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ORIGINAL ARTICLE
Stroke volume and cardiac output evaluation by electrical

cardiometry: accuracy and reference nomograms in
hemodynamically stable preterm neonates

A Boet'?, G Jourdain®, S Demontoux' and D De Luca®?

OBJECTIVE: To investigate the accuracy of electrical cardiometry (EC) to measure stroke volume (SV) and cardiac output (CO) and
to provide gestational age (GA) and birth weight (BW)-based reference data for SV and CO in hemodynamically stable preterm
neonates.

STUDY DESIGN: Prospective observational blinded study. Paired measurements of SV and CO on stable preterm infants without
any hemodynamic compromise were carried out using EC (SVgc) and echocardiography (SVecho)-

RESULTS: Seventy-nine preterm neonates (mean GA: 31 £ 3.2 weeks) were enrolled. A good correlation was found for SV (r=0.743;
P < 0.0001) and CO (r=0.7; P < 0.0001) measured by EC and echocardiography. These correlations remained significant after
adjusting for GA, patent ductus arteriosus and type of respiratory support (SV: St.3 =0.48, P < 0.0001 and CO: St.=0.69,

P < 0.0001). Mean biases (and variabilities) were — 1.1 (from 0.7 to — 2.9) ml and —0.21 (from 0.15 to —0.55) | min~" for SV and CO,
respectively. Local regression shows a tendency for EC to overestimate SV and CO especially at higher values (at about >2 ml and
>0.4 | min~", respectively). Coefficient of variation of SV was 48.9% and 52%, for EC and echocardiography. SV and CO rose with
increasing GA and BW following an exponential equation (R*>0.8).

CONCLUSION: Measuring SV and CO with EC in hemodynamically stable preterm infants shows good correlation and variability
similar to that of echocardiography. A trend to overestimation exists at highest values, but it is unlikely to be clinically significant.

Reference GA and BW-based nomograms for SV and CO are provided.
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INTRODUCTION

Hemodynamic monitoring is a cornerstone of critical care, but it is
still very difficult for preterm infants in neonatal intensive care
units (NICU). In fact, the techniques available for this purpose are
either unreliable and operator-dependent or intermittent (echo-
graphy) and invasive (thermodilution). Thus hemodynamic
assessment is generally based only on blood pressure measure-
ment, echocardiography and indirect signs of tissue perfusion,
as other techniques to measure left cardiac output (CO) are
unavailable for the smallest patients.

CO estimation by bioimpedance was originally developed for
astronautics in 1964 by Kubicek et al.' The technique was based
on the assumption that impedance variation is correlated to intra-
thoracic vessel volume change. The introduction of Osypka-
Bernstein equation allowed the evolution towards a new
technique called electrical cardiometry (EC).>* EC (Aesculon,
Osypka Medical, Berlin, Germany) correlates impedance changes
with erythrocyte orientation and peak flow velocity in the
ascending aorta. EC has been validated against invasive methods
of CO measurement obtaining good correlations in animals,*
human adults and children with®'® and without''™"* heart
diseases. Actually, EC represents the only available tool that might
continuously monitor hemodynamics in preterm neonates. How-
ever, limited data are available about EC in neonates,"* '’ and
only a small series'® analysed its use in preterm babies. Moreover,

no studies deeply investigated the influence of demographic or
clinical variables such as gestational age, weight and ductus
arteriosus on the EC accuracy. We designed a prospective study
with the primary aim to investigate the accuracy of EC in left
stroke volume (SV) and CO measurement in hemodynamically
stable preterm neonates. Our secondary purpose was to provide
reference data for SV and CO according to gestational age and
birth weight: specific nomograms will be drawn to facilitate EC use
at the bedside.

METHODS

This was a prospective observational study performed in a tertiary referral
NICU. Local ethical committee approval was granted, and oral informed
consent was obtained from parents. All preterm neonates (aged
< 37 weeks gestation) admitted to the NICU during the first week of life
were considered eligible for the study. All pregnancies received full
prenatal care. As it is not clear the influence of patent ductus arteriosus
(PDA) over EC reliability,'® we included subjects with PDA irrespectively of
the hemodynamic significance of ductal shunting. Similarly, we included
patients with or without respiratory support. Studying babies with PDA
and/or any type of respiratory support was a pragmatic choice, as PDA and
ventilatory support are often present in preterm babies and they should
not influence an ideal monitoring technique.

