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Vital signs as physiomarkers of neonatal sepsis
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ABSTRACT: Neonatal sepsis accounts for significant morbidity and mortality, particularly among premature infants in the Neonatal
Intensive Care Unit. Abnormal vital sign patterns serve as physiomarkers of sepsis and provide early warning of illness before overt
clinical decompensation. The systemic inflammatory response to pathogens signals the autonomic nervous system, leading to
changes in temperature, respiratory rate, heart rate, and blood pressure. In infants with comorbidities of prematurity, vital sign
abnormalities often occur in the absence of infection, which confounds sepsis diagnosis. This review will cover the mechanisms of
vital sign changes in neonatal sepsis, including the cholinergic anti-inflammatory pathway mediated by the vagus nerve, which is
critical to the host response to infectious and inflammatory insults. We will also review the clinical implications of vital sign changes
in neonatal sepsis, including their use in early warning scores and systems to direct clinicians to the bedside of infants with

physiologic changes that might be due to sepsis.

Pediatric Research (2022) 91:273-282; https://doi.org/10.1038/s41390-021-01709-x

IMPACT:

® This manuscript summarizes and reviews the relevant literature on the physiological manifestations of neonatal sepsis and how
we monitor and analyze these through vital signs and advanced analytics.

INTRODUCTION: VITAL SIGN CHANGES IN NEONATAL SEPSIS
Vital sign changes occur in neonates as part of a systemic
inflammatory response to sepsis. Following pathogen invasion
into tissues or the bloodstream, immune cells release cytokines,
chemokines, and other inflammatory mediators and modulators in
a signaling cascade leading to an increasingly robust physiologic
syndrome. The response to sepsis, mediated in part by the
autonomic nervous system, manifests as changes in body
temperature, respiratory drive and oxygenation, heart rate
characteristics, and blood pressure. These signs may be subtle in
the initial stages of sepsis and severe in the advanced stages.
Monitoring continuous vital sign trends or patterns can detect
changes in physiology before overt clinical deterioration and can
add information when clinical signs are subtle or non-specific.'

For adults and children, vital sign criteria for the systemic
inflammatory response syndrome (SIRS), sepsis, and septic shock
include specific thresholds for tachypnea, tachycardia, hypoten-
sion, and fever or hypothermia.* Abnormal vital sign thresholds
and SIRS criteria are less useful in neonates, particularly those born
preterm, due to difficulties in establishing gestational and
chronologic age-based normal ranges.” Neonates’ vital signs can
change in either direction in the setting of sepsis, especially for
those born preterm. They may present with hypothermia or fever,
apnea or tachypnea, and bradycardia or tachycardia.

The autonomic nervous system (ANS) is the primary link
between inflammation and vital sign changes in sepsis. Cytokines,
microbial toxins, and immune cells activate the ANS rapidly
following pathogen invasion. The sympathetic nervous system
(SNS) processes the signal to eliminate a pathogen and launches
the “flight or fight” response via catecholamine release and

adrenal stimulation, which may be manifest as tachycardia,
tachypnea, and changes in blood pressure. The parasympathetic
nervous system (PNS) provides a system of checks and balances
by way of the cholinergic anti-inflammatory pathway. This
response, mediated by the vagus nerve, is essential for survival
in preclinical models of sepsis.®”’

Vital sign interactions occur as part of healthy, networked
physiology that may be disrupted during sepsis.®® For example,
respiratory sinus arrhythmia is a phenomenon mediated by the
baroreflex that results in a rise and fall in the heart rate with
inhalation and exhalation, respectively.'® Measures of cardiore-
spiratory interaction and autonomic tone increase in premature
infants as they mature,'"'? and are generally associated with
healthier patients or outcomes.'®> Detection of the loss of
physiological interactions through continuous analysis of vital
sign patterns might provide early warning of impending clinical
decompensation.'*

This review will discuss abnormalities of specific vital signs in
septic neonates, focusing on mechanisms and clinical implica-
tions. We will also consider the role of the autonomic nervous
system in the systemic inflammatory response to sepsis and how
this manifests as vital sign changes. Finally, we will review scores
and systems that incorporate vital signs and serve as sepsis early
warning systems or predictive analytics for patients in the NICU.

