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Abstract

Diseases of the cardiovascular system are one of the most common causes of death in Poland
and in the world. Along with the progress of medicine and development of diagnostic
methods, there are a growing number of useful procedures allowing for better monitoring of
patient’s cardiovascular parameters and thereby more effective treatment. Monitoring of
haemodynamic parameters of the circulatory system is necessary in patients hospitalised in
anaesthesiology departments and in most intensive cardiac care units. The methods employed
to evaluate the work of the heart can be divided into invasive and non-invasive, depending on
whether they require a disruption of the continuity of the patient's tissues. In view of the ease
of implementation of non-invasive methods, their costs and their implementability in
practically every patient, these methods are used with increased frequency, both in patient
care, as well as in measurements taken for scientific purposes. In recent years, several new
methods have been developed which in many aspects are by no means inferior to the "golden
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standard™ constituted by the invasive methods. When supported by medical knowledge and
experience of health care professionals, they become particularly useful and valuable for
improving medical care. This paper presents the latest of the currently available methods of
haemodynamic monitoring. The mechanism of action of each of them has been explained, as
well as the possibilities they present, the limitations they hold and the examples of their use in
patient care.
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1. Introduction

Diseases of the cardiovascular system are one of the most common causes of death in Poland
and in the world. Owing to the progress of medicine, and the ever increasing number of
cutting-edge diagnostic methods, as well as thanks to the enhancement of monitoring
methods, patient treatment has been rendered more effective. The assessment of individual
haemodynamic parameters of the circulatory system is a basic element of highly specialised
medical care in anaesthesiology and intensive care units, as well as in intensive cardiac care
departments. The methods used for assessing cardiovascular capacity can be divided into
invasive and non-invasive. The first group includes all those methods that in any way disrupt
the continuity of the patient's tissues: ventriculography, the method of continuous cardiac
output measurement (PAC-CCO), Fick's method, thermodilution method (PATD, PAC-CO),
dye dilution method, methods for analysing the wave heart rate, such as pulse heart rate
(LIDCO) analysis and the use of APCO algorithm (Vigileo), together with pulse contour
analysis (PICCO). Non-invasive methods encompass the following: non-invasive cardiac
output monitoring (ICON), bioreactance (NICOM), impedance cardiography (ICG), electrical
cardiometry (EV), CNAP monitor, methods based on the use of a cuff wrapped around the
finger, transthoracic echocardiography with a measurement of the cardiac output per minute at
the level of the left arterial outlet and magnetic resonance. There are advantages and
disadvantages to each of the above-listed methods. Although widely used, invasive methods
are expensive, they require trained medical personnel, and are also time-consuming and
complicated. In addition, they require a disruption of tissue continuity, which is associated
with an increased risk of infection. Recently, non-invasive methods have been recurred to
more often, as they are safe for the patient and significantly less costly. They allow for
continuous monitoring of the patient's condition, but one should bear in mind their limitations
and the lack of implementation possibility in all patients.
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2. Aim of the Study, Materials and Methods

This paper presents the latest of the currently available methods of haemodynamic
monitoring. The mechanism of action of each of them has been explained, as well as the
possibilities they present, the limitations they hold and the examples of their use in patient
care.

