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Many methods of cardiac output measurement have been developed, but the number of methods useful for human pharmacological
studies is limited. The ‘holy grail’ for the measurement of cardiac output would be a method that is accurate, precise, operator
independent, fast responding, non-invasive, continuous, easy to use, cheap and safe. This method does not exist today. In this review on
cardiac output methods used in pharmacology, the Fick principle, indicator dilution techniques, arterial pulse contour analysis,

ultrasound and bio-impedance are reviewed.

Introduction

‘It is a source of regret that measurement of flow is much
more difficult than measurement of pressure. This has led
to an undue interest in blood pressure measurements.
Most organs however, require flow rather than pressure.’
This statement by Jarisch in 1928 [1] is still fully valid. Many
methods of cardiac output measurement have been devel-
oped, but the number of methods useful for human phar-
macological studies is limited. Methods proposed to
achieve this goal include the Fick principle, ultrasound,
indicator dilution techniques, arterial pulse contour analy-
sis and bio-impedance. To gain widespread acceptance,
these methods should ideally be accurate, precise, opera-
tor independent, fast responding, non-invasive, continu-
ous, easy of use, cheap and without complications. The
methods may allow testing of circulatory changes on
pharmacological interventions. In this review on cardiac
output, the methods used in pharmacology are described.

Fick’s cardiac output measurement

Direct Fick for oxygen

In 1870, Adolf Fick described a method to estimate cardiac
output based on a mass balance for oxygen. He postulated
that oxygen uptake in the lungs, i.e. the oxygen (O,) con-
sumption in ml of pure gaseous oxygen min™, is entirely
transferred to the blood stream through the lung. With no
consumption of oxygen in the lungs the oxygen consump-
tion of the body is equal to the product of blood flow

vo, vco,

Ca0,, CaCoO, CvO,, CvCO,
co AP
Figure 1

Graphical description of the Fick principle. Oxygen enters the lungs (VO,)
and is transported to peripheral tissue of the body (CvO,-Ca0,). At the
same time carbon dioxide produced by the rest of the body (CaCO,—
CvC0O2) is cleared by the lungs (VCO,). From these concentrations blood
flow can be calculated using the formula described in the text

(cardiac output) and arterio-venous oxygen content differ-
ence. Therefore cardiac output can be computed as
follows:

VO,

Cardiac output (CO)=———F——
(Ca0, —Cv0,)

where VO, is the oxygen uptake, CaO, and CvO, (ml O, I
blood) are the oxygen content of arterial and venous
blood, respectively (also see Figure 1).

At first sight the method seems simple to execute. VO,
can be determined by breathing or mechanical ventilation
within a spirometer incorporating a carbon dioxide
absorber or, more conveniently, via an indirect calorimetry
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monitor. Also, the calculation of the arterial and venous
oxygen content of the blood is a straightforward process
and is readily available to physicians. However, the method
is laborious and many variables need to be determined.
During the acquisition of data the circulation needs to be
stable. Some points to consider are (i) the large number of
variables involved in the computation result in a large
chance on permutation of errors, (ii) ventilation of subjects
with inspiratory O, fractions larger than 60% have been
reported to decrease the accuracy of the method [2], (iii) the
technique requires an invasive pulmonary artery catheter
to sample mixed venous blood. Accurate measurement of
VO, as well as reliable sampling of arterial and venous blood
sample is labour intensive. Nevertheless, in a laboratory
with skilled researchers,the method is considered the most
accurate method to which other methods are compared.

Partial carbon dioxide rebreathing

The Fick principle can be applied to all gasses that obey
Henry's law and diffuse through the lungs, especially
carbon dioxide (CO,). The NICO (Novametrix Medical
Systems Inc. Wallingford, CT, USA) is the most studied
cardiac output monitor based on the Fick principle for CO,
and uses intermittent partial rebreathing of CO,. This
monitor utilizes a specific disposable rebreathing loop in
which a CO, infra-red light absorption sensor, a differential
pressure transducer for air flow measurement and a pulse
oximeter are placed. VCO; is calculated from the simulta-
neously measured minute ventilation by the differential
transducer and its CO, concentration (Figure 2).The arterial
content of CO, (CaCQO,) is estimated from end tidal CO,
(EtCO,) after a correction (S), i.e. the slope of the CO, disso-
ciation curve. Measurement of under normal and under
rebreathing conditions allows elimination of measure-
ment of CvCO,.

