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A B S T R A C T : The hemodynamic status monitoring of high-risk surgical patients and critically ill patients in 
Intensive Care Units is one of the main objectives of their therapeutic management. Cardiac output is one of the most 
important parameters for cardiac function monitoring, providing an estimate of whole body perfusion oxygen deliv-
ery and allowing for an understanding of the causes of high blood pressure. The purpose of the present review is the 
description of cardiac output measurement methods as presented in the international literature. The articles document 
that there are many methods of monitoring the hemodynamic status of patients, both invasive and non-invasive, the 
most popular of which is thermodilution. The invasive methods are the Fick method and thermodilution, whereas 
the non-invasive methods are oeshophaegeal Doppler, transoesophageal echocardiography, lithium dilution, pulse 
contour, partial CO2 rebreathing and thoracic electrical bioimpedance. All of them have their advantages and disad-
vantages, but thermodilution is the golden standard for critical patients, although it does entail many risks. The ideal 
system for cardiac output monitoring would be non-invasive, easy to use, reliable and compatible in patients. A number 
of research studies have been carried out in clinical care settings, by nurses as well as other health professionals, for the 
purpose of finding a method of measurement that would have the least disadvantages. Nevertheless, the thermodilu-
tion technique remains the most common approach in use today.
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INTRODUCTION 
The hemodynamic status monitoring of high-risk sur-

gical patients and critically ill patients in Intensive Care 
Units is one of the main objectives of their therapeutic 
management (Hett & Jonas 2003). Cardiac output is 
one of the most important parameters for cardiac fun-

ction monitoring, providing an estimate of whole body 
perfusion oxygen delivery and allowing for an under-
standing of the causes of high blood pressure (Berton & 
Cholley 2002).

Cardiac ouput is the volume of blood pumped by the 
heart per minute and is the product of the heart rate and 
stroke volume. The stroke volume of the ventricle is de-
termined by the interactions between its preload, con-
tractility and afterload (Prabhu 2007, Guyton 1991).

Over the past decades, many methods for cardiac out-
put measurement have been developed. The most widely 
widespread is the invasive method of thermodilution, 
which, however, involves the danger of inserting a Swan-
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Ganz catheter into the circulatory system. Many alterna-
tive methods, both invasive and non-invasive, have been 
used, but even today, clinical observation is the most 
important for the clinical decision-making process. In 
clinical care settings, many extensive research studies 
are in progress for the purpose of finding a method for 
cardiac output measurement having as few disadvantag-
es as possible.

The ideal system for cardiac output monitoring would 
be non-invasive, easy to use, accurate, reliable, consist-
ent and compatible in patients (Mathews & Singh 2008, 
Yakimets & Jensen 1995). At present, no single technique 
meets all these criteria (Mathews & Singh 2008).

The purpose of the present review is to describe the 
cardiac output measurement methods as presented in 
the international literature. 

INVASIVE METHODS 

Fick method 

This method is based on the principle described by 
Adolfo Fick in 1870, according to which the total up-
take or release of a substance by an organ is the product 
of the blood f low through the organ and the arteriov-
enous concentration difference of the substance (Berton 
& Cholley et al 2002, Prahbu 2007, Mathews & Singh 
2008). The oxygen uptake in the lungs is the product of 
the blood flow through the lungs and the arteriovenous 
oxygen content difference. Therefore, cardiac output can 
be calculated using the equation:

CO =    VO2

     CaO2–CvO2 

Where VO2 is the oxygen consumption by the lungs 
and CaO2–CvO2 is the arteriovenous difference in oxy-
gen (Berton &Cholley et al 2002, Engoren & Barbee 2005, 
Mathews & Singh 2008).

Oxygen consumption is measured with special devices. 
The arteriovenous difference is computed by receiving 
samples of arterial blood, and mixed venous blood by 
receiving blood from the pulmonary artery (Tibby et al 
1997, Bougalt et al 2005, Mathews & Singh 2008). The 
mixed venous blood is received via a catheter that reach-
es up to the right ventricular and the pulmonary artery 
(Tibby et al 1997, Mathews & Singh 2008). Mathews & 
Sigh stated that “the arteriovenous oxygen content dif-
ference can be measured in situ using a pulmonary ar-
tery catheter having fibreoptic bundles incorporated in 
the catheter”

The Fick method has limitations which are marked 
in patients with lung abnormalities (Engoren & Barbee 
2005); it is costly and may lead to complications (Yung 
et al 2004). Also, it is considered the most accurate 
method available to evaluate patients with low cardiac 
output (Ultman & Burtzstein 1981, Mathews & Sigh 
2008).

