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Analysis of actual accuracy in cardiac output measurements
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Abstract. The essential examination in hemodynamic monitoring of the patient is the cardiac output (CO) measurement. Nowadays, in
clinical practice the most popular method is indicator dilution, particularly thermodilution. It is realized by applying the Swan-Ganz
catheter and observing changes of the indicator concentration. This method is sensitive to many factors and the obtained results should be
treated cautiously. The paper presents theoretical and experimental studies of metrological phenomena in CO measurements by means of
thermodilution, paying special attention to medical aspects of the measurements. It has been pointed out that the actual unreliability of the
mentioned method reaches values from 20% to 45%, which is in opposition to the technical data of patient’s monitors (typical accuracy
about 5%).
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1. Introduction
Measurements of the cardiac output (CO) are the essential
examination in hemodynamic monitoring of the patients hospitalized most often at intensive care wards [1]. In the terms of
medicine it is deﬁned as a volume of blood which is pumped
by the cardiac muscle during one minute. In terms of physics
it should be understood as the average volumetric ﬂow of viscid, non-Newtonian liquid at a constant temperature [2]. CO
monitoring provides valuable information about the patient’s
hemodynamic state and allows to decide about the progress
of illness and treatment
There are a few methods of CO estimation with diﬀerent
invasiveness, unreliability and principles of operation. The
most elementary one is Fick’s method, based on oxygen consumption by the organ [3]. In many papers Fick’s method is
considered to be a reference. However, it requires the risky
artery puncture and precise measurements of the blood saturation. Due to the reasons mentioned above, nowadays the
applications of Fick’s method is limited and focused on experimental medicine.
One of the most popular non-invasive CO measurement
methods is echocardiography. In spite of its low accuracy [4]
the estimation of the ejection fraction (and indirectly the CO)
by means of twodimensional echocardiography (transthoracic
or transesophageal) it is quite often applied in clinical practice [5]. This method is readily applied as a screening examination. Rheocardiography seems to be a new trend among
non-invasive CO measurements [5, 6]. Due to a low number
of clinical cases the uncertainty of this method is diﬃcult to
estimate. It was pointed out [7] that rheocardiography may
be useful in monitoring the patient’s hemodynamic longterm
tendency but the accuracy of the measurement of an isolated
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case is low. In spite of non-invasiveness and the easy way of
its application this method has not achieved practical popularity.
There are a few other methods of CO measurements (e.g.
PiCCO, LIDCO, pulse contour [5]) but due to their pure accuracy, sensitivity and speciﬁcity they have still been under
development and their clinical application is signiﬁcantly limited.
Nowadays great clinical signiﬁcance has been attained in
CO measurements by means of the indicator dilution phenomenon. It is practically realized by the pulmonary artery
catheterization technique (PAC) which is considered to be a
“gold clinical standard” [8] The method itself is relatively easy
in its application, safe for the patient and it allows to measure other important hemodynamic parameters, as intracardiac
pressures (especially the pulmonary artery wedge pressure) or
pulmonary resistance [1, 2, 5]. In the course of clinical studies many investigators have assumed the PAC technique as a
reference Literature studies and the authors’ practical experiences have shown that the accuracy of the thermodilution
method depends on many factors (e.g. physical parameters of
the indicator, haematological parameters of blood, heart rate,
valves diseases [20] and on the way of injecting of the indicator [9, 10]) Manufacturers of the patient’s monitor devices
quoted, that the unreliability of CO measurements by means of
thermodilution amounts to about 5% [11, 12]. However this
value contradicts clinical observations. This doubt inclined
the authors to study the metrological properties of thermodilution.
Goal: The goal of this work was to assess the uncertainty of
CO measurements by means of thermodilution.
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2. Principles of the method of indicator dilution
Let us consider the section of a vessel in which the liquid
ﬂows with an average volumetric ﬂow Q. (cf. Fig. 1). At the
point A the mass m of the indicator is injected rapidly into the
vessel. The transient concentration of the indicator C(t) (the
so-called indicator dilution curve – IDC) is measured at the
point B, remote from the point A. Supposing, that there is no
leak of the indicator out of the vessel the average volumetric
ﬂow of the liquid is deﬁned by (1)
m
Q = Z∞
(1)
C(t) dt
0

