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ABSTRACT

Background & objective: Patients admitted to a neonatal intensive care unit (NICU) are (con-
tinuously) monitored on heart rate, blood pressure, arterial oxygen saturation, and biochemical
parameters. To assess the haemodynamic state more accurately, cardiac output (CO) should
also be taken into consideration, as this can assist in timely recognition of hypoperfusion and
early stages of shock. Measuring CO in neonates is complex, as most of the methods used
in adults cannot be applied in neonates. Electrical cardiometry (EC) is a method based on
bioimpedance that continuously measures CO. Research validating EC in (preterm) neonates
is scarce. Therefore, the aim of this study is to determine the accuracy of EC to measure CO
in critically ill neonates, using transthoracic echocardiography (TTE) as a reference method.

Methods: Patients admitted to the NICU of the RadboudUMC Nijmegen, the Netherlands, with
a gestational age between 26 and 42 weeks were included. CO was continuously measured
with EC (COgc) and TTE was performed at least once per day to obtain left and right ventricle
output (LVOttg, RVO11g). Bland-Altman analysis was performed to determine the agreement
between the two methods and trending ability was assessed using concordance and polar plot
analysis.

Results: 43 echocardiography’s were performed in 19 neonates with a median (IQR) gesta-
tional age of 29.4 (28.1 — 31.0) weeks and a weight of 1109 (983.5 — 1380) g. Mean + SD of
COkgc, LVOt1E, and RVOt7g was 224 + 40, 244 + 98, and 335 + 112 mL/min/kg, respectively.
Bland-Altman analysis of COgc and LVOt7e [RVO+tg] resulted in a mean bias and precision
(1.96xSD) of -19.6 [-110.3] and 212 [212.5] mI/min/kg, respectively, with a percent bias of -
8% [-32.9%] and a percent error of 81.6% [55.9%]. For trending ability, the concordance rate
was 55.5% [50%] and the angular bias * radial limits of agreement was -29.5° + 60° [23.6° £ 60°].

Conclusion: There was no interchangeability between EC and TTE. Since echocardiography
has its limitations and a percent error of 30%, it is unclear to what extent the disagreement
between the two methods is caused by erroneous CO measurements of either EC or TTE. This
emphasizes the need for another, more accurate reference method.
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LIST OF ABBREVIATIONS AND ACRONYMS

3D 3-dimensional

AV Arteriovenous

CcoO Cardiac output

cov Coefficient of variation

CSA Cross sectional area
DA Ductus arteriosus

EC Electrical cardiometry
FO Foramen ovale

HR Heart rate

IQR Interquartile range
LOA Limits of agreement

LvVO Left ventricular output

LVOT Left ventricular outflow tract

LVSV Left ventricular stroke volume

nCPAP Nasal continuous positive airway pressure
NICU Neonatal intensive care unit

PA Pulmonary artery
PDA Patent ductus arteriosus
PFO Patent foramen ovale

RVO Right ventricular output
RVOT  Right ventricular outflow tract
RVSV  Right ventricular stroke volume

SD Standard deviation

SpO; Oxygen saturation

SQl Signal quality index

SV Stroke volume

TPUD  Transpulmonary ultrasound dilution
TTE Transthoracic echocardiography

VTI Velocity time integral
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1 INTRODUCTION

Each year approximately 4,000 neonates are admitted to one of the nine neonatal intensive care
units (NICUs) in the Netherlands.[5] This number includes both term and preterm (born before
37 weeks of gestation) neonates with various conditions, such as cardiovascular problems,
respiratory problems, or congenital disorders. Patients admitted to the NICU are monitored on
several clinical and biochemical parameters, which can be used by the physicians to estimate
cardiac output (CO). However, the clinical estimation of CO is unreliable as research in a pae-
diatric intensive care setting has shown that only 26% of the patients in a true low CO state
are correctly categorized as such.[6] If the low CO state is not recognised in time, the systemic
hypoperfusion and early stages of shock can progress to uncompensated shock, leading to
increased morbidity and mortality. Hence, monitoring of the CO should also be taken into con-
sideration to determine the hemodynamic state of the infant more accurately. Unfortunately,
measuring the CO in neonates is complex, as most of the methods used in adults cannot be
applied in neonates due to technical limitations. Several systems to monitor the CO have been
brought to market over the last few years, but evidence supporting their use and reliability in
(preterm) neonates is lacking.[7, 8, 9] This study therefore seeks to examine the usefulness of
one of many noninvasive electrical biosensing technologies to measure the CO in critically ill
(preterm) neonates.
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2 THEORETICAL FRAMEWORK

2.1 Transitional haemodynamics

At birth, a major transition in haemodynamics takes place when the foetal circulation changes
into the neonatal circulation (see Figure R.1). In utero, gas exchange occurs in the placenta
from which the oxygen-rich blood flows through the umbilical vein into the inferior vena cava via
the ductus venosus. Upon entering the right atrium, most of the blood is shunted through the
foramen ovale (FO) to the left atrium, from where it flows into the left ventricle and aorta. The
ductus arteriosus (DA) allows the blood that entered the right ventricle and pulmonary artery
(PA) to shunt directly into the aorta, so it can bypass the high-resistance pulmonary system.
Because of the right-to-left shunts, the right ventricle is accountable for 65% of the combined
ventricular CO.[7]

As soon as the infant takes its first breath, pulmonary vascular resistance decreases, while
systemic vascular resistance increases due to cord clamping. The decreased pulmonary vas-
cular resistance allows an increase of the pulmonary blood flow, and more blood enters the left
atrium, leading to an increase of left atrial pressure, which causes functional closure of the FO.
After a few weeks, the FO is permanently closed and forms the fossa ovalis. DA closure is ini-
tiated by withdrawal of prostaglandin production, and it contracts due to an increase of arterial
oxygen content. The DA physiologically closes within 24 hours after birth in term neonates and
complete closure occurs within a month, after which it turns into the ligamentum arteriosum.[7]
In preterm neonates born at or after 30 weeks of gestation, a patent ductus arteriosus (PDA)
is seen in 10% and 2% of the cases by respective 4 and 7 days after birth.[10] 79% and 66%
of the extremely preterm infants born between 25 and 28 weeks of gestation have a PDA by
respectively 4 and 7 days after birth.[[10] The majority of the infants with a PDA show left-to-right
shunting.[[7] When ductal and interatrial shunts are absent, left ventricular output (LVO) and right
ventricular output (RVO) reflect systemic blood flow and systemic venous return, respectively.
In the presence of left-to-right shunting through a PDA, LVO overestimates systemic circulation,
and systemic venous return is overestimated by RVO when left-to-right shunting occurs through
a patent foramen ovale (PFO).[3]

2.2 Clinical relevance of haemodynamic monitoring

Nowadays, neonates are haemodynamically monitored by (continuous) measurements of the
heart rate (HR), arterial oxygen saturation (SpO,), blood pressure, capillary refill time, urine
output, serum lactate concentration, blood gas analysis, and central-peripheral temperature
difference. However, these parameters show poor correlation with systemic blood flow. A more
reliable determinant of systemic blood flow, and therefore also of oxygen delivery, is the CO.
This is the amount of blood pumped by the heart per minute and is given by the product of
the HR and the stroke volume (SV), which in turn is determined by preload, contractility, and
afterload.[8, 9]
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Figure 2.1: Schematic representation of the fetal circulation (left) with the foramen ovale and the ductus
arteriosus which turn into the fossa ovalis and the ligamentum arteriosum in the neonatal circulation
(right). Adapted from [{]

Continuous assessment of the CO during the transitional phase, where considerable changes
occur in preload, contractility, pulmonary vascular resistance, systemic vascular resistance, and
blood flow, can be useful since adaptation to these changes can be difficult. Preterm infants,
especially the extremely preterm, are ill-prepared for the haemodynamic transition that occurs at
birth, because of the structurally and functionally immature cardiovascular system. Their hearts
have limited capacity to increase contractility and have less force during contraction, increasing
the risk for low ventricular output and low systemic arterial pressure.[7, 8, 9]

