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ARTICLE INFO                                       ABSTRACT 
 
 

The maintenance of optimal cardiac output is mandatory to reduce the incidence of postoperative 
complications and length of hospital stay. Despite the advantages of cardiac output monitoring, 
most of the modalities to measure cardiac output had been invasive thereby preventing their 
liberal use. However, nowadays, cardiac output can be measured noninvasively using a thoracic 
bioimpedance technique. Assuming that the human thorax is a cylinder consisting of resistor and 
capacitor, the periodic change (in accordance with a cardiac cycle) in the thoracic impedance 
generated by low-amplitude alternating current can be measured. The maximal rate of change in 
the magnitude of thoracic impedance is correlated with stroke volume by which heart rate 
multiplied is cardiac output. However, the accuracy of cardiac output measured by the magnitude 
of thoracic impedance is significantly influenced by several factors, such as electrode positioning, 
electrocautery, or static fluids in the thorax. In contrast, the phase angle of thoracic impedance is 
not affected by those factors and the maximal rate of its change is also correlated with stroke 
volume. Therefore, the phase angle of thoracic impedance is more useful for the noninvasive 
cardiac output monitoring than the magnitude of thoracic impedance. 
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INTRODUCTION 
 
The maintenance of optimal cardiac output by titrating fluid 
administration is mandatory to reduce the incidence of 
postoperative complications and length of hospital stay (Gan et 
al., 2002; Hamilton, 2011; Lopes, 2007; Noblett, 2006; 
Polonen, 2000 and Wakeling, 2005), because excessive fluid 
resuscitation is associated with the increased complications 
and length of stay (Boyd, 2011; Maitland, 2011; de-Madaria et 
al., 2011 and Rosenberg, 2009). As a criterion standard 
method of measuring cardiac output, thermodilution 
measurements using a pulmonary artery catheter had been 
accepted (Rajaram, 2013). However, the use of the pulmonary 
artery catheter carries significant risks, such as pulmonary 
artery rupture, thrombosis and hemorrhage, knotting of the 
catheter, right atrial thrombosis, atrial and ventricular 
arrhythmia, electromechanical dissociation, catheter-related 
bloodstream infection and right-sided endocarditis, and 
internal jugular/subclavian vein stenosis or thrombosis (Marik, 
2013). Furthermore, the benefit from its use was not clearly 
verified (Sandham, 2003 and Richard et al., 2003; Harvey et 
al., 2005; Binanay, 2015 and Harvey, 2006), and the 
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hemodynamic data provided by the pulmonary catheter is not 
accurate (Dhingra et al., 2002 and Phillips et al., 2012). 
Therefore, many less invasive or noninvasive modalities for 
cardiac output monitoring have developed (carbon dioxide 
rebreathing, esophageal Doppler, pulse contour analysis, 
thoracic bioimpedance and bioreactance, vascular unloading, 
pulse wave transit time, radial artery applanation tonometry, 
echocardiography, etc.) (Marik, 2013 and Saugel et al., 2015). 
Among them, the measurement of cardiac output using 
thoracic impedance will be discussed in this review. 
 

Fundamental physics of an electric circuit consisting of 
resistor and capacitor upon receipt of alternating current 
 
By hindering electric current in an electric circuit, a resistor 
creates electrical resistance. The electric resistance is 
proportional to electric voltage and is inversely proportional to 
electric current in a direct current electric circuit according to 
Ohm’s law.  
 
R (electric resistance) = V (electric voltage) / I (electric 
current) 
 

The Ohm’s law also applies to an alternating current electric 
circuit including a resistor, in which an electric generator 
produces alternating voltage and its corresponding current that 
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are based on the trigonometric sine function. However, the 
alternating voltage and current per time should be averaged to 
a root mean square. 
 
v (instantaneous voltage) = Vm*sin(2πft) 
Vm: maximum voltage, f: frequency of an alternating current, t: 
time 
 
I (root mean square of current) = Im / 21/2 = 0.707*Im 
V (root mean square of voltage) = Vm / 21/2 = 0.707 * Vm 

Im: maximum current, Vm: maximum voltage 
 
R (electric resistance) = V (root mean square of voltage) / I 
(root mean square of current) 
 
In an electric circuit including a capacitor, the effect of 
hindering the flow of alternating electric current can be 
assessed using capacitance reactance. When the electric 
current starts to flow through the electric circuit, there is little 
electric charge in the capacitor. Hence, the movement of the 
electric charge is not hindered and then high electric current 
would be detected in the capacitor. However, as the electric 
current flows continuously, the accumulation of the electric 
charge in the capacitor hinders the flow of the electric current, 
which increases the electric voltage. At a quarter of the cycle, 
the direction of the electric current that decreased from the 
initiation of the electric current becomes opposite rendering 
the electric voltage reach a maximum point with its subsequent 
decrease. In this way, the phase of the electric voltage changes 
90 degrees later than that of the electric current unlike an 
electric circuit including a resistor, in which the electric 
voltage and current have the same phase. Therefore, the 
capacitance reactance can be expressed by the following 
equation: 
 
