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KEY POINTS

� Management of the hemodynamic status of periviable premature infants is challenging
owing to the multitude of etiologies and the unique characteristics of the circulatory
system.

� There are difficulties in monitoring and identifying hemodynamic compromise and a lack
of evidence supporting the current treatment approaches.

� A physiology-based approach to the diagnosis, monitoring and management of low blood
flow sates in periviable infants is likely to produce the best outcomes.
INTRODUCTION

The cardiovascular care of critically ill preterm infants, particularly around the perivi-
able period, remains a significant challenge in the neonatal intensive care unit for a
multitude of reasons. First, the etiologic causes of hemodynamic compromise in
this population are heterogeneous; second, the phenotypic presentation is oftentimes
modified by the complex physiologic processes that occur during transition from fetal
to neonatal life; third, the pharmacologic effects of therapeutic intervention are devel-
opmentally regulated; finally, thresholds to guide intervention, predominantly based
on mean arterial pressure, lack scientific validation. Consequently, the approach to in-
fants with low blood flow states needs to be individualized. The use of regimented pro-
tocols, which usually recommend the administration of fluids followed by stepwise
incremental addition of specific cardiovascular agents, without consideration of their
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biological appropriateness for the active pathophysiologic state, have failed to pro-
duce tangible improvements in short- and long-term outcomes. In fact, recent evi-
dence points toward causing harm.1 Another increasingly recognized challenge is
the lack of feasible and robust measurements of systemic blood flow that facilitate
the identification of hemodynamic compromise. The overreliance on blood pressure,
which is a poor surrogate for systemic blood flow, may result in both overtreatment
and undertreatment of infants in certain physiologic situations. Although methods
for intermittent and/or continuous monitoring of cardiac output and systemic blood
flow are becoming increasingly used, the unique physiologic environment of preterm
infants (with the persistence of fetal shunts) add further challenges to using those
methods. There remains a lack of reliable data on normal blood pressure and cardiac
output values in the neonatal population during the early transitional period and
beyond. Identification of thresholds or clinical scenarios where hemodynamic inter-
vention may modify patient outcomes represents the most important challenge for
neonatal intensivists. Relevant to the clinical decision making process are the active
disease state, phase of physiologic transition, and competing interventions, yet these
are often not considered.
TRANSITIONAL PHYSIOLOGY: CARDIOVASCULAR AND PHYSIOLOGIC CONCEPTS

The transition from fetal to neonatal life is accompanied by important physiologic
changes in the circulatory system: There is a significant increase in systemic vascular
resistance (SVR) resulting in an increase in left ventricular (LV) afterload. This increase
is a consequence of the loss of low resistance placental circulation, and a surge in vaso-
constrictor substances including vasopressin (through vasopressin receptors, which
increase intracellular calcium release and upregulate adrenaline receptors) and throm-
boxane A2 (a potent vasoconstrictor).2 In addition, there is a decrease in pulmonary
vascular resistance (PVR) as a consequence of pulmonary arterial vasodilatation. This
decrease is facilitated by the increase in the partial pressure of oxygen accompanying
lung aeration, and the increased production of potent pulmonary arterial vasodilators
including prostaglandins, bradykinins, and histamine.3 The increase in SVR and
decrease in PVR redirects right ventricular output from shunting across the ductus arte-
riosus (and supplying thebrain) toward thepulmonary vascular bed (to supply the lungs).
This is a crucial step during the early transition, which ensures that LV preload (which
was derived from the placental circulation during fetal life) is maintained by adequate
pulmonary venous return. Themaintenance of adequate LV preload is essential for sus-
taining an adequate LV output (LVO) in the face of a rising LV afterload. Consequently,
right ventricular preload becomes dependent on systemic venous return, and right ven-
tricular afterload remains low owing to decreasing PVR (Figs. 1 and 2).
The additional effects of the timing of cord clamping after birth need to be consid-

ered as an important part of the transitional process. The placenta is thought to hold
30% to 50% of the fetal circulating volume at any one time; therefore, early clamping
of the cord may result in a significant reduction of LV preload and effective LVO. This is
a consequence of the reduction in blood flow to the left atrium from the placental cir-
culation, which is not restored effectively until pulmonary flow blow is established.4

Deferring cord clamping until the infant begins to breath and establish pulmonary
blood flow may result in fewer fluctuations in LVO by ensuring the maintenance of
LV preload (from the placental circulation) until pulmonary venous return takes
over.5 Knowledge of the approach taken in a particular infant (early or deferred clamp-
ing of the umbilical cord) will help with the individualized approach to managing that
particular infant if a low blood flow state is identified.



Fig. 1. The fetal circulation. See text for further details. LA, left atrium; PFO, patent foramen
ovale; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.
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The persistence of fetal shunts can add further complexity to the transitional circu-
lation and may contribute to the evolution of hemodynamic compromise. During
normal transition, the increasing left atrial pressure results in closure of foramen
ovale flap with abolition of transatrial flow. In addition, owing to the increasing
SVR and decreasing PVR, flow across the ductus arteriosus becomes exclusively
left to right within the first 24 hours of life. The increase in oxygen tension, and
decrease in prostaglandin levels postnatally, followed by local atherosclerotic-like
processes within the ductal wall results in an arrest in flow across the ductus, usually
within 48 hours.5,6



Fig. 2. Circulation during early postnatal life. Ca11, calcium ions; cGMP, cyclic guanine
monophosphate; COX, cyclooxygenase; LV, left ventricle; NO, nitric oxide; PVR, pulmonary
vascular resistance; RA, right atrium; SVR, systemic vascular resistance.
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Important Considerations in Preterm Infants

The periviable preterm infant is faced with additional challenges that increase the risk
of hemodynamic compromise, especially during the early transitional period. The
myocardium of the preterm infant possesses an inefficient contractile mechanism
(impaired systolic performance) and a preponderance of noncontractile, poorly
compliant collagen, leading to impaired diastolic performance (Fig. 3).7,8 In addition,
owing to the relatively faster heart rate of preterm infants, the percentage of time spent
in diastole (the time of LV filling) is considerably shorter.9 As a result, it is poorly tolerant
of increased afterload, and lacks the necessary reserve to cope with reduced preload,
both of which are common occurrences during the transitional period as outlined. In
addition to those challenges, preterm infants exhibit a high resting peripheral vascular



