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Abstract: Choosing the appropriate management approach for the preterm infant with low blood
pressure during the transition period generally involved intervening when the blood pressure drifted
below a certain threshold. It is now clear that this approach is too simplistic and does not address the
underlying physiology. In this chapter, we explore the many monitoring tools available for evaluation
of the hypotensive preterm and assess the evidence base supporting or refuting their use. The key
challenge relates to incorporating these outputs with the clinical status of the patient and choosing
the appropriate management strategy.
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1. Introduction

For far too long, the management of babies with low blood pressure has been overly
standardised; typically, if the mean blood pressure fell below a certain threshold, a series of
interventions were executed, the goal of which was to improve the mean blood pressure
value, often irrespective of the clinical condition of the infant [1,2]. Evidence from ran-
domised controlled trials of cardiovascular support suggests that such an approach results
in an increase in mean blood pressure in over two-thirds of cases [3–5]. This basic approach
was the mainstay of management for over 40 years and, in many ways, its ‘effectiveness’
has contributed to the current paucity of evidence available to guide cardiovascular support
in the preterm population. We now understand that in the first days of adaptation, this
simplistic management approach may be inappropriate and potentially deleterious [6,7].
Numerous trials comparing different inotropic agents in a ‘head-to-head’ comparison
evaluated short-term outcomes [4,8–14]. Despite being carried out with great rigor, the
inclusion criteria and the definition of the underlying ‘hypotension’ varied. Thus, one of
the key questions remains unanswered: how should one define cardiovascular compromise
in the very preterm infant in the first days of life?

This complexity has driven the development of technologies and strategies aiming to
manage this common clinical scenario more precisely. In this review, we will explore the
many monitoring tools available for evaluation of the hypotensive preterm. We will assess
the current evidence base supporting their use in the preterm population. Whilst these
devices may provide very valuable information, the onus of decision making still rests
on the bedside clinician. The key challenges relate to making ‘sense’ of the information
provided by objective bedside monitoring tools, whether they be continuous or intermittent,
and incorporating these findings with the clinical status of the patient at any particular time.
Thus, appreciating the shortcomings of clinical evaluation is important, but its inclusion
remains critical.

Children 2023, 10, 519. https://doi.org/10.3390/children10030519 https://www.mdpi.com/journal/children

https://doi.org/10.3390/children10030519
https://doi.org/10.3390/children10030519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/children
https://www.mdpi.com
https://orcid.org/0000-0002-7627-4409
https://orcid.org/0000-0003-4101-9982
https://doi.org/10.3390/children10030519
https://www.mdpi.com/journal/children
https://www.mdpi.com/article/10.3390/children10030519?type=check_update&version=2


Children 2023, 10, 519 2 of 13

2. Bedside Clinical Assessment

Bedside clinical assessment typically includes an evaluation of the newborn’s colour,
capillary refill time, urine output, and overall activity level. Not only are these prone to
significant variability but, independently, their relationship with cardiovascular instability
in preterm infants is also ill-defined. Colour has been shown to be very subjective and
prone to significant interrater variability. O’Donnell and colleagues highlighted the marked
discrepancy between skin colour and oxygen saturation when neonatologists reviewed
video recordings from the delivery suite [15]. Attempts have been made to objectify colour
assessment [16,17]. DeFelice et al. found that skin colorimeter values differed significantly
between high- and low-illness-severity groups, suggesting that it may have a role in evalu-
ation [16]. However, no data on blood pressure or cardiac function were provided. Skin
perfusion has also been investigated as a clinical marker of circulatory status. Osborn et al.
reported a weak association between capillary refill time and superior vena cava flow [18].
Wodey et al. identified a significant association between cardiac index on echocardiography
and capillary refill time in preterm neonates [19]. Previously, we identified a poor relation-
ship between capillary refill values obtained in different body locations and simultaneously
obtained superior vena cava (SVC) flow measurements. Peripheral capillary refill time has
marked variability (up to 10 s in healthy term infants), and therefore, we would generally
advocate the use of central measurements [20].

Bedside measures of lactate and acid–base status are helpful but, again, need to be
interpreted carefully secondary to the normal physiological changes that occur in the
first days of a preterm infant’s life. Extremely preterm infants experience a normal self-
limiting, non-anion gap metabolic acidosis with a peak typically on day four of life. High
lactate values at three hours of life have been associated with adverse short-term outcomes
in extremely preterm infants [21]. Similarly, Phillips found that the initial lactate value was
significantly higher in very low birth weight infants who died and was highest in the first
12 h (10.2 vs. 3.84 mmol/L, p < 0.0001). A lactate value of ≥6.9 mmol/L has a sensitivity of
77% and specificity of 78% to predict mortality [22]. Sequential lactate values provide more
information about the overall status than isolated values [23,24].

Preterm infants have a characteristic pattern of urinary output in the first week of
life [25] characterised by a low urinary output initially followed by a marked diuresis
secondary to a rise in atrial natriuretic peptide [26]. The presence of adequate urine output
on day one provides reassurance, but its evolution in the subsequent 24–48 h is equally im-
portant. The same can be said of all these individual parameters, but when combined, they
allow for better identification of potentially low-flow states. A prolonged central capillary
refill time (>4 s) combined with a lactate value greater than 4 mmol/L was found to have a
specificity for identifying low superior vena cava flow of 97% [27]. These data are consistent
with other studies documenting improved detection rates of low-flow states by including
more than one clinical or laboratory parameter [28]. The adoption of a relevantly holistic
approach incorporating clinical, biochemical, and standard haemodynamic parameters
may accurately identify infants in or at risk of low-flow circulatory states.

Objective measures readily available at the bedside include heart rate and blood pres-
sure values. Less commonly considered is the pulsatility index. Measures often performed
in paediatric and adult intensive care such as central venous pressure measurements are
not practical in the care of very preterm infants. Where it has been performed, normal
values for CVP in preterm infants have a wide range (2.8–13.9 mmHg), and most infants
who have cardiovascular instability during the first days are typically not volume-depleted,
thus limiting their clinical utility. Heart rate varies with gestational and postnatal age
and can be influenced by many factors, such as stress, temperature, pain, and medication
administration. As such, absolute heart rate values may poorly reflect systemic perfusion.
Despite its shortfalls, valuable information may also be obtained by interrogation of its
evolution over time, and it is an important parameter to always consider.

The primary driver of intervention remains the mean blood pressure (BP) value, mea-
sured either invasively or noninvasively. Noninvasive BP measurements can be challeng-
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ing [29]. The Haemodynamics Working Group of the International Neonatal Committee
published a review addressing methods of BP measurement in neonates. This review high-
lighted some of the key challenges in obtaining reliable noninvasive BP measurements and
lists recommendations for standardising these measurements [30]. Ideally, in a preterm
infant at risk of cardiovascular instability, invasive BP monitoring is recommended.

