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ABSTRACT

Glucose is the primary substrate for energy metabolism in the brain and although the brain is
dependent on a constant glucose supply for normal function, both local energy stores and the supply
of alternate substrates are limited. In utero, the placenta provides a continuous supply of glucose to
the fetus while transition to extrauterine life marks an abrupt change in substrate delivery and a major
change in glucose metabolism where insufficiencies and disruptions can occur. Hypoglycemia is one of
the most common biochemical disturbances in the neonatal period, affecting a wide range of neonates.
Prolonged or persistent low plasma glucose concentrations can lead to neonatal brain injury and
abnormal neurological outcomes. This article discusses fetal and neonatal metabolic adaptation, the
physiology of glucose homeostasis, hypoglycemic brain injury (HBI), and neurodevelopmental long-

term outcomes.
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YPOGLYCEMIA IS ONE OF THE MOST

common biochemical disturbances
seen in the neonatal period and a common
cause of brain injury as glucose is the brain’s
primary metabolic fuel.! The transfer from
fetal glucose to neonatal glycogenesis is com-
plex, although healthy full-term neonates are
generally equipped to manage the transition.!
However, many factors make neonates sus-
ceptible to more significant hypoglycemia.
Following birth there is an expected drop
in glucose levels as the neonate adapts to
extrauterine life; however, any persistent or
recurrent hypoglycemia may have significant
impact on the neonatal brain.?

Persistent hypoglycemia is hypoglycemia
that lasts beyond the first 24 to 48 hours of
life.>* Although all neonates are theoreti-
cally at risk for hypoglycemia, preterm, late-
preterm, large for gestational age (LGA),
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small for gestational age (SGA), those with
intrauterine growth restricion (IUGR),
infants of diabetic mothers (IDM), and neo-
nates with perinatal stress are all at increased
risk for persistent hypoglycemia.> The level
and duration of hypoglycemia associated with
neurologic sequelae is not well established.?
However, neonatal hypoglycemia (NH) can
result in a catastrophic brain injury.®¢ This
article describes the physiology of glucose
homeostasis, the pathophysiology of neonatal
hypoglycemic brain injury (HBI), and long-
term outcomes.

PHYSIOLOGY OF GLUCOSE
HOMEOSTASIS

Insulin and glucagon are the primary hor-
mones that regulate glucose metabolism.
Glucose must cross the plasma membrane
to be utilized by cells in the body and this
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is highly influenced by the hormone, insulin.” Through the
process of facilitated diffusion, insulin enables glucose to
enter the cell by changing the cell wall permeability; however,
this process occurs differently in the brain, in that cerebral
utilization of glucose is not dependent on insulin.” Cerebral
glucose transport through the blood-brain barrier is regu-
lated by a carrier-mediated, facilitated diffusion that involves
glucose transporters, a process that is dependent on plasma
glucose concentrations.”

Glucose is the primary substrate for energy metabolism
necessary for all organ function during the perinatal, neo-
natal, and postnatal periods. A considerable portion of the
placental transfer of glucose is used by the fetal brain.® Prior
to birth, the fetus depends entirely on the continuous mater-
nal supply and the carrier-meditated placental transfer of
glucose for energy because there is very little endogenous
glucose production during fetal life.” Although enzyme sys-
tems necessary for glucose production develop early in fetal
life, endogenous fetal glucose production only occurs under
extreme and abnormal circumstances.® While the fetus does

not produce glucose readily, fetal insulin production is pres-
ent at 10-12 weeks’ gestation.” As the fetus approaches term
gestation glucose and other substrates are stored as glycogen
and fat in anticipation of birth.!® The high insulin to glucagon
ratio in the fetal circulation results in the activation of glyco-
gen synthesis and suppression of glycogenolysis (formation
of glucose from glycogen).'! Most fetal glycogen is produced
in the third trimester and deposited in the skeletal muscle
and liver.!® In addition to glycogen, the fetus also stores fat
in adipose tissue where most triglyceride synthesis occurs in
the third trimester.'® The marked increase in glycogen and
triglyceride synthesis during this period is associated with an
increase in circulating insulin and cortisol that is necessary
for the maturation and activation of the metabolic pathways
required following birth.!!

Transition from fetal to neonatal life is very complex with
physiologic challenges that require metabolic adaptation
to maintain appropriate plasma glucose concentrations.’
Following birth, with the clamping of the umbilical cord,
the continuous transplacental glucose supply and nutrient

FIGURE 1 B The physiological changes to maintain glucose levels in healthy term neonates.

