altman [20] and Critchley and

Critchley [21].

The present study will present the precision of PA-TD

and the PCM; agreement analysis between PA-TD and

the PCM; and a comparison of the pace-induced changes

in CO determined with PA-TD and the PCM.

Methods
Following ethical committee approval and written

informed consent, 27 adult patients scheduled for coron-

ary artery bypass grafting were included in the study.

Patients with heart valve disorder, intracardiac shunts and

arrythmias were excluded.

General anaesthesia was induced with fentanyl 5–

10 mg kg�1, midazolam 0.05–0.1 mg kg�1 and rocuronium

0.5–0.7 mg kg�1. Anaesthesia was continued with sevo-

flurane 1–2% inspired in oxygen. During extracorporeal

circulation, anaesthesia was maintained with propofol

200–300 mg h�1. All patients were normothermic and

normoventilated (PaCO2 between 4.5 and 6.0 kPa) during

the study period.

A 7.5F PA-TD catheter (Paceport, Edwards, Copenha-

gen, Denmark) was inserted via an internal jugular vein

and advanced until a typical pulmonary artery pressure

contour, measured from the tip of the catheter, was

evident. The PA-TD CO was determined by the

Phillips monitor.

A standard arterial line (BD 20G) was inserted in the

radial artery and connected to the FloTrac/Vigileo

monitor (version 1.0).
right © European Society of Anaesthesiology. Un
After the induction of anaesthesia and haemodynamic

stabilization, CO was determined twice with both

PA-TD and FloTrac in order to determine the precision

of the two methods. The four FloTrac CO readings,

matching the four thermal indicator injections for

PA-TD, were averaged to determine the pulse contour

CO. The thermodilution results of the PA-TD CO were

calculated as the average of four thermal indicator injec-

tions of 10 ml iced isotonic saline as advocated by Nilsson

et al. [22] and Berthelsen et al. [23]. The injections were

done manually, all by the same physician and completed

within 3 s. All injections were started as soon as the CO

computer indicated that the pulmonary and peripheral

artery temperatures were stable (�0.058C), without con-

sidering the relationship between the timing of the

injection and the respiratory cycle. All curves of changes

in temperature in the pulmonary artery were inspected

for irregularities and accepted/rejected before results

were displayed on the monitor. Aborted attempts were

replaced by a new injection. The FloTrac CO measure-

ments were obtained from the FloTrac/Vigileo monitor at

the exact same time as the matching PA-TD CO calcu-

lation was finished. This means that CO was determined

for the same 4� 20 s periods.

All these basic measurements included four measure-

ments, performed twice simultaneously for each method,

within 5 min before any surgery was commenced. It was

regarded as essential that the patients were absolutely

haemodynamically stable during this period.

Postoperatively, CO was again determined simul-

taneously using the PCM and the PA-TD method. In

patients with a HR less than 60 beats min�1, epicardial

pacing (HR 80–90 beats min�1) from the right atrium was

initiated and CO was again determined using PA-TD and

the PCM. In the present investigation, we had defined an

increase/decrease in CO as a change of more than 1 SD

of the difference in replicate CO determinations with

PA-TD.

Throughout the whole study, the arterial waveform was

visually controlled and action was taken if signs of damp-

ing occurred. Likewise, the pressure transducer was kept

throughout the whole study at the mid-axillary level.

Before any measurements, the FloTrac/Vigileo monitor

had for at least 10 min been able to record and analyse the

actual arterial pulse wave, in order to adjust for vascular

compliance (internal calibration).

Statistics
Data are presented as medians (range). From the data on

the preoperative CO measurements, the precision (2 SD

of the difference between replicate measurements) of

both methods was determined. PA-TD and PCM COs

were compared with bias and LOA analysis according to

Bland and Altman [20].
authorized reproduction of this article is prohibited.
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Fig. 1

Limits of precision with 95% confidence intervals (CI) depicted
according to Bland and Altman [20]. Results from replicate
determinations of cardiac output (CO) with pulmonary artery
thermodilution (PA-TD) in 25 patients. LOA, limits of agreement.

Fig. 2

Limits of precision with 95% confidence intervals (CI) depicted
according to Bland and Altman [20]. Results from replicate
determinations of cardiac output (CO) with pulse contour method
(PCM) in 25 patients. LOA, limits of agreement.
Changes in CO (DCO) after the initiation of pacing are

analysed using a paired t-test. DCO values measured

with the PA-TD and the PCM were compared using

correlation analysis.

Results
Patients’ characteristics
Twenty-seven patients were included in the study. One

was excluded due to malfunction of the FloTrac pressure

transducer and the other was excluded due to haemody-

namic instability at the time of preoperative basic

measurements.

Twenty-five patients (22 men) completed the study. The

median age was 65 (44–76) years, weight 81 (43–128) kg

and height 175 (158–186) cm.