Several other factors affecting cardiovascular function during the transitional period exist, for
example perinatal asphyxia. The hypoxic insult in perinatal asphyxia leads to a decrease in
SV and CO secondary to myocardial impairment and, in severe cases, can lead to cardiogenic
shock. Another example is neonatal sepsis, which decreases the vasomotor tone and, if not
compensated by an increase in CO, causes hypoperfusion and shock. Infants with intrauter-
ine growth restriction show no change in left ventricle SV after birth and increase their HR to
maintain CO, whereas healthy neonates show an increase in left ventricle SV and CO, and a
decrease in HR.[11] Moreover, positive pressure ventilation can have a diminishing effect on
the CO. A high mean airway pressure can cause overexpansion of the lung, which generates
an increase in pulmonary vascular resistance and a decrease in pulmonary blood flow, resulting
in a decrease in LVO. Additionally, high mean airway pressure increases intrathoracic pressure
which reduces venous return. Therefore, continuous assessment of the CO, together with HR,
arterial oxygen saturation, and blood pressure, can help with [9, 111]:

» Timely recognition and treatment of hypoperfusion, low flow, and early stages of shock,
hence prevention of progressing to uncompensated shock leading to increased morbidity
and mortality.

» Assessing the response to treatment.

+ Establishing more knowledge about developmental cardiovascular physiology to improve
treatment strategies.
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2.3 Technological aspects of cardiac output monitoring

In adults, the gold standard for measuring the CO is the PA catheter using thermodilution.
Due to size restraints, potential indicator toxicity, and the (vital) presence of extra- and in-
tracardiac shunts in early life, this PA catheter, as well as other CO measurement methods,
cannot be used in neonates. Other methods used to measure the CO in newborn infants
include transcutaneous Doppler, MRI, transthoracic echocardiography (TTE), and electrical
biosensingtechnologies.[12]

The transcutaneous Doppler technique uses continuous wave Doppler to estimate and display
blood flow across the aortic or pulmonary valve. It is fast and noninvasive, but the area of inter-
est is not visualised. Moreover, the cross-sectional area of the outflow tract is estimated based
on patient height, weight, and age, which can cause erroneous CO-values. When compared
with transcutaneous Doppler, MRI has a better accuracy and repeatability, but because it is
time-consuming, non-continuous, expensive, and not bedside available, it is unsuitable. TTE,
however, is bedside available, noninvasive, and provides real-time information. Therefore, TTE
is used most often to measure the CO in (preterm) neonates.[8, 9, 12]

Another noninvasive, bedside available method to monitor the cardiac output is by using electri-
cal biosensing technologies, such as transthoracic bioreactance (NICOM®), electrical cardiom-
etry (ICON®), and whole-body bicimpedance (NICaS®©). These technologies make it possible
to continuously measure the cardiac output, but only few studies have investigated their appli-
cation in (preterm) neonates.[8, 9, 12]

2.3.1 Transthoracic echocardiography

TTE is a noninvasive method that is bedside available and provides real-time visualisation of
the anatomical structures of interest based on the reflection of an ultrasound beam. Medical
ultrasound systems use an acoustic signal with a frequency of 1-12 MHz which is send into the
patient with a transducer. The transducer consists of piezoelectric crystals. An electrical cur-
rent causes these crystals to vibrate, generating an acoustic signal. When the signal hits tissue,
part of the wave is reflected and scattered, while the other part passes through to underlying
structures. The reflected signal, so called echo, makes its way back to the transducer where
the sound waves induce the piezoelectric crystal to vibrate, converting the acoustic signal back
into an electrical signal. The returned signal is processed to display an image of the anatomical
structure in grey scale, where the brightness corresponds to the strength of the echo.[13]

To show the velocity of a moving object, for example red blood cells in a vessel, Doppler imag-
ing is used. There are two types of Doppler imaging, continuous wave Doppler and pulsed
wave Doppler. In continuous wave Doppler, the signal and its echoes are continuously trans-
mitted, received, and analysed, whereas in pulsed wave Doppler the sound waves are sent in
short pulses with the echoes analysed in between. The major advantage of pulsed wave over
continuous wave Doppler is that with pulsed wave Doppler the location of where to measure
the velocity can be specified. By using the Doppler principle, the direction of the flow can be
presented with a colour (colour Doppler).[13]

In pulsed wave Doppler (Figure R.2), the ultrasound signal is transmitted by one of the crystals
(source crystal) and the echo that propagates back is recorded by another crystal (recording
crystal). The sound wave returning to the transducer has been received and retransmitted by
the moving object (red blood cell). The change of frequency between the transmitted signal (f;)
and the received signal (f) is called the Doppler shift or Doppler frequency (A f). When the

5
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Doppler shift is positive, the object is moving towards the transducer, which is shown in red us-
ing colour Doppler. An object moving away from the transducer generates a negative Doppler
shift, shown in blue. The angle between the sound beam and the direction of the moving object,
angle of insonation (), should be as small as possible. In other words, the ultrasound signal
should be parallel to the direction of the moving object.[13]

Transducer

Receiving
crystal

Doppler shift = Af = fr-ft

Figure 2.2: Schematic representation of pulsed-wave Doppler. With A f: Doppler shift; f;: frequency of
transmitted signal; f,.: frequency of received signal; 0: angle of insonation; v: velocity and RBCs: red
blood cells. Adapted from [2]

To determine the CO with TTE, both the diameter of the outflow tract and the velocity of the blood
need to be determined. The diameter of the left ventricular outflow tract (LVOT) is measured in
the parasternal long-axis view (Figure R.3a) at the hinge points of the aortic valve (Figure 2.3b).
For the right ventricular outflow tract (RVOT), the diameter is measured in the tilted parasternal
long-axis view (Figure R.4a) at the pulmonary valve insertion (Figure R.4b). Both the diameter
of the LVOT and the RVOT should be measured at end-systole. The measured diameters are
then used to calculate the cross sectional area (CSA: 7 x (d/2)?) of the outflow tracts.[3]

The velocity of the blood flow is recorded at the same site as where the diameter is measured.
Using pulsed wave Doppler, the flow profile of the LVOT is measured in the apical five-chamber
view or apical long-axis view (Figure R.3c). For the RVOT, the parasternal long or short-axis view
is used (Figure R.4c). The Doppler frequency is used to plot the velocity over time (Figure R.3d
and 2.4d), from which the travelled distance of a column of blood during one heart cycle can be
determined by calculating the area under the curve (velocity time integral — VTI). Because of the
cardiopulmonary interaction, causing LVO to be highest at the end of expiration, VTI calculations
should be averaged over three to five heart cycles to minimize the influence of respiration. Once
the diameter and the VTI are obtained, the CO can be calculated with the following equation:

CO [mL/min] = CSA [cm?] x VTI [cm] x HR [beats/min]. (2.1)

In neonates this CO is normalized for bodyweight (mL/min/kg).[3]
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LVOT VTI 18.9 cm
.| HR169 bpm

Figure 2.3: Example of LVO measurement with TTE. Reprinted with permission from [3]

De Waal et al.[14] investigated the diameter of the LVOT and RVOT in neonates of different
weights. The median diameter of the LVOT was found to be 3.8 mm in neonates weighing less
than 500 g and 5.7 mm in neonates with a weight between 1500-1750 g. For the RVOT, these
values were 4.4 mm and 6.1 mm, respectively.[14] Normal CO values were reported to range
from 150 to 350 mL/min/kg in (preterm) neonates without intracardiac (PFO) and extracardiac
shunts (PDA).[3]