thermodilution. As the indicator the room-temperature (Ti =
21–23◦C) or iced (Ti = 1-5◦C) 0.9%NaCl is used. The examination runs as follow:
• ﬁrst the Swan-Ganz catheter (Fig. 3) is inserted into the pulmonary artery (Fig. 4) through the jugular vein, superior
caval vein, right atrium and right ventricle (this technique
is called pulmonary artery catheterization – PAC)
• next the indicator is rapidly injected into the right atrium
through the smalldiameter duct inside the catheter,
• the IDC is measured by the temperature-sensitive element
located at the tip of the catheter,
• IDC is registered by the patient’s monitor and the CO is
calculated by means of the Stewart-Hamilton equation (2)
Φ=

ci ρi Vi · (Tb0 − Ti )
cb ρb R∞
Tb (t)dt

(2)

t0

where ci , cb – speciﬁc heat of indicator and blood, ρi , ρb –
speciﬁc mass of indicator and blood, Vi – volume of indicator, Tb0 – temperature of blood just before injection of the
indicator, Ti – temperature of indicator, Tb(t) – indicator
dilution curve.

Fig. 1. The idea of ﬂow measurements by means of indicator dilution

Equation (1) is correct for all dilution methods, independently of the type of the indicator and the way of its injection.
In practical applications the integration time of IDC is limited.
In biological objects the shape of IDC is more complicated
due to the recirculation eﬀect (a certain portion of the indicator returns to the detector through the closed loop of the
vessels – cf. Fig. 2).

Fig. 3. The Swan-Ganz catheter

Fig. 2. Indicator dilution curve (IDC) and the recirculation eﬀect

Nowadays, in clinical practice the dominant variation of
blood ﬂow measurements by means of indicator dilution is
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Fig. 4. Location of the Swan-Ganz catheter into the vessels of the
pulmonary circulation
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The PAC technique by means of the Swan-Ganz catheter
allows to measure (except CO) numerous important hemodynamic parameters, like pulmonary artery pressure (PAP),
pulmonary artery wedge pressure (PAWP - which correspond
to the left atrial pressure) and the resistance of pulmonary
vessels (PVR). Although, the PAC examination is invasive,
but it provides valuable hemodynamic data. The PAC is safe
for the patient and does not increase the risk of death [10].
This examination is recommended by the Polish and European
Society of Cardiology [8] and is generally applied (a “gold
standard”) in clinical practice.

3. Material and methods
The accuracy of CO measurements by means of thermodilution was estimated in two diﬀerent ways: theoretically and
experimentally. The following conditions of experiments were
assumed:
• indicator: 0.9%NaCl, iced (1.5. . . 4.5◦ C) or room temperature (20. . . 23◦ C), injection volume 10 mL,
• catheter: size 7F, volume of the indicator duct about
0.5 mL,
• thermodynamic parameters of liquids:
• for blood substitute: speciﬁc heat = 3528 J/kg·K, mass density = 1065 kg/m3
• indicator: speciﬁc heat = 4180 J/kg·K, mass density = 996
kg/m3
• no human or animal blood was used, physical experiments
were performed on an adequate model of the pulmonary
circulation [13].
Theoretical estimation of the uncertainty of thermodilution. Theoretical considerations were carried out by means
of the sensitivity analysis method. This method allows to determine the inﬂuence of the variations of individual factors
on the global value of transmittance T (transfer function of
analyzed process) [14]. The T function, depends on n pa∆T
denotes the
rameters: T = f (Y 1, Y 2, . . . Y n). δT =
T
∆Yi
relative increment of the T function and δYi =
denotes
Yi
the relative increment of the parameter. The relative increment
of T caused by variations of Yi is deﬁned by (3):
δT =

n
X

SYTi · δYi

(3)

i=0

SYT i is a relative sensitivity index of the function T on the parameter Yi . Let us assume, that the relative increments of the
parameters δYi are low (< 10%), then the relative sensitivity
index may be deﬁned by (4):
SYTi =

Yi ∂T
.
T ∂Yi

(4)

The maximum deviation of the function T is given by the
equation (5):
δTmax = ±

n
X
i=1
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SYTi · δYi .

