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ARTICLE INFO ABSTRACT

Introduction: Stroke volume (SV) and cardiac output are important measures in the clinical evaluation of cardiac
patients and are also frequently used in research applications. This study was aimed to improve SV scoring
derived from spot-electrode based impedance cardiography (ICG) in a pediatric population of healthy volunteers
and patients with a corrected congenital heart defect.

Methods: 128 healthy volunteers and 66 patients participated. First, scoring methods for ambiguous ICG signals
were optimized to improve agreement of B- and X-points with aortic valve opening/closure in simultaneously
recorded transthoracic echocardiography (TTE). Building on the improved scoring of B- and X-points, the
Kubicek equation for SV estimation was optimized by testing the agreement with the simultaneously recorded SV
by TTE. Both steps were initially done in a subset of the sample of healthy children and then validated in the
remaining subset of healthy children and in a sample of patients.

Results: SV assessment by ICG in healthy children strongly improved (intra class correlation increased from 0.26
to 0.72) after replacing baseline thorax impedance (Z,) in the Kubicek equation by an equation
(7.337-6.208 * dZ/dtyay), Where dZ/dty. is the amplitude of the ICG signal at the C-point. Reliable SV as-
sessment remained more difficult in patients compared to healthy controls.

Conclusions: After proper adjustment of the Kubicek equation, SV assessed by the use of spot-electrode based ICG
is comparable to that obtained from TTE. This approach is highly feasible in a pediatric population and can be
used in an ambulatory setting.

Keywords:

Impedance cardiography
Stroke volume

Children

Congenital heart disease
Pre-ejection period

Left ventricular ejection time

1. Introduction Stroke volume (SV) and the product of SV and heart rate (cardiac

output; CO) are important measures in the clinical evaluation of cardiac

Congenital heart defects (ConHD) affect around 9 per 1000 new-
borns (van der Linde et al., 2011) and is the most common congenital
defect. Due to modern surgical techniques, survival in childhood is
good (Moons et al., 2010), but complications in adulthood, including
pulmonary hypertension (Engelfriet et al., 2007; van Riel et al., 2014)
and arrhythmias (Bouchardy et al., 2009; Walsh and Cecchin, 2007),
are not uncommon. Many patients eventually die from heart failure,
sudden cardiac death or other cardiac problems (Zomer et al., 2012;
Verheugt et al., 2010). However, the exact mechanisms through which
these late problems develop is not yet fully understood, and the in-
dividual characteristics that could predict who is most at risk remain to
be identified.

patients (Warnes et al., 2008) and are also frequently employed for
research purposes. However, most of the methods used to measure SV
are moderate to highly invasive which make them unsuitable for use in
young patients and restricts their use to clinical settings.

Much effort has been put into measuring SV and CO in a non-in-
vasive way (Marik, 2013; Critchley and Critchley, 1999) with im-
pedance cardiography (ICG) emerging as the most promising method
(Raaijmakers et al., 1999; Cybulski et al., 2004; Kubicek et al., 1966).
The burden imposed by ICG is sufficiently low for it to be used even in
very young children (van Dijk et al., 2013; Morgan et al., 2011). As an
additional advantage it can be employed in naturalistic settings for up
to 24 h, without the need for continuous supervision by a clinician
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(Neijts et al., 2015; Goedhart et al., 2007; Vrijkotte et al., 2004). For an
ICG, no behavioral demands have to be made on the patient whereas
Magnetic Resonance Imaging and transthoracic echocardiography re-
quire one to lay still and sometimes perform breath holds which can be
problematic in young children.

The development of ICG technology was originally sponsored by
NASA specifically to measure SV and derived hemodynamics during
manned flight (Kubicek et al., 1966). Although the original method
employed circumferential band electrodes, alternative spot electrode
configurations have more recently been introduced (Boomsma et al.,
1989; Penney et al., 1985; Qu et al., 1986). Various studies comparing
ICG-derived SV to alternative SV scoring modalities in standardized
clinical settings have found good criterion validity (Lorne et al., 2014;
Schmidt et al., 2005; Summers et al., 2003; Critchley and Critchley,
1999; Shoemaker et al., 1998; Ebrahim et al., 2016) even during ex-
ercise (Richard et al., 2001; Kemps et al., 2008; Charloux et al., 2000),
although not all studies find good agreement (Fellahi et al., 2009;
Doering et al., 1995; Kamath et al., 2009; Engoren and Barbee, 2005).
In 1992 and 1999, meta-analyses were carried out on studies testing the
agreement between ICG derived SV and from reference modalities
showed an overall correlation coefficient of 0.81 and 0.82 (Raaijmakers
et al., 1999; Fuller, 1992). A more recent meta-analysis comparing ICG
to thermodilution reported a correlation coefficient of 0.79 (Peyton and
Chong, 2010). Validation studies on pediatric cardiac patients (Norozi
et al., 2008; Grollmuss et al., 2012), pediatric intensive care patients
(Blohm et al., 2014), obese children (Brown et al., 2005; Rauch et al.,
2013) and healthy neonates (Noori et al., 2012) show good agreement.
However, Taylor et al. and Schubert et al. concluded that ICG did not
perform properly in estimating SV in children during nor directly after
surgery for their ConHD (Schubert et al., 2008; Taylor et al., 2011;
Taylor et al., 2012). ICG proved to be more challenging in ambulatory
settings (Cybulski et al., 2004; Willemsen et al., 1996; Riese et al.,
2003) where temporal stability of ambulatory ICG derived SV was
moderate at best, compared to excellent temporal stability found for
ICG-derived systolic time intervals, even during resting periods that
excluded potential movement artefacts (Goedhart et al., 2006). This
suggests that the approach to score the SV from a spot electrode-derived
ICG is not yet optimal.