Thermodilution method

This is an intermittent technique widely accepted in 
clinical settings (Prahbu 2007). It is a method relying on 
a principle similar to indicator dilution, but it uses heat 
rather than colour as an indicator (Mathews & Singh 
2008).

This method uses a special thermistor – tipped cath-
eter (Swan-Ganz catheter) inserted from a central vein 
into the pulmonary artery. A cold solution of D/W 5% 
or normal saline (temperature 0 oC) is injected into the 
right atrium from a proximal catheter port. This solu-
tion causes a decrease in blood temperature, which is 
measured by a thermistor placed in the pulmonary ar-
tery catheter (Tibby et al 1997, Prahbu 2007). The de-
crease in temperature is inversely proportional to the 
dilution of the injectate (Prahbu 2007). The cardiac out-
put can be derived from the modified Stewart-Hamilton 
conservation of heat equation (Fillipatos & Baltopoulos 
1997, Prahbu 2007). The pulmonary artery catheter is at-
tached to the cardiac output computer, which displays 
a curve and calculates output and derived indices auto-
matically (Prahbu 2007). 

Thermodilution technique remain the most common 
approach in use today and is considered as the golden 
standard approach to cardiac output monitoring (Hett 
& Jonas 2003, Prahbu 2007), although it involves many 
risks, such as pneumothorax, dysrythmias, perforation 
of the heart chamber, tamponade and valve damage 
(Hett & Jonas 2003). Also, it is reported that there are 
some concerns regarding the appropriateness of routine 
use of pulmonary catheters in critical patients (Albert et 
al 2004, Connors et al 1996).

Factors that may compuromise this technique are 
shunts, tricuspid regurgitation, cardiac arrythmias, 
abnormal respiratory patterns and low cardiac output 
(Prahbu 2007).

Some studies have supported concerns regarding the 
appropriateness of pulmonary artery catheters use in 
critically ill patients, since catheters are associated with 
increased morbidity and mortality (Connors et al 1996, 
Sandham et al 2003).
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Non-invasive cardiac output monitoring 
Oesophageal Doppler 

The Oesophageal Doppler monitor was first described 
in the early 1970s (Gan & Arrowsmith 1997). This tech-
nique measures blood f low velocity in the descend-
ing thoracic aorta (Gan & Arrowsmith 1997, Poelaert 
et al 1999, Hett & Jonas 2003, Mathews & Singh 2008, 
Working Group 2008) using a flexible ultrasound probe 
about the size of a nasogastric tube (Gan & Arrowsmith 
1997). This measurement can be combined with an es-
timate of the cross-sectional area of the aorta, which is 
derived from the patient’s age, height and weight, and 
allows hemodynamic variables including stroke volume, 
cardiac output and cardiac index to be calculated (Gan & 
Arrowsmith 1997, Hett & Jonas 2003, Mathews & Singh 
2008). 

The precision of this measurement depends on the fol-
lowing three conditions: the cross-section must be accu-
rate, the ultrasound beam must be directed parallel to 
the blood flow, the beam direction may not undergo ma-
jor alteration between measurements (Berton & Cholley 
2002, Hett & Jonas 2003).

This technique offers a minimally invasive means for 
continuous hemodynamic monitoring (King & Lim 2004, 
Prentice & Sona 2006), because the probe of an oesopha-
geal Doppler monitor can be inserted within minutes, 
requires minimal technical skill (Gan & Arrowsmith 
1997) and is not associated with complications (Gan & 
Arrowsmith 1997, King & Lim 2004). Also, it is operator 
dependant, and it is very easy to change the position of 
the probe between measurements, thus reducing the pre-
cision of the monitoring (Hett & Jonas 2003). A compar-
ison of this new monitoring with the pulmonary artery 
catheter is cited numerous times throughout the litera-
ture and correlates well overall (Kauffman 2000).