3. Discussion of Individual Methods
3.1. NICOM (non-invasive cardiac output measurement)

It is a method based on processing of the chest signal bioimpedance. Bioreactance consists in
conducting an analysis of the AC current flow through the chest. Bioreactance technology
was developed by Cheetah Medical researchers after many years of intensive research, testing
and validation. Bioreactance uses the analysis of time delay and phase shifts of the alternating
electric current flowing through the patient's chest. Pulsatile blood flow in large vessels of the
chest causes a change in the amplitude (due to phase shift or time delay) of the AC voltage
applied to the chest. The main role in pulsatile blood flow within the chest is played by the
aortic blood flow, hence the NICOM signal almost perfectly correlates with the aortic flow. In
addition, other fluids located within the chest have a relatively static level, and, therefore, they
do not affect changes in phase shifts that could in turn impact the NICOM signal [1]. As a
result of the conducted research, it was observed that the obtained phase shift is closely
correlated with the ejection fraction of the heart. The NICOM system consists of a high-
frequency alternating current generator (75kHz), four pairs of sensors (transmitters and
receivers) placed on the chest skins surface around the heart and a CHEETAH NICOM
monitor for the recording. Double sensors are located on both sides of the chest - two on the
right and two on the left. In each pair of sensors, there is one transmitter sensor which
supplies high-frequency alternating current to the chest surface while the other one - which
acts as the receiver - receives the received voltage. The NICOM monitor is equipped with a
highly sensitive phase detector that continuously records phase shifts generated by the aortic
flow within the chest. As a result, a NICOM signal is generated, which is recorded separately
on the right and on the left side of the chest, and then it is subjected to digital processing, so
that an average result defining the ejection fraction of the heart is obtained [2-4]. During the
diastole, the phase shift (¢) increases rapidly until the maximum value is reached at the end of
the contraction. It is an expression of the increase in blood volume in the aortic lumen. During
the diastole, the blood capacity in the aorta decreases, which is displayed in the graph as a
reduction in the phase shift. Phase shift changes (d¢/dtmax, are a reflection of changes in the
blood volume within the chest - and, more accurately, they are proportional to changes in
aortic blood flow during one heart cycle. Maximum flow (d¢/dtmax, is measured at the point
of the maximum CHEETAMH signal, while the ventricle ejection time (VET) is measured from
the beginning of the contraction phase to the end of the diastole. The stroke volume (SV) is
calculated according to the following formula: SV = C x VET x d¢/dtmax, where C is a
constant value, taking into account the age, sex and body surface of the patient. Cardiac
output (CO) can then be calculated by multiplying the stroke volume (SV) by the heart rate
(HR): CO =SV x HR [2-4].

204



Studies on the accuracy of cardiac output measurement using bioreactance technology have
been conducted since 2007. It has been shown that the cardiac output measured using
bioreactance is highly correlated with the values obtained when employing thermodilution or
pulse contour analysis. Squara et al. analysed the accuracy of the bioreactance method as
compared to the markings when using thermodilution while observing 110 patients
immediately following a cardiac surgery. The measurements obtained during the application
of both methods did not differ significantly from each other. In addition, it was found that the
markings obtained using the NICOM device were made with greater precision and, in case of
occurrence of haemodynamic changes, they were recorded faster with NICOM [5]. As part of
another multicentre study, 111 patients who required an assessment of the cardiac output were
observed. Measurements were taken simultaneously using bioreactance and thermodilution.
As before, cardiac output measurements performed with the two methods did not differ
significantly from one another, however, the bioreactance method did not involve any
patient's exposure to complications owing to its non-invasive nature [2].

Despite its many advantages, the bioreactance method also has some limitations. Any
electrical disturbances interfere with the signal generated. For example, electrocoagulation
used during surgical procedures prevents accurate recording. It should also be remembered
that when using this method, averaged measurements are obtained within 60 s, hence, sudden
short-term cardiac abnormalities may not be detected.

3.2. Impendance Cardiography, ICG

Impedance cardiography (ICG) is a safe and non-invasive method of haemodynamic
monitoring. It was discovered in the 1930s, and it was first used in practice in the 1960s by
astronauts during spaceflights [6]. This method uses the phenomenon of variation of electrical
resistance of the alternating current (impedance), resulting from the blood flow in large
arteries in a specific part of the body. Each tissue type has its own specific electrical
resistance. The muscles, lungs, adipose tissue and bones found in the chest area are
characterised by high electrical resistance and, therefore, they do not conduct the electrical
current supplied during the test. In contrast, the blood flowing through the arteries of the chest
is characterised by a relatively low impedance, hence, it most definitely act as a better
conductor of electric current. Bearing in mind the rhythmic repetition of blood flow from the
heart cavities to large arteries and the resulting small yet synchronous changes in electrical
resistance, it is possible to record them for the assessment of basic haemodynamic parameters
[7]. Impedance changes in the chest area are affected by changes in lung volume, however,
the resulting changes in electrical resistance are subject to electronic filtering, so that a
selective assessment of the cardiovascular system function is possible [8]. The test consists in
placing 8 electrodes (4 delivering current and 4 receivers) on the patient's skin symmetrically
on both sides of the neck and the chest. On the neck, the electrodes supplying the current are
located above the receiving electrodes, while on the chest, they are placed in the opposite
direction. The alternating current of low intensity (2-4mA) and high frequency (60-100kHz)
used during the study is safe for the patient and is completely unnoticeable to them. Receptive
electrodes record voltage changes and are used to record the ECG [9-12].