Numerous BP reference ranges exist, a comparison of which reveals notable differences.
Ranges are often based on gestational age, birth weight, and postnatal age criteria [31–34].
These statistically determined values vary considerably, highlighting the significant method-
ologic differences in how they were obtained. Some advocate for single absolute mean BP
values chosen over a wide range of gestational ages and a wide timespan. Examples include
an absolute mean BP less than 30 mmHg or mean blood pressure less than the gestational age
equivalent measured in mmHg (e.g., 25 weeks’ gestation, mean BP value of 25 mmHg). The
evidence base supporting any of these recommendations is weak. Miall-Allen et al. found
that a mean BP of less than 30 mmHg for over an hour was associated with severe intracranial
haemorrhage, ischemic cerebral lesions, or death within 48 h in a cohort of 33 infants of less
than 31 weeks’ gestation [35]. No severe cerebral lesions developed in infants with a mean BP
of 30 mmHg or greater. This served as evidence to maintain a mean BP greater than 30 mmHg.
Advocating this approach means that almost all infants at 23 weeks and some at 24 weeks
will require inotrope administration, which certainly does not fit with an individualised ap-
proach to the management of the extremely preterm infant. Likewise, the British Association
of Perinatal Medicine rule is not evidence-based but remains the commonest criterion to
intervene [36]. It is a simple rule to remember but completely neglects the normal dynamic
evolution of BP over the first day of life. Its use beyond the first days of life is illogical [37,38].

The different components of the BP measurement may give us greater insight into
the underlying circulatory status. The systolic component largely reflects left ventricular
contractility. Low systolic pressures, therefore, may be caused by a decreased preload, an
increase in left ventricular afterload, or a reduction in myocardial contractility. Diastolic
blood pressure reflects the resting vascular tone and the intravascular blood volume and is
important in determining coronary blood flow. Causes of diastolic hypotension include
reduced preload and/or decreased systemic vascular resistance. Thus, considering these
individual components may provide better insight into the underlying physiology.

Whilst awareness of the limitations of BP monitoring is essential, it remains an impor-
tant biomarker of circulatory status. One should be cognisant of the natural increase in BP
in the first days and that BP does not equate directly with flow. It should be incorporated
into decision-making algorithms but rarely be the sole criterion to initiate therapy. Perhaps
it is best to think of blood pressure values in terms of evaluation pressures and trigger pres-
sures. Figure 1 represents a pragmatic approach to patients with cardiovascular instability
as evidenced by a low mean blood pressure value. The evaluation pressures are values that
warrant further interventions such as echocardiography, and the trigger pressures may be
cumulative evidence such as duration of low blood pressure and other measures that may
warrant intervention. We conclude that the mean BP at or below gestational age equivalent
may serve as a useful evaluation pressure in the first day of life.

Unlike assessing a child with neonatal encephalopathy and deciding on instituting
therapeutic hypothermia, no such validated scoring system or assessment tool is available
to guide interventions in preterm infants at risk of cardiovascular instability, a condition
much more readily encountered in the neonatal unit. What is clear is that there is significant
value in including clinical, biochemical, and objective bedside data prior to deciding on
management approaches. Perhaps one of the greatest additions to this assessment over the
last 10 years has been the incorporation of echocardiography to enhance decision making.
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Figure 1. The benefits and limitations of clinical evaluation, echocardiography, NIRS, NICOM, and
EEG in the assessment of preterm infants with potential cardiovascular instability.

3. Echocardiography

Echocardiography use in the neonatal intensive care unit (NICU) has grown exponen-
tially over the last decade as evidenced by an increase in publications relating to its use,
the growth of numerous targeted neonatal echocardiography (TNE) programmes across
the world [39], and the recently published international guidelines developed in this area
of newborn care. TNE is not designed to replace the expertise of paediatric cardiology; in
trained hands, it can add real-time, accurate haemodynamic information to aid clinical
management. A number of expert consensus statements encourage the development of
a framework for the implementation of standard echocardiography assessment and re-
inforce the necessity of structured training [40,41], and its inclusion in neonatal training
programs has been advocated [42,43]. Given the dynamic nature of cardiac ultrasound, and
considering the technical challenges in premature newborns, there is potential for great
inter-observer variability and inaccuracy. These documents advise a structured approach
to echocardiography to address specific indications. One potential concern relates to miss-
ing structural lesions; however, some retrospective data showed that the concordance of
diagnostic echocardiography is high in centres with established training programmes [44].
However, access to paediatric cardiology review remains essential.

Over the last 10 years, guidance on neonatal haemodynamic assessment with TNE has
evolved but is primarily by consensus and experience [40]. While research is ongoing on
preterm circulatory (patho)physiology, studies in this area remain challenging due to issues
around patient selection, recruitment, and inter-operator variability. To date, the evalua-
tion of its role in guiding management has primarily been observational. Nevertheless,
TNE is rational and objective and can provide valuable information on circulatory status
when performed by skilled operators. Several recent publications have documented the
incorporation of TNE into the haemodynamic assessment of preterm infants [45–48] with
resultant changes in clinical management following assessment. These have highlighted the
indications for its use, including the assessment of patent ductus arteriosus, persistent pul-
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monary hypertension of the newborn, and, more recently, systolic hypotension. However,
a direct change in management does not necessarily imply improved clinical outcomes,
which have yet to be demonstrated. A national survey on circulatory management in
Japan reported that most neonatologists perform functional echocardiography in extremely
preterm infants and do so frequently in the first days of life. The use of vasodilators is high
in this population of infants [49]. However, King et al. recently reported on the variation in
the use of echocardiography in North American centres [50]. Variation was greatest in the
first few days of life and was associated with increased exposure to nitric oxide and vasoac-
tive medications. The increasing use of very early echocardiography was not associated
with the increasing treatment of the PDA. However, confounding by indication cannot be
accounted for in this study design. This retrospective study highlights the variability of
echo use and the uncertain impact of echocardiography use on clinical outcomes. Thus, it is
critical that centres incorporating echocardiography establish protocols, review processes,
and governance structures to ensure that changes that impact clinical management are
robustly reviewed and evaluated.

The exact role of echocardiography in the evaluation of the hypotensive preterm infant
has yet to be delineated. Measurements such as volume status and right and left ventricular
output may not be as useful in this population. There is no agreed objective measure of
volume status in the preterm infant. TNE measurements commonly used for this aim
include inferior vena cava diameter. Markers of the inferior vena cava diameter are often
of limited use in this population given their inaccuracy with positive pressure ventilation.
Left ventricular end-diastolic diameter is influenced by variations in preload and afterload.
Measures of cardiac output are prone to shunt-related effects, and determining normative
ranges is problematic. More advanced tissue doppler imaging may overcome some of these
challenges. While TNE may provide valuable information regarding cardiac dysfunction
or other abnormalities, in the setting of transitional hypotension with normal clinical
parameters, a normal TNE assessment should provide reassurance that non-intervention is
appropriate, thus avoiding potentially harmful medications.

Thus, several questions remain to be answered. Should all preterm infants of less
than 28 weeks’ gestation have an early echo performed to identify potential cardiovascular
compromise? This would be very resource-heavy and would result in a significant number
of infants having an echocardiogram performed who ultimately do not require the handling
involved in performing an echocardiogram. Should only those infants deemed to be at risk
of cardiovascular compromise have an echocardiogram performed? They may be difficult
to identify but may include those not in receipt of antenatal corticosteroids or delayed cord
clamping, those mechanically ventilated, and perhaps the more extreme preterm infants
such as those born below a certain gestational age, e.g., below 25 weeks. Should only those
infants who demonstrate potential cardiovascular compromise have an echocardiogram
performed, such as those with a borderline mean blood pressure so-called ‘evaluating blood
pressure’? These questions remain to be answered. Ultimately, the information provided by
echocardiography may help to better understand the underlying problem but may not be
sufficient to accurately identify low-flow states in such a complex transitional circulation.
Other technologies are required to augment our assessment of end-organ blood flow. These
are outlined in Figure 2 and discussed in more detail in the following sections.
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Figure 2. A pragmatic blood-pressure-based approach to the assessment of the preterm infant with
potential cardiovascular instability.

