Continuous non-invasive measurement of cardiac output in neonatal intensive care using regional impedance cardiography: a prospective observational study 
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What is already known on this topic 

The first three to four days after birth, often called the transitional period, are marked by significant haemodynamic changes. Current continuous haemodynamic monitoring in neonatal intensive care is limited to heart rate, arterial oxygen saturation, and blood pressure measurements. Bedside echocardiography, the only practical cardiac output (CO) assessment technique in neonatology, is performed intermittently and requires significant expertise. There are no validated continuous CO assessment technique and there are no widely accepted normative cardiac output values in neonates. 

What this study adds 

This prospective, observational study demonstrates the validity and feasibility of regional impedance cardiography (RIC) for monitoring CO continuously in preterm- and term-born neonates in an intensive care setting. Indicative normative measures of CO constructed in this study could be applicable to routine neonatal care. Neonates of lower gestational ages appear to have higher weight-adjusted cardiac output over the immediate and later postnatal period, when compared to those who were born at later gestational ages and those born at full term. 

How this study might affect research, practice, or policy 

This study provides clinicians and researchers with promising evidence for a technology that has the potential to transform haemodynamic assessment in the neonatal unit by allowing direct CO monitoring rather than relying on indirect measures.  These indicative normative measurement charts should be tested in future studies and clinical trials to see if continuous CO measurement and informed CO-guided haemodynamic management can reduce brain haemorrhage, or mortality in preterm neonates requiring intensive care.
  

Abstract (248/250 words)
Objectives
To compare agreement between echocardiography and regional impedance cardiography (RIC)-derived cardiac output (CO). To construct indicative normative ranges of CO for gestational age groups.

Design, Setting and Participants
Prospective cohort observational study performed in a tertiary centre in London, UK, including neonates born between 25-42 weeks gestational age.

Exposures
Neonates on the postnatal ward had two hours of RIC monitoring; neonates in intensive care had RIC monitoring for the first 72 hours, then weekly for two hours, with concomitant echocardiography measures.

Main outcomes and measures
RIC was used to measure CO continuously. Statistical analyses were performed using R (v4.2.2; R Core Team 2022). RIC-derived CO and echocardiography-derived CO were compared using Pearson’s correlations and Bland-Altman analyses. Differences in RIC-derived CO between infants born extremely, very, and late preterm were assessed using ANOVAs and mixed effects modelling.

Results 
127 neonates (22 extremely, 46 very, 29 late preterm and 30 term) were included. RIC and echocardiography-measured weight-adjusted CO were correlated (r=0.62, p<0.001) with a Bland-Altman bias of -31ml/min/kg (limits of agreement -322 to 261ml/min/kg). The RIC-derived CO fell over 12 hours, then increased until 72 hours after birth. The 72-hour weighted-adjusted mean CO was higher in extremely preterm (424±158ml/min/kg) compared to very (325±131ml/min/kg, p<0.001), and late preterm (237±81ml/min/kg, p<0.001) neonates; this difference disappeared by 2-3 weeks of age.

Conclusions 
RIC is valid for continuous, non-invasive CO measurement in neonates. Indicative normative CO ranges could help clinicians to make more informed haemodynamic management decisions, which should be explored in future studies.

Trial registration details
The study was registered with ClinicalTrials.gov (NCT04064177).

Introduction
Cardiovascular instability during the transitional period after birth makes neonates susceptible to brain and pulmonary hemorrhages, resulting in serious acute and long-term health consequences(1–3). Immature cerebral autoregulation, fluctuations in blood pressure (BP), and use of inotropic agents are associated with development of brain hemorrhages(4). To guide hemodynamic management in this period, neonatologists are heavily reliant on heart rate, peripheral arterial oxygen saturation, BP, and serum lactate and urine output. A fundamental determinant of perfusion and BP is cardiac output (CO). Echocardiography can be used to guide use of fluid boluses, inotropes, and vasopressors(5). However, echocardiography is performed intermittently, and suitable expertise is not always readily available(6). Gold-standard methods to measure CO (such as thermodilution(7), ultrasound dilution(8) and dynamic MRI(9)) are not clinically practical. 