A literature review by Chew & Poelaert[15] of echocardiography CO measurements in paedi-
atric patients showed that in all the studies reviewed the error percentage for echocardiography
was around 30% when compared to thermodilution, dye dilution or the Fick method. This inac-
curacy of echocardiography can be explained by looking at the disadvantages and limitations
of echocardiography. First, if the diameter is incorrectly measured, this can cause a significant
inaccuracy in CO, as the error in diameter is squared for the calculation of the CSA. Second,
varying or incorrect probe position leads to a high intra- and interobserver variability. For exam-
ple, an increase in the angle of insonation, which should be smaller than 20°, will underestimate
the velocity of the blood flow. Third, the calculation of the CO assumes a perfect circle and lami-
nar blood flow in the vessel. The velocity is measured at the centre of the vessel, where the flow
is the highest, whereas the flow towards the vessel wall is slower. This causes overestimation
of the CO. Other disadvantages of TTE are the requirement of specific training to perform CO
measurements and that continuous measurements are not possible.[3, 15]

2.3.2 Electrical cardiometry

Osypka Medical’s Noninvasive Cardiometer (ICON®) uses a method called electrical cardiom-
etry (EC) to derive the CO. Four electrodes of 2.5 by 1.5 cm are placed on the patient’s upper
leg, thorax, neck, and head. The electrodes on the upper leg and head send a current of 2 mA
with a frequency of 50 kHz into the thorax and especially into the aorta since blood is the most
conducting tissue.[[16] The resulting voltage, from which the conductivity is obtained, and an
ECG are measured by the electrodes on the thorax and neck.[17, 18, 4]
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Figure 2.4: Example of RVO measurement with TTE. Reprinted with permission from [3]

During diastole, the electrical current meets more resistance (low conductivity) due to the ran-
dom orientation of erythrocytes in the aorta. The pulsatile flow of systole forces the erythrocytes
to align parallel to the blood flow and the electrical current, generating less resistance (high
conductivity) of the electrical current. In Figure .5 the effect of the opening of the aortic valves
on the impedance signal is shown. The shift from random orientation during diastole to the
alignment of the erythrocytes at the onset of left ventricular ejection causes a sharp decrease
of impedance, or in other words a sharp increase of conductivity. This abrupt decrease of
impedance can be seen in Figure R.5 as an increase in the inverted impedance signal (—dZ(t)).

Below the inverted impedance signal the calculated time-derivative of —dZ(t), dfh(t ) is shown,

where its peak corresponds to the increase of conductivity. The height of the peak in —%ﬁt)

corresponds to the pace with which the erythrocytes align. Therefore, the higher the peak in

dig“, the higher the contractility of the heart and the aortic acceleration.[16, [18, 4, 19]

The peak aortic acceleration, that is ( 2(t ))MIN, is used to approximate the mean blood velocity
index vpp according to the following equatlon

Vpr =\ —F——, (2.2)

where 7 is the base impedance. Flow time correction (F'T¢) is applied to adjust the left ven-
tricular ejection time (LVET) for the heart rate, or R-R interval (Trg), of the patient:

LVET
VTrr

Equation R.4 is then used to calculate the SV and CO (by multiplication with the HR), where Vi pr
is the volume of electrically participating thoracic tissue derived from the weight and height of
the patient.[116, 4, 19]

FTo = (2.3)

SV =Vegpr xvrver X Flg. (24)

8
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No Flow — Pulsatile Flow
Random Orientation + Alignment

Figure 2.5: Explanatory figure of the EC theory. At the top, the ECG signal is shown. The inverted
change of impedance (middle, —dZ(t)) increases upon opening of the aortic valve and decreases during
diastole. The peak in the calculated time-derivative of —dZ(t) (bottom, — dﬁi”) corresponds to the peak
aortic acceleration. LVET: left ventricular ejection time; Trr: R-R interval. Adapted from [4]

Narula et al.[20] validated EC against the Fick principle in paediatric patients with congenital
structural heart disease and found a percent bias and error of 0.1% and 11.6%, respectively.
Other validation studies in (preterm) neonates and children used TTE as reference method and
reported the percent bias to range between 0.7 and 8.6% and percent error ranging from 19.7
to0 60.2% (Table E).[ZL 22, 23, 24, 25] Moreover, EC was found to detect the haemodynamic
response to bradycardia and/or desaturation [26], but has limitations in detecting CO during
high-frequency ventilation.[24]

Besides measuring HR, SV, and CO, the cardiometer also gives an indication for the signal qual-
ity (signal quality index — SQI) and estimates parameters of the vascular system, contractility,
fluid status, and oxygen status. For example, it can estimate the (variation of) index of contrac-
tility, thoracic fluid content, stroke volume variation, and the systemic vascular resistance based
on the input of mean arterial pressure and central venous pressure. The SQI given by EC is a
measure of the validity of the prior ten data points (heart cycles) expressed as a percentage. A
classified algorithm is used to determine the validity of a data point based on both the ECG and
impedance signal. If one of the last ten data points is invalid, the SQI drops by 10%.[17]
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3 AlM

The main goal of this study is to determine the accuracy, reliability, and applicability of EC to
measure CO in critically ill newborns. As a new CO monitoring device, EC ideally meets several
requirements for its application in neonates. First and foremost, it must be validated against a
gold standard reference technology. Since the gold standard for CO measurements cannot be
used in neonates, as explained in section @ TTE is often used as a reference method in ex-
isting literature. Second, the device should be accurate along the range of gestational age and
birth weight, and in neonates with a PDA and/or PFO. Third, it is required to provide continuous
measurements and the CO values must be recordable along with the other haemodynamic pa-
rameters. Finally, the device should be reliable, practical, noninvasive, and easy to apply and
interpret.[27]

Based on the system requirements, the following components will be investigated:

« Validation of EC SV and CO values with reference method TTE.

Ability of EC to monitor the trend of the CO.

» Comparison between the HR measured by EC and the HR measured with the ECG elec-
trodes (reference).

Influence of patient weight and height on EC CO.
* Influence of TTE on EC SQl, SV and CO, and patient parameters HR and SpO,.

Usability.

11
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4  METHODS

4.1 Population and study design

To determine the accuracy, reliability, and applicability of EC, an observational cohort study was
performed. Patients admitted to the NICU of the Radboudumc Nijmegen, the Netherlands, with
a gestational age between 26 and 42 weeks were eligible for inclusion. Primary exclusion criteria
for this study were clinical instability, congenital heart defects, skin conditions, high frequency
ventilation, and severe oedema. Additionally, patients were excluded from the study in the case
of a language barrier in communication with the parents.

4.2 Data acquisition

After inclusion, the patients were connected to the cardiometer according to the instructions
from the manufacturer. First, the electrodes were placed inside the incubator for at least five
minutes to warm the conductive gel to improve signal quality. Patients’ weight and height were
measured and entered in the cardiometer together with the postnatal age. The electrodes were
placed according to the positions depicted in Figure 4.1. The first electrode (A) was positioned
on the right temporal area. If this area was unavailable, for example because of the patient’s
hair, the electrode was relocated to the forehead. The other electrodes were placed on the right
side of the neck above the clavicula and near the carotid artery (B), on the left midaxillary line
of the thorax at the vertical level of the xiphoid (C), and on the left inner thigh (D).

Figure 4.1: Representation of the electrode positions on a (premature) baby mannequin. A: right tem-
poral area; B: right side of the neck; C: left midaxillary line at xiphoid level; D: left inner thigh.

13
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The HR, SV, and CO were continuously measured with EC (HRgc, SVegc, COgc) for as long as
the electrodes remained adhered and in position, or until the SQI became low (below 70%) or
the patient was discharged from the NICU. HRg¢, SVgc, and COgc were collected beat-to-beat
and displayed on the Philips IntelliVue monitor using the IntelliBridge EC10. Due to the limited
data storage capacity of the cardiometer, the recording period was set to one minute. That is,
the last known beat-to-beat value of the EC parameters at the time of recording was saved on
the device. The EC data (except for HRgc) was also stored in the Philips Data Warehouse,
along with the recorded physiological parameters of the patient, such as the arterial oxygen
saturation and the respiratory rate. During the measurement, patient events such as the begin-
ning and end of nursing and TTE were registered as an event on the Philips IntelliVue monitor
and stored in the Philips Data Warehouse.