Fick’s equation applied to carbon dioxide is

_VCo,
(CaCO, —CvCO;)

where VCO; is the CO, production, CaCO, and CvCO, the
arterial and mixed venous CO, content in blood.
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Assuming cardiac output is not changed by CO,
rebreathing, CvCO, does not differ between normal and
rebreathing conditions (CO, diffuses very fast in blood, 22x
faster than O,) and arterial CaCO, can be approximated by
end-tidal CO, multiplied by the slope (S) of the CO, disso-
ciation curve the equation above can be rewritten to

_ AVCO,
(SX AEtCO,)

where AVCO; is the change in VCO, and AEtCO; is the
change in end tidal CO, between normal breathing and
CO; rebreathing.

The method actually calculates effective lung per-
fusion. The effects of unknown ventilation/perfusion
inequality and anatomic shunts may explain underestima-
tion of CO and the method shows a lack of agreement with
reference techniques [3]. To correct for shunt behaviour
the subjects must be fully under mechanical ventilation
and arterial blood samples are needed, making this
method (less) invasive. However, clinically acceptable
cardiac output estimation seems possible in intubated
mechanically ventilated patients with minor lung abnor-
malities [4].

Indicator dilution techniques

Today four different modalities of the indicator dilution
technique are commercially available, i.e. the pulmonary
artery catheter (PAC) thermodilution method with bolus
injection of cold fluid, the PAC continuous thermodilu-
tion method, the transpulmonary bolus thermodilution
method and the transpulmonary lithium bolus dilution
method. All these methods have in common that the com-
putation of cardiac output is based on a mass balance.

mi=[q(t)xc(t)dt

where mi is the amount of indicator injected, q(t) is instan-
taneous blood flow and c(t) is concentration as function of
time.

~ i i
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> \ | Avco, )/
) / _1 AEtCO, \
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,_, | |
w Baseline 60s E Rebreathing 50s E Stabilization

Figure 2

Time

Measurement of cardiac output with the use of carbon dioxide rebreathing
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Indicator dilution to measure cardiac output. A dye solution or cold saline is injected and detected by a (dye or thermal) sensor downstream of the injection
site. The dilution signal is fed to a cardiac output device. To compute cardiac output the dose injected is divided by the area under the indicator dilution
curve.The inset shows the difference in temperature changes for two different locations of detection (see text)

Application of this equation assumes complete mixing
of blood and indicator, with no loss of indicator between
place of injection and place of detection. If we further
assume blood flow to be constant then we find the well-
known Stewart-Hamilton equation:

co=_mi
[edt

where Jc(t)dt is the area under the indicator dilution curve.
Errors made in the application of indicator dilution
methods are primarily related to violation of the assump-
tion mentioned above, inaccurate implementation of the
method [5] and anatomic abnormalities [6].

Intermittent pulmonary thermodilution

Since the introduction of the pulmonary artery catheter
(PAC) equipped with a thermistor by Swan & Ganz in 1970
[7] the thermodilution method has become the standard
method to determine cardiac output in patients. The ther-
modilution method is based on the law of conservation of
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thermal energy. With the intermittent thermodilution
technique a certain amount of cold fluid is injected into
the blood stream near the entrance of the right atrium and
the resulting dilution curve is detected in the pulmonary
artery. With temperature as indicator the Stewart-
Hamilton equation can be rewritten as follows:

Tb—Ti

COotd=cc————
jATb(t)dt

where COtd is cardiac output by thermodilution, Tb is the
temperature of blood in the pulmonary artery before
injection of injectate, Ti the temperature of the injectate,
and JATb(t)dt the area under the dilution curve (Figure 3)
and cc is the computation constant.The computation con-
stant contains corrections for specific mass and heat of
injectate and blood, respectively, injected volume and loss
of indicator in the PAC and has to be entered in the ther-
modilution cardiac output computer.

Investigators have previously explored methods of
minimizing the errors in the intermittent thermodilution



technique [8-12].The best method is to average the results
of three or four thermodilution measurements with the
injection of cold fluid equidistantly distributed over the
ventilatory cycle. For such an approach injections of fluid
must be done with an injector under computer control.
Use of such a set-up results in a coefficient of variation or 1
SD-precision of 3.5%, whereas the averaged result of three
randomly applied measurements have a 1 SD-precision of
about 10% and single measurements a 1 SD-precision of
15%. After 40 years of clinical experience, the conventional
thermodilution method has been generally accepted as
the clinical standard to which all other methods are com-
pared.However,some serious complications can arise from
PAC insertion like arrhythmias, valvular lesions, rupture of
the pulmonary artery and lung infarction.