CLASSIFYING NEONATAL SEPSIS USING ABERRANT VITAL
SIGNS AND ORGAN DYSFUNCTION

The current definition of neonatal sepsis requires a positive blood
culture obtained due to clinical signs of illness, treated with a full
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course of antibiotics. This definition lacks criteria for illness
severity, which limits the analysis of outcomes and responses to
interventions given the wide range of clinical presentations.' For
adults, in 2001, the International Sepsis Definitions conference
refined the criteria for systemic inflammatory response syndrome
(SIRS), sepsis, severe sepsis, and septic shock, including specific
criteria for respiratory rate, heart rate, temperature, and blood
pressure. Criteria for children and term neonates were proposed in
2002,' but these consensus statements excluded preterm infants
who, for several reasons, have defied threshold-based sepsis
definitions.>'” Even for adults, SIRS criteria no longer define sepsis,
with newer guidelines based instead on organ dysfunction using
the sequential organ failure assessment (SOFA) score.'®

Pathogen and host variability and impact on vital sign
changes

The broad range of sepsis severity can be attributed to patient-
specific variables such as age,” sex, genetic factors,”® and
comorbidities, as well as pathogen-specific variables such as the
ability to invade tissues, replicate, evade the immune system, and
damage tissues.>'*? Low gestational and postnatal age correspond
to less mature innate and acquired immunity leading to a
heightened risk for overwhelming sepsis, shock, and death.”
Technological support provided to NICU patients can also impact
changes in vital signs.?*2® For example, mechanical ventilation
masks apnea, a common presenting sign of sepsis for preterm
infants.?” Medications can also impact vital signs and confound their
use as physiomarkers of sepsis. For example, caffeine or beta-
adrenergic agonist drugs may raise the heart rate, and antic-
holinergic medications cause tachycardia and decreased heart rate
variability. Glucocorticoids augment heart rate variability®® and may
modify fever and hypotension.

Sex and race play a role in the immune response to infection®’
and may impact changes in vital signs. A recent study showed
lower oxygen saturation values in adults with darker skin color
compared to those with lighter skin.3® With regard to sex, adult
females have been reported to have higher CRP levels,>' higher
heart rate, and lower heart rate variability compared to males.>?
The impact of sex and race on vital signs and immunity in
neonates is not well understood. Host factors affecting infection
risk and response also include genetic polymorphisms. Single
nucleotide polymorphisms have been identified and character-
ized for receptors that recognize pathogens, such as toll-like
receptors, and in mediators of the inflammatory response, such as
cytokines, and in their effect on the risk of infection and the
inflammatory response to pathogens.>373° For example, a study in
premature infants found an association between a TLR4 single
nucleotide polymorphism and an increased risk of gram-negative
infections.>*

Pathogen virulence properties also play a role in the epidemiol-
ogy of infections and the severity of associated vital sign changes in
sepsis. The most common bloodstream pathogen in preterm infants
is coagulase-negative staphylococcus (CONS) which, although
implicated in severe sepsis,>’ generally causes much less severe
illness and carries a lower risk of morbiditgy and mortality than Gram-
negative or other Gram-positive bacteria.>® The immune response to
CONS appears to be less robust, as evidenced by lower levels of
circulating pro-inflammatory cytokines® and less increase in other
acute phase reactants such as C-reactive protein (CRP) or
procalcitonin.”® Although some studies suggest that CRP may be
useful to differentiate CONS sepsis from blood culture contamina-
tion to reduce unnecessary antibiotic exposure,.*' other studies on
the diagnostic accuracy of CRP for neonatal sepsis report hetero-
geneity in measures of sensitivity and specificity,*” likely due to
pathogen and host variability

Evidence of increased virulence of Gram-negative bacteria
includes an NICHD Neonatal Network reported 36% mortality with
Gram-negative sepsis versus 11% with Gram-positive organisms in
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very low birth weight (VLBW) infants.** This variability is due in
part to differences in pathogen-associated molecular patterns
(PAMPs),** with lipopolysaccharide on Gram-negative bacteria
eliciting a greater degree of immune activation than Gram-
positive peptidoglycan and lipoteichoic acid.*®

Sepsis due to viruses also occurs in NICU patients, although less
often, and viral testing is rarely performed as a routine part of a
sepsis evaluation.*® An important part of the antiviral response
includes induction of interferons, such as IFN-alpha (IFN-a), which
can suppress C-reactive protein production, making CRP a poor
biomarker of viral infections.*’*® These and other differences in
pathogen virulence properties account, in part, for variability in
clinical presentation, including vital sign changes.