Fig. 3. Comparison between term and preterm infant myocytes. In term infants, extracellular
calcium (white circles) enters the cell via L-type calcium channels. This in turn activates the
release of large amounts intracellular calcium stored in the sarcoplasmic reticulum (SR) into
the cytosol. This results in contraction of the myofilament. This whole process is facilitated
by the proximity of the SR to the L-type Ca channels and by the presence of transverse tubules,
which are invaginations of themyocyte cell wall into the cytosol. Relaxation is a result of active
reuptake of cytosolic calcium into the SR. The small amount of calcium that entered the cell via
L-type calcium channels is transportedback to theextracellular compartment via theNa1–Ca21

exchanger. In preterm infants, the SR is physically separated from L-type Ca, the transverse tu-
bules are absent, and the myocyte has a greater surface area to volume ratio. Consequently,
contraction depends on extracellular calcium influx into the cells.
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tone owing to the relatively higher concentration of vasoconstrictive (alpha) receptors
at the expense of vasodilatory (beta receptors). The myocardium on the other hand
lacks adequate adrenergic innervation limiting its ability to increase contractility (ino-
tropy). Furthermore, preterm infants are unable to increase glucocorticoid production
in response to stress owing to the underdeveloped hypothalamic–pituitary–adrenal
axis.10–12 In combination, these factors limit the ability of the preterm myocardium
to respond to inotropes, which generally result in a predominant vasopressor effect
in this population. Finally, left-to-right shunting across a patent ductus arteriosus
(PDA) and a patent foramen ovale (PFO) may further compromise systemic blood
flow and effective cardiac output by short circuiting blood to the lungs (pulmonary
overcirculation) at the expense of the systemic circulation (systemic hypoperfusion).
Preterm infants around the periviable period may be particularly vulnerable to the

effects of left-to-right shunting associated with a significant PDA. Left heart diastolic
function may play a key role in handling the increased blood volume returning to the
heart. In the setting of compromised diastolic function, the increased pulmonary
venous return to the left atriummay result in increased left atrial pressure and eventual
pulmonary venous congestion.13 This process may explain the higher incidence of
pulmonary hemorrhage in this population. Another important factor that compromises
cardiac output is positive end-expiratory pressure. Infants born around the periviable
period are more likely to have reduced respiratory drive at birth coupled with poor lung
compliance and reduced thoracic wall muscle strength, resulting in a significant need
for positive pressure support. Recent recommendations to maintain a relatively higher
positive end-expiratory pressure may result in reduced cardiac output.14 Increased
airway pressure may lead to compression of the intraalveolar capillaries, increased
PVR, and a reduction in effective pulmonary blood flow, pulmonary venous return,
and LVO. This may occur with all modes of mechanical ventilation.15

Neonatal sepsis may also modulate hemodynamic change, particularly during the
transitional period. Sepsis in term infants is associated with a decrease in both systolic
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and diastolic function, measured using the myocardial performance index and pulsed
wave Doppler studies of the mitral inflow.16 In addition, tissue Doppler–derived
myocardial velocities reveal that both LV and right ventricular function are reduced
in the presence of confirmed sepsis; nonsurvivors of neonatal sepsis have significantly
higher troponin levels when compared with survivors.17 Group B Streptococcus is a
leading cause of early neonatal sepsis and induces myocardial injury through a cyto-
toxin (beta-hemolysin/cytolysin), which has deleterious effects on cardiomyocyte
viability, contractility, and calcium exchange.18 In addition to the direct myocardial ef-
fects, neonatal sepsis has a global effect on the cardiovascular systemwith the persis-
tence of pulmonary arterial hypertension and an elevated SVR being the hallmarks of
early disease (cold shock). Infants with Escherichia coli infection and other gram-
negative organismsmay present earlier with vasoactive shock (warm shock). The mor-
tality in neonatal sepsis remains high.19 A similar pattern is observed in necrotizing
enterocolitis, which can also result in vasoactive shock owing to the release of cyto-
kines and the alteration in endothelial function.

Importance of Low Blood Flow States on Neonatal Outcomes

The rationale to correct hypotension and low blood flow states stems from their asso-
ciation with adverse outcomes. Hypotension during the early transitional period
(defined as the lower mean arterial pressure over the first 24 hours) is associated
with adverse outcomes including severe intraventricular hemorrhage, chronic lung
disease, and death.20 However, several studies have also demonstrated that treatment
of hypotension (irrespective of blood pressure) is also independently associated with
death and significant neurodisability.21,22 Similarly, a low LVO and superior vena
cava flow (surrogate markers for systemic blood flow) are also associated with adverse
short- and long-term outcomes, including severe intraventricular hemorrhage and neu-
rodisability.23–27 Correction of low blood flow states in an attempt to avoid those impor-
tant outcomes has not been studied systematically.28 The continued uncertainty
regarding the association between hypotension (and its treatment) with adverse
outcome highlights the need for reliable and valid methods for monitoring the hemody-
namic status of periviable infants. This information will enable more robust trials on in-
terventions to be implemented with the aim of reducing those adverse outcomes.
CURRENT METHODS OF HEMODYNAMIC ASSESSMENT