In the impedance cardiogram, which is the first derivative of the
thoracic impedance (Z) with respect to time (dZ/dt), three points can be
derived: 1. The ‘B-point’ that represents the moment of opening of the
aortic valve, reflected in a notch in the ICG signal. 2. The ‘C-point’
corresponding to the peak blood flow in the aorta, reflected in a
minimum in the ICG signal. 3. The ‘X-point’ that corresponds to the
moment of closing of the aortic valve, reflected in an incisura in the
idealized ICG signal (Fig. 1, top panel). By combining the ICG and the
electrocardiogram (ECG), it is possible to derive the pre-ejection period
(PEP) as the time between the start of ventricular depolarization (Q
onset in the ECG) and the opening of the aortic valve (B-point in the
ICG). A second systolic time interval, the left ventricular ejection time
(LVET), is derived as the difference between the B- and X-points in the
ICG. The LVET can be used in conjunction with the amplitude of the C-
point to compute SV using the Kubicek equation (Kubicek et al., 1966):

SV = p (L/Zy)?sLVETdZ/dt max e))

where SV is the stroke volume (mL); p = blood resistivity (fixed at
135 Qs cm); L = measured length between the measuring electrodes
(cm); Zo = baseline thorax impedance (Q2); LVET = left ventricular
ejection time (s); dZ/dty.x (©2/s) = the amplitude (i.e. absolute value),
measured from either the dZ/dt = 0 baseline or the dZ/dt amplitude
registered at the B-point (Sherwood et al., 1990). Note that thorax
impedance decreases during the systolic phase, but in keeping with
typical visual depiction of cardiac signals, the ICG signal is usually
drawn in reverse polarity and the dZ/dt minimum is shown as a dZ/dt
maximum. This convention will be retained throughout this report and
the dZ/dt minimum will be referred to as dZ/dty,.x.
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Various groups that have intensively used the ICG in psychophy-
siological research, including our own, have noted that instead of an
idealized ICG wave form (Fig. 1, top panel) many subjects present with a
more complex ICG wave form (Fig. 1, lower panel) introducing ambi-
guity in the scoring of the B-point, as well as that of the C- and X-points
(van Lien et al., 2013; Lozano et al., 2007; Sherwood et al., 1990; Kelsey
and Guethlein, 1990). Typically, the ambiguity in B-point scoring is
caused by a double notch. B-point ambiguity is most clearly seen in
cardiac patients, especially at older ages (Ermishkin et al., 2014). Er-
mishkin and colleagues hypothesize that the B-point is the intersection
of two waves: the pre-ejection wave (caused by changes in heart geo-
metry and that of surrounding vessels due to cardiac contraction in the
isovolumetric phase) and the ejection wave (caused by increased vo-
lume in the aorta and surrounding vessels). Timing of the pre-ejection
wave could explain the double notch in the ICG signal. The double C-
point may be attributable to different aortic flow patterns (van
Eijnatten et al., 2014), in healthy subjects during exercise but in cardiac
patients may also be present in rest. The presence of multiple of these
ICG landmark candidates can also be caused by the non-synchronous
contraction of the ventricles, for example because of conduction dis-
orders such as a bundle branch block, sometimes seen in patients with
prior operations on the intra-cardiac septum. Typically, the uncertainty
in scoring of the X-point is attributable to a W-shaped (double U) wa-
veform, where the trough in either the first or second ‘U’ may be the
point corresponding to the closure of the aortic valve. The W-shape
likely represents the successive closing of the aortic and the pulmonic
valve (Miles and Gotshall, 1989; Lababidi et al., 1970) which in healthy
subjects can occur during inspiration but can also be caused by an atrial
septal defect or a bundle branch block. Exercising at increasing levels of
intensity further modulates the shape of the ICG at the X-point (Ono
et al., 2004).

The ambiguities in B- and X-points are further aggravated by re-
spiration, postural and movement artefacts, and in our experience occur
more often in ambulatory recordings than in recordings from laboratory
settings. ICG signal quality can be improved by band pass filtering and
ensemble averaging, but no amount of signal conditioning completely
dispenses with the ambiguity of the critical landmarks in the ICG.
Ambiguity in the B-point immediately affects the validity of the PEP
and LVET, but it also distorts the dZ/dt,,,x amplitude that is used in SV
estimation. Ambiguity in the X-point and C-point further distorts SV
estimation by influencing the left ventricular ejection time (LVET) and
dZ/dt,.x amplitude respectively. Empirical validation of B- and X-point
scoring in the ICG against a criterion measure of aortic valve opening
and closure is direly needed.

To obtain the ICG signal, current electrodes on the back send a small
alternating current through the thorax and measuring electrodes on the
chest detect changes in thoracic impedance related to the aortic blood
flow. In the original development of the technique band electrodes
around the neck and waist were used, but soon spot electrodes on the
back and chest were found to yield ICG signals of comparable quality
(Qu et al., 1986; Penney et al., 1985; Boomsma et al., 1989; Sherwood
et al., 1992). Compared to band electrodes, spot electrodes greatly
decrease obtrusiveness and measurement burden on the subjects, in-
creasing feasibility of longer recordings and improving ecological va-
lidity (Houtveen et al., 2006). However, there are two important dis-
tinctions in the ICGs generated from spot and band electrodes. The
baseline impedance of the thorax is much higher using band electrodes
and L parameter (distance between the measuring electrodes) is often
larger since the band electrodes have to be attached further apart than
the spot electrodes in most spot electrode configurations (Boomsma
et al.,, 1989; Sherwood et al., 1992). This has repercussions for the
Kubicek equation where SV is estimated using the product of the dZ/dt
amplitude and the LVET, weighing for blood resistivity, the distance
between the measuring electrodes, and the baseline thorax impedance.
Typically, absolute SV seems to be overestimated if no correction of the
Kubicek equation is made to account for the use of spot electrodes
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Fig. 1. Top panel: unambiguous ICG including B- C- and

A C-point
PN X-point. Lower panel: complex ICG waveform with multiple
cadidates for B- C- and X-points.
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(Boomsma et al., 1989).

