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Abstract: Hypoglycemia is a heterogeneous disorder with many different possible etiologies, including

hyperinsulinism, glycogen storage disorders, fatty acid disorders, hormonal deficiencies, and metabolic

defects, among others. This condition affects newborns to adolescents, with various approaches to diagnosis

and management. This paper will review current literature on the history of hypoglycemia, current

discussion on the definition of hypoglycemia, as well as etiologies, diagnosis, and management.
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Introduction

Hypoglycemia may be caused by various defective pathways
in the production and metabolism of glucose, as well as
defective pathways to maintain euglycemia. This review
will discuss pertinent literature as it relates to the normal
pathways for glucose utilization, history of hypoglycemia,
select etiologies and approach to management.

Pathophysiology

Throughout gestation, increasing glucose requirements
by the growing fetus lead to transport of glucose through
the placenta. This is performed by facilitated diffusion as
the primary source of energy through the family of glucose
transporter proteins (GLUT), primarily glucose transporter
type 1 (GLUT1) through a concentration gradient which
favors the fetus (1-3). Fetal glucose is mostly provided
by maternal glucose supply (1,4-6), while fetal insulin
functions primarily for growth (7). Although uterine glucose
uptake is regulated by maternal glucose, utero-placental
glucose consumption is primarily regulated by fetal glucose
levels (8). Fetal hepatic glycogen stores increase during the
latter stages of gestation. Although the fetal pancreas matures
throughout pregnancy, it maintains a relative immaturity to
secrete glucagon and insulin and does not substantially change
fetal glucose concentrations until the neonatal period (1).
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Plasma glucose levels are maintained at ~55-60 mg/dL
after birth, and then increase to 70 mg/dL at approximately
2 days of life (9). A glucagon surge occurs shortly after
birth to maintain glucose levels and then decreases, insulin
levels decrease, and ketone production occurs along with
gluconeogenesis. However, chronic hyperglycemia (as seen
among infants of diabetic mothers) can lead to increased
insulin secretion (1). The newborn period is reflected by a
plasma glucose requirement of approximately 6 mg/kg/min,
which changes relative to prematurity and increasing age (10).
Premature or growth restricted infants may have reduced
ability to maintain euglycemia, due to reduced glycogen
stores, increased metabolic needs, or poor counter-regulatory
response to hypoglycemia (11).

In response to feeding, glucose is absorbed through
the gastrointestinal tract through glucose transporters,
including but not limited to SGLT1 (Na/glucose co-
transporter), glucose transporter type 2 (GLUT2), GLUTS
(fructose transporter), and also mediated by calcium
and potassium channels (12,13). Regulatory physiologic
processes are then activated, including increased plasma
insulin levels, glycogen synthesis, and triglyceride synthesis.
Gluconeogenesis, ketogenesis and lipolysis are inhibited,
and there is relative increase in peripheral glucose uptake
through glucose transporter type 4 (GLUT4) (10,14).
Glucose supply to the brain is controlled by plasma glucose
levels, GLUT1, and glucose transporter type 3 (GLUT3)
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transporter proteins ().

Conversely, as declining plasma glucose levels occur,
insulin levels start to decrease at plasma glucose levels of
approximately 80-85 mg/dL. Counter-regulatory glucagon
and epinephrine pathways are elicited, which can stimulate
hepatic glycogenolysis and gluconeogenesis, lipolysis, and
ketogenesis; this may occur at plasma glucose levels as
early as 68 mg/dL. Cortisol and growth hormone (GH)
release then occur at even lower plasma glucose levels (14).
Glycogenolysis is usually the first process to occur during
hypoglycemia prior to gluconeogenesis and lipolysis while
disorders of fatty acid oxidation and gluconeogenesis may
manifest at a later age as feedings become less frequent (14).

As children grow, liver glycogen stores increase and fasting
periods with available glucose can increase from 4 hours
during early infancy up to 24 hours in older children (14).