For the validation of EC, TTE was performed by a skilled neonatologist when the patient was
connected to the cardiometer. To limit additional disturbance of the patient by TTE, no specific
time windows were used. The aim was to perform TTE at least once per day. To calculate the
CSA, the diameter of the outflow tract was measured once per TTE measurement at the hinge
points of the aortic valve (LVOT) and at the pulmonary valve insertion (RVOT) at end-systole.
The diameters of each TTE measurement in a single patient were averaged to minimise the influ-
ence of erroneous diameter measurements on the CO, assuming the diameter did not change
within the short time between TTEs. For the velocity of the blood flow, three blood flow pro-
file recordings were obtained within the LVOT and RVOT. Per recording the VTI calculations
were averaged over three to five different heart cycles. The left and right ventricular stroke
volume (LVSV, RVSV) were determined by multiplication of the CSA and VTI of the LVOT and
RVOT (LVSV+r7g, RVSVrre). The LVO and RVO were calculated using equation 2.1 (LVO+re,
RVOrre).

To be able to judge the usability of EC, attention was paid to several aspects during the mea-
surements. For example, durability of the electrodes, calibration time, user interface, and ability
to record the data along with other haemodynamic parameters.

4.3 Data analysis

The acquired data of the HR, SpO,, EC (CO, SV, SQl), and patient events were retrieved from
the Philips Data Warehouse and analysed using MathWorks’ MATLAB, version 2019b.

4.3.1 Validation of electrical cardiometry

For the validation of EC with reference method TTE, epochs within the COgc and SV data
were identified for the time during which TTE was performed simultaneously. To create these
epochs, the timestamps of the registered patient events were used. The obtained epochs were
then filtered in two steps. First, data points with a SQI below 70% were removed from the
epochs, as the manufacturer advises to rely only on data with a SQI of 70% or higher. Sec-
ond, the data points with a value above or below the epoch’s mean plus/minus two times the
standard deviation (SD) were considered outliers and discarded. The average and SD of the
resulting EC data was calculated and used for validation and trend analysis.

Validation between EC and TTE was assessed by analysis of the agreement and correspon-
dence in categorisation between the two methods. The agreement between COgc and LVOt7e
or RVO+1e was determined by Bland-Altman analysis. With this analysis, the mean difference
(bias) and SD of the bias were obtained. Limits of agreement (LOA), bias percentage (bias%)

14
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and error percentage (error%) were calculated according to equation 4.1, 4.2, and 4.3, respec-
tively. The LOA and error% were based on a 95%CI, hence the 1.96SD.

LOA = mean bias £ 1.96 x SD (4.1)
mean bias

bias% — 4.2

ias% Corme (4.2)
1. Dy

errorthecre — 20 > SDbias 400 (4.3)

mean COTTE

According to Critchley & Critchley[28] the error% should be less than 30% for good agreement
and to accept the new method, assuming a reference method with an error% of 20. Since
TTE is known to have an error% of 30, the precision of EC can be underestimated. Therefore,
the acceptable error% needs to be adjusted for the 30% error of TTE, resulting in a combined
error%ec+11E Of 42.4%.[29] Another option is to correct for the error% of TTE when calculating
the specific error% of EC:

error%gc = \/ error%gc. e — ermorYite (4.4)

Similar calculations were performed to determine the agreement between SVgc and LVSV11g/RVSV1rEe.

Because the main interest of the clinician is to know whether the patient is in a low, normal, or
high CO state, and it is of less interest to know the absolute value, COg¢, LVOt1g, and RVOr1e
values were categorised per state. In this study, a CO below 150 mL/min/kg was considered as
low, 150-350 mL/min/kg as normal, and above 350 mL/min/kg as high. To demonstrate if the
CO values of the two methods were categorised similarly, a scatter plot was created in which
the areas of low, normal, and high CO were marked. Furthermore, the percentage of similarly
categorised data was calculated, as well as the percentage of the data where COgc was in a
lower or higher category than LVOt7g or RVOrre.

4.3.2 Trending ability of electrical cardiometry

To assess the ability of EC to track changes in CO, concordance and polar plot analysis were
performed. A 4-quadrant concordance plot was created, which was used to analyse the direc-
tion of change in CO. The difference in CO between two consecutive epochs in a patient was
calculated and ACOg¢ was plotted against ALVOt7g or ARVO+1e. Concordance rate was de-
termined by the number of data points in quadrant one (upper right) and three (lower left) of the
concordance plot divided by the total amount of data points. An exclusion zone of 15% of mean
CO, as proposed by Critchley et al.[30], was applied to eliminate small changes in CO as these
were considered as clinically irrelevant and thus random noise. A concordance rate >95% is
considered as good trending, >90% acceptable, and <90% poor.

Concordance analysis has a few limitations. Since the length of the X-Y vector in the concor-

dance plot is the hypotenuse of the change in COTTE and COg¢ (\/ACO%TE + ACOEC), bias
can be created if either ACOTTE or ACOkg¢ is significantly bigger than the other, because the
larger value determines the overall length of the vector. Moreover, there is considered to be
concordance if the point lies within 45° from the line of identity (Y = X), but this ignores the de-
gree of agreement between the two methods. Because of these limitations, polar plot analysis
was performed as well.

For the generation of the polar plot the Cartesian data of the concordance plot was converted
to polar coordinates according to the method proposed by Critchley et al.[31] From the polar
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plot the angular bias with radial LOA (95% confidence interval) were determined. Instead of the
hypotenuse, the polar plot uses the mean value of ACOTTE and ACOkgc (radius). Agreement
between the two methods is shown by the angle the vector makes with the horizontal (0°) axis.
The exclusion zone was scaled down to 10%, corresponding to a 1.5 scaling factor based on the
transformation from the Cartesian hypotenuse to the polar radius. Good trending is assumed
when the angular bias is smaller than £5° and the radial limits of agreement are <+30°.[30]

4.3.3 Heart rate comparison

To verify whether the HRgc compares to the HR from the ECG (HRgcg), the covariance and
agreement between the two methods were determined. Because HRg¢ was recorded once per
minute on the cardiometer, the samples closest to the timestamps from HRgc were retrieved
from the beat-to-beat HRgcg data. Per patient a time interval of four hours was selected from the
first 24 hours of the measurement. Interval selection was based on the highest ratio of data with
a SQI of 100%, which was calculated using a moving time window. The cross-covariance be-
tween the HRgc and HRgcg data from the resulting interval per patient was computed, giving the
correlation and time lag between the two data sets. Furthermore, the mean, SD, and coefficient
of variation (COV) of HRgc and HRgcg during the interval were calculated, and Bland-Altman
analysis was performed to determine the agreement.

4.3.4 Influence of patient weight and height

The influence of patient weight and height on COg¢ was assessed by calculating the correlation
coefficient between COg¢, LVOt7e or RVOrte and weight or height. For COg¢, the average
COgc value of the period during which TTE was performed, as explained in section §.3.1, was
used. Patient weight and height measured at the start of EC measurement were used for the
calculation of the correlation with all CO measurements in a single patient. For example, if a
total of four TTE’s were performed in one patient, the patient’s weight and height from the first
day of EC measurement was used for all four measurements. Since the weight can be entered
in the electrical cardiometer with an accuracy of 50 g and the height with an accuracy of 0.5
cm, the weight and height used for the calculation of correlation with COgc were rounded to the
nearest value.