Transoesophageal echocardiography 

Transoesophageal echocardiography provides infor-
mation on cardiac contractility, filling status and output, 
valvular morphology and function, as well as on the as-
cending and descending aorta structure in the critical-
ly ill patient (Poelaert et al 1998). With this technique, 
cardiac output measurement is the result of calculating 
stroke volume, which can be multiplied by heart rate. In 
order to assess stroke volume, it is necessary to meas-
ure flow velocity and determine the cross-sectional area 
(Hett & Jonas 2003, Prahbu 2007). 

Flow velocity is calculated from the area under the 
Doppler velocity waveform, which gives the time velo-

city integral. The cross-sectional area can be calculated 
based on the diameter, assuming a circular shape, or it 
can be determined by direct planimetry (Hett & Jonas 
2003, Mathews & Sigh 2008). Measurements may be per-
formed at the level of the pulmonary artery, the mitral 
valve or the aorta valve. 

Turner (2004) has stated that “in the hands of a skilled 
operator, transesophageal echocardiography provides re-
liable cardiac output determinations’. Also, it is reported 
that it has been applied widely in ventilated patients with 
hemodynamic instability (Poelaert et al 1999).

Lithium dilution cardiac output 

This technique was first described in 1993 (Linton et 
al 1993) and is minimally invasive (Hett & Jonas 2003, 
Mathews & Sigh 2008). It requires a venous line and 
an arterial catheter. The venous line can be either cen-
tral or peripheral (Garcia-Rodriguez et al 2002, Hett 
& Jonas 2003, Prahbu 2007, Mathews & Sigh 2008). A 
bolus of isotonic (150 mM) lithium chloride (LiCl) so-
lution is injected via the venous line. The usual dose 
for an adult is 0.3 mmol (Hett & Jonas 2003). Arterial 
plasma concentration is measured by withdrawing 
blood across a selective lithium electrode at a rate 
of 4 mL/min. Cardiac output is calculated based on 
the lithium dose and the area subject to the concen-
tration–time circulation (Hett & Jonas 2003, Prahbu 
2007, Mathews & Sigh 2008). This technique is con-
tra-indicated in patients on lithium therapy (Prahbu 
2007, Mathews & Sigh 2008) and atracurium therapy 
(Prahbu 2007).

The technique is simple to perform, safe (Hett & Jonas 
2003) and accurate. It has been reported that it under-
estimates cardiac output by 5% compared to intermit-
tent thermodilution bolus (Prahbu 2007). Other reports 
say that it is more accurate than bolus thermodilution 
(Kurita et al 1997), but recent studies have stated that the 
method agreed well with intermittent pulmonary ther-
modilution (Costa et al 2008).

Pulse contour cardiac output 
This technique calls for the insertion of an arterial 

catheter (Hett & Jonas 2003, Mathews & Sigh 2008), and 
hence is considered a minimally invasive procedure 
(Hett & Jonas 2003). A long arterial catheter (with a ther-
mistor) placed in the femoral axillary, or brachial artery, 
and connected to a pulse contour device. With this cath-
eter, a continuous pulse waveform contour analysis is 
obtained. The technique is calculated by analysis of the 
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area under the systolic portion of the arterial pressures 
waveform, from the end-diastole to the end of the ejec-
tion phase; this corresponds to stroke volume. Also, by 
virtue of a pulse contour analysis device, a beat-to-beat 
analysis of cardiac output, averaged at 30 seconds, is 
displayed. Calibration requires a central venous can-
nulation, using a transcardiopulmonary thermodilution 
technique (Prahbu 2007). 