Exclusion criteria were: (1) any heart disease or malformation other than
PDA or patent foramen ovale; (2) need for hemodynamic support (any
inotrope or volume resuscitation); (3) severe respiratory failure, defined as
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Table 1. Basic population details

Neonates 79
Males 50 (63%)
Gestational age (weeks) 31+3.2
Gestational age (min-max weeks) 26-36
Birth weight (g) 1440 + 533
SGA babies 13 (16.4%)
C-section 36 (45%)
5-min Apgar 82+19
CRIB-II 86+4
Abbreviations: CRIB-Il, critical risk index for babies-ll; SGA, small for
gestational age. Data are expressed as meanz=+s.d., number (%) or
min-max value.

the need for high frequency oscillatory ventilation (HFOV): HFOV was
started when babies needed peak pressure or a tidal volume >25 cm H,0
and >6ml Kg‘1, respectively; (4) persistent pulmonary hypertension,
defined by the presence of echocardiographic signs of persistent
pulmonary hypertension and oxygenation index >20; (5) suspected or
proven sepsis;18 (6) necrotizing enterocolitis; (7) neonatal asphyxia, defined
as 5-min Apgar score <7; and (8) air leaks. These conditions were
excluded because they theoretically can affect SV or CO and we wanted to
provide reference data in normal conditions.

CO and SV were assessed by EC, whose principles of operation have
been described elsewhere >'3 Briefly, EC releases a high frequency and low
amperage current through the thorax by two electrodes (placed on head
and thigh). Two others electrodes (on the neck and thorax) received this
signal modified by thoracic impedance. Changes in the impedance are
related to the electrocardiography captured at the same time. Electrodes
for conventional NICU monitoring were placed as far as possible from EC
electrodes, following the manufacturer’'s recommendations.

Paired measurements of SV were carried out using EC (SVgc) and
echocardiography (SVecno). All measurements were performed on supine,
quiet neonates in stable conditions; special care was taken to reduce
stressful triggers (noise, lights, discomfort) as more as possible. SVgc values
were recorded at 6 time points before and 6 time points (12 measurements
per patient) after the echocardiography, which was performed within
15 min. EC measurements were considered when an optimal quality signal
was achieved, according to the manufacturer’'s recommendations. In detail,
optimal signal was characterized by the presence of signal quality index
at least >80 (after 1 min from the electrodes placement) and of
contemporary electrocardiographic trace without any artefact. SVgc values
were masked to the investigator performing the echocardiography. SVecho
measurements have been obtained using an 8-MHz curved array microp-
robe (GE Logiq 8C,GE Healthcare, Little Chalfont, UK), and all measure-
ments have been performed by the same investigator, who is board-
certified in paediatric echocardiography, to avoid inter-operator variability.
Ultrasound probe was placed behind the aortic valve, in line with the
blood stream ejected from left ventricle to aorta in five cavities—apical
view to measure velocity time integral (VTIl) in low angle and best
alignment as possible. VTI data were averaged over three measurements
per patient. Each measurement lasted 10 s on average. During this time,
blood velocity at the aortic valve was also constantly monitored with
pulsed wave Doppler. When Doppler tracings have similar shape and size,
a still frame was acquired and measurements were performed averaging
data obtained over five cardiac cycles during the corresponding 10 s.
Cross-sectional area of the aortic valve (CSA) was measured three times per
patient in the long-axis view using the following formula: CSA = d” x /4
where d is aortic annulus diameter. SVgcpyo was finally calculated as
SVecHo = CSA X VTI. These echocardiographic calculations were carried out
some days after the recruitment by the investigator blinded to the SVgc
values. Heart rate and the presence of a PDA were also recorded. SVgc and
SVecno multiplied by heart rate yielded COgc and COgcho, respectively.

Statistics

Data are expressed as meanz+s.d. The coefficient of variation (CV) was
calculated to verify the consistency of measurements. Pearson correlation
coefficients and linear regressions were performed between EC and
echocardiographic measurements. Multivariate linear regressions were
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then performed to adjust for factors potentially influencing the relation-
ship between EC and ultrasound measurements. Factors included in the
models were gestational age, presence of PDA and the type of respiratory
support, based on available literature' or on physiopathology. The type of
respiratory support was defined as follows: 0=no respiratory support;
1 =continuous positive airway pressure; and 2 =conventional ventilation.
As the covariates have different measure units, we considered a
standardized coefficient (St.3) for every independent variable. For a
covariate, the closer the St.3 coefficient will be to 1, the higher will be its
association with the independent variable. Model goodness of fit was
evaluated with adjusted R values (,4;R%).°

As Pearson’s coefficient alone can be a poor indicator for estimating the
agreement between two diagnostic tests,'® we used a modified Bland-
Altman graph to assess SVec and COg¢ bias and variability: as echocardio-
graphic measurement is not the gold standard for SV and CO, biases were
compared against the averaged SV and CO values (measured with both
techniques). Bias was defined as the difference (SVecho—SVec) or
(COgc — COkcho) and variability was defined as +1.96 xs.d. of the mean
bias. To study trends in the Bland-Altman graph, a curve was plotted with
local (smoother) regression method?"?? using Epanechnikov’s kernel and
fitting at least 80% of data.

