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The highest incidence of sepsis across all age groups occurs in neonates leading to substantial mortality and morbidity.
Cardiovascular dysfunction frequently complicates neonatal sepsis including biventricular systolic and/or diastolic dysfunction,
vasoregulatory failure, and pulmonary arterial hypertension. The haemodynamic response in neonatal sepsis can be hyperdynamic
or hypodynamic and the underlying pathophysiological mechanisms are heterogeneous. The diagnosis and definition of both
neonatal sepsis and cardiovascular dysfunction complicating neonatal sepsis are challenging and not consensus-based. Future
developments in neonatal sepsis management will be facilitated by common definitions and datasets especially in neonatal

cardiovascular optimisation.
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IMPACT:

® Cardiovascular dysfunction is common in neonatal sepsis but there is no consensus-based definition, making calculating the

incidence and designing clinical trials challenging.

® Neonatal cardiovascular dysfunction is related to the inflammatory response, which can directly target myocyte function and

systemic haemodynamics.

INTRODUCTION
Sepsis has been declared a global health priority by the World Health
Organisation." The highest sepsis incidence across all age groups
occurs in neonates, affecting an estimated 22 per 1000 live births
with a mortality ranging from 3 to 19% and an unquantified burden
of long-term neurological impairment.*® However, these data are
imprecise due to the absence of internationally accepted unified
diagnostic criteria or a definition of neonatal sepsis which has led to
difficulty in both diagnosis and in forming an evidence-based
approach to treatment.* Sepsis-induced cardiovascular dysfunction
includes myocardial dysfunction; vasoregulatory failure, which may
lead to systemic vasodilation or vasoconstriction; and pulmonary
hypertension (PHT), which is seen in approximately 50% of septic
neonates.” Neonatal sepsis may induce a low cardiac output state or
a hyperdynamic circulation.® Cardiovascular dysfunction complicat-
ing sepsis increases mortality and has therefore been extensively
studied in the adult and paediatric literature.”® However, there
remains a dearth of studies in the neonatal literature which
specifically address the cardiovascular consequences of sepsis.

In this review, we summarise these data to date focussing on
the mechanisms and pathophysiology of sepsis-induced

cardiovascular dysfunction in neonates. Intrauterine infection is a
major cause of early preterm birth and is present in approximately
a quarter of all preterm deliveries.® Thus, we also examine the
relationship between intra-uterine infection, the fetal inflamma-
tory response syndrome and fetal cardiovascular dysfunction.
Challenges inherent to the assessment and management of
cardiovascular dysfunction in neonatal sepsis, goal-directed
therapy, and the importance of an individualised patient approach
are discussed in the second and third papers of this series.

DEFINITIONS OF NEONATAL SEPSIS AND CARDIOVASCULAR
DYSFUNCTION

Sepsis is a syndrome identified by a constellation of signs and
symptoms in a patient with a suspected infection. Sepsis was
previously defined as the systemic inflammatory response
syndrome (SIRS) that occurs during infection. However, the Third
International Consensus Definitions for Sepsis and Septic Shock
(Sepsis-3) has recently defined sepsis in adults as life-threatening
organ dysfunction caused by a dysregulated response to
infection,'® moving away from the SIRS definition. Such organ
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22 inotropes AND Systemic

steroids

>2 inotropes OR 1 inotrope and

systemic steroids

One inotrope AND No

systemic steroids

No inotropes AND Systemic

steroids

No inotropes AND No systemic

steroids

0

Criteria

Haematological

Platelet count 100-149 x 103 Platelet count <100 x 103 Platelet count <50 x 10>

Platelet count =150 x 103

Criteria

dysfunction is identified by an acute increase in the sequential
organ failure assessment (SOFA) score consequent to infection.
The International Consensus defined septic shock as a subset of
sepsis in which particularly profound circulatory, cellular and
metabolic abnormalities are associated with a greater risk of
mortality than with sepsis alone.'® Clinically, the Sepsis-3
definition correlated septic shock, in the adult population, with a
vasopressor requirement to maintain a mean arterial pressure of
65 mmHg or greater and a serum lactate level greater than
2mmol/L (>18 mg/dL) in the absence of hypovolaemia. This
combination of findings is associated with a hospital mortality rate
of over 40%. The definition of sepsis for children is also in flux."" In
2005, the International Pediatric Sepsis Consensus Conference
(IPSCCQ) definitions were introduced in order to enable enrolment
in a clinical trial; however, these definitions have never been
validated. Concerns exist regarding the application of the Sepsis-3
definitions to children, due to the difference in pathophysiological
mechanisms in paediatric sepsis and the fact that the paediatric
SOFA score has not yet been well validated.'*'?