The main aim of this study was to improve SV assessment from a
spot-electrode based ICG in a pediatric population of both healthy
children and children with a corrected ConHD. We used a two-step
approach that we present in two separate analyses based on the same
experiment. Both sets of analyses consist of a discovery and a replica-
tion phase and employ the same group of healthy controls and patients.
We present these analyses as study 1 (optimization of scoring methods
for ambiguous ICG landmarks) and study 2 (tailoring the Kubicek SV
equation to spot electrodes). An overview of the complete design is
depicted in Fig. 2. In study 1, optimal methods to select the correct
point from multiple potential B-, C- and X-points in the ICG signals
were determined in a discovery set of healthy children by comparing
the ICG-derived systolic time intervals to those derived from simulta-
neously recorded Doppler signal by transthoracic echocardiography
(TTE). Ambiguity for the C-point is usually caused by the presence of a
bimodal peak, where it is still unclear if the first or the second of such C-
points corresponds to the fastest acceleration of aortic blood flow. As
acceleration can be detected visually with reasonable fidelity in the
echocardiogram of most subjects, our data will allow us to resolve this
by visual inspection. Ambiguity in the B-point and X-point in the ICG
can be resolved by TTE as they should coincide with the moments of
opening and closure of the aortic valve which can be detected accu-
rately in the echocardiogram. The method for the B- and X-point se-
lection that yield the highest Intra Class Correlation (ICC) compared to
echocardiography was taken forward in two replication datasets: a
second group of healthy children and a group of patients with a cor-
rected ConHD (ventricular septal defect and coarctation of the aorta).
ICCs for TTE- and ICG-derived PEP and LVET in these datasets will be
used to test the criterion validity of the new B- and X-point selection
method.

In study 2, using the optimal scoring methods for B-, C- and X-points
from study 1, SV scoring was optimized by adjusting the Kubicek
equation for the value of the baseline impedance (Zy) in the spot
electrode configuration. Based on the difference in the SV as measured
by the ICG and the echocardiogram, a corrected Z, was computed in the
discovery set that maximizes the ICC between SV derived from echo-
cardiography and SV derived from ICG for each individual subject,
additionally taking into account that subject's value for L, dZ/dt;.x,
age, sex, height and weight. The resulting Z, correction approach was
applied to the two independent replication sets (healthy controls and
children operated for their ConHD). ICCs for SV were used to test the
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criterion validity of this new ICG-based SV-scoring approach in both
healthy children and children with ConHD, again by comparing to
echocardiography. Because SV can be derived from the echocardiogram
through different methods, we repeated the SV validation using the
three most often used methods; biplane, velocity time integral and 3D.

2. Participants and procedure
2.1. Participants

Healthy controls between 1 and 18 years of age were recruited to
take part in the studies. Children from 1 to 4 years were recruited from
the outpatient department of pediatric cardiology. Those who had an
innocent murmur or other complaints that turned out to be unrelated to
a cardiac disorder were asked to participate. Healthy controls aged
4-18 were passively recruited through an advertisement at school.
Chronic disease or medication use was exclusion criteria. When the
echocardiogram showed a structurally and functionally normal heart,
the volunteer was included in the study. Patients with repaired ConHD
from the outpatient clinic aged 8-18 years old were asked to partici-
pate. Patients after isolated ventricle septum defect (VSD) repair and
patients after isolated coarctation (CoA) repair were included in the
study. Children with chromosomal disorders were excluded. All parti-
cipants and both (one in the case of single-parent families) of their
parents/guardians provided written informed consent. All study pro-
cedures were reviewed and approved by the medical ethics review
committee of the LUMC medical centre (P13.198 and P14.095)

The 128 healthy control subjects were randomly divided into a
discovery set (N = 88) and a replication set (replication set 1, N = 40).
The group of ConHD patients were allocated to replication set 2
(N = 66).

2.2. Procedure

Data collection took place at the LUMC medical centre. First, the
procedure was explained to the participants and their parents. Next,
participants were weighted and length was measured. Then, electrodes
for thoracic impedance monitoring were attached, connected to the
device and the participant was laid down for the echocardiogram with
simultaneous measurement of the ICG which took on average 20 min.



I. Nederend et al.

International Journal of Psychophysiology 120 (2017) 136-147

DISCOVERY SET
HEALTHY CONTROLS
N=88

//\\

STUDY 1
Comparison of RB and RX intervals using
different B/X points in simultaneously
measured TTE & ICG

Optimal Scoring Method ICG

STUDY 2
Comparison of SV in simultaneously
measured TTE & ICG using optimal ICG
scoring

—>

SVire = p (L/corrected Z,)? o LVET o dZ/dt,,,,

(highest ICC)

Confirmatory comparison of ICG & TTE
derived RB and RX intervals

Confirmatory comparison of ICG & TTE
derived SV before and after ZO correction

REPLICATION SET 1
HEALTHY CONTROLS

N=40

REPLICATION SET 2
CHD PATIENTS

N=66

Fig. 2. Study design.

2.3. Electrocardiogram registration and thoracic impedance

ECG and ICG registration was done using the 5 fs version of the VU
Ambulatory Monitoring System (VU-AMS; VU University, Amsterdam,
The Netherlands, www.vu-ams.nl) (de Geus et al., 1995). One lead ECG
was derived from 3 pregelled Ag/AgCl (Kendal H124SG) spot electrodes
on the chest. ECG was sampled at 1 kHz and R peaks are automatically
detected by the device. We measured thoracic impedance (Z) against a
small alternating current (50 kHz, 350 pA) induced by two spot elec-
trodes at the back. Thoracic impedance was recorded with a sample
frequency of at 250 Hz. The measuring electrodes were placed just
above and below the sternum. Current electrodes were placed 3 cm
above and below the measuring electrodes (placement depicted in
Fig. 3) on the back of the thorax. A fixed period of 1 min synchronous to
the echocardiography acquisition was selected from the VU-AMS data.
Ectopic beats were removed from the data. Ensemble averaged ICG and
ECG over that period were used for analysis.