4. Cerebral and Somatic NIRS

Indirect, continuous, objective, and noninvasive monitoring of end-organ perfusion
is possible using near-infrared spectroscopy (NIRS). Commercially available neonatal
NIRS sensors have been developed with the primary focus of cerebral monitoring, and
several centres have highlighted the potential short- and long-term benefits of cerebral
NIRS monitoring [51–55]. Several groups continue to evaluate the role of splanchnic
(ArSO2), renal, and peripheral muscle oximetry as measured by NIRS to improve outcomes
relating to cardiovascular dysfunction, PDA, and necrotising enterocolitis (NEC). While
the technology is safe and has been adopted into routine clinical practice in many centres,
the evidence to support resultant improvement in outcomes is lacking. The evaluation of
ArSO2 as an assessment tool for necrotising enterocolitis (NEC) is ongoing, but, as NEC
aetiology is considered multifactorial and not solely rooted in low-blood-flow states, its
discussion is outside the scope of this review. Furthermore, no work has been conducted to
simultaneously assess splanchnic blood flow and ArSO2 [56]. Hypotensive VLBW infants
(BP < 10th centile) have been demonstrated to have reduced muscle oxygen delivery and
oxygen consumption compared to normotensive infants [57]. This normalised with the
treatment of hypotension. However, a more recent study implied that this relationship was
independent of blood pressure alone and was, instead, more related to cardiac function as
estimated by fractional shortening [58].

Studies that have evaluated cerebral and peripheral NIRS concurrently note differences
in readings presumably because of adaptive cerebral blood flow due to cerebral autoregula-
tion (CAR). However, in the context of hypotension, very premature infants are at greater risk
of cerebral injury given their immature CAR pathways. It is presumed that in such circum-
stances, failure of autoregulatory capacity would be reflected by falling CrSO2. Nevertheless,
a few studies have demonstrated that CrSO2 values are not significantly different between
preterm infants with and without mild to moderate hypotension [52,59]. Pichler et al. found
that it was not possible to reduce the burden of hypotension in moderately preterm infants
using management strategies guided by cerebral NIRS [60]. The above results may be
compounded by inaccurate clinical definitions of hypotension and, moreover, individual
CAR tolerances for blood pressure variation [61]. We previously demonstrated that the
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duration of cerebral hypoxia was longer in hypotensive compared to non-hypotensive
infants [62]. However, among treated hypotensive infants, CrSO2 was no different in those
treated with dopamine compared to placebo, indicating that simply improving mean arterial
pressure may not mitigate the adverse outcome. Transfer function gain, a derived parameter
from the CrSO2 signal, may be a better marker of impaired autoregulation in hypotensive
infants than the absolute values [63]. Ultimately, in the management of hypotensive infants,
cerebral oximetry may have utility for the identification of autoregulatory failure and, in
combination with clinical signs and other objective parameters, guide patient selection with
regard to therapeutic intervention [64]. The term ‘integrated evaluation of haemodynamics’
has been coined. This is, in essence, the incorporation of cerebral NIRS measurements and
echocardiography parameters in clinical decision-making pathways [65,66]. The authors
describe a shorter recovery time during the new integrated evaluation of haemodynamics
in a pre–post retrospective study [66].

5. Noninvasive Cardiac Output Monitoring

Cardiac output (CO) is a key physiological parameter to assess the haemodynamic
status of transitioning infants, being one of the major determinants of arterial BP in combi-
nation with systemic vascular resistance. A complex interplay exists between these forces
to determine systemic blood flow and end-organ perfusion. Low- and high-CO states have
been associated with increased morbidity and mortality and adverse neurodevelopmental
and respiratory outcomes [67,68]. As the gold standard CO measurement uses invasive
techniques, such as thermodilution via pulmonary artery catheterisation [69], it is not feasi-
ble in infants due to technical limitations and risk of morbidity [70]. As the cardiovascular
physiology of preterm neonates is dynamic and echocardiography provides information
for a certain time period, noninvasive cardiac output monitoring (NICOM) technologies
have been investigated in this population. These techniques offer continuous noninvasive
measurements of CO via various electrical biosensing technologies [71], are easy to use and
apply, and are recordable alongside other physiological monitors [72,73]. Electrical biosens-
ing technology encompasses two broad categories: bioimpedance (BI) and bioreactance
(BR). BI derives CO from the change in impedance (electrical conduction) produced by the
degree of erythrocyte alignment in the aorta throughout the cardiac cycle. BR is based on
the theory that blood flow changes not only produce variations in impedance but also in
capacitance and inductance (the ability of biological tissue to store energy in electrical and
non-electrical forms, respectively). BR derives an estimate of CO by measuring the phase
shift of an oscillating current as it traverses the thorax. Significant technical and practical
differences exist between BI and BR, such as underlying algorithms, electrode dimensions
and placement, susceptibility to environmental interference, and confounding factors on
accuracy [71,73–77]. Due to these aspects, BI and BR should not be considered interchange-
able. A significant research effort has been invested over the last decade into the assessment
of NICOM accuracy as compared to echocardiography-derived estimates of CO, showing
conflicting results [78,79]. According to current evidence, interpreting NICOM values with
thresholds based on echocardiography values is problematic [71,72]. NICOM has been
employed in several observational studies to monitor stable preterm infants during the
first days of life [76,80], unveiling some insights into the physiology of the haemodynamic
transition in this population. Miletin et al. recently published BR-derived values in a small
group of more immature preterm infants between 6 and 48 h of life [81]. In accordance
with previous reports [80], they observed lower CO at 6 h, with a subsequent increase
over the second day of life. BP followed a similar trend, with a weak, although significant,
correlation with CO (r = 0.71, p < 0.001). Interestingly, infants developing intraventricular
haemorrhage and/or necrotising enterocolitis showed initial lower CO followed by a more
pronounced increase, suggesting ischemia-reperfusion injury as a pathophysiological mech-
anism. Furthermore, the lowest registered CO was lower in infants with adverse outcomes,
while the lowest mean BP did not differ significantly between the groups. Hence, NICOM
seems to provide a more sensitive marker of haemodynamic imbalance in transitioning
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preterm infants compared to the traditional monitoring of BP. However, the study was
conducted on a small population with few adverse outcomes, and a formal analysis of
the predictive value of CO in the case of hypotension was not performed. Despite these
encouraging reports, concerns remain regarding NICOM accuracy in particular conditions
commonly encountered in sick preterm infants during the transition, such as invasive and
noninvasive ventilation [77,79,82], the persistence of foetal shunts [77,83], and low- and
high-CO states [77]. Hence, more research is required before introducing NICOM in clinical
practice. It appears crucial to perform validation studies employing a true gold standard
reference method, develop reference values and clinical decision limits for the specific
NICOM technologies, and, finally, assess their usefulness in clinical trials. We currently do
not advocate the use of noninvasive cardiac output monitoring to direct clinical decision
making in the preterm infant.