Similarly, there remains no consensus definition of sepsis for
neonates, in whom clinicians still predominantly rely on micro-
biological results rather than organ dysfunction.'*'” A recent
systematic review catalogued the current definitions of sepsis in
80 published randomised controlled trials and found a diverse
range of definitions used.* These were based on microbiological
culture, laboratory tests and clinical signs in contrast to the adult
and paediatric definitions, which use organ dysfunction. A positive
microbial culture remains the gold standard of diagnosis in many
units, despite data from two large randomised controlled trials
demonstrating culture-negative sepsis rates of 46% and 56% in
preterm infants treated for clinically suspected sepsis.'®'® These
data pose further questions regarding the definition of ‘culture-
negative sepsis’.

Therefore in adult and paediatric medicine, there has been a
paradigm shift to define sepsis by organ dysfunction, including
cardiovascular dysfunction, which is characterised by the SOFA
score. In neonates, an electronic health record-automated
neonatal SOFA score was recently proven to predict mortality in
very low birth weight (VLBW) neonates with late-onset sepsis
(LOS)?° (Table 1). This has been evaluated in a multicentre cohort
including 653 preterm infants with LOS and found to predict
mortality, implying generalisability and the potential to serve as
the foundation for a consensus definition of neonatal sepsis.?' The
cardiovascular section of the neonatal SOFA score is based on the
requirement for inotropes and/or systemic corticosteroid treat-
ment. Medications considered as inotropic or vasoactive included
dopamine, dobutamine, epinephrine, norepinephrine, vasopres-
sin, milrinone, and phenylephrine. The vasoactive inotropic score
(VIS) has also been used as a surrogate to define cardiovascular
dysfunction. Using the maximum score (VIS™®), based on the
maximum dose load of vasoactive medications, has been shown
to predict mortality in premature infants,**?* and in neonates with
sepsis.2* The problem with such definitions is that they score the
use, rather than the need, for such therapy and therefore instead
of directly evaluating the cardiovascular dysfunction, they assess
the response of the clinician. NICUs using such therapies early or
more generously will seem to have ‘sicker’ babies. Nevertheless,
the validity of a neonatal SOFA score needs to be established for
neonates of all gestational ages with suspected sepsis of both
early- and late-onset, and including those with negative cultures
but where there is a high index of clinical suspicion. A validated
score for neonatal sepsis would address a critical unmet need for
an objective operational definition for cardiovascular dysfunction
and for sepsis in neonates to align international investigators and
aid future international prospective clinical trials. Further work is
also currently being undertaken in order to standardise outcome
rep?rting in neonatal sepsis trials by developing a core outcome
set.
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EPIDEMIOLOGY

The epidemiology of cardiovascular dysfunction in neonatal sepsis
is difficult to describe due to the lack of consensus definitions.
However, the use of vasoactive medications is often used as a
surrogate, taking into account the limitations already described,
and has clearly been associated with increased mortality among
septic neonates. Among infants with fatal sepsis, 40% received
vasoactive medications in one study.? In another large prospec-
tive study, 26% of neonates with sepsis had hypotension that was
treated with catecholamine and this more than tripled mortality
when present.?® Hypotension requiring catecholamine treatment
is more common in EOS than LOS. When defining septic shock as
hypotension or need for fluid bolus or vasoactive drugs, there was
a 40% mortality rate in one neonatal cohort, with 19% of survivors
suffering severe sequelae at 18-month follow-up (including
neurodevelopmental sequelae and short gut syndrome secondary
to complications of necrotising enterocolitis).?’”