4.3.5 Influence of transthoracic echocardiography

To determine the influence of TTE on EC SQl, SV and CO, and patient parameters HR and
SpO,, the data was split into three separate intervals: one hour before the beginning of TTE
(1), the duration of TTE (2), and one hour after the end of TTE (3), see Figure 4.2. SV and
CO data points with a SQI below 70% were removed from the intervals and the percentage
of data with a SQI below 70% was calculated. For each haemodynamic parameter — SV, CO,
HR, and SpO, — the mean and SD of the three intervals combined were determined to create
a filter to remove outliers (mean + 2SD). The parameters’ maximal and minimal values were
determined for every interval, after which the outlier filter was applied and the mean, COV, and
percentage of outliers were calculated per interval. IBM SPSS Statistics, version 27, was used
to determine whether there was a significant difference between the three intervals. This was
done for each parameter and its statistics, i.e. the mean, COV, maximal and minimal value,
and the percentage of outliers. Since not all data was normally distributed, Friedman’s ANOVA
was applied to the paired data. Kendall's W was computed to demonstrate the effect size,
where a value of 0.1 is interpreted as a small effect, 0.3 as a moderate effect, and 0.5 as a
large effect.[32] When there was a statistically significant difference (p < 0.05), post hoc tests
were performed using the Wilcoxon signed-rank test with Bonferroni correction (p < 0.017) to
establish between which specific intervals the differences were present.
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Interval 1 Interval 2 Interval 3

< >

»
>

A 4
A

<
d

1 hour before

i 1 hour after
begin TTE Begin TTE  End TTE

end TTE

Figure 4.2: Timeline of the intervals used to determine the influence of TTE on the haemodynamic
parameters and SQl.

4.3.6 Usability: durability of electrodes

For the assessment of the durability of the electrodes, the proportion of samples with a good
SQIl (= 70%) was calculated per hour for the entire EC measurement period. Overall mean
and trend of the SQI were calculated as well. The resulting data was plotted for each subject
individually.
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5 RESULTS

5.1 Population

During a period of five months, 19 patients were included of whom 10 were male (Table 5.1).
43 paired EC and TTE measurements were performed, mostly within the first 72 hours after the
start of the EC measurement, with an average of two paired measurements per patient (range
1—4). In two cases it was impossible to determine the RVO due to turbulence in the PA caused
by a PDA with left-to-right shunt. The measurements with EC had a median duration of 78
hours (IQR 65.5 — 109), with a minimum of 6 hours and a maximum 213 hours. Of the included
patients, 12 patients were supported by nasal continuous positive airway pressure (hnCPAP), 2
by low flow oxygen, and 5 patients did not receive any ventilatory support.

5.2 \Validation of electrical cardiometry

The overall means + SD of COg¢, LVO17g, and RVO+rge during the TTE epochs were 224 + 40,
244 + 98, and 335 + 112 mL/min/kg, respectively. Bland-Altman analysis of COg¢ and LVOrtg,
as shown in Figure b.1, gave a mean bias of -19.6 mL/min/kg with LOA of 192.4 and -231.6
mL/min/kg. The bias% was found to be -8% and the uncorrected error% (error%gc+11e) Was
86.9%. When corrected for the error% of TTE, the error% of EC was established at 81.6%.
As shown in Figure 5.2, the mean bias between COg¢ and RVOrre was -110.3 mL/min/kg with
an upper and lower LOA of 102.2 and -322.8 mL/min/kg, respectively. The bias% was -32.9%
and the corrected error% was 55.9% (uncorrected 63.4%). It is apparent from both Figure 5.1
and Figure [5.2 that there is a significant (p < 0.001), negative correlation between the differ-
ence and the mean of COgc and LVO+te or RVOt7e. This indicates that for the RVOyyg, bias
between COgc and RVOre enlarges with increasing CO, whereas bias between COgc and
LVO+re enlarges with decreasing CO before the regression line intersects zero bias and after
this point bias enlarges with increasing CO. In other words, COg¢ overestimates LVOt1g before
the intersection and underestimates it after the intersection.

Table 5.1: Patient demographics (N=19).

Median IQR Range
Postmenstrual age at start EC 29+3 28+1-31+0 27+5 - 32+5
measurement (weeks + days)
Postnatal age (days) 6 5-13 1-26
Weight (g) 1109 983.5-1380 880 — 2110
Height (cm) 36.5 34 -39 31-445
Gestational age at birth (weeks + 28+0 27+0 — 29+4 26+0 — 32+4
days)
Birthweight (g) 1050 900 — 1370.5 745 - 2176
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Figure 5.2: Bland-Altman analysis of COgc and RVO+1re (N = 41).

For the SV, the overall means + SD of SVg¢, LVSVg, and RVSVye during the TTE epochs
were 1.4 £ 0.3, 1.5 £ 0.5, and 2.1 £ 0.7 mL/kg, respectively. There was a mean bias of -0.1
mL/kg (6.0% bias%) between SVgc and LVSVe with LOA of 1.2 and -1.3 mL/kg, resulting in
an error% of 85.1. For the RVSV+11g, the mean bias was -0.7 mL/min (33.8% bias%) with LOA
of 0.6 and -2.0 mL/min (61.6% error%). Visual representation of these Bland-Altman analyses
can be found in the Appendix 8 Figure [l (LVSV) and R (RVSV).
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The scatter plots shown in Figure and depict the relation between COg¢ and LVO+rE,
and COgc and RVO+tg, respectively. In these figures, regions of low, normal, and high CO are
displayed in respective blue, green, and red. The values of COgc and LVO+rg were similarly
categorised in 58.1% of the paired measurements. Of the remaining data, COg¢ values were
classified in a lower category than LVO+te in 23.3% and in a higher category in 18.6% of the
cases. For the comparison with RVO11g, the categorisation was similar in 63.4% and in the
remaining 36.6% COg¢c was classified in a lower category.
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Figure 5.3: Scatter plot of COgc and LVO+1re with marked regions for categorisation (N = 43). Blue: low
CO (<150 mL/min/kg); green: normal CO (150-350 mL/min/kg); red: high CO (>350 mL/min/kg).
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Figure 5.4: Scatter plot of COgc and RVO+ye with marked regions for categorisation (N = 41). Blue: low
CO (<150 mL/min/kg); green: normal CO (150-350 mL/min/kg); red: high CO (>350 mL/min/kg).
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5.3 Trending ability of electrical cardiometry

For the concordance and polar plot analysis, 24 LVO and 22 RVO data points giving the differ-
ence between two consecutive measurements were available. In Figure 6.5 the concordance
plot of ACOgc and ALVO+g is shown with a concordance rate of 55.5%. The exclusion zone
was set at 30 mL/min/kg which was approximately 15% of the mean CO. Figure 5.6 shows
the concordance of ACOgc and ARVO+1g with a concordance rate of 50%. Both concordance
rates suggest poor trending as these are below the 90% lower limit for acceptable trending. Fur-
thermore, closer inspection of the results depicted in Figure 5.5 and [5.6 shows that the range
ALVOt7e and ARVOqE is rather large (-150 t0 50 mL/min/kg), whereas ACOgc has a smaller
range of -50 to 50 mL/min/kg.

The polar plots of COg¢ and LVOrrg, and COgc and RVOrre are presented in Figure 5.7 and
.8, respectively. The exclusion zone was set at 20 mL/min/kg, approximating the 10% mean
CO and 1.5 times smaller than the exclusion zone used for the concordance analysis. For the
polar plot analysis of LVO the angular bias was found to be -29.5° (330.5°) with radial LOA of +
60°. Analysis of RVO gave an angular bias of -23.6° (336.4°) with radial LOA of + 60°. Analysis
of EC for both LVO and RVO indicate poor trending ability as the angular bias and radial LOA
are larger than the respective £5° and +30° limits for good trending.

200 T T T T T T T

A CO& (mL/min/kg)
o

\
.