Abnormal heart rate characteristics in neonatal sepsis:
mechanisms

Tachycardia: Pathogen endotoxins, cytokines, and other immune
modulators trigger autonomic nervous system activation via
afferent signals to the brainstem.***° Upon activation of the
sympathetic nervous system, preganglionic neurons relay signals
to the spinal ganglia via nicotinic receptors which signal
postganglionic neurons to release catecholamine at their target
organs.’® Norepinephrine binds to adrenergic receptors at the
sinus node, and ion channel modifications result in shorter action
potential time and a faster heart rate.*® Since the baseline heart
rate of neonates is already relatively high at 140-150 beats per
minute, any further increases during sepsis may be insufficient to
maintain adequate tissue perfusion.

Intravascular volume depletion due to endothelial damage and
capillary leak can also lead to tachycardia. Decreased preload
leads to a compensatory increase in heart rate to maintain cardiac
output. The neonatal heart has decreased elasticity and left
ventricular muscle mass, making it less able to increase stroke
volume to maintain cardiac output.>'*? Tachycardia in sepsis may
prevent adequate diastolic filling, which can, in turn, lead to
myocardial ischemia and dysfunction.

Bradycardia: The PNS works rapidly to sense pathogens or
inflammation, sends signals to the brainstem to activate anti-
inflammatory pathways, and signals acetylcholine release to
inhibit cytokine synthesis as a reflexive brake on the inflammatory
response.”® Acetylcholine at the sinus node slows the time it takes
to generate an action potential and therefore slows the heart rate.
Transient, repetitive decelerations in heart rate occur in neonates
with sepsis, likely due to vagus nerve firing as part of the
cholinergic anti-inflammatory response. In a preclinical model,
mice injected with Gram-positive or Gram-negative bacteria or
Candida albicans had repetitive heart rate decelerations within
seconds of pathogen injection, associated with activation of vagal
nuclei in the brainstem, and these decelerations were blocked by
anticholinergic medication (atropine).>* In preterm infants,
another mechanism of bradycardia is central apnea which often
increases in sepsis due to endogenous prostaglandin
production.>>>®

Depressed Heart rate variability: Abnormally low heart rate
variability signifies ANS dysfunction due to acute or chronic
pathology across the age spectrum, including and especially
apparent in sepsis.’”® The ANS controls the heart rate by varying
impulse traffic in autonomic nerve fibers originating in the
brainstem and terminating at the sinoatrial node. Normally,
homeostatic signaling creates balanced fluctuations in the
sympathetic and parasympathetic nervous systems via norepi-
nephrine and acetylcholine release, resulting in frequent small
accelerations and decelerations of heart rate. The rise and fall of
intrathoracic pressure during respiration influence this balance
through the baroreflex, which contributes to a phenomenon
called respiratory sinus arrhythmia (RSA).>%°

Cardiorespiratory coupling may be a surrogate measure of
autonomic function, specifically from vagal input. In healthy
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infants, RSA is most notable during quiet sleep.°’ In frequency-
domain analysis, the heart rate power spectrum in the high-
frequency range correlates with the breathing rate and is
generally viewed as a measure of the degree of RSA or vagal
tone®? In adults with a heart rate over twice that of their
respiratory rate, this measure and interpretation is feasible and
generally sound. In premature infants with a respiratory rate
sometimes equal to their heart rate, frequency-domain HRV
analysis is limited by the mathematic principles involved.®®
Analysis of HRV maturation in both the time series and frequency
domain demonstrates an increase in HRV from birth to term
corrected age in infants without major morbidities'? as the ANS
develops.

In the fetus, decreased HRV is a well-recognized sign of distress,
associated with poor placental perfusion, hypoxia, or chorioam-
nionitis.>*°° In neonates, low HRV reflects acute or chronic ANS
dysfunction due to brain injury,%”~®° focal or systemic inflamma-
tion without infection,”® or an acute systemic inflammatory
response to sepsis or other infections.”'”* Furthermore, HRV
improves during recovery from illness.”> The mechanism of
decreased HRV in sepsis is, at least in part, related to cytokine
release.”® In a mouse model of sepsis, administration of bacterial
lipopolysaccharide led to cytokine production and decreased
heart rate variability, both of which were attenuated by
glucocorticoid pre-treatment. Administration of pro-inflammatory
cytokines alone also depressed heart rate variability.””

Clinical implications of heart rate changes in sepsis

Persistent tachycardia, a decline in heart rate variability, and
repetitive, transient bradycardia spells can be early markers of
sepsis in NICU patients. Depressed heart rate variability is difficult
to discern using conventional NICU monitoring, and pathologic
heart rate decelerations will paradoxically make heart rate
variability appear normal if measured by conventional methods.
The heart rate characteristics index (HeRO score), designed as an
early warning system for sepsis, incorporates measures of both
decreased variability and transient decelerations.>*”®”° Descrip-
tions of this and other sepsis early warning systems that
incorporate vital sign changes are presented at the end of this
review.