If we consider myocardial dysfunction specifically, there have
been no large prospective echocardiography studies which have
documented the prevalence of myocardial dysfunction in
neonatal sepsis and how this relates to outcomes. The results of
the studies to date, which have been variable, are discussed
below.

SEPSIS-INDUCED CARDIOVASCULAR DYSFUNCTION
The neonatal cardiovascular response to sepsis differs from that
seen in older children and adults and may result in a
hyperdynamic or a hypodynamic circulation. The hyperdynamic
response (‘warm shock’) is characterised by decreased systemic
vascular resistance (SVR) and increased heart rate (HR) and cardiac
output (CO), resulting in bounding pulses, hypotension and a brisk
capillary refill time. The increase in cardiac output is dependent on
adequate pre-load and preserved myocardial function. The
hypodynamic phase (‘cold shock’) is characterised by decreased
cardiac output and increased SVR, clinically detectable as cool,
pale peripheries, reduced volume pulses and prolonged capillary
refill time. Adult patients typically have a biphasic response, the
initial period being hyperdynamic followed by a hypodynamic
period. In adults, severe peripheral vasodilation is likely a major
determinant of mortality”® and often requires vasopressors.
Paediatric patients can present as either hyperdynamic or
hypodynamic, but the majority have an initial high SVR and low
cardiac output state.?’ In paediatric patients, myocardial dysfunc-
tion appears to be the major predictor of mortality.3%'
Comparatively, in neonates, the haemodynamic features of
sepsis are less well defined, complicated by the fact that blood
pressure is a poor marker of systemic blood flow in this patient
group and values for low blood pressure are not well defined for
all gestational ages3? However there are some significant
differences established in neonates compared to older children
and adults; for example, there is more severe circulatory
impairment and more evident PHT. There is even less literature
available describing the haemodynamic pattern of sepsis speci-
fically in preterm or VLBW neonates, but it suggests that they
predominantly present with a warm shock, hyperdynamic
phenotype, postulated to be in part due to the immaturity of
the neonatal autonomic nervous system compounding the
vasoregulatory failure seen with sepsis,>*>3’ exacerbated by
relative adrenal insufficiency in some cases. One study of preterm
infants with a median gestation of 27 weeks and LOS demon-
strated, using echocardiography, that after initial volume infusion,
the infants had relatively high left and right ventricular output, low
SVR and normal blood pressure.® Survivors maintained low SVR
and adequate ventricular output, while the non-survivors had
lower initial blood pressures and cardiac outputs that decreased
substantially on subsequent measurements. These findings have
been replicated.3® Adrenal insufficiency and decreased vascular
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responsiveness to circulating catecholamines can contribute to
vasopressor-resistant shock in both term and preterm infants.3%*'
In premature infants, lower cortisol levels following ACTH testing
are associated with adverse outcomes.*? Relative adrenal insuffi-
ciency as a contributor to hypotension is supported by the fact
that hydrocortisone administration rapidly improves cardiovascu-
lar status in preterm infants with volume- and pressor-resistant
hypotension.***

Preterm infants are predisposed to PHT due to their baseline
elevated pulmonary vascular resistance (PVR) as a result of a lower
capacity vascular bed and the fact that they often have respiratory
co-morbidities.*® In one recent study, almost half of term and
preterm infants with LOS had echocardiographic evidence of
PHT.> This was significantly increased compared to non-septic
controls. The proportion of PHT increased with increasing
gestational age. Another study, which included 67 infants with
culture-positive LOS with a median gestational age of 33 weeks,
reported increased pulmonary artery pressures in a quarter of
patients.>” Neonatal animal models of Group B streptococcus
shock documented increased PVR, SVR and mesenteric vascular
resistance with decreased cardiac output.*’*® Sepsis-induced
acidosis and hypoxaemia, as well as inflammatory cytokines
including TNF-alpha and toxic metabolites from altered nitric
oxide metabolism can increase PVR, pulmonary artery pressure
and maintain patency of the ductus arteriosus (PDA).*>° This is
most commonly seen in EOS and is associated with tricuspid
regurgitation and hepatomegaly. Raised PVR can cause acute right
ventricular failure. This affects the left ventricle (LV) in two ways.
Firstly, decreased pulmonary venous return and therefore reduced
LV preload impairs systolic function via the Frank-Starling
mechanism. Secondly, dilatation of the right ventricle in the
setting of raised PVR directly impairs left ventricular systolic and
diastolic function by displacement of the interventricular septum
due to ventricular inter-dependence. Ultimately, this leads to
reduced left ventricular output and systemic hypoperfusion.