The Ohm's law, used during the use of impedance cardiography, says that the constant current
flowing through a given area causes voltage changes which are directly proportional to the
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changes in resistance. The observed change of bioimpedance in time allows for a creation of a
graph reflecting the changes in the volume of the blood flowing through the aorta. On the
basis of this record, it is possible to determine the stroke volume (SV) and the cardiac output
(CO). In addition, the simultaneous combination of bioimpedance curve and ECG recording
allows the assessment of many haemodynamic parameters, such as: pre-ejection period of the
left ventricle (PEP), left ventricular ejection time (LVET) andthe systolic time ratio (STR).
The use of impedance cardiography also allows to determine the following: velocity index
(V1), acceleration index (ACI), Heather index (HI), systemic vascular resistance (SVR), pulse
pressure (PP), total artery compliance (TAC) [13].

Since the detection of impedance cardiography, many studies have been carried out to assess
the effectiveness, accuracy and reliability of the method in comparison with other invasive
and non-invasive methods. Numerous studies have confirmed a statistically significant
correlation between haemodynamic parameters determined by thermodilution and ICG as
well as by the Fick and ICG methods [14-19].

Like any other method, impendance cardiography is not without its limitations. It should not
be used to assess haemodynamic parameters in patients with a septic shock, severe arterial
hypertension, with a high degree of aortic regurgitation, and in patients with intra-aortic
balloon counterpulsation. ICG is also contraindicated by significant arrhythmias, such as atrial
fibrillation, tachycardia (> 250 / min) and frequent additional contractions. In addition,
significant deviations in the body structure of the subject also constitute a contraindication for
the use of ICG (very high or very low growth, significant obesity, significant malnutrition or
condition following sternotomy). A properly conducted examination requires the patient to
remain motionless, hence the markings will be impossible to obtain from patients who are
agitated, non-cooperative, those suffering from seizures or in small children [13,20]. The
study should not be performed in people with an implanted cardiac pacing system, which is
equipped with the function of changing the rhythm frequency depending on the minute
ventilation, as this would create a risk of impairing the functioning of the pacemaker [8].

3.3. Electrical Velocimetry, EV

It is a method developed in 2001 by Bernstein and Osypek, and it entails the modification of
the measurement obtained during the use of impedance cardiography [21]. Electrical
cardiometry is based on the electric measurement of the speed of blood flow resulting from
changes in blood conduction in the aorta. During rest, owing to the Brownian motion, the
erythrocytes are arranged chaotically in the vessel, while after opening the aortic valve, they
line up in parallel to the flow direction (laminar flow). This model uses the phenomenon of
changing the flow of erythrocytes from chaotic to laminar after opening the aortic valve [22].
The effect of changing the erythrocyte setting is the decrease in impedance, and thus the
increase in the conductivity of the electric current. The test consists in placing 4 ECG
electrodes on the patient's skin - two on the left side of the neck and two along the central left
axillary line at the level of the xiphoid process. The EC method, by means of analysing the
rate of changes in the flow conductivity, calculates the peak of the blood acceleration in the
aorta and the flow time (the ejection time of the left ventricle). To calculate the relevant
haemodynamic parameters, such as cardiac output, it is necessary to use a special algorithm.
Thanks to the cardiometry method, it is possible to determine the following: cardiac output,
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stroke volume, cardiac index, cardiac output index, peripheral vascular resistance, index of
cardiac contractility, left ventricular ejection [22].

A study conducted by Schmidt et al. compared the use of electrical cardiometry and
transesophageal echocardiography in patients qualified for CABG (coronary artery bypass
grafting). The results obtained using these two methods were significantly similar to each
other [23.24]. Other researchers also did not observe significant differences in the comparison
of the method of electrical cardiometry with thermodilution or with the Fick method [25-27].