J Endogenous glucose production

~

3

L (via glycogenolysis, gluconeogenesns)J

—
l Insulin

B l Peripheral glucose utilization

)
)

T Glycogenolysis l

>

{ T Glucose release ]

Glucagon
Adrenaline I
Cortisol [ > Gluconeogenesis
GH (precursors: glycerol, T Glucose release ¥ Y
lactate, amino acids) {!
TSH L 7 R— T
‘ — Euglycemia
E— Glycerol L
: T Iy i

J \

Lipolysis

o 1

Lipid oxidation

T Free Fatty Acids

(Ketone production during the

,

Y
l Ketogenesis

first days of life)

Source: Adapted from Giiemes M, Rahman SA, Hussain K. What is a normal blood glucose? Arch Dis Child. 2016;101:569-574.

NEONATAL NETWORK

MAY/JUNE 2020, VOL. 39, NO. 3



delivery abruptly ceases and neonatal endogenous glucose
metabolism, including insulin regulation, begins.!! In the
healthy term neonate, several metabolic, hormonal, and phys-
iologic changes occur that facilitate the extrauterine adapta-
tion necessary to maintain glucose homeostasis; these are
outlined in Figure 1. Plasma glucose concentrations undergo
a transitional phase with a normal physiologic nadir in the
first few hours of life and this stimulates endogenous glucose
production in the healthy, term neonate.'? Healthy newborn
infants will adapt to intermittent feeding, digestion, and
intestinal absorption of nutrients that stimulate production
of hormones and trigger a cascade of changes in their gastro-
intestinal function and metabolic adaptation to extrauterine
life.® Conversely, in premature or SGA infants this complex
process of hormonal and metabolic adaptation is immature
and underdeveloped.®

In the immediate newborn period, there is a rapid surge
in plasma catecholamine concentrations, such as epineph-
rine, an increase in cortisol and glucagon levels, and a parallel
decrease in circulating plasma insulin levels.!? Simultaneously,
the physiologic decline in plasma glucose concentration trig-
gers glycogen phosphorylase enzyme activity that stimulates
an increase in hepatic glucose release through glycogeno-
lysis contributing to the regulation of glucose homeostasis
in the first few hours of life (Table 1).1° It is estimated that
healthy, term infants have only enough glycogen to main-
tain a glucose supply for about ten hours, during which time
glycogenolysis can rapidly lead to the depletion of glycogen
stores.'! Therefore, other mechanisms are required to main-
tain glucose homeostasis. The increase in glucagon, reversing
the relatively low fetal glucagon-to-insulin ratio, induces the
synthesis of phosphoenolpyruvate carboxykinase (PEPCK),
an enzyme required for hepatic gluconeogenesis, where a
healthy, term infant is capable of significant gluconeogene-
sis by four to six hours of life.!>!! The surge in plasma cat-
echolamine concentrations and the exhaustion of glycogen
stores promotes the activation of lipolysis, releasing free fatty
acids (FFA) that can be metabolized to provide precursors,
such as glycerol and amino acids, for gluconeogenesis as well
as providing energy in the form of adenosine triphosphate
(ATP).!0113 These fatty acids are also catabolized to produce
ketone bodies that are used as an alternate fuel by most tis-
sues, including the brain.'® The release of epinephrine, a cate-
cholamine, by the adrenal glands permits additional release of

TABLE 1 B Counterregulatory Pathways Involved in Maintaining
Glucose Homeostasis

Glycogenolysis * Hepatic glycogen converted to glucose
e Stimulated by Tepinephrine, glucagon, { insulin

Gluconeogenesis ® Glucose from noncarbohydrate sources,
e.g., lactic acids, amino acids, glycerol

Lipolysis e Formation of free fatty acids and glycerol
* Glycerol is converted to glucose

Ketogenesis e Free fatty acids converted to ketones
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glucose from the liver; however, with prolonged low plasma
glucose concentrations, growth hormone and cortisol are
also released to mobilize fat and protein substrates as alter-
nate energy sources that can be utilized for cerebral func-
tion.'® These adaptive changes occur to replace the glucose
supply previously received via the placenta.!?

Neonatal glucose homeostasis provides the brain and other
vital organs with enough glucose supply for energy metabo-
lism. Normal glucose concentrations are maintained by fac-
tors that control glucose production and glucose utilization.’
Until an exogenous supply of glucose is provided, either
by enteral feedings or administration of intravenous fluids,
endogenous hepatic glucose production serves as the most
significant source of glucose to meet a neonate’s metabolic
requirements.' When rates of glycogenolysis and gluconeo-
genesis do not equal the rate of glucose utilization due to a
disruption in the hormonal control mechanisms or variabil-
ity of substrate supply, disturbances of glucose homeostasis
occur, most commonly resulting in neonatal hypoglycemia.