2.4. Transthoracic echocardiogram

Transthoracic echocardiograms (TTE) were conducted by a pedia-
tric cardiologist or an experienced technician (Vivid 9, GE healthcare,
Norway) and evaluated by one researcher, supervised by a pediatric
cardiologist. EchoPac version 113 was used for analysis of the images.
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3. Study 1 (optimization of scoring methods for ambiguous ICG
landmarks)

3.1. Methods

3.1.1. Echocardiogram

Systolic time intervals were assessed using a pulsed wave Doppler
flow signal just after the aortic valve in a parasternal 5 chamber view.
Time between the R peak and the opening and closing of the aortic
valve were measured (Fig. 4). This was repeated in three different heart
beats for every subject, the average of those three measurements was
used for analysis

3.1.2. Optimizing B-point selection

Based on the literature and our previous experience, 3 candidates
(Fig. 1, lower panel) were considered to potentially reflect the true B-
point during interactive visual scoring. The candidate B-point had to
occur in a 150 msec window after the R-peak.

Candidate B-points:

1. Candidate before highest upstroke of dZ/dt (B1)
2. Candidate closest to dZ/dt = 0 (B2)
3. dZ/dt = 0 (B3)
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For each of these candidate B-points the interval (ms) between the
R-peak and the B-point was calculated. If only candidate B-point 1 was
discernible, no ambiguity was present and the intervals for the B-point
for candidate 2 were set to an identical value as the interval for can-
didate B-point 1. Fig. 5 shows an example with 3 different intervals (red
lines). We then compared the RB intervals for each of the three can-
didates to the criterion RB intervals extracted from the echocardiogram.
For the extraction of these RB intervals we visually marked the moment
of opening of the aortic valve from the Doppler signal (Fig. 4). We did
this comparison across all subjects and separately for illustrative pur-
poses using only subjects with an ambiguous B-point. The scoring
method (B1, B2 or B3) with the highest ICC (across all subjects) be-
tween the intervals in the discovery set was subsequently applied in the
replication sets.

Flow velocity (m/s)
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Fig. 3. Placement of the seven spot electrodes.
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3.1.3. Optimizing C-point selection

The echocardiogram was visually inspected for the moment of
maximal blood flow acceleration in the ascending aorta. The maximal
acceleration is located at the steepest tangent to the Doppler flow
signal.

3.1.4. Optimizing X-point selection

Based on the literature and our previous experience, 3 candidates
(Fig. 1, lower panel) were considered to potentially reflect the true X-
point during interactive visual scoring.

Candidate X-points:

1. Lowest point in dZ/dt signal (X1)
2. First trough (X2)
3. Second trough (X3)

Fig. 4. Time intervals measured by TTE. RB: time between R peak
and opening of the aortic valve; RX: time between R peak and
closing of the aortic valve.
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Fig. 5. Time intervals measured in the ICG. RB intervals for the
4 /a\ different potential B points (red lines) and RX intervals for the
/ c2 different potential X points (blue lines). (For interpretation of
//" the references to colour in this figure legend, the reader is re-
’E V4 ferred to the web version of this article.)
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In the example in Fig. 1, X1 and X2 coincide. It is also possible that
X1 and X3 coincide.

For each of these candidate X-points the interval (ms) between the
R-peak and the X-point was calculated in the ICG, again in the discovery
set (N = 88). If only candidate X-point 1 was discernible, no ambiguity
was present and the RX intervals for candidates 1, 2 and 3 were set to an
identical value. Fig. 5 shows an example with 2 different intervals (blue
lines); intervals for X1 and X2 are equal as this point is the lowest point

in the signal and the first trough. We then compared the RX intervals for
each of the three candidates to the criterion RX intervals extracted from
the echocardiogram. For the extraction of these RX intervals we visually
selected the moment of closing of the aortic valve from the Doppler
signal (Fig. 4). We did this comparison across all subjects and separately
for illustrative purposes using only subjects with an ambiguous X-point.
The scoring method (X1, X2 or X3) with the highest ICC (across all
subjects) between the intervals in the discovery set was subsequently
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applied in the replication sets.

As an additional check we created a physiologically plausible
window around the T-wave in which the X point should fall. For each X-
point candidate (X1, X2 and X3), it was checked whether they fell in
this window. Because ventricular repolarization must occur before the
ventricular pressure decreases sufficiently to allow the aortic valve to
close, we expect the X point to always fall after the peak of the T wave.
The QT interval duration is dependent on heart rate; QT-interval time
corrected for prevailing heart rate can be described as
QTcorrected = QT + 0.154(1000-RR) where RR is the inter-beat-interval
in ms (Sagie et al.,, 1992). Also, the general consensus is that the
shortest QT is 360 ms in healthy persons (Viskin, 2009), thus making
the equation for the shortest QT interval expected 360-0.154(1000-
RR). Since detecting an R-peak is much easier than detecting the Q-
onset we subtract a QR interval of 55 ms in order to measure from the
R-peak. Additionally, since the QT interval is measured to the end of the
T-wave -which is roughly 100 ms- and we want to set the window from
the T-wave peak, we subtract an additional 50 ms. Thus, the expected
heart rate corrected RTy,ye interval —and thus the start of our physio-
logically plausible X-point window- would be
(360 — (55 + 50) — 0.154(1000 = RR) = 255 — 0.154(1000-RR). The
end of the X-point window was defined by the use of the longest ex-
pected LVET based on a large published data set (van Lien et al., 2014);
LVET during sleep was 314.9 = 28.1 in this study of 564 healthy in-
dividuals. The mean LVET plus 3 standard deviations (= 400 ms) was
taken as the longest expected LVET. Again, in order to measure from the
easily detected R-peak, the RB interval must be added which was stu-
died by Lozano et al. who found RB = 0.55RZ + 4.5 where RZ is the
time interval from R-peak to C point (Lozano et al., 2007). Summing the
RB interval and the longest expected LVET, the end of our X-window is
described as: 404.5 + 0.55RZ. In Fig. 6, the physiological plausible X-
point window is visualized.

3.1.5. Statistical analyses

IBM SPSS statistics software (version 23.0, Armonk, NY) was used
for statistical analysis. The random number generator was used to al-
locate healthy control subjects to the discovery or replication set. For
the comparison of the different B and X points and SV, intra class
correlation (ICC; two way mixed, consistency agreement, single mea-
sures) was calculated.