The complexity of the pathophysiologic processes that contribute to hemodynamic
compromise highlights the fact that no one marker, in isolation, can be reliably used
to characterize the degree of compromise. However, a holistic appraisal of all the clin-
ical and laboratory measures of cardiovascular homeostasis, in addition to the use of
imaging modalities (such as echocardiography), may provide a more complete and
accurate picture of the cause of hemodynamic instability and offer a possible thera-
peutic approach. Commonly used markers include heart rate, blood pressure, and
capillary refill time in addition to measures of end-organ functionality (urinary output,
muscle tone, and the level of consciousness) and laboratory parameters such as arte-
rial pH, lactate, urea, and creatinine.
Heart rate is an important determinant of cardiac output. However, stroke volume

may play a more important role in maintaining cardiac output; recent data suggest
that the increase in LVO seen soon after birth is a result of an increasing stroke
volume rather than heart rate.29 The value of elevated heart rate as a marker of he-
modynamic instability, particularly in the setting of hypovolemia, needs to be consid-
ered in the context of confounders; specifically, these include pain, fever, caffeine
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use, anemia, and arrhythmias. Capillary refill time, as a sign of hemodynamic
compromise, is also very unreliable, and does not indicate the adequacy of blood
flow to internal organs. Although prolonged capillary refill time is associated with
low blood flow, the correlation with echocardiography measurements of cardiac
output is loose at best.30,31 The assessment of renal perfusion in the early neonatal
period is fraught with challenges. Urine output may indicate reduced renal perfusion
in the absence of other pathologies (renal parenchymal disease and obstructive uro-
pathies). Relative oliguria, may be normal in premature infants owing to renal tubular
immaturity. Urine function tests may not reflect true neonatal renal function especially
if taken within the first 24 hours of life. Anaerobic metabolism as a consequence of
poor perfusion may lead elevated plasma lactate levels; however, its interpretation
must be in combination with other markers of reduced perfusion. For example, an
elevated lactate in isolation may be a consequence of increased glycogenolysis
and inborn errors of metabolism. There may also be a delayed increase in serum
lactate levels because poorly perfused areas will mot mobilize the produced lactate
until after adequate blood flow is restored.32 The relative time lag between the onset
of shock and the change in those markers as outlined can make their clinical use less
helpful.

A Focus on Blood Pressure

Meanbloodpressure ismost commonbedsidemeasure usedbyclinicians as ameasure
of the adequacy of perfusion in the neonates. The appeal stems from the relative
simplicity of themeasurement (both invasive and noninvasive) and its continuous nature.
Theoretically, this enables care providers to monitor for hemodynamic compromise
when it arises, and to monitor treatment response once therapy is instituted. However,
there are several limitations to the current approach of the use of blood pressure to
monitor and treat low blood flow states in preterm and term infants. Those limitations
include a lack of robust normative dataset in both term and preterm populations, the
dissociation between blood pressure and systemic blood flow when SVR is not taken
into account, and the overreliance on mean blood pressure rather than the more impor-
tant components of the measurement (systolic and diastolic blood pressures).
The definition of systemic hypotension is highly controversial, with several iterations

currently in use. This lack of uniformity stems from the relative lack of a clear threshold
below which autoregulation is impaired and organ perfusion (and cellular metabolism)
are compromised. In fact, a single threshold may not even exist because it is likely to
vary across different gestations, physiologic phases, and disease states. In practical
terms, clinicians generally use 1 of 3 thresholds to define hypotension. The most
widely used definition of hypotension is unfortunately the one with the least amount
of supportive evidence: a mean blood pressure in mm Hg below the numerical gesta-
tional age of the infant in weeks. This arbitrary definition, although easy to remember,
is not useful for identifying low blood flow states owing to the nonlinear and inverse
relationship between these parameters.33 Another threshold, used to define hypoten-
sion, is a mean blood pressure of less than 30 mm Hg. This cutoff is based on small
studies that suggest there is a loss of cerebral autoregulation and cerebral white
matter damage below this threshold.34,35 There are, however, a lack of studies
demonstrating any benefit to institution of treatment, using either inotropes and/or va-
sopressors, to correct blood pressure above those thresholds. A less commonly used
approach to define hypotension that has recently been advocated is the use of norma-
tive centiles, derived from a large population set, of systolic and diastolic blood pres-
sures.36–38 This approach may be a more appropriate method of screening for
potential hemodynamic compromise, especially when blood pressure falls below
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the third centiles for any given gestation; however, this approach is yet to be assessed
systematically.
Appraisal of the relationship between blood pressure and cardiac output (systemic

blood flow) must consider the SVR39 because blood pressure is proportional to the
product of cardiac output and SVR (blood pressure5 cardiac output� SVR). A normal
arterial pressure in the setting of a high SVR is usually accompanied by low cardiac
output (such as infants with hypoxic ischemic encephalopathy). Conversely, a low
blood pressure in the setting of low SVR may indicate normal or high cardiac output
(such as infants with warm shock). As there are no ways to directly measure SVR in
neonates, all assumptions are implied.
Considering blood pressure by its 2 distinct components, systolic and diastolic, may

lead to a more physiologic basis for diagnosis and treatment of low blood flow states.
Systolic blood pressure may reflect LV contractile force and effective cardiac output;
therefore, a low value may indicate reduced stoke volume (which is influenced by pre-
load, contractility, and afterload). Conversely, diastolic blood pressure may be more
reflective of resting vascular tone (SVR) and intravascular blood volume (fluid status).
Combined systolic and diastolic hypotension may be reflective of circulatory system
failure, which may or may not have antecedent systolic or diastolic hypotension in
isolation.36 The physiologic impact of therapeutic intervention, based on these thresh-
olds, and its relevance to neonatal outcomes needs prospective evaluation.
ENHANCED METHODS FOR ASSESSMENT OF THE HEMODYNAMIC STATUS

The limitations of clinical and laboratory indices support the need for a more compre-
hensive approach to the monitoring of hemodynamic status of sick neonates, identi-
fication of states of hemodynamic compromise, and evaluation of treatment response.
Several new modalities have emerged over the last 15 to 20 years and are becoming
increasingly used in daily clinical practice.