Changes in SVR depending on whether an infant is in the
hypodynamic or hyperdynamic state can cause profound myo-
cardial dysfunction. For example, vasodilation decreases venous
return to the right side of the heart and subsequently to the left,
the resulting tachycardia reduces diastolic filling time, and
ultimately, the left ventricular output is impaired. In a hypody-
namic state, the raised SVR may directly reduce the LV systolic and
diastolic function and cause increased end-systolic and end-
diastolic left ventricular pressures (see Fig. 1).

Newborns demonstrate several differences in cardiac develop-
mental physiology which affect their ability to cope with sepsis
and its cardiovascular effects. For example, the neonatal heart has
fewer contractile elements compared to older children and
adults.®’ In the heart, Type | collagen mainly provides rigidity,
and Type lll collagen, elasticity.>® The neonatal heart has a high
content of collagen compared to the number of myocytes and an
increased Type | collagen/Type Il collagen ratio, which results in
more stiff, less compliant ventricles, which are less able to increase
stroke volume or cardiac contractility in the case of sepsis.>? This is
further limited by the fact the neonatal ventricular myocardium
has a high basal contractile state.>>>* These issues cause relative
diastolic dysfunction and are compounded by the increased heart
rate of neonates. The neonatal heart is therefore at the flatter end
of the Frank-Starling curve compared to older children and adults
and therefore a similar change in preload will result in a less
significant increase in stroke volume.>® Preterm infants are even
more vulnerable due to a low myocardial contractile reserve,®
exposing them to increased risk of hypotension and low-cardiac
output states. The LV myocardium comprises circumferential
fibres in the mid-wall layer and longitudinal fibres in the
endocardial and epicardial layers. Collectively, these layers allow
the base of the heart to rotate in a clockwise motion while the
apex simultaneously rotates in an anticlockwise motion. The net
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release and decreased response to catecholamines lead to vasoregulatory dysfunction and myocardial dysfunction. Arterial and venodilation
results in hypotension and pooling of blood in the capacitance veins leading to low preload and shock. Myocardial dysfunction secondary to
reduced preload, mitochondrial impairment and abnormalities in calcium-sensing leads to ventricular dilation and dysfunction. Factors
unigue to neonates such as increased pulmonary vascular resistance in response to inflammatory mediators causing pulmonary hypertension,
right-to-left shunts at patent ductus arteriosus (PDA) and patent foramen ovale (PFO) contribute to hypoxaemia, right ventricular (RV)

afterload and exacerbate cardiac dysfunction.