3.2. Results

3.2.1. General descriptives

General descriptives of the healthy control group and the patient
group can be found in Table 1. Age, gender, length and weight were not
different in the discovery set and replication set of healthy controls.
Patients, however, were slightly older and therefore longer and heavier

3.2.2. B-, C- and X-point scoring
Table 2 shows the number of cases in which we found 1, 2 or 3

Table 1
General descriptives of the healthy controls (discovery and replication set 1) and of the
ConHD patients (replication set 2).

Healthy controls  Healthy controls ConHD patients

discovery (Replication set 1) (Replication set 2)
N 88 40 VSD: N = 34
CoA: N = 32
Male (%) 56 45 43
Age (y) 9.1; 9.3 11.0; 8.2 12.3; 5.3
Length (cm)  140.0; 55 151.5; 43.8 156.0; 23.7
Weight (kg)  32.5; 34.1 39.1; 30.7 45.5; 24.8

Note. Median; IQR. ConHD: congenital heart disease. VSD: ventricle septal defect. CoA:
coarctation of the aorta.
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Table 2
Number of candidate B- and X-points in the discovery set.

N %
Missing 6 7
Single B-point (B1 = B2) 32 39
Double B-point (B1 + B2) 50 61
B3" 64 78
Single X-point (X2 = X3) 21 26
Double X-point (X2 + X3) 61 74
X1 (always present) 82 100

2 When B3 (dZ/dt = 0) was located before the R-peak, it was set to missing.

Table 3

Intra class correlation and 95% confidence intervals (95% CI) between the RB and RX
intervals measured using ICG (Fig. 5) and the RB and RX intervals from TTE (Fig. 4) for
the different candidate B- and X-points.

Subjects with multiple B- (N = 50) or X-points All subjects (N = 82)°

(N =61)

ICcC 95% CI ICC 95% CI
B1 0.53 0.29; 0.70 0.48 0.27; 0.65
B2 0.12 —0.08; 0.34 0.11 —0.06; 0.29
B3 0.28 —0.13; 0.53 0.25 0.15; 0.46
X1 0.64 0.46; 0.76 0.63 0.48; 0.75
X2 0.95 0.86; 0.98 0.86 0.76; 0.91
X3 0.50 —0.04; 0.83 0.55 —0.09; 0.82

@ For subjects with no ambiguity B1=B2 and/or X1 = X2 = X3.

candidate points. In six children no reliable B- or X-point could be de-
tected. A majority of the children showed multiple candidates for the B-
(57%) and X-points (69%) whereas for the C peak often only a single
candidate was present (70%). Best agreement with echocardiography
for the B-point across all subjects was found for candidate B1: the point
just before the longest uninterrupted upstroke of dZ/dt (Table 3; IC-
C = 0.48 95%CI:0.27;0.65). The Bl point also performed best in the
subset of subjects with ambiguous B-points. When applying this B1
scoring method to the replication set of healthy controls, agreement for
the RB interval was 0.50 (Table 4; 95%CI:0.22;0.70). In the ConHD
patients, ICC for the RB-interval with this B-point was 0.48 (Table 4;
95%CI:0.25;0.66).

In those instances where multiple C-points were present, visual in-
spection of the echocardiogram systematically favoured the peak
nearest to the B-point (C1) as being closest to the point of maximal
blood flow acceleration. This suggests that the moment of maximal
blood flow acceleration in the aorta comes very soon after the opening

Table 4
Intra class correlation between the RB interval, RX interval and LVET measured in the ICG
and by TTE in the independent replications sets.

Healthy Controls (replication set 1)

N ICC 95% CI
B point 35 0.50 0.22; 0.70
X point 37 0.84 0.59; 0.93
PEP 35 0.57 0.27; 0.76
LVET 37 0.69 0.27; 0.86
ConHD patients (replication set 2)

N ICC 95% CI

B point 64 0.48 0.25; 0.66
X point 65 0.82 0.48; 0.92
PEP 64 0.50 0.22; 0.67
LVET 64 0.59 0.10; 0.80

Note. PEP = pre ejection period. LVET = left ventricular ejection time.
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of the aortic valve.

For the X-point, the best agreement across all subjects was found for
candidate X2 (Table 3; ICC = 0.86 95%CI:0.76;0.91). The X2 point also
performed best in the subset of subjects with ambiguous X-points.
Often, X2 and X3 co-occur, as part of a W-shaped (double U) waveform.
Here, we found that the trough in the first U has the best correspon-
dence to the closure of the valve in the echocardiogram. In replication
set 1 (healthy controls), ICC for the RX interval based on X2 was 0.84
(Table 4; 95%CI: 0.59; 0.93) and in replication set 2 (patient group)
0.82 (table 4; 95%CI:0.48;0.92).

We also computed the percentages of the candidate X points that fell
into the physiological plausible X-point window for each of the X-point
candidates. Both X2 and X3 fell 100% of the subjects within this
window, but X1 was outside the window in 13.1% of the subjects. Of
note, 100% of the ‘true’ X points measured by TTE fell into this window.
On average, the X2-point fell 91 + 20 ms after T-wave peak.

3.2.3. PEP, and LVET

PEP is defined as the time delay between the ventricular depolar-
ization of the ventricles (Q wave in the ECG) and the start of left ven-
tricular ejection. Because Q-onset was hard to detect in the echo-
cardiographic ECG, PEP1rr was measured from R-onset to the onset of
left ventricular ejection. PEP;cg was therefore also measured from R-
onset to the B-point. The agreement between PEP;cg and PEPyr; was
moderate: ICC = 0.57 in replication set 1, ICC = 0.50 in replication set
2 (see Table 4). Using the optimal B- and X—point candidates, agree-
ment between the LVET from ICG and LVET from TTE was 0.69 (table
4; 95%CI:0.27;0.86) in replication set of healthy children and 0.59
(table 4; 95%CI:0.10;0.80) in the patient replication set. Pearson cor-
relation between ICG and TTE for PEP and LVET in the entire group of
subjects was r = 0.62 (p < 0.001) and r = 0.80 (p < 0.001) respec-
tively.