PAC continuous cardiac output

The Vigilance system (Edwards Lifescience, Irvine, CA, USA)
combines heat-dilution principles with stochastic system
identification to measure cardiac output [13]. Small
amounts of thermal energy (heat-indicator) are trans-
ported directly into the blood in a pseudo random on-off
pattern to form the input signal (see Figure 4). The result-
ing blood temperature changes are detected with a ther-
mistor in the pulmonary artery. This signal is small in
proportion to the resident pulmonary artery thermal
noise. To overcome this problem, a cross correlation is
carried out on the input signal and the temperature data
measured in the pulmonary artery, resulting in a thermodi-
lution curve, as would have been found after a bolus injec-
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tion. From this dilution curve, cardiac output is computed
using the classical Stewart-Hamilton equation. The entire
process is automated, requiring no user intervention. A
detailed explanation of the technique is given by Yelder-
man [13]. The ‘continuous’ cardiac output measurement
makes extensive use of averaging techniques. Therefore
the displayed cardiac output number represents the aver-
aged value of the previous 1 to 6 min [13]. Under extreme
clinical situations this delay can run up to 12 min [14].This
property of the technique makes the method continuous
but not instantaneous.

Concerns for the pulmonary

thermodilution techniques

Recently, the use of both pulmonary artery thermodilution
cardiac output methods has been under discussion. Many
physicians believe that the PAC due to its multi-purpose
role is useful for the diagnoses, treatment and assessment
of volume status in critical ill patients [15]. However, this is
not confounded by studies. In contrast, different investiga-
tors raised doubts about the safety of the PAC. Indeed,
most recent studies do not show a difference in morbidity
and mortality between patients with and without a PAC
[16-18].0n the other hand, in these trials the introduction
of the PAC could not be associated with an increase in
morbidity and mortality. The inability to demonstrate the
merit of the PAC in predicting outcome does not necessar-
ily mean that the monitors using the PAC are not function-
ing [17].1t may also indicate a persisting lack of correct and
consistent interpretation of PAC-derived data among phy-

Distal thermistor temperature

0.05
0.04
0.03
0.02
0.01

Temperature (°C)

correlator

Figure 4

Time (s)

Schematic diagram of the working principle of the continuous thermodilution method
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sicians [19] or ineffectiveness of our current therapeutic
options in reversing critical disease states. Thus, further
investigation into the role of the PAC is feasible, likely safe,
and should proceed forthwith [15, 20].

Intermittent transpulmonary thermodilution
With this intermittent thermodilution technique a certain
amount of cold fluid is injected into the blood stream near
the entrance of the right atrium and the dilution curve is
detected in the femoral artery [21-23]. CO is computed
with the Stewart-Hamilton equation equal to the intermit-
tent pulmonary thermodilution technique. In theory, the
transpulmonary thermodilution technique should be less
accurate due to unpredictable loss of indicator over the
lungs, but more precise than pulmonary thermodilution [8,
9] because the dilution curves are less affected by the res-
piration cycle.However the decreased signal-to-noise ratio
of the dilution curve, i.e. a broader but smaller high of the
curve (see Figure 3), may undo this advantage.

The transpulmonary thermodilution method is vulner-
able to the same sources of error and variability as pulmo-
nary thermodilution because the two techniques rely on
the same physical principles. CO by the transpulmonary
method slightly overestimates the results of the pulmo-
nary method due to a small extra loss of indicator between
injection and detection site in the aorta or femoral artery.
To gain sufficient precision the results of three measure-
ments need to be averaged. These three measurements
take approximately 3-10 min. Therefore, the transpulmo-
nary thermodilution method lacks the ability to monitor
cardiac output continuously. The intermittent transpulmo-
nary thermodilution is incorporated in the PiCCO-system
(Pulsion Medical Systems, Munich, Germany).

Transpulmonary lithium dilution

The lithium dilution method is based on the venous bolus
injection of a small dose (1-2 ml) of an isotonic lithium
chloride (LiCl) solution (150-300 mmol) and the resulting
arterial lithium concentration-time curve is measured by a
lithium sensor in a pre-existing peripheral arterial line.
Cardiac output is calculated by the Stewart-Hamilton
equation.