Changes in heart rate and HRV are not specific to sepsis and
may occur in NICU patients with other conditions. Tachycardia can
be due to agitation, overheating, or medications. Heart rate
decelerations or bradycardias occur due to apnea of prematurity
or vagal stimulation associated with a Valsalva reflex or gastro-
esophageal reflux. Other pathologic conditions associated with
abnormal heart rate characteristics include (1) respiratory dete-
rioration, likely mediated by lung inflammation, hypoxia, and
acidosis’%; (2) severe apnea with associated decelerations'®; (3)
infectious and inflammatory conditions other than septicemia,
such as urinary tract infection® and necrotizing enterocolitis;’? (4)
surgery, due to the effect of inhaled anesthetics and inflammation
from tissue trauma;'* and (5) brain injury, due to both ANS
dysfunction and inflammation.®”°® Some medications are known
to impact HRV in neonates. Clinical and animal studies demon-
strate an increase in HRV with steroid treatment,?®”” while
atropine dramatically reduces HRV due to its vagolytic effect®'
Both pain and opioid pharmacokinetics have been shown to
correlate with changes in HRV.2%8*

Respiratory and oxygenation changes in neonatal sepsis:
mechanisms

Tachypnea: Neonates with sepsis may, like children and adults,
present with tachypnea and respiratory distress. Rapid breathing
may be due to direct pathogen toxin effects or maybe a
mechanism to compensate for metabolic acidosis. Tachypnea
can also be related to sepsis-associated acute lung inflammation
or edema leading to hypoxia. In preterm infants, tachypnea may
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be present at baseline due to acute or chronic lung disease, and
an acute worsening of respiratory status may occur in the absence
of infection.

Apnea: Preterm infants commonly have apnea of prematurity
due to immature control of breathing. An increase in central
apnea is one of the most commonly cited signs of sepsis in
preterm infants,' whereas apnea in term neonates is more often a
sign of neurologic dysfunction or seizure rather than sepsis.®>5°
Central apnea is common both with a bacterial and viral infection,
particularly with respiratory viruses such as a respiratory syncytial
virus.*®7 A specific RSV glycoprotein induces substance P, which
provides a mechanism for apnea with RSV disease.®®

Prostaglandin E2 (PGE2) inhibits respiratory neural output and
plays an important role in sepsis-associated apnea, with its
production activated by cytokines® Neonatologists are familiar
with PGE2-induced apnea in infants with congenital cardiac
malformations requiring exogenous PGE2 therapy to maintain
patency of the ductus arteriosus. Urinary prostaglandin metabo-
lites have been proposed as a sepsis biomarker to detect
increased production of endogenous PGE2.°° Many cytokines do
not cross the blood-brain barrier, but lipopolysaccharide admin-
istration in rodents was shown to increase IL-13 and IL-6
production in the brainstem and dampened the ventilatory
response to hypoxia.”’ In this study, vagotomy and immunohis-
tochemical staining provided evidence that the upregulation of
cytokine production in the medulla was mediated by the
vagus nerve.

Bradycardia and oxygen desaturation are often associated with
apnea in premature infants. The mechanism of bradycardia during
or shortly following central apnea is not fully known, but maybe
mediated by hypoxia stimulating carotid chemoreceptors and by
stimulation of central control of heart rate due to an interaction
between central respiratory and cardiovascular signaling.”

Oxygenation: Hypoxia occurs in neonates with sepsis and may
be intermittent or prolonged. Intermittent hypoxia may reflect
apnea, whereas prolonged hypoxemia may be associated with
pneumonia, surfactant deficiency, lung inflammation, or pulmon-
ary edema. Hypoxia and reoxygenation increase the production of
reactive oxygen species, which may lead to inflammatory tissue
damage.”® An additional cause of hypoxemia in sepsis is
pulmonary hypertension. Group B Streptococcal sepsis is particu-
larly well known to cause pulmonary hypertension, at least in part
due to increased thromboxane production mediated by bacterial
phospholipids.®*

Clinical implications of respiratory changes in sepsis

Most NICU monitors use chest impedance to report respiratory
rate and the displayed values can be inaccurate due to irregular
respirations and conventional monitor averaging times. This leads
to a very wide range of recorded respiratory rates from less than
20 to more than 100 breaths per minute, or apparent intermittent
bradypnea and tachypnea, when the true respiratory rate is
usually somewhere in between if counted over 60s. Tachypnea
may be difficult to discern as a sign of sepsis in NICU patients with
acute or chronic lung disease who have a high respiratory rate at
baseline.