-100 2

‘NO A I A | '
200 -150 -100 -50 0 50 100 150 200

A LVOI Te (mL/min/kg)

Figure 5.5: Concordance plot of COgc and LVOtrg with an exclusion zone (in grey) of 30 mL/min/kg (N
= 24). The dashed line represents the angle of identity.
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Figure 5.6: Concordance plot of COgc and RVOryg with an exclusion zone (in grey) of 30 mL/min/kg (N
= 22). The dashed line represents the angle of identity.
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Figure 5.7: Polar plot of COg¢ and LVOrrg with an exclusion zone of 20 mL/min/kg (N = 24). The dotted
line represents the angular bias (-29.5°) and the dashed lines represent the radial limits of agreement

(30.5° & -89.5°).
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Figure 5.8: Polar plot of COgc and RVO+rg with an exclusion zone of 20 mL/min/kg (N = 22). The dotted
line represents the angular bias (-23.6°) and the dashed lines represent the radial limits of agreement
(36.4° & -83.6°).

5.4 Heart rate comparison

The overall means +SD (COV) of HRgc and HRgcg during the four-hour interval were 157.5
1 12.6 (6.5%) and 157.6 = 12.5 (5.9%) beats/min, respectively. The summarised results ob-
tained from the cross-covariance between HRgc and HRg¢g of all subjects gave a mean + SD
covariance of 0.60 + 0.18 with a range of 0.29 to 0.90. There was an average time lag between
HRgc and HRgcg of 1 minute (range O - 6), where HRgc was ahead of HRgcg. In Figure 5.9
the cross-covariance of a single patient is shown as an example, where the peak shows that a
covariance of 0.782 was found at a time lag of 1 minute. HRgc and HRg¢g of this patient in the
four-hour interval are presented in Figure [5.10, along with the SQI. The top part of the figure
shows the original data. In the bottom graph, HRgcg data is shifted for the one-minute time
lag. It can be seen that HRg¢ has a similar trace as HRgcg. Also, when there was a sudden
drop in HR there was also a drop in SQI. Figure shows the difference between HRg¢ and
HRgc over time, again with the original data at the top and the shifted data at the bottom. This
figure illustrates that when the HRgcg is shifted for the time lag, the difference between the two
methods is negligible.

The summarised results of the Bland-Altman analysis gave a mean bias of -0.12 beats/min with
a SD of the bias of 9.5 beats/min. The bias% was found to be -0.04% and the error% was 5.9%.
For the shifted HRgcg data, this resulted in a mean bias of -0.011 beats/min, a SD of the bias
of 8.3 beats/min, and bias% and error% of -0.002% and 5.2%, respectively. In Table [l and R of
Appendix B the mean, SD, and the range of the results from the Bland-Altman analysis of the
original and shifted HR data of all patients are shown. These results indicate a good agreement
between HRgc and HRgcg.
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5.4. Heart rate comparison
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5.5 Influence of patient weight and height

A significant strong positive linear correlation was found between COgc and patient weight,
r(41)=0.78, p <0.001. Similar results were found for the correlation between COg¢ and patient
height (r(41) = 0.81, p < 0.001). These correlations and the lines of regression are displayed in
respective Figure 5.12 A and B. No correlation with the weight or height was found for LVO11g
(Figure .12 C and D). RVO+re showed a weak insignificant correlation with both weight (r =
0.27, p > 0.05, Figure E) and height (r = 0.21, p > 0.05, Figure 5.12 F). This indicates that
the correlations of weight and height with RVOr7g probably arose by chance.

5.6 Influence of transthoracic echocardiography

In Table .2 the results from the Friedman’s ANOVA test are shown. Data of 41 measurements
in 19 patients was assessed. Two measurements were removed from the dataset because EC
measurements were concluded within one hour after the end of TTE. There was a statistically
significant (p = 0.014) difference of the mean SQI before (median (IQR) = 91.7% (85.3 — 95.6)),
during (86.4% (76.5 — 92.4) and after TTE (90.5% (86.3 — 93.5)), with respective p-values of
0.016 and 0.002 between interval 2 and 1, and interval 2 and 3. This is also demonstrated by
the percentage of data with a SQI below 70% (p = 0.007) and is visually presented in Figure
5.13. No clinically relevant or statistically significant difference between the three intervals was
found for the mean SV (p = 0.129) and mean CO (p = 0.518). This indicates that even though
the quality of the signal was affected by TTE, it did not alter the measured SV and CO by EC
when the data was first filtered to remove data points with a SQI below 70%. Results of the post
hoc tests for the COV of SV and CO showed a significantly lower percentage during interval 3
when compared to interval 1 (p = 0.016) and 2 (p < 0.001), indicating a more stable signal after
performing TTE than before or during TTE.
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Figure 5.12: Correlations and lines of regression between patient weight or height and CO. A: weight
vs COgc (N = 43); B: height vs COgc (N = 43); C: weight vs LVOre (N = 43); D: height vs LVOr7e (N =
43); E: weight vs RVOtre (N = 41); F: height vs RVO+rte (N = 41).

A significant difference (p < 0.001) between the intervals was found for the mean HR with a
moderate effect size of 0.329. For interval 1, 2, and 3 the median (IQR) of the mean HR was
166 (160 — 171), 166 (159 — 177), and 162 (154 — 169), respectively. Additionally, the range
between maximum and minimum HR also differed between the intervals. During interval 1 the
HR ranged from 106 to 188 beats/min, during interval 2 from 136 to 184 beats/min, and during
interval 3 from 98 to 187 beats/min. This mainly shows a relatively similar maximum across
all three intervals, but a significantly different (p = 0.002) minimum HR between the intervals.
Overall, there was a lower mean and minimum HR after TTE when compared to during or before
TTE, which can also be seen in Figure 5.13. It is noteworthy, however, that even though there
was a significantly lower mean HR after TTE, the mean CO did not differ between the three
intervals. This might be explained by the slight increase in mean SV during interval three. No
clinically relevant or statistically significant difference was found between the intervals for any
of the statistics of the SpO,.
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5.7 Usability

The results of the assessment of electrode durability are depicted in Figure 5.14. In this figure,
the proportion of samples with a good SQI is shown over time for three subjects, whose results
are representative for all included patients. At the top of Figure 5.14, the results of a subject
who was connected to the electrical cardiometer for 140 hours are shown. After approximately
50 hours of measurement the proportion of samples with a good SQI starts decreasing and after
90 hours the SQI becomes significantly worse. However, in another subject the percentage of
data with a good SQI remained high until the end of the measurement after approximately 100
hours (Figure 5.14, middle). Similar results were found for a subject who was connected to the
cardiometer for 200 hours (Figure 5.14, bottom) where the SQI remained high until 130 hours
after which it gradually started decreasing but still within acceptable limits. These data suggest
that the durability of the electrodes varies considerably among patients, making it impossible to
define an exact durability of the electrodes.

Besides evaluation of the SQI over time, electrode durability was also assessed by how long
the electrodes remained adhered to the skin. After exclusion of the subjects for whom the mea-
surement was discontinued due to discharge from the NICU, six subjects remained. In these
subjects, the electrodes remained adhered for a median (IQR) time of 79.5 (64 — 129) hours
with a minimum of 62 and maximum of 213 hours. This large range between subjects may be
caused by several factors, such as the humidity of the incubator, the patient’s skin, and patient
movement.