6. EEG

An alternate method of assessment of end-organ blood flow is to measure brain
activity with EEG or aEEG. A normal EEG in the setting of low blood pressure or cardiac
output may suggest that cerebral autoregulation is intact. However, this is something
not routinely utilised in preterm infants in this setting, and EEG assessment is also very
much gestation-dependent. However, a few groups have explored the relationship between
measures of brain activity and cardiac output/blood pressure. Weindling et al., in an
observational study of 35 very low birth weight infants, found that cerebral activity was
abnormal when the mean blood pressure was less than 23 mmHg, but the overall number
with abnormal EEG was low [84]. In a similar study, they found no relationship between left
or right ventricular output (RVO) and EEG power measures. They noted that if the cardiac
output was low but blood pressure was normal (>30 mmHg), then the EEG was normal,
suggesting intact cerebral autoregulation [85]. Shah et al. performed an observational study
evaluating the relationship between aEEG measures and measures of cardiovascular status
in a population of 90 extremely low gestational age newborns. Those neonates treated with
inotropes at 12 h for clinical management of low BP or poor perfusion had persistently low
aEEG amplitude and continuity in the first 48 h of life [86]. Pereira et al. found no difference
in the maximum and minimum aEEG amplitude between the three intervention thresholds
utilised in this study [87]. This suggests a poor relationship between blood pressure values
and brain activity levels although it is acknowledged by the authors that periods when
blood pressure may have been lowest were missed. These studies highlight that there is
potential for the inclusion of EEG as a measure of cardiovascular well-being in preterm
infants. However, many significant practical challenges remain before EEG could be seen
as a useful monitoring tool in the setting of cardiovascular instability in the ELBW infant.

7. Multimodal Monitoring in Cardiovascular Assessment

An enormous amount of continuous physiological data are generated daily for an in-
dividual NICU patient. This extraordinarily rich data source is currently underappreciated
and, in many centres, underutilised. Often, the data are captured in the patient electronic
health records hourly, which significantly limits its potential usefulness. Real-time con-
tinuous monitoring of heart rate, blood pressure, the pulsatility index, oxygen saturation,
carbon dioxide, cerebral and somatic oxygenation, and EEG and, ultimately, developing
decision support tools are very appealing and would allow a more personalised approach
to care. Understanding the complexity of cardiovascular physiology in the first days of life
and trying to decipher the interplay between many of these parameters is key. Neonatal
care has seen some recent advances in the diagnosis and management of certain conditions
utilising real-time data acquisition. Heart rate variability has proved useful in detecting
infants at risk of sepsis [88]. Seizure detection algorithms have been shown to reduce the
overall seizure burden [89].

Efforts have been made to develop real-time haemodynamic monitoring systems but
remain a long way off from incorporating them routinely into clinical care. With advances
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in biomedical engineering, the capability to collect, filter, store, and analyse huge quantities
of physiological data is now feasible. Relating these to clinical outcomes, utilising artificial
intelligence, and developing decision support tools are the next key steps. Some centres have
developed such ‘monitoring towers’ to allow the capture of these data [90]. Others have
developed bedside systems that allow real-time detection of cerebral autoregulation [63,91].
Developments such as these provide a foundation for future management of neonatal
cardiovascular compromise.

8. Conclusions

The evaluation of cardiovascular compromise at the bedside remains a key challenge
in neonatology. The goal is to identify infants at the earliest stage possible stage to initiate
therapies to avoid unnecessary morbidity and, importantly, to prevent the unnecessary use
of potentially deleterious interventions. In the early stages of cardiovascular compromise,
clinical evaluation may be falsely reassuring, thus introducing the necessity to re-evaluate
the infant frequently. Echocardiography can provide important objective measures of
cardiovascular status and currently remains the most important objective monitoring tool
currently available. Continuous bedside tools such as cerebral NIRS may be important.
NICOM is very appealing but has many limitations at present. The development of multi-
modal monitoring platforms with incorporated decision support tools has the potential to
transform the diagnosis and management of cardiovascular compromise. The next decade
should see a paradigm shift in the evaluation of preterm cardiovascular instability.

Author Contributions: E.M., D.B.H., R.C. and E.M.D. were involved review conceptualisation, in
manuscript preparation and critical revision. D.B.H. designed and prepared all figures. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cox, D.J.; Groves, A.M. Inotropes in preterm infants—Evidence for and against. Acta Paediatr. 2012, 101, 17–23. [CrossRef]

[PubMed]
2. Dempsey, E.M.; Barrington, K.J. Diagnostic criteria and therapeutic interventions for the hypotensive very low birth weight

infant. J. Perinatol. 2006, 26, 677–681. [CrossRef]
3. Pellicer, A.; Valverde, E.; Elorza, M.D.; Madero, R.; Gaya, F.; Quero, J.; Cabañas, F. Cardiovascular support for low birth weight

infants and cerebral hemodynamics: A randomized, blinded, clinical trial. Pediatrics 2005, 115, 1501–1512. [CrossRef] [PubMed]
4. Osborn, D.; Evans, N.; Kluckow, M. Randomized trial of dobutamine versus dopamine in preterm infants with low systemic

blood flow. J. Pediatr. 2002, 140, 183–191. [CrossRef] [PubMed]
5. Dempsey, E.M.; Barrington, K.J.; Marlow, N.; O’Donnell, C.P.F.; Miletin, J.; Naulaers, G.; Cheung, P.Y.; Corcoran, J.D.; El-Khuffash,

A.F.; Boylan, G.B.; et al. Hypotension in Preterm Infants (HIP) randomised trial. Arch. Dis. Child. Fetal Neonatal Ed. 2021,
106, 398–403. [CrossRef] [PubMed]

6. Batton, B.; Li, L.; Newman, N.S.; Das, A.; Watterberg, K.L.; Yoder, B.A.; Faix, R.G.; Laughon, M.M.; Stoll, B.J.; Higgins, R.D.; et al.
Early blood pressure, antihypotensive therapy and outcomes at 18–22 months’ corrected age in extremely preterm infants. Arch.
Dis. Child. Fetal Neonatal Ed. 2016, 101, F201–F206. [CrossRef]

7. Batton, B.; Li, L.; Newman, N.S.; Das, A.; Watterberg, K.L.; Yoder, B.A.; Faix, R.G.; Laughon, M.M.; Stoll, B.J.; Van Meurs, K.P.; et al.
Use of antihypotensive therapies in extremely preterm infants. Pediatrics 2013, 131, e1865–e1873. [CrossRef]

8. Subhedar, N.V.; Shaw, N.J. Dopamine versus dobutamine for hypotensive preterm infants. Cochrane Database Syst. Rev. 1996,
2010, CD001242. [CrossRef]

9. Ruelas-Orozco, G.; Vargas-Origel, A. Assessment of therapy for arterial hypotension in critically ill preterm infants. Am. J.
Perinatol. 2000, 17, 95–99. [CrossRef]

10. Bourchier, D.; Weston, P.J. Randomised trial of dopamine compared with hydrocortisone for the treatment of hypotensive very
low birthweight infants. Arch. Dis. Child. Fetal Neonatal Ed. 1997, 76, F174–F178. [CrossRef]

11. Phillipos, E.; Barrington, K.; Robertson, M. Dopamine versus epinephrine for inotropic support in the neonate: A randomised
blinded trial. Pediatr. Res. 1996, 39, 238.