. Li, dose x60
Oli=
(1-PCV)x [ Ac, li(tydt

where Li, dose is amount of lithium injected, JAc li(t)dt the
area under the lithium dilution curve and PCV the packed
cell volume (calculated as the haemoglobin concentration
(g dI") divided by 34). This correction is needed because
lithium is only diluted in the plasma and not in the red and
white cells of blood [24]. The pharmacokinetics of intrave-
nous lithium administration are described [25]. No side
effects have been reported. To achieve a good precision
with this technique, the results of three measurements
should be taken [26].The lithium dilution method is incor-
porated in the LiDCO system (LiDCO, London, UK).
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A concern related to the lithium dilution method is the
need for repetitive blood samples. Furthermore, the
lithium dilution technique is contraindicated in patients
receiving high doses of neuromuscular blocking agents,
because of interference with the sensing electrode. The
technique cannot be used in patients receiving lithium
therapy and is not licensed for subjects weighing less than
40 kqg.

Pulse contour cardiac output

The pulse contour devices are perhaps the most promising
with respect to their ease of use.The estimation of cardiac
output via pulse contour analysis is an indirect method; CO
is computed from an arterial pressure pulsation on the
basis of a criterion or model. The origin of the pulse
contour method for estimation of beat-to-beat stroke
volume goes back to the classical Windkessel model
described by Otto Frank in 1899 [27].In principle the aortic
pressure waveform is the input of the Windkessel models
of the systemic circulation. In medical practice, the pres-
sure waveform is not obtained from the aorta but from a
peripheral artery (radial or femoral), which requires a back-
ward filtering from the peripheral to aortic pressure. Not
much is known about the algorithms applied. At present
there are four commercial pulse contour cardiac output
computers available: PiCCO, PRAM, LidCO, Vigileo and
Modelflow.

The PiCCO system

The PiCCO system (Pulsion Medical Systems, Munich,
Germany) uses a modified version of Wesseling’s cZ algo-
rithm [28, 29]. It analyzes the actual shape and area under
the pressure waveform and uses individual aortic compli-
ance and systemic vascular resistance. The PiCCO algo-
rithm is summarized in the following equation.

COpi=KxHRx [(P(t)/SVR+Cg, x dP/dt)dt

where COpi cardiac output, K calibration factor, HR heart
rate, P arterial blood pressure, JP(t)dt area under the sys-
tolic part of the pressure curve, SVR systemic vascular resis-
tance, Cp) pressure dependent arterial compliance and
dP/dt describes the shape of the pressure wave. The cali-
bration factor (K) is determined with transpulmonary ther-
modilution and recalibration is needed after profound
changes in SVR and at regular (=1 h) intervals [30-32].
Invasive catheterization is thus still required. For the PiCCO
device both the radial and the femoral artery approach can
be used [33]. A basic overview of the computation of pulse
contour cardiac output is shown in Figure 5.

The pressure recording analytical

method (PRAM)

PRAM (Vytech Health, Padova, Italy) is a modified version
of Wesselings cZ algorithm [28, 29]. Stroke volume (SV) is
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General working principle to estimate cardiac output by pulse contour
analysis. A pressure signal is conducted from the pressure sensor to a
pulse contour cardiac output device. Together with either calibration
values obtained by transpulmonary thermodilution (PiCCO) or lithium
dilution (LidCO) and personal patient data, the algorithm estimates aortic
flow over a certain interval. This is shown on the device as cardiac output

proportional to the area under the diastolic part of the
arterial pressure wave divided by characteristicimpedance
(Z).The proportionally factor is usually obtained by calibra-
tion with an independent SV measurement (for instance
by intermittent thermodilution). However in contrast to
other methods PRAM does not rely on calibration or demo-
graphic data. With PRAM characteristic impedance is
obtained from morphological data of the pressure curve of
a whole heart beat [34] and is calculated as Z = (P/t) x K(t).
Stroke volume (SV) is therefore computed as:

SV = A/[(P/)xK(D)]

where A is the area under the systolic part of the pressure
curve, P/t is the analytical description of the pressure wave
form of pressure (P) with time (t) for each heart beat and
K(t) is a factor inversely related to the instantaneous accel-
eration of the cross sectional area of the aorta.

The value of K(t) is found from the ratio between
expected and measured mean arterial blood pressure. This
relationship approaches an arctangent function (similar to
that of Langewouters et al.[35]. The expected mean blood
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pressure which is constant depends on the site of mea-
surement, i.e. for adults 100 mmHg for the aortic pressure
and 90 mmHg for a peripheral pressure. With PRAM stroke
volume is calculated for each beat and CO per beat is then
derived by multiplying SV with heart rate of the same beat.
CO is presented as the mean value of 12 beats.