(5)

In this paper the sensitivity analyze of the Stewart-Hamilton
thermodilution model Eq.(2) was carried out. The SYT i values may be assessed theoretically or experimentally. In the
presented work some sensitivity indices were measured and
others were estimated theoretically basing on the knowledge
of the nature of the occurring phenomena.
Experimental assessment of the uncertainty of thermodilution. Due to ethical and practical reasons examinations
on animals were abandoned. There are numerous methods
of modelling the cardiovascular system [15, 16]. To estimate experimentally the unreliability of thermodilution an
adequate physical model of the pulmonary circulation was
applied (Fig. 5) [13]. It consisted of the following parts: the
right atrium, right ventricle, pulmonary artery valve, tricuspid
valve, pulmonary trunk and left and right pulmonary arteries.
The spatial arrangement of all the listed structures were similar to those in the cardiac muscle. To simulate the contractibility of the ventricle and atrium ﬂexible membranes made of
polyurethane were used.

Fig. 5. Pictorial view of the physical model of pulmonary circulation:
1 – atrium, 2 – ventricle, 3 – pulmonary trunk, 4 – pulmonary artery,
5 – rotameter, 6 – centrifugal pump, 7 – temperature regulator, 8 –
patient monitor, 9 – equivalence tank, 10 – syringe for injection of
the indicator

The membranes are pneumatically supplied by an external pneumatic controller. The model produces a pulsating ﬂow
with an adjustable heart rate, ejection time and time dependences between the contraction of the atrium and ventricle. It
is possible to simulate valve diseases, arrhythmia, hypothermia and various geometry of pulmonary vessels and pressure
load.
The operating liquid was a 30% glycerine and water solution with an antibacterial agent. This mixture is frequently
used as a blood substitute and its thermodynamic parameters
are similar to those of the blood. The temperature of operation liquid was stabilized by an electronic regulator with
an accuracy of +0.1◦ C/−0.3◦ C. Due to the close hydraulic
circulation loop the developed model is able to simulate the
recirculation of the indicator.
Due to the complexity of the measurements of the pulsating ﬂow in the developed system this kind of ﬂow (generated
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by the heart simulator) was transformed into a continuous ﬂow
in the hydraulic subsystem consisting of a centrifugal pump
and an equalizing vessel (Fig. 6). The continuous ﬂow (which
— in steady-state — equals the pulsating ﬂow) was measured
by a rotameter with an accuracy of 1.5%.

Fig. 6. Pictorial view of the physical model of pulmonary circulation

The functional veriﬁcation of the developed model was
performed by comparing the course of the dilution phenomenon (IDC curves) occurring in the physical model and the
human circulatory system (13). It was unequivocally proved
that the model is able to simulate faithfully CO measurements
by means of thermodilution.
The uncertainty of CO measurements by means of thermodilution was experimentally assessed on two Swan-Ganz
catheters (BD2, Becton-Dickinson and 2269, Burron Medical) connected to the patient’s monitor (PM9600, Mindray).
As indicators iced and room-temperature isotonic salt solutions were applied. The CO value measured by means of patient’s monitor and reference rotameter were compared. For
all values of ﬂow generated by the model N = 20 measurements were carried out. The obtained data were statistically
analyzed (Student’s distribution, p = 0.05).

4. Results
Theoretical estimation of the uncertainty of thermodilution. The relative increments of the parameters were determined in the following way:
• δci , δρi : due to the stable chemical constitution of the
indicator the value of those parameters was equal to zero
• δcb , δρb : the thermodynamic features of the diphase mixture are given by (6):
c, ρF 12 = (1 − n) · c, ρF 1 + n · c, ρF 2

(6)