Definition of hypoglycemia

Historically, neonatal hypoglycemia was only discernible
through clinical symptoms including, but not limited
to, lethargy, coma, and seizures. These clinical criteria
determined the definition of clinically significant
hypoglycemia (15,16). Many approaches have been utilized
to clarify hypoglycemia, but one of the well-known early
definitions among adults involved Whipple’s triad, which
states that one must have: (I) symptoms consistent with
hypoglycemia; (I) low plasma glucose concentration; and (IIT)
resolution of symptoms with normal plasma glucose levels.
Utilizing this triad may become problematic in infants as they
may not be able to communicate symptoms consistent with
hypoglycemia and further testing may be necessary (11,15).
With the advent of technologic advances, it became possible
to discover etiologies of hypoglycemia and its counter-
regulatory mechanisms. Generally, some main approaches
to defining hypoglycemia have included: (I) hypoglycemia
relative to presence of clinical manifestations; (II) using
population data of values to determine a cutoff based on
standard deviation; (III) hypoglycemia at which neurological
function is impaired; and (IV) hypoglycemia at which
physiologic metabolic and hormonal processes occur (16,17),
but these approaches have been problematic for a myriad
of reasons. This may suggest that hypoglycemia may be
more of a continuum of hormonal abnormalities and clinical
manifestations, and a single plasma glucose value has become
difficult to associate with neurological outcome, as it could
depend on the degree and duration of the hypoglycemia
(11,16). In addition, a newborn infant may be asymptomatic,
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and these clinical symptoms could be attributed to other
pathologic conditions (16). However, among older children
and adolescents, utilizing Whipple’s triad before undertaking
an intervention may be reasonable (11).

Longstanding discussion and research continues in order
to define clinical hypoglycemia. This can be defined as a
plasma glucose level below 68 mg/dL, the cutoff glucose
value for when counter-regulatory processes can occur (14).
Furthermore, a plasma glucose level approximately at
or below 50 mg/dL has been regarded as sufficient to
undergo testing to define an etiology of hypoglycemia,
as many counter-regulatory responses occur at this level
(10,11,14). However, other studies and guidelines have
proposed various plasma glucose cutoff values which could
be associated with increased risk for long-term adverse
outcomes (16). Official guidelines and others have noted
that among infants who are symptomatic, plasma glucose
level less than 50 mg/dL (<48 hours of life), and less than
60 mg/dL (>48 hours of life) should be evaluated.
Additionally, among asymptomatic infants at risk, infants
whose plasma glucose levels are less than 25 mg/dL
(<4 hours of life), less than 35 mg/dL (4-24 hours of life),
less than 50 mg/dL (24-48 hours of life), and less than
60 mg/dL (>48 hours of life) warrant intervention (5,18).
Due to these diverse guidelines, available studies have
investigated the long-term outcomes of hypoglycemia among
patients utilizing a certain plasma glucose level. Some of
these studies have noted that maintaining at-risk infants
above a plasma glucose level of 47 and 45 mg/dL was not
associated with neurologic deficits at follow-up (19,20).
Moreover, results noted in various studies are not consistent
and require further investigation for clarity (21-23).

Symptoms of hypoglycemia can occur through
neuroglycopenic or autonomic pathways. Autonomic
symptoms, which result in sympathetic activation,
can include, but not limited to, tachycardia, anxiety,
tremors, sweating, nausea/vomiting, and hypothermia.
Neuroglycopenic symptoms due to effects of decreased
glucose availability to the central nervous system involves
manifestations such as headaches, lethargy, and motor/
sensory/visual disturbance, among others (14). These
symptoms, along with counter-regulatory responses, can
be affected by clinical status, age, gender, and medication
use, among others (24-26). With chronic hypoglycemia,
blunted counter-regulatory responses may occur. This
is termed hypoglycemia associated autonomic failure or,
“hypoglycemia unawareness” and this should be identified
and evaluated if this occurs (14,27).
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Causes of hypoglycemia
Hyperinsulinism

Hyperinsulinism has been regarded as the most common
cause of hypoglycemia during infancy. This condition
typically occurs shortly after birth, although it can present
later in infancy as feedings become less frequent.