effect of these two forces is myocardial twist, a ‘wringing’ motion
that is thought to support both systolic (during ‘twisting’) and
diastolic (during ‘untwisting’) left ventricular function. Preterm
infants have been reported to demonstrate increased twist and LV
torsion (LV twist indexed to LV length) compared to term infants.>’
This is thought to be a compensatory mechanism for the
decreased ventricular compliance in preterm infants to increase
stroke volume. Other features of immaturity of neonatal
myocardium also render it more vulnerable to dysfunction during
sepsis including a higher water content, greater surface-to-volume
ratio, immature sarcoplasmic reticulum and a reliance on
extracellular calcium stores.®® These mechanisms explain why
neonates, and especially premature neonates, are particularly
sensitive to changes in afterload such as that which may occur
with increased PVR (affecting the right ventricle) or raised SVR
(affecting the left ventricle) and which are compounded by the
negative impact of inflammation on myocardial contractility.>®
Adults with sepsis or septic shock may demonstrate myocardial
dysfunction along a continuum of isolated diastolic dysfunction to
both systolic and diastolic failure of the left and/or right ventricle,
which is not ischaemic in nature and completely reversible.®%53
This has come to be termed sepsis-induced myocardial dysfunc-
tion (SIMD) or sepsis-induced cardiomyopathy; a transient
myocardial dysfunction in septic patients. There are no formal
diagnostic criteria to date; however, experts agree on several key
features in the adult population including acute and reversible
changes (dependent on survival), global biventricular dysfunction
(systolic and/or diastolic), left ventricular dilatation, diminished
response to fluid resuscitation and catecholamines.®* These
features occur in the presence of sepsis and in the absence of
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an acute coronary syndrome. In adults, ventricular function
generally returns to normal within 7-10 days.%> The prevalence
of SIMD in adult patients with sepsis or septic shock ranges from
10 to 70% due to differing definitions of both sepsis and SIMD in
the literature.%® For example, in one series of adult patients with
septic shock, a third had decreased LV systolic function with a
mean LV ejection fraction of 38%.®” However, ejection fraction
may not be an accurate measure of sepsis-induced myocardial
dysfunction, and this may underestimate the true prevalence.
Interestingly, in an adult post-mortem study of patients who died
of sepsis and/or septic shock, over half demonstrated myocardial
injury.?®® In adults, the presence of myocardial dysfunction in
sepsis is associated with a significantly increased mortality rate of
70-90% compared to 20% mortality in those without myocardial
dysfunction.®””° In one paediatric study 71% of patients with
septic shock had SIMD; diastolic dysfunction was more common
than systolic and the mortality was higher for patients with SIMD
compared to those with septic shock but preserved myocardial
function.”!

The prevalence of neonatal myocardial dysfunction in sepsis is
unknown due to the lack of definitions of both neonatal sepsis
and neonatal myocardial dysfunction in sepsis. There is also a
dearth of studies in the literature which have evaluated
echocardiographic findings in neonatal sepsis and the results
are variable. Regarding fractional shortening and ejection fraction
in neonatal sepsis compared to controls; some studies have
demonstrated a significant reduction in these functional
parameters,’>”> while others have not>**’7*77 One neonatal
study showed that of the septic infants, left ventricular fractional
shortening was significantly higher in the survivors compared to

Pediatric Research (2024) 95:1207-1216



those who died.”” Left ventricular diastolic dysfunction based on
mitral inflow patterns has been demonstrated in term and
preterm neonates with sepsis compared to non-septic
controls.”>”® Advanced echocardiography techniques such as
tissue doppler imaging and myocardial deformation imaging by
speckle tracking echocardiography have demonstrated reduced
right and left ventricular systolic function in septic neonates
compared to the healthy controls.”*”” This is despite conventional
echocardiography parameters of cardiac index, fractional short-
ening and atrioventricular inflow velocity patterns showing no
significant difference between the two groups, suggesting that
these advanced techniques are more sensitive to detect early
myocardial damage in neonatal sepsis.

In order to improve the reporting of neonatal myocardial
dysfunction seen in sepsis, we suggest a definition of neonatal
sepsis-induced myocardial dysfunction as acute globally reduced
biventricular systolic and/or diastolic dysfunction, associated with
diminished response to catecholamines, often associated with
pulmonary hypertension, and completely reversible dependent on
survival. This proposed definition is based on the paucity of
studies to date which have described the features of myocardial
dysfunction in neonatal sepsis but there is a need for further
echocardiography studies to improve the characterisation of the
condition. Differences compared to the adult definition include
the removal of both LV dilatation and decreased responsiveness
to fluid therapy as features. This is because LV dilatation has not
been consistently reported in the neonatal sepsis literature,
perhaps due to the higher contractile state of the neonatal heart
and its relative stiffness. The approach to fluid therapy is different
in neonatal sepsis compared to adults and therefore response to
fluid therapy is not as relevant. This definition would require
echocardiography to enable objective evaluation of myocardial
dysfunction; however, neonatologist-performed functional echo-
cardiography is increasingly becoming a standard assessment tool
in the neonatal unit and enables accurate and reproducible
measurements.