Blood consists of cellular components and plasma, the
speciﬁc heat of which amounts to 3.52 J/mL·K and
4.03 J/mL·K, respectively [17]. Assuming a hematocrit in
the range of 25. . . 60% [1, 2], the value of δcb calculated
from (6) amounts to 2.5%. The mass density of the plasma and cellular components amounts to 1027 kg/m3 and
1095 kg/m3 , respectively [17]. The value of δρb calculated
from (6) equals 1.3%.
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• δT i : this parameter depends mainly on the accuracy of Ti
measurements. From the technical data of patient’s monitors [11, 12] it may be assumed to be 3%.
• δT b : this parameter depends on the accuracy of measurement of the blood temperature by means of a thermoelement located at the top of the Swan-Ganz catheter. In order
to estimate δTb six catheters connected to a patient’s monitor were examined [14] The reference measurements of
temperature was carried out by means of a high precision
(0.0011◦C) thermometer. The temperature was measured
within the range of 33. . . 38◦ C. The average accuracy of
blood temperature measurements was 5.3% but the worst
was 13.0%
• δV i : the value of this parameter is diﬃcult to estimate.
The indicator is injected with a medical syringe with a
low-precise scale of volume. Moreover, a small portion of
the indicator injected previously remains in the catheter
canal. In a typical 7F size catheter the volume of the canal
amounts to 0.5 mL (5% of typical 10 cm3 volume of indicator).
• δS c : the Sc determines the integral of the IDC measured
by a non-ideal detector (slope of transfer function k 6= 1
and oﬀset T 6= 0), therefore:
Sc∗

=

Z∞

0
∞
Z

=k·

0

k · [∆Tb (t) + T0 ]dt

∆Tb (t) dt +

Z∞
0



(7)

T0 dt

= k · (Sc + T0 · tpom ) .
The Sc∗ and Sc represent the integral of IDC measured by
non-ideal and ideal detectors, respectively. The oﬀset T is
zeroing by means of the measurement method realized by
the patient’s monitor, therefore the δSc depends merely on
the k-ratio. Taking into account the typical slope of the
thermistor transfer function [17], δSc = 6%.
The values of the relative sensitivity indices calculated
by means of (4) and the relative increment of the parameters
have been presented in Table 1. STT i and STT b depend on the
absolute values of Tb and Ti therefore the respective values
of those indices have been presented in Table 2.
The unreliability of cardiac output measurements by
means of thermodilution, theoretically assessed by the sensitivity analysis of Stewart-Hamilton’s equation were calculated
from (5) and have been presented in Table 3.
Experimental assessment of the uncertainty of thermodilution. Investigations were carried out concerning typical
hemodynamic conditions (heart rate: 55-75BPM, ejection
time: 40–45%, cardiac output: 1.7–4.1 L/min).
The accuracy of blood temperature measurements by
means of the investigated catheters was: −1.72% (catheter
2269) and 0.27% (catheter BD2). The percentage of relative
values of the cardiac output measured by means of thermodilution compared with the reference rotameter has been presented in Fig. 7 and Table 4.
Bull. Pol. Ac.: Tech. 60(3) 2012
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Table 1
Relative values of the sensitivity indices and increment of the parameters
Parameter
speciﬁc heat of the indicator
mass density of the indicator
speciﬁc heat of blood
mass density of blood
volume of the indicator

Relative sensitivity index [-]
1
1
-1
-1
1

Relative increment of the parameter [%]
0
0
2.5
1.3
5.0

Tb
Tb − Ti

5.3 (average)
13.0 (max.)

temperature of blood
temperature of the indicator

−

indicator dilution curve integral

Ti
Tb − Ti

3.0 (iced)
0.5 (room temp.)
6.0 (average)
16.0 (max.)

-1

Table 2
Values of STQi and STQb for practical range of Ti and Tb
Indicator
iced
Ti = 5◦ C
room-temperature
Ti = 23◦ C

Temperature of blood Tb [◦ C]
36.6
30.0
38.0
36.6
30.0
38.0

STQi
-0.15
-0.20
-0.15
-1.69
-3.28
-1.53

STQb
1.15
1.20
1.15
2.69
4.28
2.53

Remarks
physiology
hypothermia
inﬂammation
physiology
hypothermia
inﬂammation

Table 2
Unreliability of cardiac output measurements estimated by means of the sensitivity analysis of transfer function
Accuracy
typical
the worst case

Type of indicator
iced
room-temperature
18.3%
26.9%
34.2%
54.7%

Fig. 7. Comparison of the uncertainty of CO measurements by means of thermodilution concerning various catheters, ﬂows and temperatures
of the indicator
Table 4
Unreliability of cardiac output measurements estimated experimentally
Catheter
2269
BD2