DEFINING NEONATAL HYPOGLYCEMIA

The definition of neonatal hypoglycemia is still controver-
sial as no one single value can define hypoglycemia for indi-
vidual neonates.*1% The American Academy of Pediatrics
(AAP) defines hypoglycemia as blood glucose <40 mg/dL
(2.2 mmol/L), but suggests maintaining a glucose level
>45 mg/dL (2.5 mmol/L) if symptomatic.'® The Pediatric
Endocrine Society (PES) defines it as blood glucose <50 mg/
dL (2.8 mmol/L) in neonates without concern for a con-
genital hypoglycemia disorder.® PES has a more conservative
definition, noting that the AAP definition is based on an
observational study of preterm infants who had asymptom-
atic hypoglycemia multiple times during hospitalization, and
at 18-month follow-up were found to have impaired neu-
rodevelopment.!? It is, however, important to note that in
a follow-up study of this same cohort at age 15, there was
no persistent difference in neurodevelopmental status.'? The
normal glucose range is dependent on various factors such
as the neonate’s size, gestational age, underlying conditions,
and available energy sources.’'? Whole blood glucose levels
are noted to be 10-18 percent less than plasma glucose levels,
and it is important to consider the source utilized in these
thresholds and in clinical practice.! One study of healthy
breastfed infants found the lowest plasma glucose levels
occurred during the first 24 hours of life and could be as low
as 25 mg/dL (1.4 mmol/L) to 32 mg/dL (1.8 mmol/L)
without sequalae.'” Approximately 12-14 percent of normal,
appropriate for gestational age (AGA), breastfed neonates
will have a plasma glucose <47 mg/dL (2.6 mmol /L) in the
first 72 hours of age.'® The AAP focuses on recommenda-
tions in the first 24 hours of life, while PES suggests that after
the first 48 hours of life the threshold for intervention should
be even higher, 60 mg/dL (3.3 mmol/L)."? It is unlikely
that a consensus will be reached on a numerical definition of
hypoglycemia, given that specific responses to hypoglycemia




occur within a range and can be determined by the presence
of alternative energy sources.!?

The current hypoglycemia threshold, most clinicians
agree, is 3647 mg/dL (2-2.6 mmol/L),! but in healthy
term neonates, plasma glucose levels can range from 25 to
110 mg/dL (1.4-6.1 mmol/L) within the first few hours
but should be a least 60-100 mg/dL (3.3-5.6 mmol/L)
after 72 hours of age.'* However, for high-risk neonates,
poorer outcomes have been reported with plasma glucose
levels <47 mg/dL (2.6 mmol/L)."* In one study, published
by McKinlay and associates in 2015, neonates >35 weeks’
gestation, who had interventions to maintain plasma glucoses
>47 mg/dL (2.6 mmol/L) had no evidence of neuronal
injury at two years of age.'

Symptomatic hypoglycemia may be readily detected by
the clinician, although clinical signs may overlap with other
etiologies. Symptomatic, hypoglycemic infants present with
jitteriness or tremors, apathy, episodes of cyanosis, convul-
sions, intermittent apneic events or tachypnea, weak or high-
pitched cry, limpness or lethargy, difficulty in feeding, and eye
rolling."'* In asymptomatic neonates who are not identified
to be at risk and screened, hypoglycemia may go undetected
for a prolonged period, placing them at increased risk for the
long-term sequelae.

ETIOLOGY OF HYPOGLYCEMIA

A significant number of neonates with hypoglycemia do
not exhibit symptoms. If asymptomatic, the only way to
identify hypoglycemic neonates is through screening glu-
cose assessments. The challenge here lies in knowing which
neonate has a transient normal low glucose versus a neo-
nate who will have repeated or prolonged hypoglycemia.
It is postulated that prolonged or repeated hypoglycemia
predisposes neonates to brain injury, but there is no clear
consensus.b>*!* Identifying at-risk populations may be use-
ful in implementing additional surveillance and monitoring
in an attempt to quickly identify and mitigate hypoglycemia
(Table 2).

TABLE 2 H Risk Factors for Abnormal Glucose Homeostasis

Prematurity

IUGR

SGA

LGA

IDM

Perinatal stress

Inborn errors of metabolism
Genetic disorders

Maternal beta-blocker use

Abbreviations: IDM = infant of diabetic mother; IUGR = intrauterine
growth restriction; LGA = large for gestational age; SGA = small for
gestational age.
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Genetic conditions such as Beckwith-Wiedemann syn-
drome, Turner syndrome, Costello syndrome, congenital
hypopituitarism, congenital adrenal hyperplasia, and trisomy
21, to name a few, are known to be associated with hypogly-
cemia in the neonatal period. These infants warrant increased
screening.n'>?° Metabolic and endocrine disorders such as
those that affect amino acid, galactose, fructose, carnitine,
and fatty acid metabolism as well as glycogen synthesis disor-
ders, ketone synthesis and utilization defects, and defects in
glucose transport can all lead to hypoglycemia.!>?! In cases
where hypoglycemia persists, it is important to consider these
causes of impaired glucose regulation.