This method offers a level of accuracy comparable to 
thermodilution (Rodig et al 1999) 

Partial CO2 rebreathing 
Cardiac output can be estimated by using the Fick 

principle with carbon dioxide as the marker gas (Berton 
& Cholley 2002, Mathews & Sigh 2008). A new moni-
tor called NICO is based on the application of the Fick 
principle to carbon dioxide, in order to estimate cardiac 
output non-invasively. The monitor consists of a carbon 
dioxide sensor, a disposable airf low sensor and a pulse 
oxymeter. VCO2 is calculated from minute ventilation 
and its carbon dioxide content. The arterial dioxide con-
tent (CaCO2) is estimated from end-tidal carbon dioxide 
(Jaffe et al 1999, Haryadi et al 2000, Kotake et al 2003, 
Mathews & Sigh 2008)

The Fick equation for carbon dioxide is:
CO=VCO2/CvCO2-CaCO2

where VCO2, CvCO2, CaCO2 are CO2 consumption, 
venous CO2 concentration and arterial CO2 concentra-
tion respectively (Haryadi et al 2000, Berton & Cholley 
2002, Kotake et al 2003, Mathews & Sigh 2008).

We assume that cardiac output remains unchanged un-
der normal (N) and rebreathing conditions (R) (Berton 
& Cholley 2002).

CO=VCO2N/CvCO2N–CaCO2N=VCO2R/CvCO2R–CaCO2R

If we subtract the normal and rebreathing ratio, and 
the equation now reads: 
CO=VCO2N–VCO2R/(CvCO2N-CaCO2N)–(CvCO2R–CaCO2R)

Because the diffusion rate of carbon dioxide is 22 times 
more rapid than that oxygen, it is assumed that no dif-
ference in venous CO2 (CvCO2) will occur, whether un-
der normal or rebreathing conditions. Hence, the above 
equation becomes 

CO=ΔVCO2/ΔCaCO2

(Haryadi et al 2000, Berton & Cholley 2002, Kotake et al 
2003, Mathews & Sigh 2008). 

Thoracic electrical bioimpendance 
In the 1960s, the National Aeronautical and Space 

Administration (NASA) and William Kubicek developed 
impedance cardiography, using the thoracic electrical 
bioimpedance (Kubicek et al 1966).

This technique employs four pairs of electrodes. Two 
pairs are applied to the neck base on opposite sides and 
two pairs are placed at the level of the xiphoid junc-
tion (Bougalt et al 2005, Mathews & Sigh 2008). Each 
pair of electrodes comprises transmitting and sensing 
electrodes (Bougalt et al 2005, Mathews & Sigh 2008). 
With these electrodes, low-level electricity conducted by 
body f luid is transmitted (Smith 1994, Lavdaniti 1998, 
Mathews & Sigh 2008). Another set of two electrodes is 
used to monitor a single ECG signal (Bougalt et al 2005, 
Mathews & Sigh 2008). This electricity is harmless and 
not felt by the patient (Smith 1994). The first derivative 
dZ/dt of the impedance waveform is related linearly to 
aortic blood flow. Changes in impedance correlate with 
stroke volume, calculated using the following formula 
(Hett & Jonas 2003):

SV=ρ
    L2 

(dZ/dt)max×T
       Zo2

where SV=stroke volume 

ρ=resistivity of blood (Ω/cm)

L= mean distance between the inner electrodes (the 
thoracic length)

Zo=basal thoracic impedance

(dZ/dt)max=the maximum value of the first derivative 
during systole (Ohms/second)

T=ventricular ejection time (sec)

Cardiac output is calculated from the stroke volume 
and heart rate (Smith 1994, Mathews & Sigh 2008) and 
the equation is: CO=SVxHR, where HR=Heart Rate 

Cardiac output is easier to measure by impedance car-
diography than by thermodilution with a pulmonary ar-
tery catheter, can be applied quickly, and does not pose 
a risk of infection, blood loss or other complications as-
sociated with arterial catheters (Albert et al 2004). 

This method can be used to calculate various other 
parameters, such as cardiac index, stroke index, end-di-
astolic index and other hemodynamic parameters in-
cluding systemic vascular resistance (Smith 1994, Albert 
et al 2004). 

Many researchers have shown that impedance cardi-
ography provides as accurate measurements of cardiac 
output as does thermodilution (Yakimets et al 1995, 
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Albert et al 2004, Shoemaker et al 2006, Gujjar et al 2008). 
Thoracic bioimpedance is used in post-cardiac surgery 
patients (Gujjar et al 2008), in acute emergency trauma 
patients (Shoemaker et al 2006) and in pulmonary hy-
pertension patients (Yung et al 2004), in critical illness 
(Silver et al 2004) and post-coronary artery bypass (Van 
de Water & Miller 2003). 