Apnea quantitation is also complicated because NICU monitors
tend to have false alarms for central apnea and, even more
frequently, to miss true apnea.”® The latter is due, in some cases,
to a heartbeat artifact. During a prolonged pause in breathing, the
monitors’ chest impedance algorithm sometimes interprets heart-
beats as breaths, particularly when the heart rate slows and stroke
volume increases, leading to stronger chest impedance signals.”®
Researchers at the University of Virginia developed an automated
detection system for central apnea that analyzes chest impedance
waveforms using filters to remove motion and cardiac artifact.”®
This system helped establish normative values for the number and
duration of daily apnea events for preterm infants based on
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Heart rate (HR) and oxygen saturation (SpO,) before sepsis diagnosis. Sixty minutes of every-two-second HR (beats per minute in

red), SPO, (% in blue), and respiratory rate (RESP, breaths per minute in gray) data are shown from a preterm infant 6 h before the diagnosis of
sepsis. Note the frequent small decreases in HR and SpO, and two deeper deceleration-desaturation episodes. The inset shows 10 min of HR,
SpO,, and respiratory rate during the more severe deceleration—-desaturation episode. The respiratory rate shows alternating tachypnea and
apnea, a characteristic of periodic breathing. The longer respiratory pause accompanied by a major decline in HR and SpO, is an
apnea-bradycardia—-desaturation or “ABD” spell. Increased number or severity of apnea spells is a common presenting sign of sepsis in
preterm NICU patients. Exaggerated periodic breathing can also be a sign of sepsis or respiratory viral infection in this population.

gestational age and chronologic age.?” Increased apnea is a
common presenting sign of sepsis. Fig. 1 shows an example of
apnea with an associated HR deceleration and a decline in SpO, in
a preterm infant 6 h prior to a diagnosis of sepsis. Of note, in this
example, the infant is having repetitive apnea events with
entrainment of HR and SpO,. Periodic breathing, with repetitive
cycles of respiratory pauses and rapid breaths, occurs in all healthy
term and preterm infants during sleep, and typically accounts for
<10% of a 24h period. Exaggerated periodic breathing (an
increase over baseline, and occurring more than 20% of the time)
has been shown to occur in some preterm infants prior to
diagnosis of sepsis and NEC. In some cases, such as the example in
Fig. 1, small decreases in HR with or without decreases in SpO,
accompany the short apneic pauses.”” Apnea and exaggerated
periodic breathing in sepsis likely both occur due to increased
endogenous prostaglandin production.

The difficulty in analyzing chest impedance waveform data to
detect apnea and periodic breathing makes surrogate apnea
detection algorithms appealing. One such algorithm is the cross-
correlation of heart rate and SpO,, which measures the co-trending
of the two signals with a set lag time. Figure 2 shows, in a preterm
infant diagnosed with CONS sepsis on day 10 and NEC day 14, the
trends in vital sign analytics incorporating respiratory rate, heart rate,
and SpO,. The top panel shows cross-correlation, the middle panel
covariance, and the bottom panel standard deviation. In a study of
1065 VLBW infants at two NICUs, the cross-correlation of HR-SpO,
performed better than all other vital sign features analyzed for
predicting imminent sepsis®® and was higher in cases of confirmed
sepsis compared to events in which sepsis was initially suspected
but ruled out! A subsequent study demonstrated a correlation
between excessive central apnea events or periodic breathing and
high cross-correlation of HR-Sp0,.”° Figure 2 demonstrates the
utility of displayed vital sign analytics; changes in the variability or
interaction of vital signs become more apparent.

An important consideration in using respiratory deterioration or
apnea spells as a sign of sepsis is that these events can also occur
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due to common conditions in preterm infants without infection,
such as inadequate respiratory support, oxygen supplementa-
tion,'® or anemia.’®! In a recent retrospective multicenter study,
the most common sign cited as a reason for a sepsis workup in
preterm NICU patients was increased events with apnea,
bradycardia, or desaturation, but the associated diagnosis was
just as often sepsis ruled out as confirmed sepsis.' This points to
the importance of knowing an infant’s prior history, including vital
sign trends, and considering causes other than sepsis before
embarking on testing and treatment.