While genetic risk factors for neonatal hypoglycemia can-
not be forgotten, it is pertinent to further examine the more
proximate causes of hypoglycemia in the neonate, such as
SGA, IUGR, prematurity, LGA, or IDM. These risk factors,
along with additional postnatal variables, are outlined in
Table 2. The etiology of hypoglycemia in these populations
arises from a variety of factors such as inadequate substrate
availability, growth restriction, hyperinsulinemia, and inade-
quate enzyme production.

Inadequate Substrate

A discussion of hypoglycemia would be incomplete with-
out addressing inadequate carbohydrate intake as a cause
of hypoglycemia. Whether because of the lack of adequate
milk, from which fatty acids and sugars are used as metabolic
fuels,?? or an inability of the neonate to adequately transfer
milk from the source, perhaps because of neurological or
congenital abnormalities, insufficient glucose intake can lead
to hypoglycemia. In a healthy term infant, the liver should
contain up to three times the concentration of glycogen of
an adult liver, providing a ready energy source to sustain the
neonate through periods of reduced glucose availability.!
When glucose availability fails to meet the metabolic require-
ments, glycogenolysis and gluconeogenesis must be activated
to ensure a constant supply of fuel. A failure to sufficiently
activate these processes, or limited substrate availability, can
lead to hypoglycemia.

Growth Restriction

The definition of SGA is variable and may include infants
who measure less than the tenth or third percentile for ges-
tational age, or more than two standard deviations below the
mean for their gestational age. These infants may be con-
stitutionally small given their genetic makeup or ethnicity
and may not necessarily be small because of pathological
reasons. However, a significant portion of SGA infants, by
one estimate up to 70 percent, experience hypoglycemia.?!
TUGR infants, conversely, may not be SGA by definition,
but are those infants who have not met their optimal growth
potential because of genetic factors or in utero environ-
mental factors.!> Both of these groups of infants, as well
as those infants born prematurely, are at increased risk for
hypoglycemia because of inadequate glycogen and substrate
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for gluconeogenesis.'>?! Interestingly, up to a third of SGA
infants will have hyperinsulinemic hypoglycemia, thought to
be related to altered insulin secretion as a result of intrauterine
stress and catecholamine production.?®?* Fetal adaptations in
insulin secretion result from high catecholamine levels during
placental insufficiency.?*

Lack of glycogen stores, FFAs, or precursors to glucone-
ogenesis such as muscle mass may occur in premature, late
premature, SGA, or IUGR infants related to their lack of
intrauterine time to accrue the necessary adipose and glyco-
gen stores or because of growth restriction caused by a variety
of maternal and placental factors. In the preterm infant, the
usual deposition of glycogen and accrual of fat in the third
trimester has been interrupted and thus limits the available
stores.! The insufficiency of substrate results in an inability
to maintain glucose homeostasis through the mechanisms of
glycogenolysis and gluconeogenesis.

Hyperinsulinemia

While a fetus cannot produce its own glucose and relies
on constant maternal-placental delivery, glucose levels can
be regulated because insulin production is present from early
gestation.®® In the setting of poorly-controlled maternal
diabetes, the fetus will increase insulin secretion and will
present with growth above that expected as a result of this
surplus in anabolic steroid.! After birth this hyperinsulin-
emia may persist, but without the excessive maternal glu-
cose supply, leads to overutilization of glucose and results in
hypoglycemia.?-?2

Hyperinsulinism is the most common cause for the inabil-
ity to maintain euglycemia.”? Findings suggestive of hyper-
insulinemia are outlined in Table 3. Hyperinsulinism should
be suspected as the underlying cause of neonatal hypogly-
cemia when it is coupled with higher than expected glucose
requirements (>8 mg/kg/minute in the term infant) or in
infants noted to be macrosomic. The classic macrosomic
appearance, with normal for age head circumference but
large body mass for gestational age, suggests hyperinsulin-
ism of fetal origin. This occurs in uncontrolled maternal ges-
tational diabetes and should be differentiated from infants
who are constitutionally large.”> While there may be some
debate on the true definition of macrosomia, it is convention-
ally accepted that any term infant weighing more than 4 kg,
with excessive body fat and increased glycogen storage in the
liver, kidney, skeletal muscle, and heart, typically noted by

TABLE 3 B Findings Suggestive of Hyperinsulinism

Persistent hypoglycemia
Severe hypoglycemia
Symptomatic hypoglycemia

Increased glucose requirements (above expected) to maintain normal
serum glucose (>8-10 mg/kg/min)

Elevated C-peptide or proinsulin levels
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clinicians as organomegaly, is macrosomic.?>2¢ Of note, while
excessive glucose has long been thought to be the main cause
of macrosomia in these neonates, maternal hyperlipidemia
and increased transfer of lipids to the fetus also accounts for
the excessive weight gain.?