A validated, continuous, non-invasive CO monitoring technique could transform neonatal care, allowing clinicians to consider trends in CO alongside other measures before commencing vasoactive or fluid therapies. A systematic review and meta-analysis found promising results when comparing bioimpedence-based devices with routine CO measurement techniques in children and adolescents (n>1200), but not in neonates (n>700).(10) Most devices tested thus far in neonates and children use multiple sensor pads placed across the upper body (transthoracic electrical bioimpedance), rendering them impractical in very (<1500 grams) and extremely (<1000 grams) low birth weight neonates(10).

In this study, we assessed the validity of continuous regional impedance cardiography (RIC)-derived CO measurement using two sensor pads placed on a wrist and ankle, compared to echocardiography-derived CO measurement in neonates. Additionally, we created indicative normative longitudinal measures of CO in preterm and term neonates.           
  
Materials and methods

The Non-invasive Continuous Cardiac Output Monitoring (NICCOM) study was conducted in a tertiary perinatal centre in London, UK. The study received approval from London-Bromley Research Ethics committee (19/LO/1290) and the protocol was pre-registered (https://clinicaltrials.gov/ct2/show/NCT04064177). The study aimed to assess validity of RIC for continuous CO monitoring compared to echocardiography-derived CO in neonates. RIC utilises whole body electrical bioimpedance rather that thoracic bioimpedance used in other neonatal studies. Secondly, the study aimed to create normative measures of cardiac output in neonates born between 25 weeks to 42 weeks of gestational age (GA) over the first 72 hours of life. For this second workstream, neonates were grouped by gestational age: extremely preterm neonates (those born up to 27+6 weeks GA); very preterm (28+0 to 31+6 weeks GA); late preterm (32+0 to 36+6 weeks GA); and term (>37+0 weeks GA)(11).

All stable preterm- and term-born neonates on the postnatal ward or admitted to the neonatal unit were eligible. Neonates who were very unstable and moribund and/or more than 12 hours old at the time of screening for eligibility, those with life-limiting congenital conditions or where the skin was very fragile were excluded. Prospective parental consent was obtained for neonates on the postnatal ward and deferred parental consent was obtained for those admitted to the neonatal unit. For neonates on the postnatal ward, two hours of RIC monitoring accompanied by echocardiography within the same period was performed daily until discharge. For the neonates on the neonatal unit, 72 hours of RIC monitoring was commenced within 12 hours of birth, and one echocardiography was performed every 24 hours in this period. Admitted neonates subsequently had weekly RIC monitoring for two hours, accompanied by echocardiography, until discharge or 40 weeks of corrected GA. 

Cardiac output measurement 
Standard echocardiographic technique(6) using GE Vivid S5/S70/E95 ultrasound machines was used to measure left ventricular SV and CO; performed by three neonatal consultants (JB, SS and UK) who are trained in performing neonatal echocardiography. All CO measurements were calculated offline by single investigator (JB). An RIC device called the non-invasive cardiac system (NICaS, NI Medical, Petah Tikvah, Israel) was used for continuous stroke volume (SV) and CO measurements. Left ventricular CO was selected amongst the other measures of systemic perfusion measurements such as right ventricular output and superior vena cava flow; RIC-derived CO has been validated with thermodilution measurements(12). Birth weight was used in the first 72 hours; for subsequent weekly measurements, the most recent weekly weight was used for weight adjustment of CO (ml/min/kg) and SV (ml/kg). 