Other aspects for judging the usability of EC were the duration of calibration, application and
interpretation of the user interface, and the ability to record the data along with the other haemo-
dynamic parameters. At the start of a measurement, the electrical cardiometer auto-calibrates
itself within less than a minute. The user interface is easy to apply, and it is possible to choose
an averaging mode for the measurands. This makes interpretation of the CO easier for the
physician, as offline filtering of the data is not necessary. The SQl is shown at the top of the
screen to show the user whether the reported values are reliable. Multiple screens are available
which show the value of the measurands as well as the CO and HR over time. Recording of the
data along with the other heamodynamic parameters is possible through connection with the
Philips IntelliVue monitor. A disadvantage is that the CO is expressed in L/min and it is indexed
for body surface area, whereas in neonates mL/min and indexing for body weight is preferred.
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Figure 5.14: The proportion of samples with a good SQI (= 70%) over time shown for three individual
subjects.
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6 DISCUSSION

In this study the accuracy, reliability, and applicability of EC for monitoring the CO in NICU
patients was investigated. When comparing COg¢ with LVOr1g and RVO+rg, COgc appears
to agree more with RVO+1g than LVO+1e. The bias%, corrected error%, similar categorisation
percentage, angular bias, and radial LOA of COgc compared with RVOrrg were found to be
-32.9%, 55.9%, 63.4%, -23.6°, and £60°, respectively. For the comparison with LVOtg, this
was respective -8%, 81.6%, 58.1%, -29.5°, and +60°. However, the bias between COgc and
RVO+re was relatively large, indicating that EC underestimates RVO. Performance of TTE did
not influence the reliability of COgc. During TTE, there was a lower mean SQI (86.4%) than
before (91.7%) or after (90.5%) TTE, but this did not affect the COg¢ used for the assessment
of agreement and trending between EC and TTE. Nevertheless, the high error%, low concor-
dance rate (55.5% for LVO and 50% for RVO) and high angular bias with wide angular LOA
demonstrate that the EC is not interchangeable with TTE.

6.1 Validation and trending ability of electrical cardiometry

For EC to be interchangeable with TTE, the error% should have been below 30%, according to
the critical limit for acceptance as proposed by Critchley & Critchley[28]. However, this limit is
disputable as it is based on a reference method with a 20% error. Adjusting the error% for the
30% error of TTE results in a critical limit for acceptance of agreement of 42.4% (error%gc+71e),
i.e. EC could have been accepted as a good method for measuring cardiac output if its error%
was less or similar to the 30% error of TTE.[29] Peyton and Chong[33] suggest increasing the
limit of error% from 30 to 45% because their meta-analysis showed that the error% of several
CO monitoring methods was between 40 and 45% when compared with thermodilution (error%
10-20%). But, with increasing the limit of acceptable error%, there is a risk of wrongfully declar-
ing a new method as interchangeable with the reference method. The high error% found in this
study, therefore, makes it impossible to accept EC as a good method for CO measurement.
In other studies investigating the agreement between COg¢ and LVOryg, high error% were re-
ported as well with the error% ranging from 24 to 60.2%.[21, 23, 24, 34] Ideally, the error% of
a new method is as low as possible where the bias% is of less importance as a method can be
calibrated for a low accuracy (systematic error) but not for a low precision.

A large difference between LVO11g and RVOtg, 244 vs 335 mL/min/kg, was found in this study.
No literature was found reporting similar differences as most studies only address the LVO. One
study reported a mean LVO and RVO of 218 and 227 mL/min/kg, respectively, in 40 preterm
neonates.[24] A possible explanation for the difference between LVO+tg and RVO+g in our
study is that the LVO is technically more difficult to measure than the RVO. This may have
caused a larger deviation from the ideal angle of insonation resulting in an underestimation of
the LVO.
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In 18.6% of the comparative data EC overestimated LVO, which might suggest that EC is in-
capable to detect low CO. This was also reported by Song et al.[24], where no correlation was
found between COg¢ and LVO or RVO in infants with a CO below 200 mL/min/kg. Theoretically,
decreased blood flow in the thorax while in a low CO state may have had a diminishing effect on
the signal-to-noise ratio of EC. In other words, the EC signal might be more severely disrupted
by noise in a low CO state than in a normal or high CO state, making is impossible to give a
correct reading of the CO. Another possibility is that the limitations of TTE resulted in erroneous
CO measurements, causing a wrong categorization of the LVO and RVO. Both underestima-
tion and overestimation of the CO could be harmful to the patient. If the CO is overestimated,
hypoperfusion and shock may not be recognized in time which can increase the risk of patient
morbidity and mortality, whereas underestimation of the CO may lead to unnecessary thera-
peutic interventions.

In respective 23.3% and 36.6% of the cases EC underestimated LVO and RVO. This might
have been caused by intra- and extracardiac shunts, where systemic blood flow is overesti-
mated by RVOrtg in the case of left-to-right shunting through a PFO and by LVO+tg in the case
of left-to-right shunting through a PDA. It is uncertain if EC measures the blood flow preductally,
postductally, or both. Theoretically, EC reflects changes in blood flow in any vessel parallel
to the distance between the electrodes on the neck and thorax, which implies that it cannot
distinguish pre- and postductal blood flow. Since the size of this study population was small,
no distinction was made for the presence of a PDA or PFO. Results from studies investigating
the influence of a haemodynamically significant PDA with a left-to-right shunt are inconclusive.
Song et al.[24] describe a correlation between EC and TTE that is independent of the presence
of a PDA. In addition, Noori et al.[21] reported no difference in bias and error% between pa-
tients with or without a PDA. On the other hand, Torigoe et al.[35] state that there was a larger
negative bias in patients with a PDA, whereas Blohm et al.[34] describe a significant positive
increase in bias. Therefore, no clear conclusion can be drawn as to whether EC is accurate in
neonates with a PDA and/or PFO.

The concordance analysis showed that the range of ALVO+tg and ARVOt7g was twice as large
as the range of ACOg¢. This could indicate that either TTE is showing false differences between
measurements due to its high intra- and interobserver variability or that the CO of the patients
did change but that it was not registered by EC. Therefore, the disagreement between EC and
TTE and the poor trending could be induced by incorrect measurements of either method. One
could argue that CO measured with TTE is correct since the reference method should be valid.
However, the limitations of echocardiography make this a subject of discussion. For example,
when analysing the data, it was found that the diameter of the LVOT and RVOT showed an
unrealistic variation between measurements. In Figure B and l4 of Appendix B the diameters of
the aorta and the PA are shown, respectively. Due to the unrealistic variation, the measured
diameters within a single patient were averaged for the calculation of CO.

6.2 Reliability

Inspection of the equations used by EC to calculate SV and CO raised some questions. First of
all, the model was created based on adults which may very well not be sufficient for neonates.
Second, when going from acceleration to velocity (section 2.3.2 equation .2), a square root is
used to derive the velocity from the peak acceleration instead of integrating the acceleration.
According to the manufacturer, this can be justified because they found that using the square
root to calculate the velocity is sufficient to approximate the cardiac output. Third, there was a
strong significant correlation between COg¢ and patient weight (r = 0.78, p < 0.001) and height
(r =0.84, p < 0.001), whereas a none-to-weak correlation was found for LVOttg and RVO+te.
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A certain correlation between CO and weight was expected, because in neonates CO physio-
logically increases with weight which is why CO is generally normalized for bodyweight in this
population. However, since LVO11e and RVOt1e showed none-to-weak correlation while COg¢
showed strong correlation with patient weight, it is arguable that EC perhaps relies too heavily
on the entered weight and height for the calculation of SV and CO (section 2.3.2 equation .4).

Furthermore, comparison of HRgc with HRgcg showed that the methods are interchangeable
and the time lag that existed between the two methods is clinically irrelevant. The bias% and
error% of SVgc and COgc in this study were found to be comparable. Similar findings were
reported in a recent study by Schwarz et al.37 in neonates with a median (IQR) gestational age
of 28+6 (24+5 — 30+4) weeks + days and a birth weight of 890 (723 — 1335) g. This indicates
that if EC miscalculates the CO, this mistake can be traced back to the calculation of SV instead
of the measured HR.