Large for gestational age status is recognized as a risk
factor for hypoglycemia. These infants may or may not be
IDMs. LGA infants are those having a mean weight above
the 90th percentile, or those with a mean weight two stan-
dard deviations above that expected for their gestational
age.”®?® While their LGA status may, in part, be related to
their genetic makeup or ethnicity, as in the SGA popula-
tion, it cannot be overlooked that these LGA infants may,
in fact, be IDMs who were not identified prenatally.?® In
macrosomic newborns born to women without a diagno-
sis of diabetes, C-peptide levels in cord blood have been
found to be elevated, suggesting increased insulin levels in
this population.'*?” Studies in gestational diabetes readily
identify the challenges of diagnosis, including that globally
there exist differences in doses for oral glucose challenges,
which may impact the ability to diagnose gestational dia-
betes and capture outcome data.””*® It is also possible
that LGA infants’ mothers may have episodic hyperglyce-
mia, which actually confers increased risk of macrosomia,
with surges in maternal glucose promoting fetal insulin
secretion.?®

Hyperinsulinism may be short lived, or can be sustained
for weeks. In the SGA population, hyperinsulinism may be
more prolonged and require pharmocotherapy, beyond the
scope of this article, while transient hyperinsulinemia may
resolve within a few days.! If hyperinsulinism persists, there
should be consideration given to the possibility of congeni-
tal hyperinsulinism, which is a rare genetic disorder leading
to unregulated or inappropriate insulin production. Findings
that should be investigated for hyperinsulinism can be found
in Table 3.

Inadequate Enzyme Production

The premature or extremely low birth weight infant and
TUGR infants have the additional risk of hypoglycemia not
only because of inadequate substrate but also due to reduced
availability of enzymes necessary for gluconeogenesis such as
PEPCK, glucose-6-phophatase, fructose-1,6-diphosphatase,
and pyruvate carboxylase.?’* Without the necessary levels of
enzymes, gluconeogenesis is limited, and results in an inabil-
ity to maintain euglycemia via this mechanism. As mentioned
earlier, infants with hyperinsulinemia (LGA, IDM) may also
produce insufficient amounts of PEPCK as well as other
counterregulatory hormones necessary for glycogenolysis,
lipolysis, and ketogenesis, further limiting this at-risk neo-
nate’s ability to restore normal glucose levels.?22%?

Perinatal Stress
Perinatal stress is well recognized as a risk factor for hypo-
glycemia. Stressors may include birth asphyxia, ischemia,
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or fetal distress.*® Significant hypoxic injury in the perina-
tal period can impact liver function and potentially limit
enzyme activity necessary for gluconeogenesis, leading to
hypoglycemia in this vulnerable population.?? Following
perinatal asphyxia there may be transiently increased met-
abolic demands that lead to increased glucose production
via glycogenolysis, but sustained hypoxia leads to anaero-
bic metabolism and quick depletion of glycogen stores.'
Additionally, perinatal stress is also known to be a risk factor
for hyperinsulinemia that can persist for several weeks after
birth.!3? As previously mentioned, perinatal stress can set off
a cascade with long-lasting effects: surges of catecholamines
in fetal life, leading to suppression of insulin, eventually
translating to altered cell functioning and excessive insulin
production in postnatal life.?* It is important to note that
up to 25 percent of IDMs may experience perinatal asphyxia
that can be, in part, related to their large size and increased
risk of birth-related trauma, such as shoulder dystocia.?®

HYPOGLYCEMIC BRAIN INJURY

Newborn infants encounter several challenges when
attempting to establish euglycemia in the immediate postnatal
period. Newborns are capable of short-term glycogenolysis,
which cleaves glucose, but this metabolic pathway is contin-
gent upon existing glycogen stores. Newborns must wait at
least four to six hours after birth for the onset of gluconeo-
genesis, and this is contingent upon adequate postnatal intake
of substrate and the accumulation of necessary enzymes. A
failed or delayed metabolic transition to extrauterine life may
leave neuronal cells devoid of necessary glucose or energy
intake. This increases the risk for postnatal HBI.