DISCUSSION 
Hemodynamic monitoring is essential for the criti-

cally ill management. Effective monitoring generates 
data providing for the analysis of circulatory functions 
(Cottis et al 2003). As mentioned above, there are many 
methods of monitoring the haemodynamic status of pa-
tients; these can be invasive, less invasive or non-inva-
sive. 

All of these have advantages and disadvantages, and 
there are a number of studies comparing each or both 
of them to the standard method (i.e. the thermodilu-
tion method) (Berton & Cholley 2002, Albert et al 2004, 
Engoren & Barbee 2005, Bougault et al 2008, Costa et al 
2008). There are doubts about the safety of pulmonary 
artery catheters or about the thermodilution method, 
which is mainly due to the morbidity rate linked to it 
(Hett & Jonas 2003). The need to develop a simple, safe, 
reliable and inexpensive method for non-invasive cardi-
ac output remains, while the thermodilution technique 
is still the most common approach in use today, even 
though techniques that are minimally invasive or non-
invasive do exist (Hett & Jonas 2003).

In critically ill patients, the nurse’s role is crucial, and 
Cottis et al (2003) stated that “as the scope of nursing 
evolves, the profession must be self-determining, influ-
encing the boundaries of practice and the development 
of new skills, roles and knowledge”. Wright et al (1996) 
have stated that nurses play a role in individualizing pa-
tient care, and Taylor (1996) explains how doctors and 
nurses working together in a non-hierarchical manner 
can contribute to good decision-making with regard to 
patient treatment.

Most of the above methods call for a peripheral or cen-
tral venous or arterial line. Consequently, nurses are re-
sponsible for maintaining these lines so that the desired 
methods (such as thermodilution, pulse contour tech-
nique, etc.) (Cottis et al 2003), can be applied, providing 
for infections prevention as well as for electrode place-
ment of electrodes, such as in the case of thoracic electric 
bioimpendance (Smith 1994). They are also responsible 

for monitoring the results and determining the effective-
ness of drugs as a fluid or vasopressor (Smith 1994). 

Cardiac output monitoring provides an excellent area 
for nursing research. Observing the changes in cardiac 
output while moving a patient in order to prevent bed 
sores and measuring cardiac output at various phases of 
hospitalisation constitutes an area to be dealt with ide-
ally by nurses. Moreover, nurses should study cardiac 
output during the first hours of post-operative follow-
up for patients in Intensive Care Units. Cardiac output 
monitoring by nurses in the first post-operative twenty-
four hours in patients having undergone bypass surgery 
is an interesting premise for nursing research. In addi-
tion, nurses can compare the cardiac output measured 
by various methods, such as thermodilution and tho-
racic electrical biompedance, or partial CO2 rebreathing 
and thoracic electrical biompedance.

CONCLUSIONS 
Accurate monitoring of the hemodynamic status of the 

critically ill patient is essential for effective management 
(Cottis et al 2003). 

None of above techniques are mutually exclusive, 
since their advantages and drawbacks are quite differ-
ent. Futhermore, they are not intended to replace the 
pulmonary artery catheter, which remains quite unique 
in providing pressure (right arterial, pulmonary wedge 
pressure) as well as venous oxygen saturation, in addi-
tion to cardiac output.

The main objective of research studies conducted in 
Greece and abroad with respect to critically ill patients 
should be the comparison of cardiac output monitor-
ing methods, proving the validity of individual meth-
ods and consolidating their use in clinical settings. Also, 
further research is required to determine which patients 
will benefit most from the existing methods for cardiac 
output measuring. 