This condition is manifested by inappropriate levels of
insulin and c-peptide respective to the plasma glucose level,
decreased levels of free fatty acids, beta-hydroxybutyrate
(BOHB), and insulin growth factor binding protein 1 (IGF-
BP1) (due to IGF-BPI gene transcription suppression
by insulin). Another diagnostic test for hyperinsulinism
is an increase in plasma glucose levels of greater than
30 mg/dL in response to glucagon administration during
hypoglycemia. A glucose infusion rate above 6-8 mg/kg/min
to maintain normoglycemia is typical of this condition.
Hyperinsulinism can be classified into two types: transient
and persistent forms.

Persistent hyperinsulinemic hypoglycemia of infancy
(PHHI) may have an underlying identifiable cause in
about 50% of patients (28). Defects in K-ATP channels,
which regulate insulin secretion from pancreatic beta
cells, are the most frequent cause of permanent congenital
hyperinsulinism and account for approximately 90% of all
congenital hyperinsulinism cases. Defects in two genes,
ABCCS8 (which encodes the SUR1 subunit of K-ATP
channel) and KCN711 (which encodes the Kir6.2 subunit
of the K-ATP channel), can cause increased secretion of
insulin. Diffuse forms may involve the inheritance of two
autosomal recessive K-ATP mutations, whereas focal disease
can involve certain cells possessing the inheritance of the
paternal mutation and loss of the normal maternal allele (14).

K-ATP associated hyperinsulinism can be managed
medically or surgically. Typical medical management begins
with the administration of diazoxide. Other therapies can
be considered, as discussed further. Diazoxide binds to the
SURI subunit, causing opening of the K-ATP channels
and inhibition of insulin secretion (9,29). Diffuse forms of
hyperinsulinism due to autosomal recessive inactivating
mutations of ABCCS§ or KCN7F11 are not typically diazoxide
responsive, whereas the dominant inactivating mutations are
usually milder and diazoxide responsive (29,30). Diazoxide
doses range from 5-20 mg/kg/day divided into three doses,
although the lowest possible dose should be used to achieve
euglycemia (29). Responses are usually seen within 48
hours after dose initiation. Other interventions should be
considered if no response is seen after 5 days of therapy (31).
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Possible side effects include hypertrichosis, fluid retention
(in some cases, chlorothiazide therapy may be necessary),
gastrointestinal symptoms (nausea, vomiting), decreased
IgG, and/or neutrophil concentrations (32,33).

Octreotide is a somatostatin analogue that inhibits
insulin secretion, through decreased calcium transfer and
insulin promoter gene activity, as well as affecting the
K-ATP channel. This therapy can increase plasma glucose
levels but its effectiveness may wane after 24-48 hours
of therapy (34). Some side effects of octreotide include
nausea, abdominal pain, long QT syndrome, necrotizing
enterocolitis, hepatitis, and suppression of other hormones
such as GH and thyroid stimulating hormone (TSH)
(29,35,36).

Nifedipine is a calcium channel blocker and can inhibit
insulin secretion. However, studies have not shown a very
effective response and therefore its use has been generally
limited in hyperinsulinism (29,37,38).

The mammalian target of rapamycin (mTOR) inhibitor
is a possible downregulator of cellular growth, and could
reduce beta cell proliferation, and therefore inhibit
insulin production (29,34,39). Initial reports showed some
promise among patients with hyperinsulinism who were
unresponsive to diazoxide and octreotide therapy (40).
Evidence has shown that the mTOR inhibitor has shown
limited aid with achieving normal plasma glucose levels and
reduced need for other adjunctive therapy in congenital
hyperinsulinism (41). Additionally, lung, renal, and
liver function, and mucocutaneous side effects must be
monitored (42).

Other studies have shown that glucagon-like peptide 1
(GLP-1) receptor antagonists have been shown to increase
glucose levels in K-ATP associated hyperinsulinism but use
at this time is limited (43).