Bull. Pol. Ac.: Tech. 60(3) 2012

Unreliability of co measurement
iced
room-temperature
12.7
44.4
23.4
12.0

585

M. Gawlikowski and T. Pustelny

5. Discussion
In clinical applications the room-temperature thermodilution
is perceived as less accurate but safer for the patient (a cold
indicator quite often causes arrhythmia or tachycardia). In
fact, the relative sensitivity indices of the indicator at roomtemperature are signiﬁcantly higher than in the case of an iced
one (cf. Table 2). Moreover, the value of indices connected
with the temperature of indicator are lower than indices connected with the temperature of the blood. Therefore in order
to decrease the unreliability of thermodilution the temperature
of blood should be measured more accurately than the temperature of the indicator. It should be noticed that the slope
(kratio) of the transmittance of blood temperature detector inﬂuences signiﬁcantly the relative increment of the integral of
IDC, which makes this measurement critical concerning the
accuracy of the thermodilution method.
The eﬀect described above is noticeable in physical experiments. It has been pointed out (cf. Table 4 and Fig. 7) that
the iced variant of thermodilution is not always more accurate
than at room-temperature. It should be emphasised, that the
relative accuracy of measurements of the blood temperature
by the catheter BD2 was about six times greater than if the
catheter 2269 was used.
Usually the thermoelements applied in Swan-Ganz
catheters are made of nickel alloy characterized by non-linear
characteristics of resistance vs. temperature [18]. In the patient’s monitor this function is approximated by linear function
near the operating point (37oC). Therefore, measurements of
the blood temperature in the case of patients with hypothermia or inﬂammation will be inaccurate and – in consequence
– the results of CO measurements by thermodilution will in
those patients be not credible [19].
Both: the theoretical and experimental assessments of unreliability of the thermodilution method have shown, that the
accuracy of measurements at typical conditions amounts to
about 20% (Table 3 and Table 4) but the worst value of accuracy exceeds 45%. The manufacturers of devices designed
for CO measurement by means of thermodilution claim, that
the accuracy of measurement is 5% [11, 12], but they do not
inform about the conditions of the experiment (the character of ﬂow, the type of the catheter, the uncertainty of blood
temperature measurements, thermodynamic parameters of the
medium, the type of the indicator and the reference method
of ﬂow measurements). The theoretical analysis presented in
this paper allowed to identify factors signiﬁcant for unreliability of thermodilution and explain the way of their inﬂuence
on the measurement The results of theoretical considerations
were conﬁrmed experimentally.
The clinical meaning of CO is signiﬁcant: it allows to
diagnose the illness, to monitor its progress and the eﬀects
of the therapy. The 10mL room-temperature indicator is most
often applied but – taking into account the presented results
(Table 3 and Table 4) – in some cases the accuracy of examination may reach 45%, which makes the result useless.
Therefore the medical staﬀ should be conscious of the metrological properties of thermodilution and the outcomes of an
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incorrectly carried out examination. Due to the fundamental
meaning of CO in hemodynamic monitoring other methods
of its measurement, based on other physical principles should
be found.

6. Conclusions
1. The accuracy of blood temperature measurements has a
fundamental meaning concerning the unreliability of thermodilution. Due to the linear approximation of the transfer
function of the thermoelement near the operating point of
37◦ C, the results of CO measurements in patients with hypothermia or inﬂammation will be inaccurate.
2. The theoretical unreliability of the thermodilution method
was conﬁrmed experimentally and amounts to 20% (at typical hemodynamic conditions) but in extreme cases it may
reach about 45%. Therefore the examination itself must be
carried out with care and the results must be interpreted
individually paying special attention to their correctness.