REFERENCES 
Albert NM, Hail MD, Li J, Young JB (2004). Equivalance of the bioim-

pedance and thermodilution methods in measuring cardiac output 
in hospitalized patients with advanced, decompensated chronic 
heart failure. American Journal of Critical Care, 13:469–480

Berton C, Cholley B (2002). Equipment review: New techniques for 
cardiac output measurement – oesophageal Doppler, Fick princi-
ple using carbon dioxide, and pulse contour analysis. Critical Care 
2002, 6:216–221

Bougault V, Lonsdorfer E, Charloux A, Richard R, Geny B, Oswald et 
al (2005). Does thoracic bioimpedance determine cardiac output 
in COPD patients during maximal or interminent exercise. Chest,  
127:1122–1131

International Journal of Caring Sciences

http://www.internationaljournalofcaringsciences.org Sept - Dec 2008     Vol 1 Issue 3



INVASIVE AND NON-INVASIVE METHODS FOR MEASUREMENT OF CARDIAC OUTPUT  117

Connors JAF, Speroff T, Dawson NV et al (1996). The effectiveness of 
right heart catheterization in the initial care of critically ill patients. 
SUPPORT Investigators. JAMA, 276:889–897

Costa MG, Della Rocca G, Chiarandini P, Mattelig S, Pompei L, Barriga 
MS et al (2008). Continuous and interminent cardiac output meas-
urement in hyperdynamic conditions: Pulmonary artery catheter vs. 
lithium dilution technique. Intensive Care Medicine, 34:257–263

Cottis R, Magee N, Higgins DJ (2003). Haemodynamic monitoring 
with pulse-induced contour cardiac output (PiCCO) in critical care. 
Intensive and Critical Care Nursing, 19:301–307

Engoren M, Barbee D (2005). Comparison of cardiac output 
detrmined by bioimpedance, thermodilution and the Fick method. 
American Journal of Critical Care, 14:40–45

Fillipatos G, Baltopoulos G (1997). Measurement of cardiac output. 
Iatriki, 72:346–354

Gan TJ, Arrowsmith JE (1997). The oeshophageal Doppler monitor. 
British Medical Journal, 315:893–894

Garcia-Rodriguez C, Pittman J, Cassell CH, Sum-Ping J, El-Moalem 
H, Young C et al. Lithium dilution cardiac output measurement: a 
clinical assessment of central venous and peripheral venous indica-
tor injection. Critical Care Medicine, 30:2380–2382

Gujjar AR, Muralidhar K, Banakal S, Gupta R, Sathyaprabja T N, Jairaj 
PS (2008). Non-invasive cardiac output by transthoracic electrical 
bioimpedance in post-cardiac surgery patients: comparison with 
thermodilution method. The Journal of Clinical Monitoring and 
Computing, 22:175–180

Guyton A (1991). Textbook of medical physiology, WB Saunders 
Philadelphia, 127–151

Haryadi DG, Orr JA, Kuck K, Mc James S, Westenskow DR (2000). 
Partial CO2 Rebreathing Indirect Fick Technique for Non-invasive 
Measurement of cardiac output. The Journal of Clinical Monitoring 
and Computing, 16:361–374

Hett DA, Jonas MM (2003). Non-invasive cardiac output monitoring. 
Intensive and Critical Care Nursing, 20:103–108

Jaffe MB (1999). Partial CO2 rebreathing cardiac output –operat-
ing principles of the NICO system. Journal of Clinical Monitoring 
Compute, 15:387–401

Kauffman KE (2000). Newer trends in monitoring: the esophageal 
Doppler monitor. AANA Journal, 68:421–428 

King SL, Lim MS (2004). The use of the oesophageal Doppler monitor 
in the intensive care unit. Critical Care Resuscitation, 6:113–122

Kotake Y, Moriyama K, Innami Y, Shimizu H, Ueda T, Morisaki H 
et al (2003). Performance of non-invasive partial CO2 rebreathing 
cardiac output and continuous thermodilution cardiac output in 
patients undergoing aortic reconstruction surgery. Anesthesiology, 
99:283–288

Kubicek WG, Karnegis JN, Patterson RP, Witsoe DA, Mattson RH 
(1966). Development and evaluation of an impedance cardiac out-
put system. Aerospace Medicine, 37:1208–1212

Kurita T, Morita K, Kato S, Kikura M, Horie M, Ikeda K. (1997). 
Comparison of the accuracy of the lithium dilution technique 
with thermodilution technique for measurement of cardiac output. 
British Journal of Anaesthesia, 79:770–775