In the immature neonatal brain, neuronal ATP levels and
neurological function are maintained during transient hypo-
glycemia.®® Neonatal hepatic glucose production does not
sufficiently supply the neonatal brain with energy during pro-
longed hypoglycemia; therefore, the mobilization of depos-
ited fat is important for energy metabolism.® The use of these
alternative substrates, such as ketone bodies and lactate, for
cerebral energy contributes to the maintenance of neonatal
glucose homeostasis.® Although these metabolic pathways
are functional in providing alternate fuel sources to maintain
plasma glucose concentrations during the neonatal period,
several inefficiencies exist. Insufficient ketone production,
lower amount of FFAs, and limited glycogen stores over-
all reduce the amount of glucose available for utilization.!?
When plasma glucose concentrations are reduced, cerebral
blood flow increases as a primary compensatory mechanism;
however, neuronal cells cannot extract sufficient glucose for
their metabolic needs from the low plasma glucose concentra-
tions despite the increase in cerebral blood flow.3%3! Transfer
of glucose across the blood-brain barrier is also dependent
on plasma glucose concentrations and the activity of carri-
er-mediated, glucose transporters on the vascular endothe-
lium and cell membranes.!! The level of glucose transporters
is decreased in the neonate when compared to the older
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infant, which can also limit cerebral glucose uptake.!!30:31
Therefore, when physiological disruptions occur leading to
inadequate defenses against prolonged periods of hypoglyce-
mia, the effects on the brain can be devastating and neonates
can develop permanent brain injury.

With the inadequate supply of glucose to the brain
during prolonged hypoglycemia there can be a subsequent
decrease in cerebral electrical activity, cell membrane break-
down, and altered amino acid metabolism including the
production of glutamate.! Glutamate is an excitatory amino
acid neurotransmitter in the central nervous system that is
thought to play a major role in the pathogenesis of HBI.!!
Hypoglycemia is associated with an increased release of glu-
tamate and in the neonatal period, the receptors for gluta-
mate, in particular the N-methyl-D aspartate (NDMA)-type
receptor, are well developed and more commonly seen in
the immature brain; these receptors are associated with ion
channels that transport sodium and calcium into the cell and
potassium out of the cell.!! Excessive activation of NDMA
receptor activity increases the cell concentrations of sodium
and calcium to levels that impair inhibitory mechanisms
to maintain neuronal homeostasis thereby altering the cell
membrane ion gradients.!! During hypoglycemia, energy-
dependent mechanisms for restoring normal sodium and
calcium ion gradients cannot function due to the depletion
of ATP and an excess of calcium ions can activate a cascade
of intracellular activities including activating cell proteases
and lipases, altering mitochondrial function, triggering free-
radical formation, and changing neurotransmitter synaptic
function, which can result in neuronal damage and necro-
sis.!131:32 Changes to mitochondrial metabolism and function
play a significant role in HBI.'%? There is a reduction in
mitochondrial oxygen and increased oxygen free-radicals,
which causes damage to the mitochondrial membranes and
DNA.'32 Mitochondrial DNA fragmentation interferes
with the ability of the cell to restore ATP levels; local deple-
tion of high-energy substrates can alter calcium ion levels
within and outside the mitochondrial membrane, inducing
apoptosis and leading to neuronal necrosis.'’** The ability
to utilize alternative energy substrates and the maintenance
of cerebral perfusion are important factors in determining
the differences observed in the patterns of brain injury seen
in neonatal hypoglycemia versus neonatal hypoxia.*® When
hypoxia occurs, cardiac function is compromised and car-
diac output is reduced. A reduction in cardiac output in
conjunction with the impaired autoregulation of cerebral
blood flow that can accompany hypoxia leads to ischemia
and results in a lack of oxygen and glucose delivery to the
brain. This type of injury occurs more often in the watershed
area and is dominated by gray and white matter changes.3**?
Hypoglycemia seems to potentiate the effects of hypoxia.®
Neonatal HBI occurs when local energy stores and the sup-
ply of alternate substrates are depleted; neurotransmitter
synaptic functions are disrupted causing dysregulation and
massive excretion of excitotoxins inducing cytotoxic edema
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and neuronal cell death in the parietal-occipital and thalamic
brain regions.!!3132 It remains unclear as to why these spe-
cific brain regions are the most vulnerable and affected by
neonatal hypoglycemia.

MRI CHANGES SEEN IN HBI

Symptomatic neonatal hypoglycemia can result in brain
injury detected by magnetic resonance imaging (MRI);
however, the degree or duration of NH associated with
brain injury on MRI is unknown.* The first case report
in 1994 by Spar and colleagues noting neuroradiologic
changes commented on findings of cerebral cortex thinning
in the occipital lobes with some basal ganglia involvement
as well.®® Subsequent to this, there have been several stud-
ies confirming the findings of parietooccipital white matter
abnormalities, as well as abnormal findings in the deep gray
matter structures of the basal ganglia and thalamus.®