""F-dihydroxyphenylalanine positron emission
tomography (""F-DOPA PET) imaging is available to
localize lesions, as islet cells take in L-DOPA, and convert
it to dopamine by DOPA carboxylase, which is present
in pancreatic islets (9,14,29,35). Partial or near total
pancreatectomy can be undertaken if medical therapy is not
successful. However, there are some children who remain
hypoglycemic despite a near total pancreatectomy. In these
cases, medical therapy post surgery with diazoxide may be
helpful. These hypoglycemia episodes have been shown
to be milder and can be more intermittent with increasing
age. A second attempt at surgery may be necessary (29,44).
In patients who undergo near total pancreatectomy, it is
important to monitor for hyperglycemia leading to diabetes
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or exocrine pancreatic insufficiency (29,44,45).

Another form of hyperinsulinism is caused by activating
mutation of the GLUDI gene, which encodes for glutamate
dehydrogenase. The activating mutations cause exaggerated
production of ATP, triggering insulin secretion independent
of glucose levels and exacerbated by protein ingestion.
There is also a conversion of glutamate to a ketoglutarate,
producing ammonia. Decreased availability of glutamate
in the liver can lead to defective urea synthesis as well (14).
Therefore, the findings of hyperinsulinism coupled with
increased ammonia levels, as well as hypoglycemia incited
by protein intake, should prompt consideration of this
diagnosis. The hyperinsulinism may be less severe than
K-ATP mutation associated conditions and typically
presents later in infancy. Clinical manifestations may be
variable, ranging from altered mental status secondary
to hypoglycemia in the early neonatal period to mild
hypoglycemia presenting later in life (14). Treatment of this
condition includes diazoxide, and dietary therapy (46,47).

Glucokinase regulates the conversion of glucose to
glucose 6 phosphate, which in turn controls glucose
metabolism (29,34). Activating mutations of the glucokinase
gene may lead to a lower set-point for glucose induced
insulin secretion, and may result in mild hypoglycemia (48).
There may be a positive family history of hypoglycemia
associated with this condition (14). Treatment with
diazoxide therapy may not be effective and surgical
treatment may be required (9,34,49).

Additionally, a mutation involving hepatocyte nuclear
factor 40 (HNF4A), which is an important factor for beta
cell development, can cause increased insulin secretion and
neonatal hypoglycemia. This condition can be diazoxide
responsive and transient. Conversely, inactivating glucokinase
and HNF4A mutations can also cause monogenic diabetes
(MODY?2 and MODY 1, respectively) (14,34).

A less common form of congenital hyperinsulinism
has been shown to be caused by a dominant inactivating
mutation in uncoupling protein 2 (UPC2), which increases
glucose oxidation and increases insulin secretion.
Those affected may or may not be diazoxide responsive
(31,34,50,51).

Short chain 3-hydroxacyl-CoA dehydrogenase (SCHAD)
is an enzyme involved with fatty acid oxidation. SCHAD
mutations can dysregulate glutamate dehydrogenase enzyme
function and result in hyperinsulinism, as this enzyme
is present in the pancreas as well. There are typically no
features of hyperammonemia. Diazoxide treatment has been
shown to be effective (14,34).
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Exercise induced hyperinsulinism can be associated with
mutations in solute carrier family 16 member 1 (SLC16A1),
which encodes the monocarboxylate transporter protein
(9,29). This mutation can induce insulin secretion
independent of the glucose level. These children may or
may not respond to diazoxide therapy (34).

Insulinomas are pancreatic adenomas. These adenomas
may be solitary or multiple and not commonly malignant
(14,52). Supervised hypoglycemia fasting studies will display
a clinical picture of hyperinsulinemic hypoglycemia. Surgery
is usually the treatment modality of choice with adjunctive
medical therapy such as diazoxide. Insulinomas typically
display biochemical features of hyperinsulinism, a therefore
imaging may be helpful to confirm the diagnosis. Various
imaging approaches may be used. However, ultrasound,
computed tomography (CT) scan and magnetic resonance
imaging (MRI) may not be able to identify the tumor (14).
Other imaging modalities such as F-DOPA PET, pancreatic
arterial stimulation with calcium and venous insulin
sampling, and/or intra-operative ultrasound are available
for use. More recent imaging techniques have utilized “Ga-
DOTATE PET/CT with some success (53). Children with
insulinomas should be screened for multiple endocrine
neoplasia type 1 (MEN1), which may have adenomas in the
pituitary gland, parathyroid, and pancreas (14).