4. Study 2 (tailoring the Kubicek SV equation to spot electrodes)
4.1. Methods

4.1.1. Transthoracic echocardiogram

Stroke volume was assessed in three ways in the echocardiogram; 1.
Velocity time integral (SVyrp), 2. Biplane method (SVpipiane) and 3.
Three-Dimensional echocardiography (SVsp). SVyr was obtained by
multiplying the aortic cross sectional area with the velocity time in-
tegral from a pulsed wave Doppler flow signal over the left ventricular
outflow tract in a parasternal 5 chamber view. SVy,ipiane Was obtained on
a 2D view by drawing the end-systolic and end-diastolic left en-
docardial contours in a 2- and 4 chamber parasternal view and sub-
tracting end-systolic from end-diastolic volumes (modified Simpson
method). SV3p was conducted by subtracting end-systolic from end-
diastolic volumes (calculated by the use of the divergence Theorem
(Goldman, 1991)). Additionally, an average SV (SVayerage) Was calcu-
lated for every subject across the three methods.

4.1.2. Optimizing stroke volume estimation

Stroke volume was estimated from the ICG using the optimal scoring
method for B, C and X points. dZ/dt,,, was measured in relation to the
dZ/dt = 0 line. For every subject in the discovery set, a corrected Z,
was calculated by rearranging the Kubicek equation and filling in the
‘true’ SV measured by the echocardiogram (SVrrg)

| pLZ(d—Z) LVET
dt ) pmax
ZO corrected = - -~

SVre 2

Subsequently, we tested whether we could successfully predict this
corrected Zy from known subject characteristics (actual Zo, dZ/dtyax,
gender, age, height, weight, BMI, blood pressure and L). This was re-
peated for the SVprg obtained with the three different
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Table 5
Intra Class Correlations of three different stroke volume measurements from TTE
(Biplane, VTI and 3D).

Controls 95%CI Patients 95%CI
Biplane vs. VTI 0.57 —0.01; 0.81 0.35 —0.10; 0.68
Biplane vs. 3D 0.81 0.73; 0.87 0.71 0.54; 0.83
VTI vs. 3D 0.68 —0.02; 0.88 0.25 —0.10; 0.56

echocardiographic methods (SVpipiane, SVvrr and SV3p) and we also
computed a mean SV across these three methods (SVaverage). This pro-
vided an intercept and beta-values for regression equations to obtain
the corrected Z, for every echocardiographic method and SVayerage. The
resulting regression equations for the corrected Z, were subsequently
applied to the replication sets and the agreement between the SV esti-
mated by ICG (using the estimated corrected Zy) and SVyrg was cal-
culated as an ICC.

4.1.3. Statistical analyses

IBM SPSS statistics software (version 23.0, Armonk, NY) was used
for statistical analysis. Multiple regression analysis (backward method)
was used to find the optimal regression equation for the corrected Z,.

4.2. Results

Agreement between the SV obtained with the three different TTE
methods is shown in Table 5. The optimal regression equation for Z,
corrected Was calculated for every SV calculation method separately
(SVbiplane> SVvtr, SVsp and SVyerage) and shown in Table 6. The ratio
between the calculated Zg correctea @and the measured Z, was on average
1.36 + 0.26. Simply using a corrected Z, based on this ratio yielded
ICCs that were always higher than the uncorrected SV but 4 to 56%
lower than those using our equation with dZ/dt (data not shown). In the
discovery set, the agreement between the uncorrected SV from ICG and
the SV from the echocardiogram was low to moderate (Table 7). When
employing the corrected Z,, agreement between SV from ICG and SV
from echocardiography strongly increased. In the independent re-
plication set, the median ICC across different TTE methods increased
from 0.22 to 0.70 in the healthy controls and from 0.14 to 0.37 in the
ConHD patients. In addition to the ICCs, Pearson correlations were
calculated in order to facilitate comparison to different studies as most
other studies report only the correlation. Finally, bias, 95% limits of
agreement and mean absolute percentage error are shown in Table 8
and Fig. 7 shows the Bland-Altman plot and SV from ICG against SV
from TTE for SVayerage.

5. Discussion

The aim of this study was to improve SV assessment from spot-
electrode based ICG in a pediatric population of both healthy children
and children with a corrected ConHD. We tackled two sources of error
in SV estimation: (1) ambiguity of the scoring of the B- C- and X-points,
(2) the use of the Kubicek formula uncorrected for spot-band differ-
ences in baseline thorax impedance and uncorrected for the reduction
in thorax volume enclosed by the measuring electrodes.

Table 6
Regression equations for the corrected Z, using the stroke volume measured by the three
TTE and their average. Last column shows the explained variance of the regression.

Zo corrected R?
SVbiplane —1.291 + 0.304 * Zo — 6.695 * dZdtypa.x + 0.442 % L 0.65
SVymt 4.619 + 0.227 % Zo-5.363 * dZdtax 0.71
SVs3p 7.978-6.359 * dZdtmax 0.65
SVaverage 7.337-6.208 s dZdtax 0.70
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Intra Class Correlations (ICC), Pearson correlations (r) between SV estimated by ICG (SVicg) using the regression equation for the corrected Z, -specific to the SV method- and the SV
measured by TTE (SVrrg) for the discovery and replication sets. Final columns show mean SVyrg and SVicg (corrected and uncorrected).