Baseline measurements
The median left ventricle ejection fraction was 0.40

(0.20–0.60), HR 55 (50–71) beats min�1, median arterial

blood pressure 66 (55–90) mmHg, median pulmonary

artery pressure 16 (12–23) mmHg, central venous pres-

sure 6 (2–12) mmHg, body temperature 35.7 (35.2–

36.4)8C, cardiopulmonary bypass time 68 (39–193) min,

aortic clamp time 52 (23–142) min and total surgery time

180 (140–285) min. Three basic thermodilution measure-

ments were aborted and replaced due to irregularities of

the thermodilution curves as described in the Methods.

Precision of cardiac output measurements: pulmonary
artery thermodilution
The mean difference (bias) between replicate measure-

ments of CO was 0.03 l min�1, the precision (2 SD of

the difference between repeated measurements) was

0.35 l min�1 [95% confidence interval (CI)� 0.12] and

percentage error, 9%. The difference between two deter-

minations of CO did not change throughout the range of

the measurements (Fig. 1). Median CO was 3.8 l min�1

(2.1–7.1 l min�1) and the coefficient of variation was 5%.

Precision of cardiac output measurements: pulse
contour method
The bias between replicate measurements of CO was

0.1 l min�1, the precision was 0.6 l min�1 (95% CI �0.21)

and percentage error, 16%. The difference between two

determinations of CO did not change throughout the

range of the measurements (Fig. 2). Median CO was

4.4 l min�1 (2.9–6.0 l min�1) and the coefficient of vari-

ation was 5%.

Agreement between pulmonary artery thermodilution
cardiac output and pulse contour method cardiac output
The bias between PA-TD CO and PCM CO was

�0.51 l min�1 (95% CI �0.39) with LOA of

�1.87 l min�1 (95% CI �0.66). The CO was 4.2 l min�1

(2.7–6.21 l min�1) and the percentage error was 48%

(Fig. 3).
ight © European Society of Anaesthesiology. Una
Changes in cardiac output after atrial pacing
Of the 25 patients included in the study, nine needed

atrial pacing to fulfil prespecified haemodynamic criteria.

PA-TD CO increased significantly from a value of 4.3

(3.5–5.4 l min�1) to 5.6 l min�1 (3.9–7.4 l min�1) with

pacing, a mean DCO of 1.1 l min�1. PCM CO likewise

increased significantly from 3.7 (2.2–5.8 l min�1) to

5.8 l min�1 (4.9–7.8 l min�1), a mean DCO of 2.1 l min�1.

All nine patients who needed atrial pacing increased their

CO (more than 1 SD of the difference in replicate CO
uthorized reproduction of this article is prohibited.
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Fig. 3

Agreement between cardiac output (CO) determined with pulmonary
artery thermodilution (PA-TD) and the pulse contour method (PCM). CI,
confidence interval; LOA, limits of agreement.
determinations with PA-TD) according to both methods

and all but one by more than 700 ml (2 SD) (Fig. 4).

Discussion
The present study presents a comparison of CO measure-

ments between the FloTrac/Vigileo monitor (PCM) and

PA-TD, showing an unacceptable agreement. However,

it seems that the FloTrac/Vigileo monitor is able to detect

the same direction of sudden changes in CO due to

epicardial pacing as PA-TD.
right © European Society of Anaesthesiology. Un

Fig. 4

Correlation between changes in cardiac output (CO) measured with
pulmonary artery thermodilution (PA-TD) and the pulse contour method
(PCM).
Pulmonary artery thermodilution vs. pulse contour
method
Introducing new CO monitors requires comprehensive

validation with estimation of precision of both the new

monitor and the reference method. In this case, the

reference method is the de facto gold standard, PA-TD.

PA-TD is shown to have a high precision, when averaged

from four replicates, and most clinical guidelines and

haemodynamic algorithms are based on CO measured

with PA-TD [22]. Because of this, PA-TD must still be

regarded as the reference method of choice.

Comparing two methods, the use of bias and LOA

according to Bland and Altman [20], is essential and,

before introducing or replacing the old gold standard, the

new method needs to be proven reliable and precise.

In the present study, the precision of the two methods is

found acceptable. The precision of PA-CO is comparable

with previous studies [13,22]. From these precisions, it is

possible to calculate the level of the LOA, which we,

according to Critchley and Critchley [21], at least have to

accept. This is calculated to be 1.3 l min�1 or 18% using

the equation SDaþ b ¼ HðSDa2þ SDb2Þ.

Comparing the two methods, we found a bias indicating

that FloTrac is overestimating CO by 0.5 l min�1 com-

pared with PA-TD, and a very wide LOA (�1.87 l min�1

or 48%), clearly above the calculated, acceptable level of

1.3 l min�1.