Neonatal Echocardiography

The use of echocardiography to evaluate cardiovascular well-being in neonates is
common in many tertiary neonatal intensive care units.40,41 When used in combination
with clinical findings (to place the examination in context), neonatal echocardiography
may be an invaluable tool for the identification of hemodynamic compromise, guiding
therapeutic intervention, and monitoring treatment response. Over the last decade,
there has been an increasing use of echocardiography performed by neonatologists
around the world.42 Neonatal echocardiography is most commonly used for the
assessment of PDA significance, determining treatment benefit, and confirming
PDA closure after treatment43; the prediction and management of hemodynamic
instability after PDA ligation in preterm infants44,45; assessment of myocardial perfor-
mance and monitoring treatment response in neonates with persistent pulmonary
hypertension of the newborn and hypoxic ischemic encephalopathy46–48; and the
assessment of central line positioning.49,50 There are an increasing number of pro-
spective studies that highlight the potential merits of neonatal echocardiography in
identification of cardiovascular compromise and guiding neonatal cardiovascular
care.44,51–53 Regular use of echocardiography in the neonatal setting can lead to
tangible improvement in the provision of care. Regular daily echocardiography once
indomethacin treatment is instigated for PDA closure results in a reduction on the
number of indomethacin doses given (and exposure to potential adverse effects)
without increasing the number of treatment failures.53 In addition, the use of echocar-
diography to provide targeted PDA treatment may result in a reduction of severe
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intraventricular hemorrhage and pulmonary haemorrhages.51,52 For neonates under-
going PDA ligation, echocardiography is now used to identify potential infants at
risk of hemodynamic compromise after the procedure and provide targeted therapy
to avoid this compromise with significant success.44,45 A detailed description of the
use of echocardiography in various clinical scenarios in the preterm neonatal setting
and its use to guide therapy has been described in detail by our group previously.36,40

There is a clear need for the systematic evaluation of a targeted approach that guides
an individualized treatment regimen of hypotension and low blood flow states and is
physiologically based. This is of particular importance to the periviable infant
population.
To ensure safe and effective use of this modality in the neonatal intensive care unit,

there needs to be structured training programs designed to ensure competency and
build clinical expertise in this field. There are currently 3 guidelines in existence with
recommendations for training in basic and advanced echocardiography skills, building
clinical expertise, maintenance of the acquired skills, and the infrastructure required
for the implementation of a successful training program.54–56 The only accredited
training pathway for neonatal echocardiography currently in existence is the Neonatal
Certificate in Clinician Performed Ultrasound, which is run by the Australian Society of
Ultrasound Medicine (available from www.asum.com.au). The relative heterogeneity
of these training programs (which is largely explained by the differing training needs
across the various jurisdictions) highlights the need for the development of further
accredited training bodies that hold the responsibility for training and ongoing
maintenance of skills. The introduction of clinical programs should consider local
expertise, patient populations, and proximity to pediatric echocardiography service;
wherever possible, collaboration with pediatric echocardiography programs should
be encouraged.

Noninvasive Techniques for Monitoring Cardiac Output

Although there are many advantages to imaging-guided care, the techniques required
considerable skill and can only provide discrete intermittent measurements. The ability
to provide continuous monitoring of cardiac output and possibly SVR in the neonatal
population would be a welcome addition. In older children, and in adults, this can be
achieved using thermodilution with a pulmonary artery catheter, an arterial catheter for
pulse contour analysis, an intratracheal tube for partial CO2 rebreathing, or an intraoe-
sophageal probe for continuous Doppler velocity flow assessment. Thermodilution is
regarded as the gold standard for continuous hemodynamic monitoring; however, this
method is not feasible in the neonates owing to the invasive nature of the technique
and the size constrains of the population of interest. Two relatively new noninvasive
approaches for continuous monitoring of cardiac output based on the expanded the-
ory of bioimpedance have recently emerged, namely, transthoracic bioreactance
(TBR) and electrical velocimetry (EV).
TBR derives an estimate of stroke volume of the blood ejected from the aorta by

measuring the degree of phase shift of an electrical current as it traverses the thorax
(rather than measuring the attenuation of amplitude—bioimpedance). The system
contains an algorithm that uses the degree of phase shift to derive stroke volume.
Cardiac output can be derived by multiplying stroke volume by the heart rate. Interest-
ingly, TBR can also be used to derive the SVR when invasive blood pressure readings
are known, adding the potential advantage of knowing the 3 components that deter-
mine flow. This method has been validated extensively in the adult population against
thermodilution with good agreement demonstrated.57 TBR also possesses high sensi-
tivity and specificity for predicting significant hemodynamic changes in critically ill

http://www.asum.com.au
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adults, with good precision and responsiveness, in a wide range of intensive care cir-
culatory situations when compared with thermodilution.58 Validation studies in neo-
nates have focused on comparing this technique with echocardiography. There is a
strong correlation between TBR-derived LVO and both stroke volume and echocardi-
ography derived parameters; however, there seems to be a systematic underestima-
tion in TBR-derived values on the order of 30%.59 TBR may also detect important
hemodynamic changes occurring after PDA ligation in preterm infants.60 Validation
in small animal models with stroke volumes comparable to those in neonates
(1–3 mL) demonstrated good agreement between TBR and invasive measurement
of aortic blood flow.61 The effect of significant intracardiac (PFO) and extracardiac
(PDA) shunts on this technique has not been investigated to date in sick neonates.
Current research using TBR is directed at delineating the hemodynamic profile on in-
fants with hypoxic ischemic encephalopathy and persistent pulmonary hypertension
of the newborn, with an assessment of the impact of therapeutic interventions on
those parameters.
EV is based on the theory that the conductivity of blood in the aorta is higher during

systole when all red blood cells are aligned in the direction of flow and lower in diastole
when the red blood cells are randomly oriented. The mean rate of change in conduc-
tivity may be used to derive aortic stroke volume. There is evidence that EV-derived
estimates of cardiac output are comparable with those obtained using echocardiog-
raphy, with a mean difference of 4 mL/min. This method, however, demonstrates rela-
tively wide limits of agreement ranging between �234 and 242 mL/min, with an
adjusted percentage bias of 31.6%.62 In addition, EV estimates of cardiac output
are significantly influenced by a PDA and PFO. The presence of a high-volume shunt
across the PDA increased the bias between the 2 methods from �6 to �36 mL/min in
1 study.63 In another study, a PDA and PFO had a cumulative effect on EV mea-
surements leading to an overestimation of EV-derived values when compared with
echocardiography.64 Further studies are required for both modalities to further
demonstrate their potential benefit in the management of the hemodynamic status
of neonates before widespread clinical use.