Blood pressure changes in neonatal sepsis: mechanisms
Hypotension in neonatal sepsis may occur due to decreased
cardiac preload, impaired myocardial contractility, or changes in
systemic vascular resistance altering cardiac afterload. Intravas-
cular volume depletion may occur following endothelial damage
caused by immune cell activation, cytotoxic cytokines, or oxidative
or nitrosative molecules. Cytokines such as TNFgq, IL-13 have been
shown to directly impact cardiac function in adult models,'®
whereas in a fetal sheep model endotoxin administration induced
myocardial dysfunction via toll-like receptor activation and not
inflammatory cytokines.'®® Cardiac output may be further
compromised in sepsis-associated tachycardia, which decreases
cardiac filling time and stroke volume. Poor perfusion in sepsis can
also contribute to acidosis and myocardial ischemia which impact
contractility leading to a vicious cycle that ends in circulatory
collapse. Afterload may be decreased due to vasodilation (warm
shock) or increased due to peripheral vasoconstriction (cold
shock), the latter being more common in neonatal sepsis.>®
Other endogenous mediators also contribute to hypotension in
sepsis. Nitric oxide, produced by inducible nitric oxide synthase,
triggered by endothelial nitric oxide synthase, facilitates septic
shock. Prostanoids (prostaglandins and thromboxanes) increase
during sepsis and have potent vasoactive properties that
contribute to hypotension. Endogenous glucocorticoids also
regulate blood pressure, and preterm neonates with relative
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Fig. 2 Vital sign analytics around sepsis and NEC. Representative example of changes in cardiorespiratory patterns of a very low birth
weight preterm infant in the days surrounding the diagnosis of coagulase-negative staphylococcus (CONS) sepsis at 10 days of age and
necrotizing enterocolitis (NEC) on day 14. a Before diagnosis, there was an increase in the cross-correlation of heart rate (HR) and respiration
(RESP), HR and oxygen saturation (SpO,), and RESP-SpO,. b Covariance of HR, RESP, and SpO,. ¢ Standard deviation of hourly HR, RESP,

and SpO2.

adrenal insufficiency often develop low blood pressure in the
setting of severe infection.

Variability of blood pressure may also be impacted in neonatal
sepsis. One study reported repetitive waves of blood pressure
increase by ten or more mmHg in NICU patients with sepsis,
associated with surges of norepinephrine.'® In another study, the
occurrence of similar repetitive waves of BP increase was present
in some but not all preterm NICU patients treated with
vasopressors for hypotension, and the absence of these BP surges
was associated with vasopressor resistance.'®

Clinical implications of blood pressure changes
Hypotension is uncommon as a presenting sign of neonatal sepsis
but, if present, indicates serious illness and a high risk for
morbidity and mortality. Tachycardia, poor perfusion, or oliguria
may precede hypotension, and identifying and treating these
changes before progression to shock may avert ischemic organ
damage. Dopamine is the most common initial vasoactive
medication used in the NICU, but alternative medications may
be more effective for extremely preterm infants. These infants
have low stores and production of catecholamines and therefore
may not respond to dopamine. Vasopressin treatment has been
shown to be effective for some premature infants with sepsis and
refractory hypotension.'®7'% Hydrocortisone treatment often
raises blood pressure and has been reported to reduce the total
dose and duration of vasoactive medication use in premature
infants,' especially those with lower pre-treatment endogenous
cortisol levels.""°

As medical technology advances, new “vital signs” become
available for monitoring. Near-infrared spectroscopy (NIRS)
technology was developed in the 1980s and has since been
adapted for use in neonates. NIRS measures regional tissue
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oxygenation,'"" and limited studies have reported on changes in
NIRS measurements during sepsis. A pilot study showed no
change in cerebral NIRS during sepsis, but most cases were caused
by CONS and did not result in severe sepsis.''? Splanchnic
oxygenation has been shown to both decrease and increase near
the diagnosis of NEC.""® Its variability may also contain predictive
information as it detects a change in the body’s ability to
autoregulate perfusion to vital organs.''*'">

Temperature instability in neonatal sepsis: mechanisms
Neonates with sepsis, especially those born preterm, develop
hypothermia more often than adults and children, who present
more often with fever.''''” A notable exception is a neonatal
infection with Herpes Simplex Virus, which commonly presents
with fever in the first days to weeks after birth. Whether infection
leads to fever or hypothermia is due to the relative production of
endogenous pyrogens and cryogens. Newborn infants have
elevated levels of arginine vasopressin,''® an antipyretic, and this
may account for fever being uncommon in neonatal sepsis.
Temperature response may also vary by the pathogen. In a rodent
model of neonatal sepsis, the administration of Gram-negative
lipopolysaccharide-induced hypothermia, while Gram-positive
toxins did not.'" The major fever-inducing cytokines are IL-6
and IL-18,'*° whereas TNF-a produces initial hypothermia
followed by fever and correlates with increased sepsis
mortality."?’