PATHOPHYSIOLOGICAL MECHANISMS OF SEPSIS-INDUCED
CARDIOVASCULAR DYSFUNCTION

Sepsis is characterised by an inappropriate immune response to
infection. The pathophysiology of cardiovascular dysfunction in
sepsis involves a complex interplay of host and pathogen
processes. Injection of lipopolysaccharide (LPS) in human adult
volunteers has demonstrated significant myocardial depression
and left ventricular dilatation within 5h.’® The underlying
pathophysiology which leads to cardiovascular dysfunction in
sepsis is complex and incompletely understood. There are three
important categories to consider: myocardial dysfunction, vasor-
egulatory dysfunction, and complicating factors associated with
the neonatal period.

Mechanisms of myocardial dysfunction include decreased right
ventricular preload (secondary to vasodilation and increased
vascular permeability), altered myocardial microcirculation with
endothelial disruption and maldistribution of blood flow,”*%°
circulating myocardial depressant factors (cytokines, components
of the complement cascade),®’ abnormalities of beta-adrenergic
signal transduction causing attenuated adrenergic response,®
mitochondrial dysfunction and abnormal intracellular calcium
regulation,®® myocardial oedema leading to impaired myocardial
compliance and function,®* ¢ cardiomyocyte injury and cell
death,¥”8 and reduced right ventricular function secondary to
increased afterload in the context of PHT. Vasoregulatory
dysfunction includes vasodilation (seen in ‘warm shock’), vaso-
constriction (seen in ‘cold shock’) and endothelial dysfunction
which is associated with impaired endothelium-derived nitric
oxide release. The peripheral vasodilation is multifactorial but
critical mechanisms which lead to vascular smooth muscle
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relaxation are excess nitric oxide production, activation of
potassium-ATP channels, which are directly activated by hyper-
lactataemia and vasopressin deficiency® (see Fig. 2). Complicating
factors associated with the neonatal period include the presence
of a patent ductus arteriosus, the risk of persistent pulmonary
hypertension of the newborn, and developmental differences in
haemodynamic responses based on gestational age.

The immune system detects microorganisms through recogni-
tion of pathogen-associated molecular patterns (PAMPs). PAMPs
include LPS, lipoteichoic acid, flagellin and DNA in bacteria; RNA in
viruses; and mannan in fungi.’® Pattern-recognition receptors
(PRRs), for example, toll-like receptors (TLRs), are expressed on the
surface of host cells and recognise and bind to PAMPs.®' In
binding to PAMPs, PRRs initiate host immune responses.®>%*
These receptors also recognise endogenous damage-associated
molecular patterns (DAMPs) and respond by activating the innate
immune system. In infection, these mechanisms induce a pro-
inflammatory milieu which is usually balanced by anti-
inflammatory cytokines. However, in sepsis, there is a dysregu-
lated and imbalanced pro-inflammatory response. Pro-
inflammatory cytokines which play a major role in sepsis include
tumour necrosis factor-alpha (TNF-alpha), interleukin-1-beta (IL-1-
beta), interleukin-6 (IL-6) and interleukin-8 (IL-8).%* Alterations in
nitric oxide metabolism in sepsis produce toxic metabolites which
cause adjacent tissue damage and further amplify the inflamma-
tory response.” Cellular injury liberates further DAMPs, mitochon-
drial DNA (mtDNA) and adenosine triphosphate (ATP), which all
contribute to the activation of the immune system and a vicious
pro-inflammatory cycle.”® These products of the sepsis cascade
mediate cardiovascular dysfunction directly (for example, by
disrupting myocyte calcium traffic and thus decreasing contrac-
tility: TNF-alpha, IL-1-beta, nitric oxide) and indirectly (by
perpetuating the inflammatory cascade).’® The inflammatory
response to sepsis differs in neonates compared to older children
and adults. Crucially, term and preterm neonates have a
diminished capacity to produce anti-inflammatory cytokines as a
compensatory response in sepsis.”’ They also have an enhanced
pro-inflammatory response. In one in vitro study which evaluated
the percentage of IL-6 and IL-8 positive monocytes following an
endotoxin challenge, flow cytometry demonstrated a higher
percentage of IL-6 and IL-8 positive cells in the monocytes from
neonates compared to those from adults, with those from preterm
neonates having the highest percentage of IL-8 positive cells.”®
Furthermore, the increase in pro-inflammatory cytokines occurs
faster and is more pronounced in the neonatal compared to the
adult cells. Compared to older children and adults, neonates
demonstrate both quantitative and qualitative differences in their
immunity, which may at least partially explain their increased
susceptibility to sepsis. Comprehensive reviews explore these
differences in detail ”%'°