Acknowledgements. This work was supported by the Polish
Ministry of Science (grant No. N N518 336135) and Czeslaw M. Rodkiewicz Scholarship Foundation.
REFERENCES
[1] W. Rużyłło and Z. Purzycki, Hemodynamics Diagnostics,
PZWL, Warsaw, 1984. (in Polish).
[2] A.C. Guyton Textbook of Medical Physiology, W.B. Saunders
Company, Philadelphia, 1991.
[3] Ch. Berton and B. Cholley, “Equipment review: new techniques
for cardiac output measurement – oesophageal Doppler, Fick
principle using carbon dioxide, and pulse contour analysis”,
Crit Care 6 (3), 216–221 (2002).
[4] A.F. Parisi, P.F. Moynihan, C.L. Feldman, and E.D. Folland,
“Approaches to determination of left ventricular volume and
ejection fraction by real-time two-dimensional echocardiography”, Clin. Cardiol 2 (4), 257–263 (1979).
[5] P. Guzik, K. Greberski, and H. Wysocki, “Comparison of invasive and noninvasive measurement methods of hemodynamic
parameters”, Medical News 71 (6), 349–354 (2002), (in Polish).
[6] C. Jewkes, “Non-invasive measurement of cardiac output by
thoracic electrical bioimpedance: a study of reproducibility and
comparison with thermodilution”, Brit. J Anaesth 67 (6), 788–
794 (1991).
[7] B. Przywara-Chowaniec, L. Polonski, M. Gawlikowski, and T.
Pustelny, “Clinical studies of rheocardiography application to
hemodynamic monitoring of patients with dilated cardiomyopathy”, Act Phys. Pol. A 116 (3), 380–382 (2009).
[8] M. Gawlikowski, T. Pustelny B. Przywara-Chowaniec, and J.
Nowak-Gawlikowska, “Theoretical and model analysis of the
unreliability of cardiac output measurement by means of the
thermodilution method.”, Bull. Pol. Ac.: Tech 59 (4), 435–439
(2011).
[9] T. Nishikawa and S. Doshi “Errors in the measurement of
cardiac output by thermodilution”, Can. J. Anaesth. 40 (2),
142–153 (1993).
Bull. Pol. Ac.: Tech. 60(3) 2012

Analysis of actual accuracy in cardiac output measurements by means of thermodilution
[10] P.R. Lichtental, Cardiopulmonary Care, Edwards Lifescience,
Irvine, 2002.
[11] PM-9000 the Portable Patient Monitor. User’s Manual, Shenzhen Mindray Bio-Medical Electronics, Shanghai, 2008.
[12] FX-2000 Patient’s Monitor. User’s Manual Design, Production
Company Emtel, Zabrze, 2009.
[13] M. Gawlikowski and T. Pustelny, “Physical model of the pulmonary circulation designed for investigation on cardiac output
measurement by means of the thermodilution method”, Act.
Phys. Pol. A 120 (4), 798–802 (2011).
[14] J. Chojcan and L. Lasek, The Methods of Sensitivity Analysis
of Electronic Circuits, Publishing House of Silesian Technical
University, Gliwice, (1985), (in Polish).
[15] T. Pustelny, P. Struk, Z. Nawrat, and M. Gawlikowski, “Design and numerical analyses of the human greater circulatory system”, Eur. Phys J Special Topics 154 (1), 171–174
(2008).

Bull. Pol. Ac.: Tech. 60(3) 2012

[16] T. Pustelny, P. Struk, Z. Nawrat, and M. Gawlikowski, “Numerical and experimental researches of mechanical heart prosthesis”, Eur. Phys. J Special Topics 154 (1), 175–181 (2008).
[17] J.G. Webster, Encyclopedia of Medical Devices and Instrumentation, Wiley-Interscience, Hoboken, 2006.
[18] J.P. Callister and T.R. Machold, “Device and method of measuring blood ﬂow rate or cardiac output and for heating or
cooling the body”, patent no. US2003/0225336 A1 USA, 04
12 (2003).
[19] M. Gawlikowski, T. Pustelny, B. Przywara-Chowaniec, and J.
Nowak-Gawlikowska, “Model study of cardiac output measurement by thermodilution in thermal instability”, Act. Phys. Pol.
A 118 (6), 1124–1126 (2010).
[20] P. Wilczek, “Heart valve bioprothesis; eﬀect of diﬀerent acellularizations methods on the biomechanical and morphological
properties of porcine aortic and pulmonary valve”, Bull. Pol.
Ac.: Tech. 58 (2), 337–242 (2010).

587