12. Klarr, J.M.; Faix, R.G.; Pryce, C.J.; Bhatt-Mehta, V. Randomized, blind trial of dopamine versus dobutamine for treatment of
hypotension in preterm infants with respiratory distress syndrome. J. Pediatr. 1994, 125, 117–122. [CrossRef]

http://doi.org/10.1111/j.1651-2227.2011.02545.x
http://www.ncbi.nlm.nih.gov/pubmed/22404887
http://doi.org/10.1038/sj.jp.7211579
http://doi.org/10.1542/peds.2004-1396
http://www.ncbi.nlm.nih.gov/pubmed/15930210
http://doi.org/10.1067/mpd.2002.120834
http://www.ncbi.nlm.nih.gov/pubmed/11865269
http://doi.org/10.1136/archdischild-2020-320241
http://www.ncbi.nlm.nih.gov/pubmed/33627329
http://doi.org/10.1136/archdischild-2015-308899
http://doi.org/10.1542/peds.2012-2779
http://doi.org/10.1002/14651858.CD001242
http://doi.org/10.1055/s-2000-9265
http://doi.org/10.1136/fn.76.3.F174
http://doi.org/10.1016/S0022-3476(94)70137-7


Children 2023, 10, 519 10 of 13

13. Roze, J.C.; Tohier, C.; Maingueneau, C.; Lefevre, M.; Mouzard, A. Response to dobutamine and dopamine in the hypotensive very
preterm infant. Arch. Dis. Child. 1993, 69, 59–63. [CrossRef]

14. Cuevas, L.; Yeh, T.F.; John, E.G.; Cuevas, D.; Plides, R.S. The effect of low-dose dopamine infusion on cardiopulmonary and renal
status in premature newborns with respiratory distress syndrome. Am. J. Dis. Child. 1991, 145, 799–803.

15. O’Donnell, C.P.; Kamlin, C.O.; Davis, P.G.; Carlin, J.B.; Morley, C.J. Clinical assessment of infant colour at delivery. Arch. Dis.
Child. Fetal Neonatal Ed. 2007, 92, F465–F467. [CrossRef]

16. De Felice, C.; Flori, M.L.; Pellegrino, M.; Toti, P.; Stanghellini, E.; Molinu, A.; Tosi, P.; Bagnoli, F. Predictive value of skin color for
illness severity in the high-risk newborn. Pediatr. Res. 2002, 51, 100–105. [CrossRef]

17. De Felice, C.; Mazzieri, S.; Pellegrino, M.; Del Pasqua, A.; Toti, P.; Bagnoli, F.; Rosati, E.; Latini, G. Skin reflectance changes in
preterm infants with patent ductus arteriosus. Early Hum. Dev. 2004, 78, 45–51. [CrossRef]

18. Osborn, D.A.; Evans, N.; Kluckow, M. Clinical detection of low upper body blood flow in very premature infants using blood
pressure, capillary refill time, and central-peripheral temperature difference. Arch. Dis. Child. Fetal Neonatal Ed. 2004, 89, F168–F173.
[CrossRef]

19. Wodey, E.; Pladys, P.; Betremieux, P.; Kerebel, C.; Ecoffey, C. Capillary refilling time and hemodynamics in neonates: A Doppler
echocardiographic evaluation. Crit. Care Med. 1998, 26, 1437–1440. [CrossRef]

20. Strozik, K.S.; Pieper, C.H.; Cools, F. Capillary refilling time in newborns—Optimal pressing time, sites of testing and normal
values. Acta Paediatr. 1998, 87, 310–312. [CrossRef]

21. Groenendaal, F.; Lindemans, C.; Uiterwaal, C.S.; de Vries, L.S. Early arterial lactate and prediction of outcome in preterm neonates
admitted to a neonatal intensive care unit. Neonatology 2003, 83, 171–176. [CrossRef] [PubMed]

22. Phillips, L.A.; Dewhurst, C.J.; Yoxall, C.W. The prognostic value of initial blood lactate concentration measurements in very low
birthweight infants and their use in development of a new disease severity scoring system. Arch. Dis. Child. Fetal Neonatal Ed.
2011, 96, F275–F280. [CrossRef] [PubMed]

23. Nadeem, M.; Clarke, A.; Dempsey, E.M. Day 1 serum lactate values in preterm infants less than 32 weeks gestation. Eur. J. Pediatr.
2010, 169, 667–670. [CrossRef] [PubMed]

24. Nguyen, H.B.; Rivers, E.P.; Knoblich, B.P.; Jacobsen, G.; Muzzin, A.; Ressler, J.A.; Tomlanovich, M.C. Early lactate clearance is
associated with improved outcome in severe sepsis and septic shock. Crit. Care Med. 2004, 32, 1637–1642. [CrossRef]

25. Bidiwala, K.S.; Lorenz, J.M.; Kleinman, L.I. Renal function correlates of postnatal diuresis in preterm infants. Pediatrics 1988,
82, 50–58. [CrossRef]

26. Rozycki, H.J.; Baumgart, S. Atrial natriuretic factor and postnatal diuresis in respiratory distress syndrome. Arch. Dis. Child. 1991,
66, 43–47. [CrossRef]

27. Miletin, J.; Pichova, K.; Dempsey, E.M. Bedside detection of low systemic flow in the very low birth weight infant on day 1 of life.
Eur. J. Pediatr. 2009, 168, 809–813. [CrossRef]

28. De Boode, W.P. Clinical monitoring of systemic hemodynamics in critically ill newborns. Early Hum. Dev. 2010, 86, 137–141.
[CrossRef]

29. Dannevig, I.; Dale, H.C.; Liestol, K.; Lindemann, R. Blood pressure in the neonate: Three non-invasive oscillometric pressure
monitors compared with invasively measured blood pressure. Acta Paediatr. 2005, 94, 191–196. [CrossRef]

30. Dionne, J.M.; Bremner, S.A.; Baygani, S.K.; Batton, B.; Ergenekon, E.; Bhatt-Mehta, V.; Dempsey, E.; Kluckow, M.; Koplowitz, L.P.;
Apele-Freimane, D.; et al. Method of Blood Pressure Measurement in Neonates and Infants: A Systematic Review and Analysis.
J. Pediatr. 2020, 221, 23–31.e5. [CrossRef]

31. Lee, J.; Rajadurai, V.S.; Tan, K.W. Blood pressure standards for very low birthweight infants during the first day of life. Arch. Dis.
Child. Fetal Neonatal Ed. 1999, 81, F168–F170. [CrossRef]

32. Spinazzola, R.M.; Harper, R.G.; de Soler, M.; Lesser, M. Blood pressure values in 500- to 750-gram birthweight infants in the first
week of life. J. Perinatol. 1991, 11, 147–151.