The NICaS RIC device utilises two paired impedance electrodes, placed on two limbs (usually a wrist and contra-lateral ankle), and operates on an alternating current of 1.4mA and 32kHZ (Supplementary figure 1). The technology exploits the principle that the electrical resistance of the blood is lower than that of surrounding tissues. Consequently, with each arterial systolic expansion (pulsation), a reduction in electrical resistance occurs. The analog resistance signals are received by the device, where they are amplified and filtered, then digitised and analysed via proprietary algorithms.(13) 

Sample size
For generating the longitudinal chart of indicative normative ranges of CO, we planned to recruit 108 neonates (6 for each gestational week between 25 and 42 weeks); in addition, based on annual admissions a pragmatic sample of 40 preterm neonates with fetal growth restriction (FGR) was also planned. The sample size per gestational week and methodology are based on those of previously published standard fetal Doppler(14) and estimated fetal weight(15) reference charts. In both, an average of 5 observations per gestational week were used for the construction and evaluation of normal ranges. Allowing for loss of data in 20% cases, we chose 6 neonates per gestational week in this study. 

[bookmark: _Hlk137143837][bookmark: _Hlk137143902]Statistics
[bookmark: _Hlk137144950]Analyses were executed using R Statistical Software (v4.2.2; R Core Team 2022). NICaS and echocardiography measurements were compared using Pearson’s product-moment correlation and visualised using correlation plots (Plotly for R, v4.10.0; Sievert, 2020). Bland-Altman plots were produced (ggplot2 package for R, v3.3.0) to assess measurement error and relative percentage error between NICaS and echocardiography. Equivalence between NICaS and echocardiography measurements was assumed if the mean percentage error (MPE) was <30% which is an accepted norm in most device studies. 

Longitudinal NICaS data was displayed both continuously (6h - 72h post-birth) and in 6 hour and 7-day intervals, using means and standard deviations and standard errors (SE). A cubic spline was applied for smoothing continuous data (Stats package for R, v3.6.2). One-way ANOVA with Tukey’s post-hoc tests was employed to cross-sectionally examine statistical differences in NICaS measurements between gestational age groups.

Differences in weight-normalised CO progression and its comparison across gestational age groups was evaluated using mixed effects modelling (lme4 package for R, v2.3.2). Linear and quadratic curves were sequentially added to a random intercepts model and model fit assessed using log likelihood. The mixed effects model considered a fixed group effect and group * time interactions to examine the impact of gestational age group on CO changes over time, sequentially adding fixed time effects and testing fit at each stage.

Results
Patient characteristics
Neonatal and maternal characteristics and core neonatal outcomes are detailed in Table 1 and 2, respectively. Three neonates died, and two had severe (Grade 3) intraventricular haemorrhage (IVH); these neonates were excluded from the normative range analysis. 127 neonates were included in the normative range analysis: 22 extremely preterm (25+0 to 27+6 weeks  GA); 46 very preterm (28+0-32+6) weeks GA; 29 late preterm (33+0-36+6) and 30 term (>37+0). Of the 367 paired RIC and echocardiography measurements, 34 were obtained during invasive ventilation; 189 during non-invasive ventilation; and 144 obtained from neonates not on respiratory support. 

Comparison between Echocardiography- and RIC-derived CO 
Echo- and RIC-derived weight-normalised CO measurements showed a moderate positive correlation (r=0.62, p<0.001) (Fig 1). For all measurements, the bias was -31ml/min/kg with LoA from -322 to +261ml/min/kg and a mean percentage error (MPE) of 4.1% (Fig 2). Analysis of the bias and LoA across independent gestational age groups revealed that LoAs became narrower, as gestational age increased (Supplementary figure 2).

Comparison of CO over time between gestational age groups
The median and IQR of continuous CO measurements showed distinctive patterns over the first 72 hours in the gestational age groups (Supplementary figure 3). The continuous CO and SV levels were overall higher in neonates of lower gestational ages (Fig 3). The 72-hour weighted-adjusted mean CO was higher in extremely preterm (424±158ml/min/kg) compared to very preterm (325±131ml/min/kg, p<0.001), and late preterm (237±81ml/min/kg, p<0.001) neonates. There was an initial fall in CO and SV in the first 12h in all gestational age groups (Fig 3). Between 24h and 60h post-birth, CO and SV steadily increased in the extremely preterm neonates, while remaining stable for very and late preterm neonates. The initial fall (0-24h) and final peak of CO (60-72h) coincided with a similar SV and HR fluctuation (Supplementary figure 4).  The mean CO, SV and HR were higher (p<0.05) in earlier gestational age groups at 6, 12, 24, 48 and 72h post-birth, except for HR between extremely preterm and very preterm neonates (Supplementary figure 4). CO and SV were significantly higher in extremely preterm neonates compared to later gestational age babies at 7d and 14d post-birth (Supplementary figure 4); this correlated with the PDA sizes in these groups, with significant difference noted on day 3 (Kruskal-Wallis χ²(2)=13.102, p=0.001) and 7 (χ²(2)=13.207, p=0.001); and then no difference by 14 days (χ²(2)=1.396, p=0.498). 