As the internal calibration of PRAM is derived from the
morphology of the pressure curve, this makes the method
vulnerable to sources of errors related to signal quality and
in patients with heart diseases that are suspected to affect
the arterial pressure waveform (for instance in patients
with aortic valve stenosis or valve insufficiencies).

The LiDCO’s pulsco system

The LiDCO-system (LiDCO, London, UK) calculates continu-
ous cardiac output by analysis of the arterial blood pres-
sure trace.Using a non-linear relationship between arterial
pressure and volume, given by Remington & Noback [36],
nominal changes in arterial volume within every cardiac
cycle are calculated from the pressure waveform. These
nominal changes are converted to actual stroke volume by
multiplying the nominal stroke volume or nominal cardiac
output by a calibration factor. This patient-specific calibra-
tion is derived from an independently measured cardiac
output, for instance by the conventional thermodilution or
by the transpulmonary lithium indicator dilution method.
In this case invasive catheterization with a PAC or an addi-
tional peripheral venous catheter is still necessary. Recent
data suggest recalibration every 8 h or whenever major
haemodynamic changes occur [37].

Vigileo/FloTrac system

The FloTrac/Vigileo (Edwards Lifesciences, Irvine, CA, USA)
is a pulse contour technique utilizing a dedicated pressure
sensor (FloTrac) and a monitor to compute stroke volume
and cardiac output (Vigileo). It does not require an inde-
pendent calibration.The cardiac output algorithm is based
on the principle that aortic pulse pressure is proportional
to stroke volume and inversely related to aortic compli-
ance.The system obtains the pressure signal from any stan-
dard peripheral arterial line. From the arterial pressure the
standard deviation (GAP) around mean arterial pressure
(MAP) is computed over a 20 s interval. This GAP is multi-
plied by a conversion factor Khi to calculate stroke volume.
Khiincorporates a multivariate polynomial equation which
assesses the impact of the patient’s ever-changing vascu-
lar tone on pulse pressure. It is calculated by analyzing the
patient’s heart rate, standard deviation AP, mean arterial
pressure, pressure dependent arterial compliance esti-
mated by the demographics of the patients with the
Langewouters equation [35], BSA body surface area calcu-
lated from weight and height, skewness (symmetry) and
kurtosis (distinctness of a peak) of the beat-to-beat arterial
waveform.Khi is updated and applied to the stroke volume
algorithm on a rolling 60 s average.
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Stroke volume (mlbeat™) = AP (mmHg) xKhi (mImmHg™)

Cardiac output is calculated by multiplying stroke volume
with heart rate.The extensive use of arterial pressure signal
processing makes the FloTrac algorithm highly dependent
upon a high-fidelity pressure signal. Therefore, attention to
the quality of the pressure monitoring signal by testing for
optimal dampening and flushing of the arterial line is
important.

Modelflow method

Fifteen years ago Wesseling and co-workers [29] discov-
ered that a straightforward extension of the classical
Windkessel model could be adequate for pulse contour
analysis. Modelflow (FMS, Amsterdam, the Netherlands) is
a three-element Windkessel model of the arterial circula-
tion. The model includes three principal components of
opposition: characteristic impedance which represents
the opposition of the aorta to pulsatile inflow, Windkessel
compliance which represents the opposition of the aorta
to volume increases, and peripheral resistance which rep-
resents the opposition of the vascular beds to the drain-
age of blood. Aortic compliance is not constant but
depends not only on demographic data of the patient
(gender, age, weight and height) but also on arterial pres-
sure itself [35]. Aortic characteristic impedance, in con-
trast to compliance increases moderately with pressure.
Systemic peripheral resistance depends on many factors
including circulatory filling, metabolism, sympatic tone
and the presence of vasoactive drugs. The Modelflow
method simulates this behaviour. The Modelflow method
uses a peripheral arterial pressure and can be applied
uncalibrated by using demographic data of the subject
as well as calibrated. For calibration an independent
measure of cardiac output [38] or a measure of the cross
sectional area of the aorta can be used [39]. A more
detailed description of the method can be found else-
where [29, 38].