33. Watkins, A.M.; West, C.R.; Cooke, R.W. Blood pressure and cerebral haemorrhage and ischaemia in very low birthweight infants.
Early Hum. Dev. 1989, 19, 103–110. [CrossRef]

34. Versmold, H.T.; Kitterman, J.A.; Phibbs, R.H.; Gregory, G.A.; Tooley, W.H. Aortic blood pressure during the first 12 hours of life in
infants with birth weight 610 to 4220 grams. Pediatrics 1981, 67, 607–613. [CrossRef]

35. Miall-Allen, V.M.; de Vries, L.S.; Whitelaw, A.G. Mean arterial blood pressure and neonatal cerebral lesions. Arch. Dis. Child. 1987,
62, 1068–1069. [CrossRef]

36. Stranak, Z.; Semberova, J.; Barrington, K.; O’Donnell, C.; Marlow, N.; Naulaers, G.; Dempsey, E. International survey on diagnosis
and management of hypotension in extremely preterm babies. Eur. J. Pediatr. 2014, 173, 793–798. [CrossRef]

37. Batton, B.; Li, L.; Newman, N.S.; Das, A.; Watterberg, K.L.; Yoder, B.A.; Faix, R.G.; Laughon, M.M.; Stoll, B.J.; Higgins, R.D.; et al.
Evolving blood pressure dynamics for extremely preterm infants. J. Perinatol. 2014, 34, 301–305. [CrossRef]

38. Batton, B.; Batton, D.; Riggs, T. Blood pressure during the first 7 days in premature infants born at postmenstrual age 23 to 25
weeks. Am. J. Perinatol. 2007, 24, 107–115. [CrossRef]

39. McNamara, P.; Lai, W. Growth of Neonatal Hemodynamics Programs and Targeted Neonatal Echocardiography Performed by
Neonatologists. J. Am. Soc. Echocardiogr. 2020, 33, A15–A16. [CrossRef]

40. Singh, Y.; Gupta, S.; Groves, A.M.; Gandhi, A.; Thomson, J.; Qureshi, S.; Simpson, J.M. Expert consensus statement ‘Neonatologist-
performed Echocardiography (NoPE)’-training and accreditation in U.K. Eur. J. Pediatr. 2016, 175, 281–287. [CrossRef]

http://doi.org/10.1136/adc.69.1_Spec_No.59
http://doi.org/10.1136/adc.2007.120634
http://doi.org/10.1203/00006450-200201000-00018
http://doi.org/10.1016/j.earlhumdev.2004.03.003
http://doi.org/10.1136/adc.2002.023796
http://doi.org/10.1097/00003246-199808000-00034
http://doi.org/10.1080/08035259850157372
http://doi.org/10.1159/000068927
http://www.ncbi.nlm.nih.gov/pubmed/12660433
http://doi.org/10.1136/adc.2010.185793
http://www.ncbi.nlm.nih.gov/pubmed/21138829
http://doi.org/10.1007/s00431-009-1085-y
http://www.ncbi.nlm.nih.gov/pubmed/19834738
http://doi.org/10.1097/01.CCM.0000132904.35713.A7
http://doi.org/10.1542/peds.82.1.50
http://doi.org/10.1136/adc.66.1_Spec_No.43
http://doi.org/10.1007/s00431-008-0840-9
http://doi.org/10.1016/j.earlhumdev.2010.01.031
http://doi.org/10.1080/08035250410023629
http://doi.org/10.1016/j.jpeds.2020.02.072
http://doi.org/10.1136/fn.81.3.F168
http://doi.org/10.1016/0378-3782(89)90120-5
http://doi.org/10.1542/peds.67.5.607
http://doi.org/10.1136/adc.62.10.1068
http://doi.org/10.1007/s00431-013-2251-9
http://doi.org/10.1038/jp.2014.6
http://doi.org/10.1055/s-2007-970178
http://doi.org/10.1016/j.echo.2020.08.009
http://doi.org/10.1007/s00431-015-2633-2


Children 2023, 10, 519 11 of 13

41. Groves, A.M.; Singh, Y.; Dempsey, E.; Molnar, Z.; Austin, T.; El-Khuffash, A.; de Boode, W.P. Introduction to neonatologist-
performed echocardiography. Pediatr. Res. 2018, 84, 1–12. [CrossRef] [PubMed]

42. Cleator, A.J.; Subhedar, N.V. Targeted neonatal echocardiography training: A survey of trainees in a region of England. BMJ
Paediatr. Open. 2022, 6, e001465. [CrossRef] [PubMed]

43. Raimondi, F.; Porzio, S.; Balestriere, L.; Esposito, P.; Santantonio, A.; Spagnuolo, F.; Giannattasio, A.; Capasso, L.; de Leva, F.
Basic-targeted echocardiography for neonatologists: A trainee’s perspective. J. Matern.-Fetal Neonatal Med. 2017, 30, 1032–1034.
[CrossRef] [PubMed]

44. Bischoff, A.R.; Giesinger, R.E.; Rios, D.R.; Mertens, L.; Ashwath, R.; McNamara, P.J. Anatomic Concordance of Neonatologist-
Performed Echocardiography as Part of Hemodynamics Consultation and Pediatric Cardiology. J. Am. Soc. Echocardiogr. 2021,
34, 301–307. [CrossRef]

45. Papadhima, I.; Louis, D.; Purna, J.; Deshpande, P.; Diambomba, Y.; Lee, S.; Shah, P.; Weisz, D.; El-Khuffash, A.; McNamara,
P.J.; et al. Targeted neonatal echocardiography (TNE) consult service in a large tertiary perinatal center in Canada. J. Perinatol.
2018, 38, 1039–1045. [CrossRef]

46. Casani, A.; Tozzi, N.; Cocca, F. The impact of neonatologist performed echocardiography in an Italian neonatal unit. J. Neonatal-
Perinat. Med. 2022, 15, 237–242. [CrossRef]

47. Alammary, D.; Narvey, M.; Soni, R.; Elsayed, Y.; Louis, D. Targeted neonatal echocardiography service in neonatal intensive care
in Manitoba, Canada. J. Perinatol. 2022, 42, 655–659. [CrossRef]

48. Poon, W.B.; Wong, K.Y. Neonatologist-performed point-of-care functional echocardiography in the neonatal intensive care unit.
Singapore Med. J. 2017, 58, 230–233. [CrossRef]

49. Miyata, M.; Toyoshima, K.; Yoda, H.; Murase, M.; Kawato, H.; Yamamoto, K.; Tanaka, K.; Kotani, M.; Kobayashi, M. Extensive use
of vasodilator agents and functional echocardiography to monitor extremely-low-birth-weight infants in Japan. J. Neonatal-Perinat.
Med. 2016, 9, 261–269. [CrossRef]

50. King, B.C.; Hagan, J.; Richardson, T.; Berry, J.; Slaughter, J.L. Hospital variation in neonatal echocardiography among very
preterm infants at US children’s hospitals. J. Perinatol. 2022, 43, 181–186. [CrossRef]

51. Van Bel, F.; Mintzer, J.P. Correction: Monitoring cerebral oxygenation of the immature brain: A neuroprotective strategy? Pediatr.
Res. 2018, 84, 786. [CrossRef]

52. Alderliesten, T.; Lemmers, P.M.; van Haastert, I.C.; de Vries, L.S.; Bonestroo, H.J.; Baerts, W.; van Bel, F. Hypotension in preterm
neonates: Low blood pressure alone does not affect neurodevelopmental outcome. J. Pediatr. 2014, 164, 986–991. [CrossRef]

53. Hyttel-Sorensen, S.; Austin, T.; van Bel, F.; Benders, M.; Claris, O.; Dempsey, E.; Fumagalli, M.; Greisen, G.; Grevstad, B.; Hagmann,
C.; et al. A phase II randomized clinical trial on cerebral near-infrared spectroscopy plus a treatment guideline versus treatment
as usual for extremely preterm infants during the first three days of life (SafeBoosC): Study protocol for a randomized controlled
trial. Trials 2013, 14, 120. [CrossRef]

54. Bonestroo, H.J.; Lemmers, P.M.; Baerts, W.; van Bel, F. Effect of antihypotensive treatment on cerebral oxygenation of preterm
infants without PDA. Pediatrics 2011, 128, e1502–e1510. [CrossRef]