6.3 Usability

The usability of EC was found to be good, considering it provides continuous assessment of
the CO and CO is recordable along with the other haemodynamic parameters. Moreover, EC
was experienced as practical, and easy to apply and interpret. Results of the analysis of EC
electrode durability showed that it is not necessarily required to replace the electrodes after 72
hours of EC, as is advised by the manufacturer. The proportion of samples with a good SQI
(SQI = 70%) over time differed among patients. Some patients showed a low percentage of
data with good SQI even within the first 72 hours of EC, whereas in others the SQI was still high
after 100 hours of measuring. It is therefore suggested to only replace the electrodes when the
SQI remains below 70% for more than fifteen minutes or when the electrodes detached from the
skin. Besides, the electrodes mostly adhered firmly to the patients’ skin, making it unpleasant
for the patients to remove them earlier than necessary.

6.4 Limitations

This study has several limitations. First, only haemodynamically stable patients were included
in which a normal CO was expected. The results of this study are, therefore, internally valid
for this population, but not externally valid for for example term neonates or haemodynamically
instable patients. To achieve external validation, the patient population should be extended to
also include less clinically stable infants with a low or high CO. Secondly, TTE was used as a
reference method even though it has significant limitations as mentioned before. Since ther-
modilution, which is considered the gold standard in adults, cannot be used in neonates due
to technical limitations, TTE is often reported in literature as reference method for validation of
electrical biosensing technologies. Third, the aim was to conduct TTE once per day to assess
trending ability but due to other proceedings it simply was impossible to perform TTE every day
in every patient.

It is important to mention that even if a noninvasive CO monitor is to be used in the future, TTE
will always need to be performed at least once to assess the anatomy and pathophysiology of
the patient’s heart and cardiovascular status. Additionally, to assess the haemodynamic state
of a patient, the CO on its own is not reliable. The other haemodynamic parameters always
need to be taken into consideration before interfering. Besides, CO only provides information
on systemic blood flow, but not on local perfusion and oxygenation. If information on local
oxygenation is required, near-infrared spectroscopy may be used.
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7 CONCLUSION

The main goal of this study was to determine the accuracy, reliability, and applicability of EC.
Agreement and trending between EC and TTE was poor, hence EC and TTE are not inter-
changeable. The bias% (accuracy) of COg¢, when compared with LVO+yrg, was found to be
-8% with an error % of 81.6%. When compared with RVOr1g, the bias% was -32.9% and the
error% 55.9%. Assessment of the trending ability of EC showed concordance rates of 55.5%
(LVOt7e) and 50% (RVO+t1E), and angular biases of -29.5° (LVOt7g) and -23.6° (RVOt7g). How-
ever, due to the limitations of TTE, it is unclear to what extent the disagreement between the two
methods is caused by erroneous CO measurements by either EC or TTE, which emphasizes
the need for another, more accurate and reliable reference method.

Performance of TTE did not influence the reliability of COg¢, but the strong significant corre-
lation found between COgc and patient weight (r = 0.78, p < 0.001) and height (r = 0.84, p <
0.001) raised some questions on the calculation of COg¢ and the extent to which it relies on the
patient weight and height.

To conclude, even though EC showed good usability, the accuracy and reliability of EC for
measuring CO is poor, deeming EC not applicable yet to monitor CO in critically ill newborns.
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8 RECOMMENDATIONS AND FUTURE WORK

Based on the results of the validity and trend analysis, EC cannot be recommended for CO
monitoring on the NICU for now. More research with an accurate refence method is necessary,
as well as extending the population to also include haemodynamically unstable patients.

For further research into CO monitoring on the NICU, it is recommended to first investigate
the influence of the weight and height on COgc more extensively. For example, a test could
be run to see whether COg¢ in a haemodynamically stable patient changes when the weight
or the height is adjusted on the cardiometer. If the calculation of COgc is highly dependable
on the weight and height, this would induce an increase in CO upon increasing the entered
weight or height. Additionally, it could be considered to validate EC based on our knowledge
of (patho)physiology. Neonates in which a low CO is expected can be included, for example
patients receiving therapeutic hypothermia for perinatal asphyxia, as well as patients with an
expected high CO (e.g. vasoplegia). Moreover, trending ability of EC could be assessed during
rewarming after therapeutic hypothermia which will cause an increase in CO.

A more accurate technique to measure CO and which could therefore be used as a reference
method in future studies, is transpulmonary ultrasound dilution (TPUD). With TPUD, an arte-
riovenous (AV) loop is placed between the arterial and central venous catheter and 0.5 to 1.0
mL/kg isotonic saline at body temperature is injected at the venous side of the AV loop. Since
sound waves propagate slower through saline (1533 m/s) than blood (1560 — 1580 m/s), a de-
creased ultrasound velocity is measured downstream at the arterial side of the AV loop. As
the altering concentration of isotonic saline over time is related to CO, the resulting ultrasound
dilution curve can be used to calculate CO with the Stewart-Hamilton equation. An important
limitation of TPUD is the requirement of isotonic saline injections. Repeated measures with
TPUD will increase the risk of fluid overload, especially in neonates, which is associated with
an increased risk of PDA and necrotizing enterocolitis. TPUD is possible in infants weighing
over 600 g.[12, 29, 36, 37]

Another reference method might be 3-dimensional (3D) echocardiography. In this method a
dedicated 3D probe is used to make a recording of the four-chamber view. End-diastolic and
end-systolic volume can be determined offline using a software program with semi-automated
endocardial border detection. CO can be calculated by multiplying the difference between end-
diastolic and end-systolic volume with the HR.[38]

A different noninvasive electrical biosensing technology to measure CO could be investigated as
well, such as the Starling SV or the NICaS. The Starling SV uses a method called transthoracic
bioreactance to calculate the CO. Transthoracic bioreactance has been validated against ther-
modilution in adults, giving a bias% of 4.1% and an error% of 11.3%, along with a 93% sensitivity
and specificity to detect hemodynamic changes.[39] In children and neonates validation studies
have been performed using TTE, with reported bias% and error% ranging from 4.6 to 39% and
31.4 to 55%, respectively.[40, 41, 42, 43, 44] The NICaS uses whole-body bioimpedance to cal-
culate the CO. Validation studies of whole-body bioimpedance have been performed in adults
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with thermodilution, Fick principle, and TTE as reference methods. Bias% and error% were
stated to range from 0.2 to 12.3% and 20.0 to 48.1%, respectively.[45, 46, 47, 48, 49] Only one
study reported the validation of whole-body bioimpedance in children, showing a bias% of 1.8%
and an error% of 29.4%, with transoesophageal doppler as reference method.[50] No validation
studies of whole-body bioimpedance in neonates have been published yet.
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Figure 1: Bland-Altman analysis of SVgc and LVSVyre (N = 43).
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Figure 2: Bland-Altman analysis of SVgc and RVSVre (N = 41).
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Figure 3: Measured diameter of the LVOT at the hinge points of the aortic valve in patients where multiple
TTE’s were performed (N = 13).
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Figure 4: Measured diameter of the RVOT at the pulmonary valve insertion in patients where multiple
TTE’s were performed (N = 13).
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APPENDIX B: TABLES

Table 1: Results of the Bland-Altman analyses of HRgc and HRggg (N = 19).

Mean bias (beats/min) SD of bias (beats/min) Bias% (%) Error% (%)
Mean -0.12 9.5 -0.041 5.9
SD 0.54 3.2 0.18 2.0
Minimal -1.1 3.8 -0.41 23
Maximal 0.77 17 0.25 9.9

Table 2: Results of the Bland-Altman analyses of HRgc and HRgcg, with HRgcg shifted for the time lag
(N =19).

Mean bias (beats/min) SD of bias (beats/min) Bias% (%) Error% (%)
Mean -0.011 8.3 -0.0023 5.2
SD 0.61 3.5 0.20 2.4
Minimal -1.1 3.8 -0.43 23
Maximal 0.88 15 0.32 10.9
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