Published in 2008, Burns and colleagues conducted a
retrospective cohort study of 35 term neonates with symp-
tomatic NH and no evidence of hypoxic—ischemic enceph-
alopathy; these neonates (>36 weeks’ gestation) had at least
one episode of hypoglycemia <47 mg/dL (2.6 mmol /L) and
underwent brain MRI in the first six weeks of life. Sixty-three
percent of the patient population had transient hypoglyce-
mia that resolved promptly after treatment; the remainder
had prolonged or recurrent NH. Patterns of brain injury
secondary to NH are more varied than previously described
as per the study results.** Ninety-four percent of infants
had some level of evidence of white matter changes, with
80 percent categorized as moderate or severe.?* Most infants
had global white matter abnormalities (39 percent), with only
29 percent having severe injury localized to the parietooc-
cipital cortex and subcortical white matter with 18 percent
of infants only having posterior changes.** Basal ganglia and
thalamus involvement were noted in 40 percent of infants.?*
The severity of NH did not correlate to the pattern of brain
injury. There were also no distinguishing MRI changes for
transient versus prolonged or recurrent NH. Of note, the
presence of seizures over several days was associated with
moderate to severe white matter injury. Children who did
not have seizures had no cortical involvement, although
normal to moderately abnormal white matter changes were
noted.** A subset of children with transient seizures on Day 1
of life had normal to severe changes on MRI scans.?* Clinical
implications of these MRI findings do not present until later
in life.

Diffusion-weighted imaging (DWI) is an MRI technique
with which increased diffusion restriction can be seen in
cytotoxic or myelin edema. DWI has been utilized to assess
diffusion restriction on MRI scans of infants with NH in a
retrospective cohort study of 45 patients by Tam and col-
leagues.® Neonates with documented glucose values of
47 mg/dL (2.6 mmol /L) who underwent MRI during their
admission were included in the study. Diftusion restriction in
bilateral occipital poles had been detected in term neonates
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FIGURE 2 B MRI image of HBI.

MRI diffusion-weight imaging (DWI) after neonatal hypoglycemia.
Diffusion restriction in a neonate born at a gestational age of 38
weeks, evaluated with DWI four days after hypoglycemia onset.
Showing diffusion restriction in the bilateral cortex of occipital lobes,
corpus callosum, and mesial part of occipital lobe with involvement
of right-sided optic radiation—typical finding of neonatal HBI.

who underwent DWI within six days after NH onset; any
DWI studies conducted after one week of NH would not
result in the expected diffusion restriction pattern of injury
because the cytotoxic or myelin edema would have resolved.®
Neonatal hypoglycemia resulted in varying degrees and dis-
tribution of occipital lobe injury (Figure 2). Preterm neo-
nates with neonatal hypoglycemia did not show diffusion
restriction. It could be hypothesized this is because of a lesser
degree of myelination in the preterm brain, variable meta-
bolic activity in the preterm brain, or variance in metabolic
activity of the glial cells in term neonates, more specifically in
the occipital white matter.®

Neonatal hypoglycemia is also common in term infants
with neonatal hypoxic-ischemic encephalopathy (HIE) and
there have been various studies detailing the MRI patterns
of brain injury in HIE. However, when neonatal hypoglyce-
mia and neonatal encephalopathy or HIE coexist, an MRI
pattern of posterior white matter and posterior nuclei of the
thalamus injury has been documented.®

NEURODEVELOPMENTAL OUTCOMES

There is limited evidence, generally of low quality, to
predict the impact of neonatal hypoglycemia on neurode-
velopment and many studies are contradictory. A systematic
review by Boluyt and colleagues on neurodevelopment after
neonatal hypoglycemia found 18 eligible studies: 16 of poor
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quality with only 2 considered high quality.*® There was note
of significantly decreased motor and mental scores as well as
significantly increased incidence of cerebral palsy or global
developmental delay at 18 months comparing preterm neo-
nates with neonatal hypoglycemia versus normoglycemic
control preterm neonates.*® To the contrary, Goode and col-
leagues, who performed a secondary analysis on data from
the Infant Health and Development program (785 infants
<37 weeks’ gestation and <2,500 g with glucose levels
recorded), divided the patients into four categories based on
glucose values (ranging from <35 mg/dL [<1.9 mmol/L],
3640 mg/dL [2.0-2.2 mmol/L], 41-45 mg/dL [2.3-2.5
mmol/L] and 46-180 mg/dL [2.55-10 mmol/L]) and
noted no significant intellectual or academic difference in
preterm infants with or without neonatal hypoglycemia.

There is a traditional association of neonatal hypoglycemia
with occipital lobe injury. Tam and colleagues reported 55
percent poor or absent cortical responses on visual evoked
potentials (VEPs) in a population of 20 term neonates.’
Neonates with diffusion restriction noted in the occipital lobe
were more likely to have abnormal VEPs and cortical-visual
deficits. Visual deficits ranged between squint, field defects,
and cortical-visual and visual-spatial impairments.® The study
authors recommended that family counseling on the poten-
tial of future visual abnormalities be provided for infants with
neonatal hypoglycemia and associated DWI changes in the
occipital lobes on MRI.®

Burns and colleagues reported that presentation of neo-
natal hypoglycemia with seizures in the neonatal period was
associated with poor long-term neurologic outcomes. Thirty-
five percent of neonates developed seizures later, but before
the age of two years, these ranging from infantile spasms
to focal or generalized seizures.** Hypoglycemia—occipital
syndrome has been described in a retrospective study of 27
patients with neonatal hypoglycemia (excluding for con-
founding factors like HIE, electrolyte abnormalities, infec-
tion or other factors such as trauma).*” The authors describe
a triad of neonatal hypoglycemia, visual disturbance, and
epilepsy (predominantly occipital lobe epilepsy) as the main
findings in neonates and children with a history of neonatal
hypoglycemia.?”