Finally, gestational age and birth weight-based nomograms were drawn
both for SVgc and COgc, providing 25th, 50th and 75th percentiles.
Percentile data were analysed with multiple curve estimation procedures
to find the best-fitting mathematical model,?° and exponential models
were chosen to fit the data because they presented the highest R?
values.?® SV and CO were measured several times during the first week of
life for the correlation and Bland-Altman analyses, while the measure-
ments were averaged to draw the nomograms. P-values < 0.05 were
considered to be statistically significant. Excel 2010 (Microsoft, Redmond,
WA, USA) and SPSS 15.0 (SPSS, Chicago, IL, USA) were used for the analysis.

RESULTS

Table 1 shows the details of the enrolled population. We enrolled
79 neonates, with a slight prevalence of male neonates. A total of
451 paired measurements were performed. Thirty-five (44%)
babies had PDA. Continuous positive airway pressure and
conventional mechanical ventilation were used in 33 (41.8%)
and 25 (31.6%) patients, respectively. CV was 48.9% and 52% for
SVec and SVecpo, respectively. CV gave similar results for COgc
(50%) and COgcqo (52%). There was no problem to achieve
optimal EC signal and no malfunctioning was observed.

There was a good correlation (Figure 1) between SVgc and
SVecho (r=0.743; P <0.0001; R?=0.55) and between COgc and
COgcro (r=0.7; P<0.0001; R*=0.49). These results remained
significant after adjustment in multivariate models (St.3=0.48,
P <0.0001, ,4R*=065 for SVec and StB=069, P < 0.0001,
ade2:0-5 for COE(:).

Figure 2 shows Bland-Altman analysis. Mean biases (and
variabilities) were —1.1 (from 0.7 to —2.9) ml and —0.21 (from
0.15 to —0.55)Imin~" for SV and CO, respectively. Local
regression analysis generates a curve that fits data and shows a
tendency for EC to overestimate SV and CO especially at higher
values (at about >2ml and >0.41min~", respectively).

Figure 3 depicts reference data in the form of gestational age
and birth weight-based nomograms for SV and CO measured with
CE: 25th, 50th and 75th percentiles are shown. Both SV and CO
increase with increasing gestational age and birth weight:
nomograms follow exponential equations that nicely fit the data
(R? always >0.8).

DISCUSSION

To the best of our knowledge, this is the largest study evaluating
EC accuracy in NICU patients. We focused on a homogeneous
population of preterm infants, as they represent the majority of
NICU patients: our findings show on overall a good performance
for EC and we also provide reference nomograms for evaluating
SV and CO measured by EC. We have chosen to focus on infants
without hemodynamic troubles in order to provide normative
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Correlations for (a) left stroke volume (SV) and (b) cardiac output (CO) measured by electrical cardiometry (EC) and
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Modified Bland-Altman analysis for (a) left stroke volume (SV) and (b) left cardiac output (CO). Fitting data curves generated by local

smoother regression are in bold grey and indicate tendency for electrical cardiometry (EC) to overestimate SV and CO. Dashed bold lines
represent mean bias and its variability. Thin black line represents zero. ECHO, echocardiography.

data as a reference, which is a necessary tool to use a technique at
the bedside. Conversely, EC is already known to have a good
correlation with echocardiography in mixed general neonatal and
paediatric populations.’>~”

Our study confirms that EC has good correlation with
echocardiography. Grollmuss and Gonzalez'® reported similar
results in a smaller cohort of 28 preterm infants. Our correlations
remained significant after adjustment for gestational age, PDA and
type of respiratory support. This is relevant, as gestational age is
widely varying among NICU patients and PDA is often present in
this population. Respiratory support is also commonly given to
preterm infants: Grollmuss and Gonzalez'® hypothesized that
mechanically ventilated and sedated babies would have more
accurate EC measurements, owing to the absence of spontaneous
movements and artefacts. Our larger cohort shows that the effect
of ventilation, if any exists, does not significantly influence the
relationship between EC measurements and echocardiography.
Moreover, it is unlikely that this issue would be clinically relevant,
as critically ill babies needing hemodynamic monitoring are
almost invariably under mechanical ventilation. We excluded
babies under HFOV, as we focussed on normal preterm neonates
and so we cannot draw any conclusion about the accuracy of EC in
this particular population; other authors have suggested a
reduced EC accuracy under HFOV.** Our study shows similar
results both for CO and SV: this latter had never been studied so
far. As heart rate does not change significantly across gestational
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age, the accuracy of EC is the same for SV and CO. Thus any of the
two might be used for clinical monitoring.

Our findings show EC variability to be roughly similar to that
reported in previous studies." Interestingly, EC tends to over-
estimate echocardiography as previously reported:'>'® our local
regression analysis showed this tendency to be more relevant for
values >2ml and 04 Imin~" for SV and CO, respectively. This
happens for about 25% of our measurements, but it is unlikely to
be clinically relevant, as babies with these high SV and CO do not
have any hemodynamic impairment. Conversely, it is important to
note that EC does not have relevant overestimation at low SV and
CO values.