Using a mixed effects model, the intercept for extremely preterm neonates was higher than very preterm neonates but not statistically significant (Supplementary figure 5 and document 6), whereas the intercept for extremely preterm neonates was significantly higher than that of late preterm neonates (p<0.001). The increment in CO after 12 hours post birth was steeper in extremely preterm neonates (1.8 ml/min/kg per hour) compared to very (0.7 ml/min/kg per hour, p<0.05) and late preterm neonates (0.3 ml/min/kg per hour, p<0.01). 

Discussion

This study demonstrated that monitoring CO continuously using RIC in neonates  is feasible and valid when compared with echocardiography. The probes were placed by trained team members. No skin reaction or damage occurred. We found that extremely preterm neonates have higher RIC-derived CO over the first 72 hours after birth and in the later postnatal weeks, when compared to term and very or late preterm babies. Gestational age and birthweight explained a large proportion of variance in CO as a function of time, and both showed an inverse correlation with CO.  CO fell in the immediate postnatal period, followed by a steady increase. Lower gestational age neonates showed a steeper rate of CO increase after 12 hours, followed by a shallower deceleration, compared to higher gestational age neonates. While late preterm neonates had similar weight-adjusted CO at 12 hours and 72 hours after birth, extremely preterm neonates had a 35% higher CO at 72 hours compared to 12 hours, indicating that they sustained higher CO levels for longer after birth. 

Electrical bioimpedance has been validated for CO measurement in paediatric patients but not in neonates(10). Our meta-analysis comparing echocardiography with transthoracic bioimpedance(10) showed that the median (range) bias (L/min) in five neonatal studies was –0.01 L/min (–0.21 to 0.006 L/min), with median percentage error (PE) 45% (29–53%). When normalised by weight, the median bias (mL/min/kg) in four neonatal studies was 3.4 mL/min/kg (–8.9 to 18.8 mL/min/kg), and median PE 37% (24–60%). In the current study, using total body or regional impedance cardiography (RIC),   the bias was -31ml/min/kg (-12.6%) and the mean PE was 4.1% thereby demonstrating low systematic bias between RIC and bedside echocardiography derived CO. However, the limits of agreement of -320 to +260 ml/min/kg demonstrate variability. A large amount of the captured variability is likely owed to physiological variants of PDA and PFO, motion artifacts, and the impact of movement on HR and therefore CO. While it is not possible to conclude which of the two methods for measuring CO measurement is “more true” from this study, the unique benefits of RIC in allowing continuous, non-invasive measurement in practice and its minimal systematic bias against the current “gold standard” should be considered in its acceptability for adoption into clinical practice. It is also notable that the limits of agreement became narrower with increasing gestational age, thereby indicating potentially greater equivalence between devices in infants closer to term age. 