Xc (capacitance reactance) = 1 / 2πfC 
f: frequency of an alternating current, C: capacitance 
 
If an electric circuit has both resistor and capacitor 
simultaneously, there would exist two factors which prevent 
electric current through the circuit, i.e. resistance and 
capacitance reactance. Due to the difference in phase angle of 
voltage between resistor and capacitor, the resistance and 
capacitance reactance also have the same difference in phase 
angle between them. Therefore, the combined effect of 
resistance and capacitance reactance cannot be assessed 
appropriately by arithmetically adding the values of the two 
variables. When considering the difference of 90 degrees in 
phase angle, the value of impedance representing the 
combined effect of the two components can be obtained using 
the Pythagorean theorem in the two-dimensional Cartesian 
plane with the horizontal and vertical axes for resistance and 
capacitance reactance, respectively. 
 
Z (impedance) = (R2 + Xc

2)1/2 

 
The phase angle (φ) is defined as the angle between the axis 
for resistance and the direction of the impedance. 
 
The application of electrical physics to the measurement of 
cardiac output 
 
To measure cardiac output using electrical physics, there 
should be an assumption that the human thorax is a cylinder 
perfused with fluid (blood) functioning as an electric circuit 

with resistor and capacitor which produce the thoracic 
impedance (Zo) and phase angle (φ) when a high-frequency 
low-amplitude alternating current is applied across the thorax 
(Marik, 2013). Because blood (150 ohm/cm) and plasma (63 
ohm/cm) have lower impedance than cardiac muscle (750 
ohm/cm), lungs (1,275 ohm/cm), and fat (2,500 ohm/cm), 
(Baker, 1989) the electric current is primarily distributed to the 
blood and extracellular fluid. Interestingly, the periodic 
contraction of the heart causes the dynamic changes in the 
amount and distribution of the blood and plasma, in 
accordance with which the changes in the Zo and φ ensue 
because the pulsatile ejection of blood from the left ventricle 
modifies the values of R and Xc. During systole, the ejection of 
the blood from the heart to the aorta and its branches decreases 
the Zo, whereas the Zo returns to the baseline during diastole. 
In contrast, the blood volume in the capillary and venous 
systems is relatively constant due to the absence of pulsatility. 
Consequently, stroke volume is correlated with maximal rate 
of change in Zo (dZo/dtmax) and φ (dφ/dtmax) and ventricular 
ejection time. Thoracic bioimpedance uses dZo/dtmax to 
calculate the value of cardiac output. However, several 
limitations of the thoracic bioimpedance exist. The amplitude 
of Zo is significantly affected by electrode positioning, 
electrical interference from electrocautery, fluids in the thorax, 
(e.g., pleural effusion, pericardial effusion, and pulmonary 
edema) (Critchley, 2000), change in peripheral vascular 
resistance (Critchley, 2005), variations in patient body size, 
patient’s age and gender (Sathyaprabha, 2008), cardiac 
arrhythmias, body motion artifacts (Chamos, 2013), and 
change in electrical conductivity between the skin and 
electrode (e.g., temperature and humidity). To overcome the 
limitations of thoracic bioimpedance, bioreactance technology 
has developed. It used φ/dtmax to obtain the value of cardiac 
output rather than dZo/dtmax. Phase (φ) shift is not affected by 
noise and occurs only in response to pulsatile flow. Because 
majority of the thoracic pulsatile flow is originated from the 
aorta, the phase shift is mainly created by the aortic flow 
which constitutes majority of cardiac output. Moreover, the 
change in non-pulsatile and static thoracic fluids does not 
induce the phase shift. 
 
The noninvasive cardiac output measurement system 
(NICOM, Cheetah Medical, Portland, OR, USA) induces a 
high-frequency (75 kHz) low-amplitude alternating current in 
the bilateral sides of the thorax and then receives the returning 
voltage using the four sensors, each of which has two 
electrodes for injecting the alternating current and detecting 
the returning voltage, respectively. The four sensors are placed 
in the bilateral upper and lower regions of the thorax. The 
outer electrodes of the two paired sensors placed in the same 
side deliver the electric current from the generator and their 
inner electrodes record the returning voltage. Then, the 
NICOM device detects the phase shift during a cardiac cycle 
and creates the corresponding NICOM signal where each point 
represents a specific phase shift at a specific time. By deriving 
the NICOM signal in time, dφ/dtmax is obtained in the 
maximum point of the derived graph. Ventricular ejection time 
is also measured between the first and second zero points of 
dφ/dt on the time axis. Stroke volume and cardiac output are 
calculated as follows 
 

Stroke volume = C * VET * dφ/dtmax 

 

C: a constant of proportionality, VET: ventricular ejection time 
Cardiac output = Stroke volume * heart rate 
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Conclusion 
 
By comprehensive understanding of underlying electrical 
physics, its application to the measurement of cardiac output 
and potential limitations of the measurement modalities, 
anesthesiologists can appropriately interpret the value of 
cardiac output calculated based on the thoracic impedance or 
its phase shift and consequently manage patients in an 
appropriate way. 
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