Previous studies, comparing FloTrac with PA-TD [2–

12], have shown similar results with bias between 0 and

0.9 l min�1 and the LOA around� 2–2.6 l min�1 and with

conclusions ranging from acceptable [2–7] to limited

[8,9] to poor agreement [10–12]. Three of the studies

have used cardiac index (rather than CO), which will give

a CO of more or less double that found in adults [5,8,12].

In all studies, calculations of bias and LOA are carried out

on many repeated measurements for each patient without

statistical correction. As this could falsely increase the

agreement, interpretation should be cautious [20]. Only

one of these studies [2] has (unfortunately in an incorrect

way) calculated the precision of the reference and the

investigated methods. This is essential in order to deter-

mine the acceptability of the LOA in an unbiased fashion.

Interpreting the LOA of previous studies, [2–4,6–12] we

believe, contrary to the editorial of Manecke [24], that

none of them seem to be clinically acceptable and, there-

fore, in our view, PCM and PA-TD cannot be regarded

as interchangeable methods for measuring CO in the

patient groups studied.

The present study is performed with version 1.0 of the

FloTrac/Vigileo system like most of the other studies.

Only two studies [5,7] have investigated the new version
authorized reproduction of this article is prohibited.
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(version 1.07). Button et al. [7] found LOA around

1.8 l min�1 between the PCM and TD-CO, interpreted

from their figures. Also using the new version, Mayer et al.
[5] found LOA of 0.6 l min�1 for the cardiac index, which

could be potentially acceptable, depending on the CO

behind the calculations and the precision of the methods.

Moreover, Mayer et al. conducted 282 CO calculations on

40 patients without statistical correction for repeated

measurements.

Pacing-induced changes in cardiac output measured
with pulmonary artery thermodilution and the pulse
contour method
DCO, induced by pacing, was tracked in the same direc-

tion by the two methods. The magnitude of DCO found

in our study was not of the same size. Owing to the small

number of patients studied (nine out of 25), it is not

possible to conclude more than that the two methods

track changes of CO in the same direction.

This finding is concurrent with the finding of Mayer et al.
[12], who found a good ability of FloTrac to track hae-

modynamic changes compared with PA-TD.

Comparing FloTrac with other commercially available

PCMs, such as PiCCO or LIDCO, raises several ques-

tions. The PiCCO monitor has been extensively vali-

dated in several studies and is implemented in many

intensive care and semi-intensive care units. Compari-

sons between PiCCO and PA-TD have shown LOA of

the same magnitude as comparisons between FloTrac

and PA-TD, though with some studies concluding good

agreement [14–17] and others poor [13,18].

However, contrary to the FloTrac system, PiCCO has an

inherent transpulmonary thermodilution CO monitor,

used for calibration and found to have good agreement

with PA-TD [13]. In clinical situations, this feature allows

us to measure reliable values of CO. In addition to this

advantage, PiCCO has shown a reliable ability to track

CO changes [13,19].

The obvious advantage of FloTrac is the less invasive

approach and the easy access to CO monitoring. On the

other hand, monitoring and treatment of critically ill

patients normally require insertion of a CVC for infusion

of drugs, monitoring central venous pressure or central

venous blood samples [25]. Initiating therapeutic

attempts guided by an unreliable CO monitor is hazar-

dous and could cause detrimental results. Hence, before

more accurate low invasive monitors are available, it

seems wise to postpone CO monitoring until a PiCCO

or PAC has been inserted.

Limitations of the study
Only patients in sinus rhythm with normal heart valves and

left ventricular function were included in the study. All the
ight © European Society of Anaesthesiology. Una
patients were haemodynamically stable, normovolaemic

and normothermic, and none received vasoactive agents.

Haemodynamically unstable patients due to sepsis,

arrhythmia and cardiac failure were not investigated.

The patients in this study are, therefore, very different

from the critically ill patients who might benefit from a

reliable CCO monitor. In the investigation of the ability of

FloTrac to monitor trends in CO during epicardial pacing,

only nine of 25 patients fulfilled the protocol.

The present study is not able to conclude which method

of the two is the best; only the agreement can be

assessed.

Aborting and replacing thermodilution measurements

due to irregularities of the thermodilution curves could

be interpreted as favouring PA-TD. But according to

Bland and Altman [20], it is of crucial importance that the

precisions of both methods are as good as possible.

Increasing the precision of PA-TD provides the best

possibility for a qualified comparison with any other

method. Being able to visually detect irregularities of

the thermodilution curves and potentially abort and

replace these is an inherited strength of thermodilution.

All efforts to optimize the FloTrac were made by always

having a good and undamned pulse curve and giving the

system at least 10 min for ‘internal calibration’.

Conclusion
The agreement between FloTrac (version 1.0) and PA-

TD is not satisfactory, but the FloTrac system seems to

be able to track pacing-induced sudden haemodynamic

changes. Before FloTrac/Vigileo (Edwards Lifesciences)

can replace PA-TD, the new modifications of the system

(version 1.07) need to be further investigated in an

unbiased and statistically comprehensive manner.
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