General concerns for pulse contour methods

All pulse contour systems are based on a mathematical
model and not on a mass balance as the indicator dilution
and Fick method are. This implies that deviations of the
model to the physiological reality have consequences for
the estimated cardiac output. Growing knowledge of the
arterial circulation and increasing computation possibili-
ties have led to different software versions of the different
methods. This complicates reviewing these methods. We
selected only those papers that make use of recent soft-
ware versions. Furthermore, with a peripheral arterial pres-
sure as input of the model instead of aortic pressure, loss of
signal quality may be crucial. An example of the effect of
loss of signal quality on blood pressure and cardiac output
is shown in Figure 6.
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Echo-Doppler ultrasound methods

Transoesophageal Doppler

In the last decade the Transoesophageal Doppler (TOD) is
the most frequently used ultrasound method (Figure 7); a
small ultra-sound transducer, mounted at the tip of a flex-
ible probe, is orally or nasally positioned in the oesophagus
along the descending aorta. Insertion depth is typically 35
to 45 cm for adults, depending on the route of insertion
(oral vs.nasal). The transducer is pointed towards the aorta
by rotation to obtain the optimal aortic velocity signal. The
blood flow velocity is calculated with the Doppler equation.

_ Fdxc
2xFoxcosO

where V is the velocity of blood, Fo is the transmitted fre-
quency, Fd is the change in frequency (Doppler shift), cos
is the angle between the direction of the ultra-sound beam
and blood flow and c is the velocity of ultra-sound in
blood.

Three different models of oesophageal CO monitoring
have been offered. Two of these systems i.e. the Deltex
monitor (Cardio Q, Deltex Medical, Chichester, UK) and the
monitor of Medicina (TECO, Berkshire, UK), use a nomo-
gram to obtain the cross sectional area (CSA) of the
ascending aorta based on the patient’s age weight and
height, whereas the Hemosonic (Arrow International,
Reading, PA, currently not available) uses the M-mode echo
for the measurement of the diameter of the aorta at the
point of the velocity measurement. From the aortic diam-
eter cross section area is calculated assuming a circular
aorta. Aortic blood flow (I min™") is found by multiplying
velocity with heart rate and cross sectional area of the
aorta at the insonation point. Cardiac output is calculated
from aortic blood flow by assuming a constant distribution
of blood between cephalic and caudal circulation.

It is however questionable whether this partitioning of
blood streams is constant under a variety of patho-
physiological circumstances [40, 41]. Most obvious con-
cerns with the technique are angle of insonation and the
fixation of the transducer with respect to the blood flow,
especially during movements of the subject.This has led to
the conclusion that the method is operator dependent [42]
and that additional training is required. Another point of
concern is the use of a nomogram to estimate CSA. It is
clear that a nomogram for CSA is based on group averages
which may include large individual differences. Also CSA
has been found pressure dependent [35]. Lastly, the tech-
nique is poorly tolerated in awake non-intubated subjects
and cannot be used in subjects with an oesophageal
disorder.

In a meta-analysis by Dark & Singer in 2004 [43], the
authors concluded that the TOD estimates absolute
cardiac output with minimal bias but limited agreement.
However, the semi-invasive TOD technique enables trend
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monitoring of CO as long as the probe position is not
changed.

Transthoracic Doppler

Transthoracic Doppler (TTD) is an entirely non-invasive
method using an ultrasound probe positioned in the
jugular notch to obtain blood velocity in the outflow of the
left ventricle. The method is in essence equal to oesoph-
ageal Doppler technique. Cardiac output is calculated by
measuring the cross sectional area of the aortic valve
together with the velocity profile in the outflow track.
However, it may be very difficult to identify the aortic root
in some subjects. In these cases the outflow over the pul-
monary valve may be used. Although it is possible to ori-
entate the ultrasound beam in the assumed 0 degree

direction of blood flow and perpendicular on the valve, in
practice this is difficult to realize. The alignment is affected
by operator skill, anatomy and subject movements (for
instance during breathing). Consequently the technique
has a larger inter- and intra-observer variability and larger
limits of agreement compared with reference methods
than the transoesophageal method.The portable and non-
invasive character of the method allows use in many set-
tings with patients in the supine position.

Thoracic electrical bioimpedance

Electrical bioimpedance was introduced five decades ago
as an inexpensive and non-invasiveness cardiac output
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Transoesophageal probe geometry. Blood flow velocity is measured by
the Doppler beam using the well known Doppler principle. Aortic diam-
eter is determined by the echographic beam by measuring the distance
between the backward scatter of the proximal and distal aortic wall. From
this distance the cross sectional area of the aorta is calculated

method. A high-frequency alternating electrical current
with low amplitude is applied to the thorax via two elec-
trodes. The resulting voltage is measured with two other
electrodes, positioned in between the current electrodes.
The measured changes in bio-impedance are thought to
be related to changes in cardiac related blood volume. A
mathematical conversion is used to translate the change in
bioimpedance into cardiac output. Several formulae exist
for this conversion. These formulae and their nuances go
well beyond the scope of this review. A more detailed
description can be found in a review of de Waal and
co-workers [44]. The over-simplification of physiological
reality by mathematical equations, motion artefacts,
abnormal thoracic anatomy, cardiac valve disease, thoracic
shunts and arrhythmias contribute to the inaccuracy of
this method. In a large meta-analysis of three decades of
validation studies on thoracic impedance cardiography,
Raaijmakers et al. [45] concluded that a better physical-
physiological model in combination with improvements
on the impedance CO-equation are still needed.