Hypoglycemia can also occur after gastrointestinal
surgeries, such as Nissen fundoplication. This is noted to be
due to excessive release of glucagon like peptide-1 (GLP-1)
resulting in excessive insulin secretion. Hypoglycemia
typically occurs post-prandially and can be aided by
adapting dietary habits such as providing fat and protein
with carbohydrates, or adding uncooked cornstarch
or acarbose (alpha glucosidase inhibitor which slows
carbohydrate digestion) (14). GLP-1 receptor antagonists
have been used for treatment of post-prandial hypoglycemia
caused by increased insulin secretion (54).

Hypoglycemia may also be associated with diabetes
mellitus and its treatment. In this case, hypoglycemia
may occur due to incorrect insulin administration, poor
oral intake, or excessive exercise coupled with inaccurate
insulin and carbohydrate intake. Emerging technologies
are aiding the detection and possible prevention of this
condition, including continuous glucose monitors (CGM).
It is also important to rule out adrenal insufficiency if a
child with type 1 diabetes has persistent hypoglycemia.
Adrenal insufficiency can be associated with type 1 diabetes
as cortisol deficiency has been associated with increased
insulin sensitivity (14).
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Other causes of hyperinsulinemic hypoglycemia can be
drug induced (certain beta blockers, oral anti-hyperglycemics,
antiviral or anti-arrhythmic medications) (32). Hyperinsulinism
can also be associated with Beckwith Wiedemann syndrome,
Kabuki syndrome, Costello syndrome, and Turner syndrome,
among others (31,32,55).

Glycogen storage disease (GSD)

GSD encompass a subset of disorders that involve defects of
enzymes that are involved with glucose transport, glycogen
synthesis, and glycogenolysis. The following is information
on GSD selected for discussion; all GSD are not described.

GSD type 0 (glycogen synthase deficiency)

This condition is marked by inhibition of the process that
converts glucose into glycogen, caused by a mutation in
the GSY2 gene. Clinical characteristics include fasting
hypoglycemia, ketosis, and no hepatomegaly. Lactic
acidosis may also be seen. Post-prandial hyperglycemia
may occur due to inability to store glycogen in the liver
(56,57). Counter-regulatory hormone response is typically
appropriate. Glucagon response in the fed state produces
a glucose response but does not occur during fasting.
Treatment can include frequent feeding regimens, uncooked
cornstarch, and/or protein rich meals. Children should also
be advised to avoid prolonged fasting (14).

GSD 1a and 1b (glucose-6-phosphatase deficiency)

GSD 1a (von Gierke disease) is caused by deficiency of
glucose-6-phosphatase. This inhibits the conversion
of glucose-6-phosphate to glucose, which can impair
glycogenolysis and gluconeogenesis (14). These children
typically have hypoglycemia, which can occur at birth but
sometimes occur at 1-2 years of age. This is associated
with hepatomegaly, metabolic acidosis, failure to thrive,
hypertriglyceridemia/hypercholesterolemia (possibly
causing xanthomas and pancreatitis), delayed puberty,
among other symptoms (14,58). These children can also
display hyperuricemia, due to increased production and
decreased renal clearance. Renal complications can occur
due to the deposition of glycogen, such as proteinuria and
hypertension, among other symptoms (14). These children
may or may not display typical symptoms of hypoglycemia,
as their brain may have adapted to other sources of energy
such as lactate, producing lactic acidosis. Additionally,
they may have blunted counter-regulatory responses due
to the chronic hypoglycemia, but hormone levels (such as
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GH and cortisol) are appropriately increased, along with a
suppressed insulin level (14).