Prostaglandins, particularly PGE2, play a key role in the
induction of fever during inflammation. Inmune and endothelial
cells in the brain release PGE2, which acts on the hypothalamus to
increase the body’s thermostat.'*'?* Immaturity of thermoregu-
latory mechanisms may also play a role in sepsis-associated
hypothermia in neonates. High body surface area for heat loss,
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decreased thyroid hormone levels, and less brown fat thermo-
genesis increases the risk for hypothermia. Sepsis may cause
additional derangement, not only with the production of
endogenous cryogenic substances but also with circulatory and
metabolic changes leading to heat loss.

Clinical implications of temperature instability

In many cases, increased or decreased body temperature in
neonates is due to exogenous factors and not sepsis. For example,
over bundling of term neonates can result in elevated tempera-
ture, and inadequate provision of external heat to preterm
neonates leads to hypothermia. Nonetheless, the abnormal
temperature in a neonate should prompt close observation and
consideration of infection. In the outpatient setting, a study of
mostly term infants presenting to the Emergency Department
with hypothermia showed that 15% had a serious bacterial
infection.'®* In the NICU, incubators maintain normothermia using
servo-controlled air temperature. Thus, temperature derange-
ments may be masked, while fluctuations in the incubator
temperature could indicate sepsis-related temperature instability.

The difference between core and peripheral temperature has
also been studied as an indicator of sepsis. Peripheral vasocon-
striction redirects blood and heat to the vital organs and
maintains core temperature while lowering the temperature of
the extremities. Dail and colleagues have studied the continuous
measurement of the difference between core and peripheral
temperature as an indicator of sepsis.'>>'?® Observational studies
show this temperature difference occurs more often in extremely
preterm infants, likely due to immature autonomic control."?> An
ongoing clinical trial is evaluating continuous core to peripheral
temperature difference  monitoring to predict infection in
premature infants."*”

Fever and hypothermia are part of normal host defense
mechanisms, and both are double-edged swords with potential
for both benefit and harm. Fever augments leukocyte function
and other aspects of host defense, but also raises the metabolic
rate and can lead to collateral damage to tissues such as the lung
and brain."?®"?° Hypothermia, conversely, is generally thought of
as a maladaptive response to infection reflecting greater severity
of illness,"'®"3° yet it also lowers metabolic rate and has tissue-
protective properties in some settings.'>!

Cholinergic anti-inflammatory response in sepsis

While the body sets inflammatory cascades in motion to fight
infection, it also increases anti-inflammatory cytokines and neural
pathways to maintain homeostasis. The cholinergic anti-
inflammatory response, described by Tracey and others, involves
the interaction between inflammatory molecules and neural
circuits that triggers feedback loops via the vagus nerve to curb
the inflammatory response.”'*? Acetylcholine binds to nicotinic
cholinergic receptors on macrophages and other immune cells
and inhibits the release of TNF-a and other pro-inflammatory
cytokines.

The cholinergic anti-inflammatory pathway also triggers the
production of anti-inflammatory cytokines such as IL-10 and TGF-3
and activation of the hypothalamic-pituitary-adrenal axis to
produce endogenous steroids that further modulate the systemic
inflammatory response.>'** Blocking the cholinergic anti-
inflammatory response increases sepsis lethality in animal models,
whereas vagus nerve stimulation or pharmacologic activation of
the response through nicotine agonists has beneficial effects.>®'3*
For septic neonates, repetitive brief heart rate decelerations may
be due, at least in part, to vagus nerve firing as a manifestation of
this protective parasympathetic reflex.>*

Scores and systems for neonatal sepsis risk assessment

To facilitate earlier diagnosis and treatment of neonatal sepsis, a
number of groups have developed risk scores, clinical decision
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support tools, or predictive models that incorporate vital sign
changes. In the era of big data research with the ability to extract
and analyze large datasets from the electronic health record,
advanced analytics will continue to be developed, refined, and
implemented to improve outcomes for NICU patients. Here, we
review some, but not all, warning systems and scores for neonatal
sepsis, most in the research and development phase.