Murase et al. used intermittent bedside echocardiography to measure 12 hourly CO in 109 preterm neonates between 22-33 weeks of gestational age(16). A post-hoc analysis of CO of neonates born before 26 weeks of gestational age, compared to those who were born at a higher gestational age, showed a fall in CO at 3 and 12 hours after birth, similar to our findings.14 In our study, the decline was most prominent in extremely preterm neonates. Immediately after birth as the lung inflates, pulmonary vascular resistance (PVR) drops with resultant increase in stroke volume and cardiac output(17). Animal studies have demonstrated that birth is associated with sudden catecholamine surge increasing HR(18,19) and increase in thyroid hormone release(20), resulting in increased cardiac contractility(21). After 6-12 hours there is a drop in this surge and therefore decrease in heart rate, contractility, and systemic vascular resistance (SVR). We can speculate that this fall in CO noted in the current study could be attributable to this physiologic haemodynamic adaptation. SVR is reported to be higher in extremely preterm neonates and there is a well-recognised fall in BP within the first 12-24 hours in extremely and very preterm neonates(22). Large retrospective epidemiological studies show that both low BP and inotropic support increased the risk of developing brain injury and IVH(23). Randomised controlled trials (RCT) trying to increase BP using inotropes such as dopamine have failed to demonstrate a reduction of IVH or mortality in preterm neonates(24,25). We hypothesise based on the present study that the decline in SVR, CO and therefore BP in the first 6-12 hours of age may be physiologically normal in preterm neonates, therefore, judicious use of vasopressor or inotropic agents is warranted. 

Limitations
Inter-operator variability of echocardiography can be >20%(26,27). We acknowledge this as a limitation of this study, but bedside echocardiography is the only currently available practical technique to measure cardiac function in neonates. Several factors may affect the agreement between echo and RIC, including the stimulation of the neonate during echo resulting increase the HR or cause an increased amount of motion artefact in the RIC signal. Additionally, RIC measures a peripheral impedance waveform, so not equivalent to echo, which measures CO at the outflow tract(12) Only stable neonates in a single tertiary neonatal unit were included to aim for ‘normative measures’ of CO, limiting the generalisability of our findings. Although the numbers are small, this is the first study demonstrating continuous longitudinal CO normative measures over the transitional period and weekly measures up to four weeks of postnatal age. 

Conclusions

The current study demonstrates that RIC can be used to measure neonatal CO non-invasively and continuously. In conjunction with BP nomograms, the indicative normative measures could help clinicians to understand haemodynamic status in neonatal intensive care, which should be tested in future research. We propose that RIC could be used in future studies to interrogate the haemodynamic effects of routine interventions and vasopressors; and to explore the relationship of CO with development of IVH. This work could pave way to developing RCTs of haemodynamically guided therapy aiming to reduce or prevent morbidity and mortality in neonates requiring intensive care.
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Table 1. Patient details of neonates recruited in each gestational age groups: extremely preterm neonates are those born upto 27+6 weeks of gestational age, very preterm 28+0 to 31+6 weeks, late preterm 32+0 to 36+6 weeks, and term >37+0 weeks of gestational age at birth.

	
	Extremely preterm
	Very preterm
	Late preterm
	Term

	Gestational age 
(Median; IQR)
	26+3 (25+6-27+1)
	30+3 (28+7-31+0)
	34+1 (32+4- 35+6)
	39+1 (38+3-40+6)

	Birth weight in kg
(Median; IQR)
	0.78 (0.68-0.90)
	1.23 (1.06-1.42)
	1.78 (1.45-2.29)
	3.40 (2.96-3.74)

	Sex (Female: Male)

	14:11
	22:14
	16:21
	24:12

	White British:white non-British:non-white
	5:4:16
	3:6:27
	4:11:22
	14:12:10

	Maternal age in years
(Median; IQR)
	36 (32-41)
	33 (30-39)
	33 (31-37)
	35 (32-38)

	Maternal PET/PIH
(n; percentage)
	4 (16%)
	10 (28%)
	8 (22%)
	0 (0%)

	Maternal chorioamnionitis 
(n; percentage)
	15 (60%)
	9 (25%)
	3 (8%)
	0 (0%)

	Antepartum haemorrhage 
(n; percentage) 
	3 (12%)
	2 (6%)
	2 (5%)
	0 (0%)

	Antenatal steroids received 
(n; percentage)
	18 (72%)
	27 (75%)
	18 (49%)
	0 (0%)