We expect that this aspect accounts also for the re-
cently developed bio-reactance technology (Biorectance,
Cheetah Medical Inc., Indianapolis USA). This method is
based on the observation that blood volume changes
induce small changes in frequency and phase of the elec-
trical signal propagating across the thorax. These small
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changes have been shown to correlate with stroke volume
[46].

How to evaluate the different
cardiac output measurement
methods?

Bland & Altman [47, 48] proposed that bias (the mean dif-
ference between the techniques) = 2 SD-precision is an
appropriate indication of agreement between techniques.
Here bias is the systematic error and the standard devia-
tion (SD) of the differences is the random error between
methods. Thus the limits of agreement (bias = 2 SD)
involve the combination of errors of each measurement
technique.

In the present review on cardiac output methods a lack
of consistency was found in the presentation of results.
Regularly the method under study is compared to ther-
modilution by linear regression analysis also known as cali-
bration statistic, presenting the regression coefficients of
the line together with the correlation coefficient. Bland &
Altman [47, 48] in their statistical notes pointed out that it
could be highly misleading to analyze data pairs by com-
bining repeated observations from several patients and
then calculating standard regressions and correlation
coefficients.

Critchley & Critchley [49],in an effort to establish objec-
tive criteria for judging the accuracy and reproducibility of
cardiac output measurement state that if a‘new’ method is
to replace an older, established method, the new method
should itself have errors not greater than the older
method. Therefore, knowledge and a careful application of
the older method as a reliable reference method are essen-
tial for a good evaluation of a new technique. Otherwise,
the difference between the evaluated method and the
reference method could be determined mainly by the
reference method. In an example Critchley & Critchley
[49] showed that if the reference technique has a 2
SD-precision of +20%, then a new method must also have
a 2 SD-precision of 20% to be acceptable. According to
Pythagoras’ law, the limits of agreement in the Bland-
Altman plot should be less than *+28%, i.e. V(20? + 20%), to
conclude for agreement between methods. This example
has led to an oversimplification in comparison of methods
and many authors concluded that the Bland-Altman limits
of agreement should be less than =30% to accept the new
measurement technique. Based on the fact that the 2
SD-precision of the reference method may be less than
20%, the criteria of 30% derived from Bland—Altman analy-
sis is highly misleading. Therefore, evaluation studies
should provide the precision of the reference method. In
addition to the above discussion about the evaluation of
new methods, we should realize that a proper evaluation
method of continuous cardiac output methods is still
awaited [50].



Table 1

Methods to measure cardiac output BJCP

Median results for different methods in comparison with intermittent pulmonary thermodilution cardiac output

Differences with COpa

:{EY]
I min™! %

Number of

Method observations

Indicator dilution

CCO-Vigilance 3439 0.03 0.55

Transpulmonary TD 818 0.43 7.74

Transpulmonary LiD 245 —-0.03 —-0.55
Fick

CO,-rebreathing 601 -0.25 -4.35
Pulse contour

Modelflow-calibrated 995 0.00 0.00

Modelflow-noncalibrated 924 0.31 5.63

PiCCOplus 1802 0.04 0.73

LiDCOplus 452 0.05 0.91

FloTrac-Vigileo 1777 0.25 4.55

2SD-precision

35

17
31
32
24
41

Calculated 2SD-precision with

2 SDpa = 10% 2 SDpa = 20% 2 SDpa = 30%

% %
25 18 6
18 7 0
23 16 0
34 29 19
16 0 0
29 23 7
30 25 10
22 13 0
40 36 29

COpa, cardiac output by intermittent pulmonary thermodilution.