In vitro studies have demonstrated significant depression of
adult myocyte cells with increasing levels of TNF-alpha and IL-1-
beta.?! Exposing the hearts of rats to endotoxin leads to increased
production of nitric oxide and its metabolite peroxynitrite as well
as superoxide, a free radical, in association with reduced
myocardial activity.'®" LPS-induced sepsis in rat models leading
to an increase in TNF-alpha has been associated with increased
cardiomyocyte apoptosis associated with decreased ventricular
contractility suggesting apoptosis as another TNF-alpha-induced
mechanism along with negative inotropy for decreased myocar-
dial function in sepsis.2” However, in neonatal rat models, the
cardiomyocyte apoptosis was not observed, suggesting this
mechanism of myocardial dysfunction may not be relevant in
the neonatal population.'® Myocardial calcium homoeostasis,
pivotal for myocyte contraction, is affected in sepsis ultimately
leading to impaired contractility. Animal studies of sepsis have
demonstrated multiple mechanisms of altered myocyte calcium
homoeostasis including myocyte inhibition of L-type calcium
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oedema. Release of vasodilators such as nitric oxide and poor response to catecholamines leads to vasodilation and shock.

channels, inhibition of sarcoplasmic reticulum calcium pump, an
increase in ryanodine receptor calcium leak and a decrease in
myofilament calcium sensitivity.'%>

Glycocalyx is a gel-like layer covering the luminal surface of
vascular endothelial cells. In sepsis, glycocalyx is degraded by pro-
inflammatory cytokines including TNF-alpha and IL-1.”° This leads to
microvessel thrombosis, further increase in inflammation and
increased permeability of the endothelium resulting in myocardial
oedema when glycocalyx of coronary arteries and intramyocardial
vasculature is damaged’ (see Fig. 2). Myocardial oedema is thought
to play a direct role in myocardial dysfunction by decreasing
myocardial compliance and contractility. Myocardial oedema is
present in rat models of sepsis®® and has been more recently
demonstrated in humans by magnetic resonance imaging (MRI).2°

However, all sepsis is not the same and it is likely that different
organisms affect the cardiovascular system via different patho-
physiological mechanisms. This is exemplified by a study which
demonstrated a significantly higher cardiac output state in
neonates with Gram-negative sepsis compared to those with
Gram-positive sepsis, suggesting different host responses to
different pathogens.® There is, however, a paucity of research
which delineates the contrasting haemodynamic effects of
bacterial versus viral sepsis, or the particular effects of individual
pathogens. There are some well-known associations. For example,
myocarditis is a prominent feature in neonatal enterovirus sepsis,
occurring in approximately a third of patients and often associated
with arrhythmias.'® In contrast, no patients in a recent large
review series had myocarditis in association with neonatal
adenovirus infection.'® However, in disseminated disease when
vasoregulatory dysfunction led to hypotension, there was an 80%
mortality rate. Cardiac complications during neonatal viral sepsis
secondary to acute SARS-CoV-2 infection are rare but include
myocardial dysfunction and arrhythmia. This is in contrast to
multisystem inflammatory disorder temporally related to SARS-
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CoV-2 infection in which cardiac sequelae including myocarditis,
coronary artery anomalies and arrhythmias are common.'%