ICCuncorrected ICCeorrected T SVicG uncorrected (M) SVicG corrected (M) SVrrg (ml)
SVpiplane Discovery 0.22 0.79 0.81 86.1 + 51.4 349 + 127 35.4 + 16.2
(95%CI: — 0.08;0.48) (95%CI:0.68;0.86) (p < 0.001)
Controls 0.17 0.68 (95%CI:0.38;0.80) 0.68 88.5 + 51.8 37.0 = 12.9 37.4 + 17.4
(95%CI: — 0.09;0.45) (p < 0.001)
Patients 0.14 0.36 0.50 94.7 + 44.0 39.7 + 9.8 48.1 + 16.6
(95%CI: — 0.08;0.37) (95%CI:0.08;0.59) (@ < 0.001)
SVyrr Discovery 0.48 0.88 0.89 86.1 * 51.4 54.9 + 29.0 52.0 + 25.9
(95%C1:0.03;0.73) (95%C1:0.81;0.92) (p < 0.001)
Controls 0.44 0.81 (95%CI:0.63;0.90) 0.90 88.5 + 51.8 61.5 + 31.9 53.8 + 23.5
(95%CI:0.02;0.71) ( < 0.001)
Patients 0.15 0.28 0.32 94.7 * 44.0 64.5 + 21.7 75.8 + 26.5
(95%CI:0.08;0.36) (95%CI:0.05;0.49) (p = 0.010)
SVsp Discovery 0.22 0.80 0.81 86.1 + 51.4 40.3 + 20.8 40.6 = 17.9
(95%CI: — 0.09;0.50) (95%CI:0.69;0.87) (p < 0.001)
Controls 0.16 0.60 0.66 88.5 + 51.8 45.4 + 22.8 41.4 + 185
(95%CI: — 0.10;0.44) (95%CI:0.32;0.78) (p < 0.001)
Patients 0.01 0.42 0.43 94.7 * 44.0 48.0 * 16.1 46.3 + 12.9
(95%CI: — 0.0;0.30) (95%C1:0.17;0.62) (p = 0.001)
SVaverage Discovery 0.33 0.86 (95%CI:0.80;0.91) 0.88 86.1 + 51.4 452 + 23.4 422 + 19.3
(95%CI: — 0.07;0.61) (p < 0.001)
Controls 0.26 0.72 0.82 88.5 + 51.8 50.9 + 25.6 441 + 18.6
(95%CI: — 0.08;0.56) (95%CI:0.50;0.85) (p < 0.001)
Patients 0.13 0.37 0.38 94.7 + 44.0 53.4 = 17.9 57.9 + 16.9
(95%CI: — 0.07;0.33) (95%CI:0.14;0.56) (p = 0.001)
Table 8 correction can eliminate the differences in baseline values of Z0 and the

Bias, 95% limits of agreement and MAPE for the different methods. Bias is calculated as:
SVrrE-SVicg (ml). MAPE = mean absolute percentage error.

Healthy controls (replication set 1)

Mean SVicg (ml)  Bias (ml)  95% limits of agreement = MAPE (%)

SVbiplane ~ 37.01 0.83 —21.12; 22.79 23.88
SVymr 61.48 —6.95 —37.62; 23.72 20.93
SVsp 45.38 -5.93 —40.22; 28.35 31.61
SVaverage ~ 50.88 -6.14 —36.14; 23.86 23.86
ConHD patients (replication set 2)

SVbiplane ~ 39.70 8.99 —19.62; 37.61 22.50
SVyr 64.45 12.01 —44.24; 68.78 26.92
SV3p 47.96 —0.44 —31.11; 30.24 22.97
SVaverage ~ 53.72 4.59 —33.90; 43.09 21.83

As a first step (study 1), scoring of the landmarks in the ICG defining
the systolic time intervals was optimized in a discovery set (70% of the
total dataset of healthy controls). In case of a biphasic C wave, the first
peak was chosen based on the visual inspection of the echocardiogram
in which it was clear that the moment of maximal blood flow accel-
eration in the aorta is always very soon after opening of the aortic
valve. For the B-point (opening of the aortic valve), the point before the
highest upstroke showed best agreement with echocardiography (B1 in
the lower panel of Fig. 1). For the X-point (closing of the aortic valve)
the first trough (X2 in the lower panel of Fig. 1) showed best agreement.
Additionally, point X2 showed the highest percentage of beats falling
into the physiological plausible X-window. Criterion validity for the
optimized scoring method was obtained from two independent re-
plication sets; replication set 1: the remaining 30% of the healthy
controls and replication set 2: a group of patients operated for their
ConHD. In replication set 1, agreement was moderate to good (ICC B-
point = 0.50; X-point = 0.84) and comparable results were found in
the patient group (ICC B-point = 0.48; X-point = 0.82).

After optimizing the scoring of the B- C- and X-point in the ICG, we
calculated a corrected Z, in the discovery set by filling in the ‘true’ SV
from the simultaneously recorded echocardiogram into the Kubicek
formula (study 2). This allowed us to estimate an ICG-based SV that is
applicable for spot electrodes which are now common in both labora-
tory and ambulatory applications. The simple formula used for Z,
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distance between measuring electrodes existing between the spot and
band configurations. In the discovery set, the corrected Z, was best
estimated by a regression equation including electrode distance and/or
dZdt,,. as predictors. Thus, interestingly, the actual Z, was removed
from the equation. Removing Z, from the SV estimation equation solves
any problems related to the sensitivity of baseline thorax impedance to
electrode type and placement. Our results are well-aligned with pre-
vious applications of ICG based CO-estimation without baseline thorax
impedance (Payseur et al., 2016; Ebrahim et al., 2016). Of note, how-
ever, is that under anaesthesia ICG-based CO estimation does not seem
reliable (Taylor et al., 2011; Taylor et al., 2012).

We tested our improved SV assessment methods in two independent
replication sets and showed moderate to good agreement for SV in
healthy controls after correction (median ICC 0.70) but low to moderate
in ConHD patients (median ICC 0.37). In the healthy controls, highest
ICC for SV was obtained when applying the Z, corrected for SVyry,
However, since there is no consensus favouring one method over an-
other, we advise to use Z, corrected for SV,yerage When estimating SV
from ICG wusing spot electrodes in healthy subjects (Zo
corrected = 7.337-6.208 * dZdt;.x). The agreement found between
SVicg and SVprg was always lower in patients compared to healthy
controls. This was not surprising since the agreement between different
methods of measuring stroke volume with TTE was also always lower in
patients compared to controls. Of note, SVy; may have been biased in
patients with CoA as they often -approximately 2/3 of patients- have a
bicuspid valve which may make the velocity time integral method less
reliable. Therefore, we advise to use the corrected Z, for SVap (Zo
corrected = 7.978-6.359 x dZdt,,.,) in patients since this closely re-
sembles that of SV,yerage but not included the potentially biased SVyr.
Also, this correction gains the highest ICC in patients (Table 7).