Lavdaniti M (1998). Non-invasive method of measurement of cardiac 
output. University of Athens, unpubliced dissertation 

Linton RA, Band DM, Haire KM (1993). A new method of measuring 
cardiac outpout in man using lithium dilution. British Journal of 
Anaesthiosiology, 7:262–266

Mathews L, Singh KRK (2008). Cardiac output monitoring. Annals of 
Cardiac Anesthesia, 11: 56–68

Poelaert J, Schmidt C, Colardyn F (1998). Transoesophageal echocar-
diography in the critically ill. Anaesthesia, 53:55–68

Poelaert J, Schmidt C, Van Aken H, Hinder F, Mollhoff T, Loick HM 
(1999). A comparison of transoesophageal echocardiographic 
Doppler across the aortic valve and the thermodilution technique 
for estimating cardiac output. Anaesthesia, 54:128–136

Prabhu M (2007). Cardiac output measurement. Anaesthesia and 
Intensive Care Medicine, 8:63–67

Prentice D, Sona C (2006). Esophageal Doppler monitoring for 
hemodynamic assessment. Critical Care Nursing Clinics of North 
America, 18:189–193

Rodig G, Prasser C, Keyl C, Liebold A, Hobbhahn J (1999). Continuous 
cardiac output measurement: pulse contour analysis vs thermodi-
lution technique in cardiac surgical patients. British Journal of 
Anaesthesia, 82:525–530

Sadham JD, Hull RD, Brandt RF et al (2003). A randomized, control-
led trial of the use of pulmonary artery catheters in high-risk surgi-
cal patients. New England Journal of Medicine, 348:5–14

Shoemaker WC, Wo CC, Chien LC, Lu K, Ahmadpour N, Belzeberg 
H, Demetriades D (2006). Evaluation of invasive and non-invasive 
monitoring in trauma patients. Journal of Trauma, 61:844–853

Silver MA, Cianci P, Bremman S, Longerman-Thomas H, Ahmad 
F (2004). Evaluation of impedance cardiography as an alterna-
tive to pulmonary artery catheterization in critically ill patients. 
Congestive Heart Failure, 10:17–21

Smith MA (1994). Non-invasive hemodynamic monitoring with tho-
racic electrical bioimpedance. Critical Care Nurse, 3:56–59

Taylor J (1996). Collaborative practice within the Intensive Care Unit. 
A deconstruction. Intensive and Critical Care Nursing, 12:64–71

Tibby SM, Brock G, Marsh MJ, Murdoch I (1997). Hemodynamic 
monitoring in critically ill children. Care Critical Illness, 13:86–89

Turner MA (2004). Doppler-based hemodynamic monitoring: a min-
imally invasive alternative. AACN Clinical Issues, 14:220–231

Ultman JS, Burzstein S (1981). Analysis of error in the determina-
tion of respiratory gas exchange at varying FiO2. Journal of Applied 
Physiology, 50:210–216

Van de Water JM, Miller TW (2003). Impedance cardiography: the 
next vital sign technology. Chest, 123:469–479

Working Group on Non-Invasive Haemodynamic Monitoring in 
paediatrics, Knirsch W, Kretshmar O, Tomaske M et al (2008). 
Comparison of cardiac output measurement using the cardio QP 
oesophageal Doppler with cardiac output measurement using 
thermodilution technique in children during heart catheterisation. 
Anaesthesia, 63:851–855

Wright S, Bowkett J, Bray K (1996). The communication gap in the 
ICU. A possible solution. Nursing in Critical Care, 1:5

Yakimets J, Jensen L (1995). Evaluation of impedance cardiography: 
Comparison of NCCOM3-R7 with Fick and thermodilution meth-
ods. Heart Lung, 24:194–206

Yung GL, Fedullo PF, Kinninger K, Johnson W, Channick RN 
(2004). Comparison of impedance cardiography to direct Fick 
method and thermodilution cardiac output determination in 
pulmonary arterial hypertension. Congestive Heart Failure, 10 
(Suppl 2):7–10

International Journal of Caring Sciences

http://www.internationaljournalofcaringsciences.org Sept - Dec 2008     Vol 1 Issue 3