3.4. CNAP Monitor

The routine medical examination includes a non-invasive blood pressure measurement using
the Korotkov method, which was developed in 1905 [28]. Korotkov pressure measurement
using a mercurial sphygmomanometer is recommended by many scientific societies. It is
simple, inexpensive and non-invasive, but despite the ease of its implementation, it is
associated with the risk of numerous errors in the measurement. In addition, it does not allow
for continuous recording of changes in BP (blood pressure), and thus, it has numerous
limitations of use during surgery or in patients who are in severe medical condition.
Therefore, in patients requiring continuous monitoring of blood pressure, it is necessary to use
an invasive method of blood pressure assessment, or so-called Blood pressure measurement,
which involves placing a catheter inside the arterial blood vessel, which most often, owing to
its easy accessibility, is a radial artery. The method of bloody BP measurement is associated
with the risk of many dangerous complications, such as haemorrhage, haematomas and
infections [29, 30].

Constituting an alternative to blood pressure measurement in patients requiring continuous
monitoring of this parameter is the use of the CNAP Monitor. It is a device enabling non-
invasive, continuous blood pressure and pulse measurement - in the beat-to-beat mode -
owing to the use of sensors with cuffs that are placed on the patient's fingers. The CNAP
Monitor is a measurement system built from plethysmographic sensors (light-emitting diode
and detector) located in the cuff of the measurement sensor placed on the patient's fingers.
The principle of operation is based on the measurement of perivascular environment pressure
around the phalanx bone. The change in blood volume in the finger is detected by a detector
that records the change in the light beam. Then the signal is sent to the cuff pump, causing the
pressure to change. It reflects the pressure changes in the arteries of the finger. The pressure
measurement in the cuff placed on the finger corresponds to the change in the pressure
occurring during each heartbeat. The obtained values are registered continuously in the form
of an arterial blood pressure graph and they are then properly calibrated using the
oscillometric method. Owing to the technology using the automatic function of calibration
performed in the background, the obtained measurements are displayed on the patient's
monitor in real time. This method serves to determine the values of systolic, diastolic and
mean pressure, as well as the pulse rate for each heartbeat (beat-to-beat). Additionally, the
device makes it also possible to determine the minute cardiac output, cardiac output volume,
cardiac index, cardiac systolic index and peripheral vascular resistance [31.32]. Despite its
many advantages, this method is not without some limitations. First of all, it cannot be used in
patients with poor peripheral blood perfusion, with Reynaud's syndrome, with body weight
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<40kg or> 180kg, with BMI> 35kg/m2, cardiac arrhythmias in the form of tachyarrhythmia,
or in patients with implants located in upper limb vessels or with tremors [33].

The tests carried out on various groups of patients confirmed the satisfactory accuracy of the
measurements performed using the CNAP monitor. In comparison to the measurements
obtained by means of the blood method, these results did not significantly differ from each
other [34, 35].

3.5. Transthoracic echocardiography with the measurement of the minute cardiac
output at the level of the left arterial outlet

The echocardiography employing a 5-cavity apical view is quite the labour-intensive method
of the assessment of cardiac output, and one which additionally requiring a lot of experience
and skill. Slight deviation of the head towards the back from the 4-cavity apical projection
allows for an obtaining a 5-cavity image with regard to the left arterial outlet. The Doppler
gate below the aortic valve leaflets allows the imaginig of blood flow through the left arterial
outlet. Then, by making several measurements, the device automatically measures and
estimates the volume of the cardiac output [36].

4. Summary

Constant control of haemodynamic parameters is essential when caring for patients remaining
in severe general condition, undergoing surgery, and in those admitted to Intensive Care or
Intensive Cardiac Care Units. The clinical experience and expertise of the physician play a
huge role in the diagnostic and therapeutic process. However, at the present time, when
various diagnostic devices are widely available and newer medical technologies are being
created, the effectiveness of diagnostic and therapeutic measures taken is also largely
dependent on the knowledge of appropriate diagnostic equipment for its use and interpretation
of the results obtained. The invasive methods still constitute the golden standard for
assessment of the haemodynamic parameters, which require suitably qualified medical
personnel on top of being costly and involving an increased risk to the patient's health and
life. The conducted validation studies prove that many new non-invasive methods are by no
means inferior to the effectiveness and accuracy of the measurements performed using
invasive methods. In addition, they are sometimes less costly and much simpler to implement
than invasive tests, and, above all, what can be considered their most important advantage -
they usually do not involve any risk to the patient's health and life. Perhaps with the
development of technology, they will be able to fully replace the invasive monitoring
methods.
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