Although we here focus on SV estimation, ICG has also been widely
used to noninvasively measure cardiac sympathetic activity by its effect
on contractility (Cybulski et al., 2004; Newlin and Levenson, 1979;
Berntson et al., 1994). Increased activity of the sympathetic branch of
the autonomic nervous system to the heart is a powerful mechanism to
compensate for altered hemodynamics due to heart disease, but it may
in time have detrimental effects to the myocardium (Mancia et al.,
1999; Mann et al., 1992; Packer, 1992b; Packer, 1992a). Enhanced
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120 Fig. 7. SVaverage from TTE plotted against SV from ICG (upper
panel) and Bland- Altman plot (lower panel) for SV,yerage in re-
plication set 1.
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sympathetic cardiac nervous activity is an important factor in the
progression of heart failure and may also play a crucial role in the long
term sequelae in ConHD patients (Nederend et al., 2016). Studies
comparing cardiac sympathetic activity in ConHD patients with healthy
controls could help explain how late cardiac complications arise in
ConHD, particularly if these studies could be done in real life settings as
various studies have reported reduced exercise tolerance and functional
status as reflected in reduced capacity to deal with activities of daily
living (Muller et al., 2009; Kempny et al., 2012).

There are several methods to measure cardiac sympathetic activity;
e.g. scintigraphy of radiolabelled metaiodobenzylguanidine, measure-
ment of norepinephrine regional spill over of plasma catecholamines,
microneurography and pharmacological blockade (de Geus et al., 2015;
Grassi and Esler, 1999). Changes in PEP co-vary strongly with changes
in contractility which led to the use of a change in PEP as a measure of
the change in cardiac sympathetic activity (Newlin and Levenson, 1979;
Berntson et al., 1994; de Geus and Van Doornen, 1996; Harris et al.,
1967; Kupper et al., 2006; Richter and Gendolla, 2009).

This study found moderate agreement for PEP measured using TTE
and ICG in healthy children (ICC = 0.57, Table 4) and ConHD patients
(ICC = 0.50, table 4). LVET showed good agreement between ICG and
TTE (ICC = 0.69) in healthy children, and moderate agreement (IC-
C = 0.59) in patients. In the entire group of subjects, Pearson correla-
tion between ICG and TTE for PEP and LVET wasr = 0.62 (p < 0.001)

and r = 0.80 (p < 0.001) respectively. This is in accordance with a
recent study by Lorne et al. comparing LVET measured by transoeso-
phageal echocardiography and ICG (Lorne et al., 2014) who found good
agreement for LVET (r = 0.69) as did Cybulski et al. who compared
systolic time intervals between TTE and ICG and found good agreement
for PEP (r = 0.73) and LVET (r = 0.84) in young adults in supine and
tilted position (Cybulski et al., 2004). The correlations for PEP and
LVET found in our study were lower for PEP (r = 0.62 for the entire
group, N = 183) and comparable for LVET (r = 0.80 for the entire
group, N = 191). However, Fellahi et al. found only a weak agreement
between LVET (r = 0.27) measured by TTE and ICG (Fellahi et al.,
2009) and Carvallo et al. conclude that ICG was inaccurate is assessing
PEP (r = 0.54-0.75 for different scoring methods) and LVET
(r = 0.19-0.36) compared to TTE (Carvalho et al., 2010).

A limitation of this study is that echocardiography and ICG were
only measured in a supine position during rest. Therefore, it is unclear
how the agreement is in different body positions and at higher heart
rates. However, Welsman et al. and Pianosi et al. found increasing CO
measured by ICG during a graded exercise test in children/young adults
as expected, suggesting that ICG derived CO is able to detect changes in
CO with changing physical activity (Welsman et al., 2005; Pianosi,
2004). Also, the current study used transthoracic echocardiography as a
gold standard for SV measurement while this method itself has its own
inaccuracy and therefore introduces additional error in the comparison
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(Cecconi et al., 2009). This is also reflected in Table 5; agreement be-
tween the different methods for SV calculation is not perfect — espe-
cially in patients. In a meta-analysis Critchley et al. found an overall
percentage error of 65% (25-225%) for Doppler methods compared to
37% (15-82%) for impedance (Critchley and Critchley, 1999). Like-
wise, Chew et al. found an average error of around 30% (Chew and
Poelaert, 2003). Taken that into account, the results of this study are
satisfactory. SV assessed by the use of ICG is non-inferior to other
modalities available and therefore usable in pediatric populations. The
fact that ICG is non-invasive and can be measured ambulatory is an
important advantage of this method. However, caution is warranted
when employing ICG in cardiac patients, as the reliability is less com-
pared to healthy cohorts as shown in the current and other
(Raaijmakers et al., 1999) studies. This, may be less of an issue for
within-participant contrasts, but could strongly bias comparisons be-
tween groups. Further caution is required when different electrode
configurations are used. It has been shown that the validity of the
Kubicek equation is sensitive to the exact electrode configuration (van
der Meer et al., 1996) and we fully suspect that this remains true when
using our new dZ/dt approach.

In conclusion, SV estimation by ICG showed moderate to good
agreement in healthy children after adjustment of the Kubicek equa-
tion. When using spot electrodes, it is advised to use an adjusted
Kubicek equation. In pediatric patients, agreement was slight to mod-
erate. Stroke volume assessed by the use of ICG is non-inferior to other
modalities available and therefore usable in pediatric populations.
Additionally, it has the advantage of measurement in an ambulatory
setting, which may increase clinical relevance. However, validity is
somewhat less in patients compared to healthy controls. Therefore, ICG
should be used as an addition to the clinical evaluation and cannot
replace standard SV measurement in cardiac patients. Comparison of
systolic time intervals including PEP and LVET measured by ICG and
transthoracic echocardiography simultaneously, revealed moderate
agreement in healthy children and pediatric ConHD patients.
Agreement was somewhat better in healthy children, especially in the
case of LVET. A next step would be to relate ambulatory recorded SV,
CO and cardiac sympathetic activity to clinical features in order to
unravel the role of these parameters in the etiology of ConHD and to
establish whether non-invasive ambulatory ICG might be of additional
value in the clinical evaluation of pediatric cardiac patients.
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