Near Infrared Spectroscopy

Near infrared spectroscopy (NIRS) offers the ability to assess target organ blood flow.
It offers additional information regarding organ perfusion, which supplements data
provided by echocardiography and other modalities.65 The use of NIRS to assess ce-
rebral perfusion is also subject to scientific adjudication. Early studies from adults
demonstrated the benefit of NIRS in measuring cerebral perfusion during therapeutic
hypothermia after cardiac arrest and during cardiac surgery.66,67 Cerebral NIRS may
also possess important prognostic abilities after cardiac arrest in adults.68,69 Some of
the first studies of NIRS in neonates also examined its use after cardiac surgery.70,71

In preterm infants, NIRS-derived fractional tissue oxygen extraction and regional ce-
rebral oxygen saturation reference values, particularly over the first 72 hours of life, are
emerging.72 NIRS may provide novel insights into the effect of various disease states
on end-organ flow. Recently, the use of NIRS was studied in infants with a hemody-
namically significant PDA and demonstrated a decrease in regional cerebral oxygen
saturation when a PDA persisted.73 NIRS can also be used to assess regional satura-
tions and fractional tissue oxygen extraction in the splanchnic vasculature with
evidence, suggesting that this technique may be able to distinguish between compli-
cated and uncomplicated necrotizing enterocolitis.74 However, one of the most
exciting uses of NIRS is its use in guiding the treatment of potential hemodynamic
compromise and cerebral hypoxia in the preterm population. In a multicenter,
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randomized, controlled trial, infants monitored with NIRS and treated for evolving ce-
rebral hypoxia had a lower cerebral hypoxic burden when compared with infants who
were not treated based on NIRS findings.75,76 The long-term benefit of this approach
has yet to be elucidated. The role of NIRS as an ancillary monitoring device to support
cardiovascular decision making in the neonatal intensive care unit is yet to be eluci-
dated and should remain an investigative tool.

Cardiac MRI

Cardiovascular MRI, using balanced steady-state free precession, has been used
recently in preterm infants to provide a more accurate delineation of myocardial vol-
ume, function, dimension, and flow across important shunts, such as a PDA. It has
been validated recently in the neonatal population.77,78 Its use in the preterm population
remains in the research area at present, but this technique may provide novel insights.

A PATHOPHYSIOLOGY-BASED APPROACH TO THE MANAGEMENT OF LOW BLOOD
FLOW STATES

Advances in neonatal intensive care, coupled with our enhanced understanding of
preterm infant transitional physiology and the introduction of the enhanced methods
of assessment as outlined, can pave the way for a more holistic approach to the man-
agement of low blood flow states and hypotension. Periviable preterm infants, with
their inherent challenges, are the population most likely to benefit from this approach.
The principles of this approach include a more objective assessment of the cardiovas-
cular system as a whole, including a focus of target organ flow. This objective assess-
ment needs to be performed on a continuous basis during the critical transitional
period. This monitoring will enable a targeted and tailored approach to each physio-
logic situation (Fig. 4).
Fig. 4. The complexity of comprehensive monitoring of the hemodynamic status of perivi-
able infants. ECHO, echocardiography; LV, left ventricular; NICOM, noninvasive cardiac
output monitoring; NIRS, near infrared spectroscopy; SVR, systemic vascular resistance.
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Treatment of low blood pressure in isolation may not necessarily translate into an
improvement in systemic blood flow, because many cardiotropic agents (eg, dopa-
mine) act by increasing SVR but at the expense of cardiac output. This approach
does not take into account the maturity of the infant, the underlying cause, the pre-
sumed physiology, or other potential iatrogenic influences on systemic blood flow,
including other medications, mechanical ventilation, or the presence of a PDA. There
is limited evidence supporting the use of current therapeutic agents. Rather, the ulti-
mate goal of treatment should be to maintain adequate oxygen delivery and tissue
oxygenation to ensure normal cellular metabolism and not “normalizing” the blood
pressure. Other factors influencing the adequacy of cellular oxygen delivery include
hemoglobin and oxygen saturation, as well as factors influencing myocardial perfor-
mance. Oxygen consumption should also be minimized by ensuring adequate seda-
tion if necessary, pain control, and normothermia. A suggested approach to
management is summarized in Fig. 5.
Fig. 5. Physiology-based approach to management of low blood flow states. BP, blood pres-
sure; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; PPHN, persistent pulmo-
nary hypertension of the newborn; SVR, systemic vascular resistance.
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SUMMARY

Preterm infants, particularly infants around the periviable period, provide a consider-
able challenge in the management of hemodynamic compromise. The pathophysi-
ology and etiology is varied and depends on a variety of antenatal factors,
transitional events, and postnatal stressors. This variation has precluded the benefit
of a standardized approach to management. Individualized care is likely to be the
most appropriate pathway to ensure optimal outcomes. To achieve this care and
devise an initialized approach, reliable, precise and valid methods are needed to offer
optimal and continuous monitoring.

REFERENCES

1. Kuint J, Barak M, Morag I, et al. Early treated hypotension and outcome in very
low birth weight infants. Neonatology 2009;95(4):311–6.

2. Liedel JL, Meadow W, Nachman J, et al. Use of vasopressin in refractory hypo-
tension in children with vasodilatory shock: five cases and a review of the litera-
ture. Pediatr Crit Care Med 2002;3(1):15–8.

3. Lang JA, Pearson JT, te Pas AB, et al. Ventilation/perfusion mismatch during lung
aeration at birth. J Appl Physiol (1985) 2014;117(5):535–43.

4. van Vonderen JJ, Roest AA, Siew ML, et al. Measuring physiological changes
during the transition to life after birth. Neonatology 2014;105(3):230–42.

5. Hooper SB, Polglase GR, te Pas AB. A physiological approach to the timing of
umbilical cord clamping at birth. Arch Dis Child Fetal Neonatal Ed 2014;100(4):
F355–60.

6. Hermes-DeSantis ER, Clyman RI. Patent ductus arteriosus: pathophysiology and
management. J Perinatol 2006;26(Suppl 1):S14–8.

7. Rowland DG, Gutgesell HP. Noninvasive assessment of myocardial contractility,
preload, and afterload in healthy newborn infants. Am J Cardiol 1995;75(12):
818–21.

8. Noori S, Seri I. Pathophysiology of newborn hypotension outside the transitional
period. Early Hum Dev 2005;81(5):399–404.

9. Ali I, Ryan CA. Transient renal failure in twins with maternal Cox-1/Cox-2 use in
pregnancy. Ir Med J 2005;98(10):249–50.