Reassuringly, studies have noted correlation between
MRI findings and long-term outcomes.'?**3%3% Burns and
colleagues reported 80 percent of neonates (# = 35) with
moderate to severely impaired outcomes were noted to
have severe white matter changes on MRI.** Neonates with
mild white matter changes were noted to have a normal to
mildly impaired outcome. Neonates with severe white matter
changes who went on to develop mild to moderately impaired
outcomes had unilateral white matter injury, which supports
the assumption that the contralateral hemisphere has some
ability to compensate.®*

McKinlay and colleagues performed a prospective cohort
study involving 528 neonates >35 weeks’ gestation considered
to be at risk for hypoglycemia.® The neonates were treated

144

NEONATAL NETWORK

to maintain glucose values >47 mg/dL (2.6 mmol/L). Fifty-
three percent of neonates in the study had neonatal hypo-
glycemia.® When treated, neonatal hypoglycemia was not
associated with an increased risk of impairment or processing
difficulties at two years of age in neonates with hypoglycemia
versus normoglycemic controls.*® This finding was consistent
even among children with multiple or severe episodes of neo-
natal hypoglycemia.'” The same group of researchers followed
the same infants at 4.5 years of age and noted a two to three-
fold greater risk of lower executive function (working mem-
ory, flexibility and attention, delay inhibition, and complex or
conflict inhibition) and lower visual-motor integration scores
in infants with neonatal hypoglycemia compared to normo-
glycemic controls.®® Executive function impairment has been
associated with attention deficit or hyperactivity disorder,
learning difficulties, and conduct disorders. Additionally,
visual-motor integration impairment has been associated
with poor math, writing, and reading performance.

Similarly, a recent systematic review of 12 low-quality stud-
ies found no difference in the risk for neurodevelopmental
impairment in early childhood (two to five years of age).*
This review did find an association with increased risk of
visual-motor impairment in this age range in two stud-
ies, also deemed as low-quality evidence.® No difference
in the development of epilepsy was noted with exposure
to neonatal hypoglycemia.®® Study results were different
in the 6-11 years age range with an increased risk for
low language and literacy scores as well as low numeracy
scores.®”* Consequently, studies assessing neonatal hypo-
glycemia and the impact on neurodevelopment must
have longer term endpoints for follow-up assessment.
General developmental tests completed in follow-up at
infancy are not likely to capture or demonstrate the impact
of neonatal hypoglycemia on the development of the
brain.

Hypoglycemia is one of the most common metabolic
disorders during the neonatal period. As discussed, per-
sistent or recurrent hypoglycemia can cause some degree
of neonatal brain injury including cognitive impairment,
visual disturbances, seizures, and other sequalae; however,
quantifying the risk has remained challenging with ongoing
discrepancies and varying agreements among practitioners
on how to best manage these infants. Neonatal HBI is not
well known or understood by some practitioners and there
are limited diagnostic criteria available, because of the lack
of clinical manifestations, to identify signs of HBI. MRI
studies, however, have become increasingly important as a
diagnostic and prognostic tool. An improvement in under-
standing the outcomes of HBI could inform decisions on
when practitioners should intervene and how quickly, to
correct the hypoglycemia.

CONCLUSION
Hypoglycemia management is challenging and screening
infants at the correct times is of utmost importance. The
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management of hypoglycemia for healthy term neonates or
at-risk neonates can be guided by the clinical practice guide-
lines available from the AAP, Canadian Paediatric Society,
Pediatric Endocrine Society, or other reputable sources in
your region of practice.®'*** Understanding the underlying
pathophysiology of neonatal hypoglycemia in at-risk popu-
lations, including SGA, LGA, IDM, and premature infants,
can aid the clinician in identifying neonates at risk who are
then appropriately screened, managed, and followed in the
first week of life to ensure glucose homeostasis is main-
tained. Persistent or recurrent hypoglycemia can lead to
permanent brain injury that may include visual disturbances,
hearing impairment, cognitive abnormalities, secondary
epilepsy, and other long-term neurologic sequelae that can
be prevented.?? Each unit should develop or follow preexist-
ing evidence-based guidelines or policies that guide health
care providers in managing neonatal hypoglycemia based
on the population they serve. Obstetrical units, postpar-
tum units, and NICUs all have a role to play in prevention
of HBIL.*
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