55. Van Bel, F.; Lemmers, P.; Naulaers, G. Monitoring neonatal regional cerebral oxygen saturation in clinical practice: Value and
pitfalls. Neonatology 2008, 94, 237–244. [CrossRef]

56. Dotinga, B.M.; Mintzer, J.P.; Moore, J.E.; Hulscher, J.B.F.; Bos, A.F.; Kooi, E.M.W. Maturation of Intestinal Oxygenation: A Review
of Mechanisms and Clinical Implications for Preterm Neonates. Front. Pediatr. 2020, 8, 354. [CrossRef]

57. Wardle, S.P.; Yoxall, C.W.; Weindling, A.M. Peripheral Oxygenation in Hypotensive Preterm Babies. Pediatr. Res. 1999, 45, 343–349.
[CrossRef]

58. Kissack, C.M.; Weindling, A.M. Peripheral Blood Flow and Oxygen Extraction in the Sick, Newborn Very Low Birth Weight
Infant Shortly After Birth. Pediatr. Res. 2009, 65, 462–467. [CrossRef]

59. Binder-Heschl, C.; Urlesberger, B.; Schwaberger, B.; Koestenberger, M.; Pichler, G. Borderline hypotension: How does it influence
cerebral regional tissue oxygenation in preterm infants? J. Matern. Fetal Neonatal. Med. 2016, 29, 2341–2346. [CrossRef] [PubMed]

60. Pichler, G.; Holler, N.; Baik-Schneditz, N.; Schwaberger, B.; Mileder, L.; Stadler, J.; Avian, A.; Pansy, J.; Urlesberger, B. Avoiding
Arterial Hypotension in Preterm Neonates (AHIP)-A Single Center Randomised Controlled Study Investigating Simultaneous
Near Infrared Spectroscopy Measurements of Cerebral and Peripheral Regional Tissue Oxygenation and Dedicated Interventions.
Front. Pediatr. 2018, 6, 15. [CrossRef]

61. Garner, R.S.; Burchfield, D.J. Treatment of presumed hypotension in very low birthweight neonates: Effects on regional cerebral
oxygenation. Arch. Dis. Child. Fetal Neonatal Ed. 2013, 98, F117–F121. [CrossRef] [PubMed]

62. Thewissen, L.; Naulaers, G.; Hendrikx, D.; Caicedo, A.; Barrington, K.; Boylan, G.; Cheung, P.Y.; Corcoran, D.; El-Khuffash, A.;
Garvey, A.; et al. Cerebral oxygen saturation and autoregulation during hypotension in extremely preterm infants. Pediatr. Res.
2021, 90, 373–380. [CrossRef] [PubMed]

63. Vesoulis, Z.A.; Liao, S.M.; Trivedi, S.B.; Ters, N.E.; Mathur, A.M. A novel method for assessing cerebral autoregulation in preterm
infants using transfer function analysis. Pediatr. Res. 2016, 79, 453–459. [CrossRef]

64. Garvey, A.; Kooi, E.; Smith, A.; Dempsey, E. Interpretation of Cerebral Oxygenation Changes in the Preterm Infant. Children 2018,
5, 94. [CrossRef]

65. Elsayed, Y.N.; Fraser, D. Integrated Evaluation of Neonatal Hemodynamics, Part 2: Systematic Bedside Assessment. Neonatal
Netw. 2016, 35, 192–203. [CrossRef]

http://doi.org/10.1038/s41390-018-0076-y
http://www.ncbi.nlm.nih.gov/pubmed/30072808
http://doi.org/10.1136/bmjpo-2022-001465
http://www.ncbi.nlm.nih.gov/pubmed/36053654
http://doi.org/10.1080/14767058.2016.1199673
http://www.ncbi.nlm.nih.gov/pubmed/27278826
http://doi.org/10.1016/j.echo.2020.11.005
http://doi.org/10.1038/s41372-018-0130-y
http://doi.org/10.3233/NPM-210811
http://doi.org/10.1038/s41372-021-01258-5
http://doi.org/10.11622/smedj.2017036
http://doi.org/10.3233/NPM-16915113
http://doi.org/10.1038/s41372-022-01522-2
http://doi.org/10.1038/s41390-018-0127-4
http://doi.org/10.1016/j.jpeds.2013.12.042
http://doi.org/10.1186/1745-6215-14-120
http://doi.org/10.1542/peds.2010-3791
http://doi.org/10.1159/000151642
http://doi.org/10.3389/fped.2020.00354
http://doi.org/10.1203/00006450-199903000-00009
http://doi.org/10.1203/PDR.0b013e3181991e01
http://doi.org/10.3109/14767058.2015.1085020
http://www.ncbi.nlm.nih.gov/pubmed/26381128
http://doi.org/10.3389/fped.2018.00015
http://doi.org/10.1136/archdischild-2011-301488
http://www.ncbi.nlm.nih.gov/pubmed/22782995
http://doi.org/10.1038/s41390-021-01483-w
http://www.ncbi.nlm.nih.gov/pubmed/33879849
http://doi.org/10.1038/pr.2015.238
http://doi.org/10.3390/children5070094
http://doi.org/10.1891/0730-0832.35.4.192


Children 2023, 10, 519 12 of 13

66. Elsayed, Y.N.; Amer, R.; Seshia, M.M. The impact of integrated evaluation of hemodynamics using targeted neonatal echocardiog-
raphy with indices of tissue oxygenation: A new approach. J. Perinatol. 2017, 37, 527–535. [CrossRef]

67. El-Khuffash, A.; James, A.T.; Corcoran, J.D.; Dicker, P.; Franklin, O.; Elsayed, Y.N.; Ting, J.Y.; Sehgal, A.; Malikiwi, A.; Harabor,
A.; et al. A Patent Ductus Arteriosus Severity Score Predicts Chronic Lung Disease or Death before Discharge. J. Pediatr. 2015,
167, 1354–1361.e2. [CrossRef]

68. Beausoleil, T.P.; Janaillac, M.; Barrington, K.J.; Lapointe, A.; Dehaes, M. Cerebral oxygen saturation and peripheral perfusion
in the extremely premature infant with intraventricular and/or pulmonary haemorrhage early in life. Sci. Rep. 2018, 8, 6511.
[CrossRef]

69. Lee, A.J.; Cohn, J.H.; Ranasinghe, J.S. Cardiac output assessed by invasive and minimally invasive techniques. Anesthesiol. Res.
Pract. 2011, 2011, 475151. [CrossRef]

70. McGovern, M.; Miletin, J. Cardiac Output Monitoring in Preterm Infants. Front. Pediatr. 2018, 6, 84. [CrossRef]
71. O’Neill, R.; Dempsey, E.M.; Garvey, A.A.; Schwarz, C.E. Non-invasive Cardiac Output Monitoring in Neonates. Front. Pediatr.

2021, 8, 614585. [CrossRef] [PubMed]
72. Van Wyk, L.; Gupta, S.; Lawrenson, J.; de Boode, W.P. Accuracy and Trending Ability of Electrical Biosensing Technology

for Non-invasive Cardiac Output Monitoring in Neonates: A Systematic Qualitative Review. Front. Pediatr. 2022, 10, 851850.
[CrossRef] [PubMed]

73. Schwarz, C.E.; O’Toole, J.M.; Livingstone, V.; Pavel, A.M.; Dempsey, E.M. Signal Quality of Electrical Cardiometry and Perfusion
Index in Very Preterm Infants. Neonatology 2021, 118, 672–677. [CrossRef]

74. De Boode, W.P.; van der Lee, R.; Horsberg Eriksen, B.; Nestaas, E.; Dempsey, E.; Singh, Y.; Austin, T.; El-Khuffash, A. The role of
Neonatologist Performed Echocardiography in the assessment and management of neonatal shock. Pediatr. Res. 2018, 84, 57–67.
[CrossRef]

75. Kobe, J.; Mishra, N.; Arya, V.K.; Al-Moustadi, W.; Nates, W.; Kumar, B. Cardiac output monitoring: Technology and choice. Ann.
Card. Anaesth. 2019, 22, 6–17.