10. Ng PC, Lee CH, Lam CW, et al. Transient adrenocortical insufficiency of prema-
turity and systemic hypotension in very low birthweight infants. Arch Dis Child
Fetal Neonatal Ed 2004;89(2):F119–26.

11. Ng PC, Lam CW, Fok TF, et al. Refractory hypotension in preterm infants with
adrenocortical insufficiency. Arch Dis Child Fetal Neonatal Ed 2001;84(2):F122–4.

12. Noori S, Friedlich P, Wong P, et al. Hemodynamic changes after low-dosage hy-
drocortisone administration in vasopressor-treated preterm and term neonates.
Pediatrics 2006;118(4):1456–66.

13. Dokainish H. Left ventricular diastolic function and dysfunction: central role of
echocardiography. Glob Cardiol Sci Pract 2015;2015:3.

14. Fajardo MF, Claure N, Swaminathan S, et al. Effect of positive end-expiratory
pressure on ductal shunting and systemic blood flow in preterm infants with pat-
ent ductus arteriosus. Neonatology 2014;105(1):9–13.

15. Polglase GR, Miller SL, Barton SK, et al. Respiratory support for premature neo-
nates in the delivery room: effects on cardiovascular function and the develop-
ment of brain injury. Pediatr Res 2014;75(6):682–8.

16. Tomerak RH, El-Badawy AA, Hussein G, et al. Echocardiogram done early in
neonatal sepsis: what does it add? J Investig Med 2012;60(4):680–4.

http://refhub.elsevier.com/S0095-5108(17)30016-7/sref1
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref1
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref2
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref2
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref2
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref3
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref3
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref4
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref4
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref5
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref5
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref5
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref6
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref6
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref7
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref7
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref7
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref8
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref8
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref9
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref9
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref10
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref10
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref10
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref11
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref11
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref12
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref12
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref12
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref13
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref13
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref14
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref14
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref14
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref15
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref15
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref15
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref16
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref16


El-Khuffash & McNamara14
17. Abdel-Hady HE, Matter MK, El-Arman MM. Myocardial dysfunction in neonatal
sepsis: a tissue Doppler imaging study. Pediatr Crit Care Med 2012;13(3):
318–23.

18. Hensler ME, Miyamoto S, Nizet V. Group B streptococcal beta-hemolysin/
cytolysin directly impairs cardiomyocyte viability and function. PLoS One 2008;
3(6):e2446.

19. Barrington KJ. Common hemodynamic problems in the neonate. Neonatology
2013;103(4):335–40.

20. Faust K, Hartel C, Preuss M, et al. Short-term outcome of very-low-birthweight in-
fants with arterial hypotension in the first 24 h of life. Arch Dis Child Fetal Neonatal
Ed 2015;100(5):F388–92.

21. Batton B, Li L, Newman NS, 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(3):F201–6.

22. Szpecht D, Szymankiewicz M, Nowak I, et al. Intraventricular hemorrhage in ne-
onates born before 32 weeks of gestation-retrospective analysis of risk factors.
Childs Nerv Syst 2016;32(8):1399–404.

23. Kluckow M, Evans N. Low superior vena cava flow and intraventricular haemor-
rhage in preterm infants. Arch Dis Child Fetal Neonatal Ed 2000;82(3):F188–94.

24. Osborn DA, Evans N, Kluckow M. Hemodynamic and antecedent risk factors of
early and late periventricular/intraventricular hemorrhage in premature infants.
Pediatrics 2003;112(1 Pt 1):33–9.

25. Hunt RW, Evans N, Rieger I, et al. Low superior vena cava flow and neurodevel-
opment at 3 years in very preterm infants. J Pediatr 2004;145(5):588–92.

26. Noori S, McCoy M, Anderson MP, et al. Changes in cardiac function and cerebral
blood flow in relation to peri/intraventricular hemorrhage in extremely preterm in-
fants. J Pediatr 2014;164(2):264–70.

27. James AT, Corcoran JD, Franklin O, et al. Clinical utility of right ventricular frac-
tional area change in preterm infants. Early Hum Dev 2016;92:19–23.

28. Paradisis M, Evans N, Kluckow M, et al. Pilot study of milrinone for low systemic
blood flow in very preterm infants. J Pediatr 2006;148(3):306–13.

29. van Vonderen JJ, Roest AA, Siew ML, et al. Noninvasive measurements of hemo-
dynamic transition directly after birth. Pediatr Res 2014;75(3):448–52.

30. Osborn D, Evans N, Kluckow M. Randomized trial of dobutamine versus dopa-
mine in preterm infants with low systemic blood flow. J Pediatr 2002;140(2):
183–91.

31. Gale C. Question 2. Is capillary refill time a useful marker of haemodynamic status
in neonates? Arch Dis Child 2010;95(5):395–7.

32. de Boode WP. Clinical monitoring of systemic hemodynamics in critically ill new-
borns. Early Hum Dev 2010;86(3):137–41.

33. Stranak Z, Semberova J, Barrington K, et al. International survey on diagnosis
and management of hypotension in extremely preterm babies. Eur J Pediatr
2014;173(6):793–8.

34. Munro MJ, Walker AM, Barfield CP. Hypotensive extremely low birth weight in-
fants have reduced cerebral blood flow. Pediatrics 2004;114(6):1591–6.

35. Borch K, Lou HC, Greisen G. Cerebral white matter blood flow and arterial blood
pressure in preterm infants. Acta Paediatr 2010;99(10):1489–92.

36. Giesinger RE, McNamara PJ. Hemodynamic instability in the critically ill neonate:
an approach to cardiovascular support based on disease pathophysiology.
Semin Perinatol 2016;40(3):174–88.

http://refhub.elsevier.com/S0095-5108(17)30016-7/sref17
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref17
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref17
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref18
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref18
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref18
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref19
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref19
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref20
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref20
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref20
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref21
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref21
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref21
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref22
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref22
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref22
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref23
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref23
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref24
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref24
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref24
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref25
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref25
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref26
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref26
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref26
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref27
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref27
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref28
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref28
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref29
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref29
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref30
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref30
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref30
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref31
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref31
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref32
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref32
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref33
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref33
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref33
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref34
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref34
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref35
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref35
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref36
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref36
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref36


Hemodynamic Assessment and Monitoring 15
37. Hegyi T, Anwar M, Carbone MT, et al. Blood pressure ranges in premature infants:
II. The first week of life. Pediatrics 1996;97(3):336–42.