In Table 1, we summarize results of different methods
to estimate cardiac output against the results of the inter-
mittent pulmonary thermodilution method as reference
method.From each peer reviewed study we noted or recal-
culated the bias and limits of agreement for cardiac
output, hereto cardiac index was converted to cardiac
output. For each method we took the median results of the
included studies. Furthermore, we calculated the 2
SD-precision for the different methods assuming the refer-
ence method had a 2 SD-precision of 10%, 20% and 30%,
respectively. A 2 SD-precision of 10% corresponds to the
averaged results of three thermodilution measurements
equally spread over the ventilatory cycle whereas 20% cor-
responds to the average result of three measurements ran-
domly applied and 30% to single estimates [5].The number
of studies included in Table 1 are: CCO-vigilance thermodi-
lution method 13 [13,51-62], transpulmonary thermodilu-
tion method 5 [62-66], transpulmonary lithium dilution
method 4 [67-70], the Fick CO,-rebreathing method 5 [3,
71-75], calibrated Modelflow method 5 [29, 38, 76-78],
uncalibrated Modelflow 4 [38, 78-80], PiCCOplus 7 [62, 76,
81-84] only results with software version 4.x and later were
used, LiDCOplus 5 [69, 70, 85-87], PRAM 3 [34, 88, 89] and
FloTrack-Vigileo 9 [79, 84, 90-96], only results of software
version 1.07 and later were selected. No data of ultrasound
methods were included because not enough of these
methods were compared with thermodilution cardiac
output except for the HemoSonic [79, 97-99] which is
however out of production at the moment. Also, the results
of the impedance method were excluded because Raaij-
makers et al. [45] in a meta-analysis had already concluded
that there was insufficient agreement with reference
methods. From the data given in Table 1, it can be seen that
none of the methods can replace the averaged results of
three measurements with pulmonary artery intermittent

thermodilution equally distributed over the ventilatory
cycle (2 SD < 10%). Transpulmonary thermodilution,
transpulmonary lithium dilution both with the averaged
results of three measurements, calibrated Modelflow and
LiDCOplus pulse contour may replace the pulmonary
artery thermodilution with the results of three randomly
applied measurements. All methods can replace single
thermodilution estimates with a 2 SD-precision of 30%.

Conclusions

Many methods to measure cardiac output are available
(see Table 2).None of the methods studied fulfil the criteria
of accuracy, precision, operator independence, fast
responding, non-invasiveness, continuous measurement,
ease of use, low cost and without complications. The Fick
for O,, for instance, is labour intensive and invasive but
highly accurate and precise. The continuous thermodilu-
tion method does not have a fast response, needs skilled
physicians to introduce the PAC and is invasive. The pulse
contour methods are non-invasiveness, give beat-to-beat
cardiac output and are easy to use. The ultrasound
methods have large inter- and intra-observer variability.
The transpulmonary indicator dilution methods score
better in accuracy and precision. The ultrasound methods
are limited by large inter- and intra-observer variability.
With respect to precision and accuracy, all methods can
replace single thermodilution estimates with a 2
SD-precision of 30%, most can replace the averaged result
of three randomly applied intermittent thermodilution
measurements but none can replace the averaged results
of three estimates equally distributed over the ventilatory
cycle.
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Table 2

Overview of characteristics for different methods to measure cardiac output

CO method Invasiveness  Response Accuracy Precision Limitations
Fick O +H+ Intermittent  High Moderate  Requires a PAC for venous O, and spirometer or mechanical ventilator. Labour intensive technique
Fick CO; + Slow Low Low Subject must be on ventilator

PAC Td bolus  +++ Intermittent  High High

PAC CCO ++

TP Td bolus ++ Intermittent  High High
TP Li bolus ++

PiCCO ++

LiDCO +

Vigileo ++ Beat-to-beat Moderate  High
Modelflow ++ Beat-to-beat  High High
TOD + Continuous High Low
TTE - Continuous ~ Moderate  Low

Bioimpedance - Continuous  Low Low

Errors due to shunts
Special precaution during mechanical ventilation
Requires a PAC and triplicate measurements

Continuous Moderate  Moderate  Requires a PAC and triplicate measurements

Requires a PAC and triplicate measurements

Intermittent ~ Moderate  Moderate  Requires only arterial catheter but needs triplicate measurement for sufficient agreement with
reference methods

Beat-to-beat Moderate  Moderate  Requires frequent calibration with independent (other) method

Beat-to-beat Moderate  Moderate  Requires frequent calibration with independent (other) method or lithium indicator method

Needs specific sensor

Needs femoral or radial arterial catheter

Not well tolerated in awake subjects and transducer position difficult

Large inter-operator variability

Artifacts due to anatomic variations, shunt, movement, electrical noise

CO cardiac output, CCO continuous cardiac output, Li Lithium, PAC pulmonary artery catheter, Td thermodilution, TOD transoesophageal Doppler, TP transpulmonary, TTE

transthoracic echography.
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