76. Van Wyk, L.; Smith, J.; Lawrenson, J.; Lombard, C.J.; de Boode, W.P. Bioreactance Cardiac Output Trending Ability in Preterm
Infants: A Single Centre, Longitudinal Study. Neonatology 2021, 118, 600–608. [CrossRef]

77. Van Wyk, L.; Smith, J.; Lawrenson, J.; de Boode, W.P. Agreement of Cardiac Output Measurements between Bioreactance and
Transthoracic Echocardiography in Preterm Infants during the Transitional Phase: A Single-Centre, Prospective Study. Neonatology
2020, 117, 271–278. [CrossRef]

78. Schwarz, C.E.; Livingstone, V.; O’Toole, J.M.; Healy, D.B.; Panaviene, J.; Dempsey, E.M. Agreement of Cardiac Output Estimates
between Electrical Cardiometry and Transthoracic Echocardiography in Very Preterm Infants. Neonatology 2022, 119, 594–601.
[CrossRef]

79. Weisz, D.E.; Jain, A.; McNamara, P.J.; Afif, E.K. Non-invasive cardiac output monitoring in neonates using bioreactance: A
comparison with echocardiography. Neonatology 2012, 102, 61–67. [CrossRef]

80. Cappelleri, A.; Bussmann, N.; Harvey, S.; Levy, P.T.; Franklin, O.; El-Khuffash, A. Myocardial function in late preterm infants dur-
ing the transitional period: Comprehensive appraisal with deformation mechanics and non-invasive cardiac output monitoring.
Cardiol. Young 2020, 30, 249–255. [CrossRef]

81. Miletin, J.; Semberova, J.; Martin, A.M.; Janota, J.; Stranak, Z. Low cardiac output measured by bioreactance and adverse outcome
in preterm infants with birth weight less than 1250 g. Early Hum. Dev. 2020, 149, 105153. [CrossRef]

82. Song, R.; Rich, W.; Kim, J.H.; Finer, N.N.; Katheria, A.C. The use of electrical cardiometry for continuous cardiac output monitoring
in preterm neonates: A validation study. Am. J. Perinatol. 2014, 31, 1105–1110. [CrossRef] [PubMed]

83. Torigoe, T.; Sato, S.; Nagayama, Y.; Sato, T.; Yamazaki, H. Influence of patent ductus arteriosus and ventilators on electrical
velocimetry for measuring cardiac output in very-low/low birth weight infants. J. Perinatol. 2015, 35, 485–489. [CrossRef]
[PubMed]

84. Victor, S.; Marson, A.G.; Appleton, R.E.; Beirne, M.; Weindling, A.M. Relationship between blood pressure, cerebral electrical
activity, cerebral fractional oxygen extraction, and peripheral blood flow in very low birth weight newborn infants. Pediatr. Res.
2006, 59, 314–319. [CrossRef]

85. Victor, S.; Appleton, R.E.; Beirne, M.; Marson, A.G.; Weindling, A.M. The relationship between cardiac output, cerebral electrical
activity, cerebral fractional oxygen extraction and peripheral blood flow in premature newborn infants. Pediatr. Res. 2006, 60, 456–460.
[CrossRef]

86. Shah, D.; Paradisis, M.; Bowen, J.R. Relationship between systemic blood flow, blood pressure, inotropes, and aEEG in the first
48 h of life in extremely preterm infants. Pediatr. Res. 2013, 74, 314–320. [CrossRef]

87. Pereira, S.S.; Sinha, A.K.; Morris, J.K.; Wertheim, D.F.; Shah, D.K.; Kempley, S.T. Blood pressure intervention levels in preterm
infants: Pilot randomised trial. Arch. Dis. Child. Fetal Neonatal Ed. 2019, 104, F298–F305. [CrossRef]

88. Fairchild, K.D. Predictive monitoring for early detection of sepsis in neonatal ICU patients. Curr. Opin. Pediatr. 2013, 25, 172–179.
[CrossRef]

89. Pavel, A.M.; O’Toole, J.M.; Proietti, J.; Livingstone, V.; Mitra, S.; Marnane, W.P.; Finder, M.; Dempsey, E.M.; Murray, D.M.;
Boylan, G.B.; et al. Machine learning for the early prediction of infants with electrographic seizures in neonatal hypoxic-ischemic
encephalopathy. Epilepsia 2022, 64, 456–468. [CrossRef]

http://doi.org/10.1038/jp.2016.257
http://doi.org/10.1016/j.jpeds.2015.09.028
http://doi.org/10.1038/s41598-018-24836-8
http://doi.org/10.1155/2011/475151
http://doi.org/10.3389/fped.2018.00084
http://doi.org/10.3389/fped.2020.614585
http://www.ncbi.nlm.nih.gov/pubmed/33585366
http://doi.org/10.3389/fped.2022.851850
http://www.ncbi.nlm.nih.gov/pubmed/35372144
http://doi.org/10.1159/000518061
http://doi.org/10.1038/s41390-018-0081-1
http://doi.org/10.1159/000518656
http://doi.org/10.1159/000506203
http://doi.org/10.1159/000525755
http://doi.org/10.1159/000337295
http://doi.org/10.1017/S1047951119003020
http://doi.org/10.1016/j.earlhumdev.2020.105153
http://doi.org/10.1055/s-0034-1371707
http://www.ncbi.nlm.nih.gov/pubmed/24683072
http://doi.org/10.1038/jp.2014.245
http://www.ncbi.nlm.nih.gov/pubmed/25634518
http://doi.org/10.1203/01.pdr.0000199525.08615.1f
http://doi.org/10.1203/01.pdr.0000238379.67720.19
http://doi.org/10.1038/pr.2013.104
http://doi.org/10.1136/archdischild-2017-314159
http://doi.org/10.1097/MOP.0b013e32835e8fe6
http://doi.org/10.1111/epi.17468


Children 2023, 10, 519 13 of 13

90. Azhibekov, T.; Soleymani, S.; Lee, B.H.; Noori, S.; Seri, I. Hemodynamic monitoring of the critically ill neonate: An eye on the
future. Semin. Fetal Neonatal. Med. 2015, 20, 246–254. [CrossRef]

91. Da Costa, C.S.; Greisen, G.; Austin, T. Is near-infrared spectroscopy clinically useful in the preterm infant? Arch. Dis. Child. Fetal
Neonatal Ed. 2015, 100, F558–F561. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.siny.2015.03.003
http://doi.org/10.1136/archdischild-2014-307919
http://www.ncbi.nlm.nih.gov/pubmed/26215405

	Introduction 
	Bedside Clinical Assessment 
	Echocardiography 
	Cerebral and Somatic NIRS 
	Noninvasive Cardiac Output Monitoring 
	EEG 
	Multimodal Monitoring in Cardiovascular Assessment 
	Conclusions 
	References