The first commercially available early warning system for
neonatal sepsis is the HeRO (Heart Rate Observation) monitor
(Medical Predictive Science Corporation, Charlottesville, VA).
Researchers developed a mathematical algorithm to quantify
what experienced clinicians noticed while reviewing electrocar-
diogram data of preterm infants with sepsis: decreased HR
variability, punctuated by transient HR decelerations. The algo-
rithm detects these features by measuring beat-to-beat HR
variability, sample entropy,’*® and skewness as the ratio of
accelerations to decelerations.'®® The HR characteristics index
(HeRO score) was developed as the fold-increased risk, which
means that it compares the predicted risk of sepsis in the next 24
h to the average risk for all VLBW infants at all times. Display of
this score reduced all-cause mortality by 22%'*” and sepsis-
associated mortality by 40%'3® in a randomized clinical trial of
3003 VLBW infants in nine NICUs.

Decreased activity or lethargy often prompts concern for sepsis
but is subjective. One group developed a continuous measure
from ECG waveforms to continuously quantify infant motion for
early sepsis detection. This algorithm, called the Signal Instability
Index (Sll) estimates the extent and duration of movement every
second based on the previous ten seconds of ECG data."*® In a
study testing the predictive performance of the Sl and individual
heart rate and respiratory signal features, measures of the Sl did
not perform as well as heart rate characteristics,'*® but combining
this continuous index of movement could potentially add
information to heart rate predictive monitoring in the clinical
setting.

Another neonatal sepsis alert system is RALIS, in which nurses
enter multiple vital signs every 2 h, including HR, respiratory rate,
temperature, and bradycardia and oxygen desaturation events. A
score >5 prompts clinicians to evaluate for possible sepsis.®' %% A
Neonatal Necrotizing Enterocolitis Early Detection Score (Neo-
NEEDs) was developed in a single-center retrospective cohort and
prospectively validated. Cardiorespiratory instability was the most
common early presenting sign of NEC, and a high score was used
as a trigger for clinicians to evaluate an infant and obtain an
abdominal radiograph.'"’

While predictive algorithms based on continuous monitoring
data can provide early sepsis warning, models incorporating
abnormal physiology in the perinatal period can predict risk of
later morbidities by stratifying based on illness severity. Predicting
risk of later deterioration from sepsis or NEC could identify
preterm infants requiring enhanced vigilance and allows for risk
stratification in research for an adjusted comparison of outcomes.
In a small study of HR, RR, and SpO, data from the first 3 h after
the birth of preterm infants, a Physiscore was developed that
predicted a variety of later adverse events, including sepsis.'** An
elevated Physiscore was also associated with evidence of
intrauterine infection on histologic examination of the placen-
tas."*® Neonatal illness severity scores, such as the Clinical Risk
Indicator for Babies (CRIB)'** and Score for Acute Neonatal
Physiology (SNAP)'** predict mortality based on data collected
within the first 6-12 h after birth, but perform less reliably when
calculated serially for early warning of illness.'*

A weakness in neonatal sepsis predictive algorithms is the lack
of a consensus definition that incorporates illness severity."> The
Sequential Organ Failure Assessment (SOFA) score for adults was
adapted for pediatric'*” and neonatal patients'*® to assess sepsis-
associated mortality. The nSOFA score, validated in a multicenter
cohort' incorporates vital sign and laboratory parameters and
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represents a step toward defining neonatal sepsis according to
illness severity.

Advances in bioinformatics and data science have brought an
influx of studies developing machine learning models using large
datasets extracted from electronic health records. The body of
literature on machine learning for adult sepsis is large,’*° and
growing for pediatric and neonatal sepsis."””'"">* Adults and
children with sepsis have considerable variability in age and
comorbidities that influence model training and performance'>*
and for preterm infants risk correlates strongly with gestational
age and comorbidities.** One goal of predictive analytics is to
build a model that adds to what the clinician already knows, or
one that detects abnormal physiology and not just clinician-
initiated data from the electronic health record.'>

CONCLUSION

Changes in vital signs can signal sepsis, and proper use of sepsis
early warning systems in the ICU can improve outcomes through
earlier treatments leading to more rapid resolution of cardior-
espiratory instability and systemic inflammation.'*® While
antibiotic therapy can be life-saving for true infections, overuse
of antibiotics in the absence of infection has many detrimental
effects and should be avoided. It is critically important that any
sepsis early warning system alert or score should be interpreted
in the context of other clinical and vital sign changes, as well as
laboratory testing when appropriate. Many vital sign changes or
patterns occur in response to conditions other than sepsis
including clinical interventions and medications. Therefore,
through a combination of enhanced clinical vigilance and
informed use of risk scores, NICU patients can benefit from
“right timing” antibiotics leading to better outcomes for septic
neonates.
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