INTRAUTERINE INFECTION AND CARDIOVASCULAR
DYSFUNCTION
Intrauterine infection occurs when pathogens invade the amniotic
cavity leading to histological chorioamnionitis and activation of
the fetal immune system. The fetal inflammatory response
syndrome (FIRS) is characterised by an elevation of inflammatory
mediators in the fetal blood stream with the potential to progress
to multi-organ dysfunction.’®”~'%° Intrauterine infection is a major
cause of early preterm birth. It is present in approximately a
quarter of all preterm births and increases in frequency the earlier
the gestation.” Chorioamnionitis is often subclinical and difficult to
diagnose early. It increases the risk of preterm delivery and is a
strong predictor of chronic lung disease,''®'"" periventricular
leukomalacia (PVL)'"? and cerebral palsy."">''* Although the exact
cause of neurodisability following chorioamnionitis is unclear, it is
hypothesised that FIRS leading to alterations in cardiovascular
function may contribute, as well as a systemic vasculitis. One study
demonstrated that histological evidence of chorioamnionitis was
associated with elevated cord blood IL-6 and IL-1beta, increased
newborn heart rate and decreased blood pressure.'”® Further-
more, the cord blood IL-6 concentration correlated inversely with
newborn systolic, mean and diastolic blood pressures. A mouse
model of intra-amniotic LPS causing an acute inflammatory
reaction demonstrated increased IL-6 in amniotic fluid and LPS-
induced expression of IL-1beta and TNF-alpha in the fetal
myocardium along with echocardiographic markers of cardiovas-
cular compromise including reduced cardiac output.'’®

Recent sheep studies have evaluated the cardiovascular
changes which occur during fetal inflammatory response second-
ary to LPS-induced maternal septicaemia.''” In this model, there
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was a statistically significant peak of IL-6 following LPS injection. The
group demonstrated that fetal heart rate variability monitoring was
able to track the temporal profile of fetal inflammation and
discriminate between normal and inflammatory processes over
time. Changes in fetal heart rate alone were not sufficient to predict
inflammation; however, changes in fetal heart rate variability were
able to predict fetal inflammation as early as 1h following LPS
injection in LPS-induced sepsis without signs of shock. This is in
keeping with human neonatal studies, which have shown that
decreased heart rate variability and alteration in other heart rate
characteristics precedes a clinical diagnosis of necrotising enter-
ocolitis,'™® sepsis, meningitis and death.'"®'?' Contrastingly,
another recent sheep study demonstrated increased short-term
variability during histological chorioamnionitis following LPS
injection.'®? The authors hypothesised that this might be due to
the activation of the parasympathetic nervous system anti-
inflammatory pathway as a compensatory mechanism in the
setting of FIRS.'? Activation of the parasympathetic nervous
system increases variability. Further studies are required to elucidate
whether fetal heart rate characteristics monitoring in humans could
identify subclinical fetal inflammatory syndrome in chorioamnionitis
leading to earlier interventions and reduced morbidity.

Fetal echocardiography studies, although limited, suggest
changes to the fetal heart in patients with PPROM and with
documented intra-amniotic infection, for example, higher com-
pliance of the left ventricle,'** and higher left ventricular Tei index
(an echocardiographic measure suggesting reduced myocardial
systolic and diastolic function).”®® A recent study in nonhuman
primates with Ureaplasma parvum intra-amniotic infection demon-
strated increased vascular impedance in the umbilical and fetal
pulmonary arteries and a decrease in fetal cardiac output
compared to controls.'?® Notably, these haemodynamic changes
improved with maternal azithromycin therapy.

These limited data suggest similar cardiovascular dysfunction is
seen antenatally in association with the fetal inflammatory
response as that which is seen postnatally in association with
sepsis. Further research is required in order to determine the
optimal cardiovascular management of these patients following
birth during the transitional period. Another pertinent question for
further research is whether antenatal cardiovascular parameters
should be included in the organ dysfunction definition for early-
onset neonatal sepsis.

CONCLUSION

The highest incidence of sepsis across all age groups is seen in
neonates, in whom it causes significant morbidity and mortality.
Sepsis-induced cardiovascular dysfunction occurs commonly in the
neonatal population, and yet, partly due to a lack of consensus
definitions, there is a paucity of data available regarding the
condition, including its prevalence, and prognosis. This review
highlights the urgency to form an international consensus definition
for both neonatal sepsis and for cardiovascular dysfunction
complicating neonatal sepsis to allow for further research in both
areas in order to improve neonatal outcomes. Animal and human
studies have outlined the pathophysiological mechanisms involved.
Further echocardiographic studies are required in neonatal cohorts
in order to define myocardial dysfunction and provide reference
ranges and cut-off values. Specific questions for further study
include the relationship between the fetal and post-natal inflam-
matory response syndrome. The assessment and management of
cardiovascular dysfunction complicating neonatal sepsis are dis-
cussed in the second and third papers of this series.
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