As we used echocardiography as reference method, its intrinsic
imprecision could have affected these results and led to a
significant underestimation of the EC precision.?> Echocardiogra-
phy is not the gold standard for hemodynamic monitoring but it is
the commonest technique used in NICU for this purpose. As
cardiac catheterization is not feasible in preterm patients, we
designed a pragmatic study comparing EC to echocardiography
and using a modified Bland-Altman analysis. Echocardiography is
not considered as gold standard for hemodynamic measurements
for several reasons. For instance, SV evaluation using spectral
Doppler is not always realized in the same way by each clinician
and sometimes it is based on non-validated geometrical assump-
tions. To reduce these problems, in our study all echocardio-
graphic measurements have been performed at the same site and
by the same experienced operator (blinded to the EC values) and
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Reference nomograms for left stroke volume (SV) and left cardiac output (CO) measured by electrical cardiometry (EC) in the first

week of life. Panels (a) and (b) represent gestational age-based nomograms, while panels (c) and (d) represent birth weight-based
nomograms. Diamonds, squares and triangles represent data points of 25th, 50th and 75th percentile, respectively. Thin lines represent
percentiles. Percentiles have been drawn regressing data with exponential equations (R? always >0.8). For gestational age-based graphs
(@ and b), regressions prolonged the nomograms down to 24 weeks and up to 37 weeks.

all ultrasound data have been averaged over three measurements
per neonate. Importantly, Norozi et al®> and Noori et al'®
performed the measurements in a similar way (expert operator,
blindness) and reported precision of EC to be similar to that of
echocardiography: consistently, we found CV values almost
identical for the two techniques. Of note, EC has shown promising
results also when compared with invasive monitoring techniques.
In detail, EC showed excellent agreement with the thermodilution
method both in piglets* and humans."" Moreover, EC showed
excellent correlation, bias and variability also when compared
against Fick’s method in patients with congenital heart disease.’
Nonetheless, our findings show a quite relevant variability that
prevents EC to be an accurate measuring technique, although it
may be an useful tool to monitoring hemodynamic variations
over time.

EC is interesting because it provides a continuous, operator-
independent and non-invasive hemodynamic monitoring to
detect early changes and allow a more tailored therapy. EC goal
would be to become a bedside point-of-care tool giving the trend
of hemodynamic parameter and not their 'true value'. Ours was a
‘pragmatic’ study aiming to provide normative data to help the EC
use at the bedside. In fact, reference data are necessary to
introduce a diagnostic technique in the daily NICU care: they will
guide clinicians in differentiate between physiological and
pathological situations. Reference data have been provided in
the form of a nomogram, which is an usual graphic tool that
paediatricians commonly use to distinguish between normal and
pathological conditions. Nomograms also allows comparing serial
measurements repeated over time. Our nomograms represent
the 'normal' SV and CO in preterm infants unaffected by
any hemodynamic trouble: these nomograms could be used,
together with other clinical data, to decide whether hemodynamic
support is needed and to monitor the effect of the different
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therapeutics. However, decision-making strategies, including the
nomogram use, will have to be tested in appropriate randomized
clinical trial. Our findings clearly show an increment of SV and
CO with both increasing birth weight and gestational age. This
seems logical and a significant linear correlation between SV and
birth weight has been already reported.'® However, our findings
show that the best model describing relationship between SV,
CO and birth weight or gestational age is exponential. Our
cohort included patients from 26 to 36 weeks, but nomograms
have been regressed (Figure 3) down to 24 weeks and the
exponential model nicely fitted the data, thus these graphs may
be used at the bedside to evaluate SV and CO in the smallest
preterm babies.

We acknowledge some study limitations. Our population is
relatively small but it is homogeneous, as it only consists of
preterm infants and it is the largest among the other neonatal
studies published so far.>”'” In the future, it would be very
interesting to draw reference data for a larger population of only
extremely preterm babies (that is, < 28 weeks gestation), as this
represents the population who could benefit the more from EC
use. Our study is based on a cohort of preterm infants without any
cardiovascular compromise: a specific study focused only on more
critically ill babies will clarify whether EC accuracy is affected
under these conditions.

In conclusion, EC is an interesting point-of-care technique that
may monitor SV and CO in preterm infants with a similar accuracy
as compared with echocardiography. EC has the advantage of
being non-invasive, operator-independent and continuous. A
trend to overestimation exists at highest values, but it is unlikely
to be clinical significant. Reference nomograms are provided for
EC use at the bedside. Further studies are needed to evaluate the
accuracy of EC in hemodynamically instable or extremely preterm
patients.
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