	Optimum cord clamping practised 
(n; percentage)
	5 (20%)
	17 (47%)
	12 (32%)
	14 (39%)


 
PET – pre-eclampsia, PIH – pregnancy induced hypertension


Table 2. Patient details with core neonatal outcomes


	
	Extremely preterm
	Very preterm
	Late preterm
	Term

	Duration of ventilation (days): Invasive 
(Median; IQR)
	3 (0.5-8.75)
	0 (0-0)
	0 (0-0)
	0 (0-0)

	Non-invasive (Median; IQR)
	35 (8-49)
	5.5 (2-9)
	0 (0-2)
	0 (0-0)

	Nasal cannula oxygen
(Median; IQR)
	4 (0-18.75)
	0 (0-11.75)
	0 (0-0)
	0 (0-0)

	All Intraventricular haemorrhage
(n; percentage)
	15 (60%)
	9 (25%)
	1 (3%)
	0 (0%)

	Intraventricular haemorrhage grade 3
(n; percentage)
	1 (4%)
	0 (0%)
	0 (0%)
	0 (0%)

	Pulmonary haemorrhage
(n; percentage)
	0 (0%)
	0 (0%)
	0 (0%)
	1 (3%)

	Bronchopulmonary dysplasia
(n; percentage)
	14 (56%)
	6 (17%)
	0 (0%)
	0 (0%)

	Necrotising enterocolitis
(n; percentage)
	2 (8%)
	0 (0%)
	0 (0%)
	0 (0%)

	PDA requiring medical/surgical treatment 
(n; percentage)
	3 (12%)
	0 (0%)
	0 (0%)
	0 (0%)

	Death
(n; percentage)
	2 (8%)
	1 (4%)
	0 (0%)
	0 (0%)
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Figure 1. Correlation between regional impedance cardiography (RIC) and echocardiography derived CO over the same time-period. Pearson’s correlation coefficient of 0.62 (p<0.001) demonstrates a moderate correlation between cardiac output measures derived from Regional Impedance Cardiography (RIC) and echocardiography, adjusted for body weight (ml/min/kg).

Figure 2. Bland-Altman analysis of agreement between RIC and echocardiography derived CO. Measurement bias of -31 ml/min/kg and limits of agreement of -322 to +261 ml/min/kg demonstrate minimal systematic bias, but with wide limits of agreement. Agreement between RIC and echocardiography CO decreased with increasing CO value.

Figure 3. Cross-sectional and longitudinal analyses of normative continuous measures derived from RIC, depicting CO, stroke volume, and heart rate across varying preterm gestational age groups. Infants in lower gestational age groups exhibited higher overall CO and stroke volume across the first 72 hours of postnatal age. All curves are expressed in mean (dark solid or dotted lines) ±1 standard deviation (shaded areas) of the infants for each gestational age group over the first 72 hours of postnatal age.

Supplementary materials

Supplementary figure 1. Bland-Altman analysis of agreement between RIC and echocardiography derived CO for each infant gestational age group. Increasing gestational age was associated with narrower limits of agreement. 

Supplementary figure 2. Comparison of 6 hourly cardiac output, stroke volume and heart rate measured using RIC over the first 72 hours followed by weekly measures up to one month expressed in mean and standard errors of mean (SEM). The 6 hourly mean measurements up to 72 hours and subsequent mean weekly measurements are compared using continuous measures analysis of variance.

Supplementary figure 3. Change in weight-adjusted cardiac output between 12 - 72 hours. Mixed effects model with linear fit revealed increased cardiac output over time in neonates of younger gestational age. 

Supplementary figure 4. Median and inter-quartile ranges of continuous CO for neonates in the gestational age groups using RIC from birth up to 72 hours of postnatal age: the three panels indicating the extremely preterm, very preterm and late preterm neonates.				

Supplementary figure 5. Regional impedance cardiography (RIC) electrodes on a mannikin with the monitor demonstrating the various parameters such as stroke volume, heart rate, cardiac output. The arrows in the electrodes pointing towards the heart from both upper and lower extremity.  
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