38. Hegyi T, Carbone MT, Anwar M, et al. Blood pressure ranges in premature infants.
I. The first hours of life. J Pediatr 1994;124(4):627–33.

39. Kluckow M, Evans N. Relationship between blood pressure and cardiac output in
preterm infants requiring mechanical ventilation. J Pediatr 1996;129(4):506–12.

40. El-Khuffash AF, McNamara PJ. Neonatologist-performed functional echocardiog-
raphy in the neonatal intensive care unit. Semin Fetal Neonatal Med 2011;16(1):
50–60.

41. Weisz DE, Poon WB, James A, et al. Low cardiac output secondary to a malpo-
sitioned umbilical venous catheter: value of targeted neonatal echocardiography.
AJP Rep 2014;4(1):23–8.

42. Evans N, Gournay V, Cabanas F, et al. Point-of-care ultrasound in the neonatal
intensive care unit: international perspectives. Semin Fetal Neonatal Med 2011;
16(1):61–8.

43. El-Khuffash A, Weisz DE, McNamara PJ. Reflections of the changes in patent
ductus arteriosus management during the last 10 years. Arch Dis Child Fetal
Neonatal Ed 2016;101(5):F474–8.

44. Jain A, Sahni M, El-Khuffash A, et al. Use of targeted neonatal echocardiography
to prevent postoperative cardiorespiratory instability after patent ductus arterio-
sus ligation. J Pediatr 2012;160(4):584–9.

45. El-Khuffash AF, Jain A, Weisz D, et al. Assessment and treatment of post patent
ductus arteriosus ligation syndrome. J Pediatr 2014;165(1):46–52.

46. James AT, Corcoran JD, McNamara PJ, et al. The effect of milrinone on right and
left ventricular function when used as a rescue therapy for term infants with pul-
monary hypertension. Cardiol Young 2016;26(1):90–9.

47. Sehgal A, Wong F, Menahem S. Speckle tracking derived strain in infants with se-
vere perinatal asphyxia: a comparative case control study. Cardiovasc Ultra-
sound 2013;11:34.

48. McNamara PJ, Shivananda SP, Sahni M, et al. Pharmacology of milrinone in ne-
onates with persistent pulmonary hypertension of the newborn and suboptimal
response to inhaled nitric oxide. Pediatr Crit Care Med 2013;14(1):74–84.

49. Jain A, McNamara PJ, Ng E, et al. The use of targeted neonatal echocardiogra-
phy to confirm placement of peripherally inserted central catheters in neonates.
Am J Perinatol 2012;29(2):101–6.

50. El-Khuffash A, Herbozo C, Jain A, et al. Targeted neonatal echocardiography
(TnECHO) service in a Canadian neonatal intensive care unit: a 4-year experi-
ence. J Perinatol 2013;33(9):687–90.

51. O’Rourke DJ, El-Khuffash A, Moody C, et al. Patent ductus arteriosus evaluation
by serial echocardiography in preterm infants. Acta Paediatr 2008;97(5):574–8.

52. Kluckow M, Jeffery M, Gill A, et al. A randomised placebo-controlled trial of early
treatment of the patent ductus arteriosus. Arch Dis Child Fetal Neonatal Ed 2014;
99(2):F99–104.

53. Carmo KB, Evans N, Paradisis M. Duration of indomethacin treatment of the pre-
term patent ductus arteriosus as directed by echocardiography. J Pediatr 2009;
155(6):819–22.

54. Singh Y, Gupta S, Groves AM, et al. Expert consensus statement ’Neonatologist-
performed echocardiography (NoPE)’-training and accreditation in UK. Eur J Pe-
diatr 2016;175(2):281–7.

55. Mertens L, Seri I, Marek J, et al. Targeted neonatal echocardiography in the
neonatal intensive care unit: practice guidelines and recommendations for

http://refhub.elsevier.com/S0095-5108(17)30016-7/sref37
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref37
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref38
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref38
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref39
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref39
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref40
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref40
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref40
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref41
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref41
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref41
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref42
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref42
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref42
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref43
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref43
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref43
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref44
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref44
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref44
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref45
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref45
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref46
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref46
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref46
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref47
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref47
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref47
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref48
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref48
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref48
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref49
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref49
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref49
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref50
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref50
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref50
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref51
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref51
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref52
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref52
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref52
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref53
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref53
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref53
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref54
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref54
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref54
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55


El-Khuffash & McNamara16
training writing group of the American Society of Echocardiography (ASE) in
collaboration with the European Association of Echocardiography (EAE) and
the Association for European Pediatric Cardiologists (AEPC). J Am Soc Echocar-
diogr 2011;24(10):1057–78.

56. de Boode WP, Singh Y, Gupta S, et al. Recommendations for neonatologist per-
formed echocardiography in Europe: consensus statement endorsed by Euro-
pean Society for Paediatric Research (ESPR) and European Society for
Neonatology (ESN). Pediatr Res 2016;80(4):465–71.

57. Squara P, Denjean D, Estagnasie P, et al. Noninvasive cardiac output monitoring
(NICOM): a clinical validation. Intensive Care Med 2007;33(7):1191–4.

58. Marque S, Cariou A, Chiche JD, et al. Comparison between Flotrac-Vigileo and
Bioreactance, a totally noninvasive method for cardiac output monitoring. Crit
Care 2009;13(3):R73.

59. Weisz DE, Jain A, McNamara PJ, et al. Non-invasive cardiac output monitoring in
neonates using bioreactance: a comparison with echocardiography. Neona-
tology 2012;102(1):61–7.

60. Weisz DE, Jain A, Ting J, et al. Non-invasive cardiac output monitoring in preterm
infants undergoing patent ductus arteriosus ligation: a comparison with echocar-
diography. Neonatology 2014;106(4):330–6.

61. Heerdt PM, Wagner CL, Demais M, et al. Noninvasive cardiac output monitoring
with bioreactance as an alternative to invasive instrumentation for preclinical drug
evaluation in beagles. J Pharmacol Toxicol Methods 2011;64(2):111–8.

62. Noori S, Drabu B, Soleymani S, et al. Continuous non-invasive cardiac output
measurements in the neonate by electrical velocimetry: a comparison with echo-
cardiography. Arch Dis Child Fetal Neonatal Ed 2012;97(5):F340–3.

63. Torigoe T, Sato S, Nagayama Y, et al. 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(7):485–9.

64. Blohm ME, Hartwich J, Obrecht D, et al. Effect of patent ductus arteriosus and
patent foramen ovale on left ventricular stroke volume measurement by electrical
velocimetry in comparison to transthoracic echocardiography in neonates. J Clin
Monit Comput 2016. [Epub ahead of print].

65. Murkin JM, Arango M. Near-infrared spectroscopy as an index of brain and tissue
oxygenation. Br J Anaesth 2009;103(Suppl 1):i3–13.

66. Suffoletto B, Kristan J, Rittenberger JC, et al. Near-infrared spectroscopy in post-
cardiac arrest patients undergoing therapeutic hypothermia. Resuscitation 2012;
83(8):986–90.

67. Senanayake E, Komber M, Nassef A, et al. Effective cerebral protection using
near-infrared spectroscopy monitoring with antegrade cerebral perfusion during
aortic surgery. J Cardiovasc Surg 2012;27(2):211–6.

68. Shin’oka T, Nollert G, Shum-Tim D, et al. Utility of near-infrared spectroscopic
measurements during deep hypothermic circulatory arrest. Ann Thorac Surg
2000;69(2):578–83.

69. Abdul-Khaliq H, Schubert S, Troitzsch D, et al. Dynamic changes in cerebral
oxygenation related to deep hypothermia and circulatory arrest evaluated by
near-infrared spectroscopy. Acta Anaesthesiol Scand 2001;45(6):696–701.

70. Abdul-Khaliq H, Troitzsch D, Schubert S, et al. Cerebral oxygen monitoring dur-
ing neonatal cardiopulmonary bypass and deep hypothermic circulatory arrest.
Thorac Cardiovasc Surg 2002;50(2):77–81.

71. Toet MC, Flinterman A, Laar I, et al. Cerebral oxygen saturation and electrical
brain activity before, during, and up to 36 hours after arterial switch procedure

http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref55
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref56
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref56
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref56
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref56
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref57
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref57
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref58
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref58
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref58
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref59
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref59
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref59
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref60
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref60
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref60
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref61
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref61
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref61
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref62
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref62
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref62
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref63
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref63
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref63
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref64
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref64
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref64
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref64
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref65
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref65
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref66
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref66
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref66
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref67
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref67
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref67
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref68
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref68
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref68
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref69
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref69
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref69
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref70
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref70
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref70
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref71
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref71


Hemodynamic Assessment and Monitoring 17
in neonates without pre-existing brain damage: its relationship to neurodevelop-
mental outcome. Exp Brain Res 2005;165(3):343–50.

72. Alderliesten T, Dix L, Baerts W, et al. Reference values of regional cerebral oxy-
gen saturation during the first 3 days of life in preterm neonates. Pediatr Res
2016;79(1–1):55–64.

73. Dix L, Molenschot M, Breur J, et al. Cerebral oxygenation and echocardiographic
parameters in preterm neonates with a patent ductus arteriosus: an observational
study. Arch Dis Child Fetal Neonatal Ed 2016. [Epub ahead of print].

74. Schat TE, Schurink M, van der Laan ME, et al. Near-infrared spectroscopy to Pre-
dict the Course of Necrotizing enterocolitis. PLoS One 2016;11(5):e0154710.

75. Pellicer A, Greisen G, Benders M, et al. The SafeBoosC phase II randomised clin-
ical trial: a treatment guideline for targeted near-infrared-derived cerebral tissue
oxygenation versus standard treatment in extremely preterm infants. Neonatology
2013;104(3):171–8.

76. Plomgaard AM, van Oeveren W, Petersen TH, et al. The SafeBoosC II randomized
trial: treatment guided by near-infrared spectroscopy reduces cerebral hypoxia
without changing early biomarkers of brain injury. Pediatr Res 2016;79(4):528–35.

77. Broadhouse KM, Price AN, Durighel G, et al. Assessment of PDA shunt and sys-
temic blood flow in newborns using cardiac MRI. NMR Biomed 2013;26(9):
1135–41.

78. Price AN, Malik SJ, Broadhouse KM, et al. Neonatal cardiac MRI using prolonged
balanced SSFP imaging at 3T with active frequency stabilization. Magn Reson
Med 2013;70(3):776–84.

http://refhub.elsevier.com/S0095-5108(17)30016-7/sref71
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref71
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref72
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref72
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref72
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref73
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref73
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref73
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref74
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref74
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref75
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref75
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref75
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref75
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref76
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref76
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref76
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref77
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref77
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref77
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref78
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref78
http://refhub.elsevier.com/S0095-5108(17)30016-7/sref78

	Hemodynamic Assessment and Monitoring of Premature Infants
	Key points
	Introduction
	Transitional physiology: Cardiovascular and physiologic concepts
	Important Considerations in Preterm Infants
	Importance of Low Blood Flow States on Neonatal Outcomes

	Current methods of hemodynamic assessment
	A Focus on Blood Pressure

	Enhanced methods for assessment of the hemodynamic status
	Neonatal Echocardiography
	Noninvasive Techniques for Monitoring Cardiac Output
	Near Infrared Spectroscopy
	Cardiac MRI

	A pathophysiology-based approach to the management of low blood flow states
	Summary
	References