GSD 1b is caused by deficiency of transporter of glucose-
6-phosphate. This condition is similar to the clinical
manifestations of type la but also can exhibit neutrophil
deficiency and chronic enteritis. Genetic testing can also
be performed as well for these conditions. Treatment
modalities to help hypoglycemia can include frequent or
continuous feedings, and/or uncooked cornstarch (14).
Typically, as plasma glucose is maintained within the
normal range, the other abnormalities that are seen, such as
hypertriglyceridemia, lactic acidosis, can improve, although
adjunctive therapy may be undertaken (14).

GSD type 3 (amylo-1,6-glucosidase deficiency)

GSD type 3 exhibits an impaired ability to degrade
glycogen, causing a partial defect in glycogenolysis. This
can affect the muscle and liver, and children can have
hepatomegaly, transaminitis, failure to thrive, fasting ketotic
hypoglycemia, and hyperlipidemia. Myopathies and cardiac
issues can occur as well, causing an elevated creatine kinase
level. Hypoglycemia is usually not as severe as some other
GSD, as children are still able to undergo gluconeogenesis.
Studies have also shown reduced bone mineral density (59).
Diagnosis can be made with genetic testing. Treatment
modalities involve frequent feedings, and/or uncooked
cornstarch. A high protein diet has been suggested,
enhancing gluconeogenesis to maintain normal plasma

glucose levels (14,60).

GSD type 6 (liver phosphorylase deficiency) and GSD
type 9 (phosphorylase kinase deficiency)

GSD type 6 is caused by mutations involving the gene
encoding for hepatic phosphorylase, which is required for
glycogenolysis. GSD type 9 occurs from mutation arising
from genes for phosphorylase kinase, which is required
to activate phosphorylase, and ultimately glycogenolysis.
These children present with less severe hypoglycemia,
hepatomegaly, transaminitis, and growth failure. Lactic
acidosis may be present and lipid levels may be elevated.
Diagnosis can be confirmed by genetic testing. Treatment
generally includes frequent feedings and intake of
carbohydrate rich foods (14,61).

Congenital disorders of glycosylation (CDG)

This disorder is marked by a glycosylation defect and may
present with various types and phenotypic features. CDG
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type 1b involves a deficiency of phosphomannose isomerase
and features hyperinsulinemic hypoglycemia. Those afflicted
with this condition typically present with failure to thrive,
enteropathy, and liver fibrosis (14,62,63). The hypoglycemia
may not be evident due to the frequent feedings being given
due to their gastrointestinal manifestations (62,63).

Galactosemia

This condition can be caused by various defects in
metabolism of galactose. Galactose is formed (along
with glucose) from lactose breakdown during energy
utilization. The most common defect is galactose-1-
phosphate uridyl transferase (GALT) deficiency (64,65).
These patients may present with hypoglycemia, which
may be post-prandial due to accumulation of galactose-
1-phosphate. Other common manifestations include
hepatomegaly, transaminitis, hyperbilirubinemia, cataracts,
neurologic deficits, and increased urine amino acids (66).
They also may have growth delays and ovarian failure
(67,68). Newborn screening programs in the United
States screen for this disorder. The newborn screen may
measure levels of galactose, galactose-1-phosphate, and/or
GALT enzyme activity, and differ according to location in
which it is performed. However, newborn screening may
also misclassify classic galactosemia due to other forms
of galactosemia (69). Treatment includes avoidance of
galactose (66).

Fructose intolerance

This disorder is marked by a deficiency of fructose-
l-phosphate aldolase isoenzyme b, which inhibits
gluconeogenesis through accumulation of fructose-1-
phosphate. These children can present with hypoglycemia
when fructose or sucrose is introduced into the diet.
Additionally, they may have hepatomegaly, failure to
thrive, hyperuricemia, and lactic acidosis. Diagnosis may
be undertaken through genetic testing or through nuclear
magnetic resonance spectroscopy. Therapy includes
avoidance of dietary fructose, sucrose, and sorbitol, which
can be successful in the management of the many clinical
manifestations of the disease. Untreated fructose intolerance
may lead to progressive renal and liver failure (14,70).

Fatty acid oxidation defects

Free fatty acid oxidation defects include medium chain
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acyl-CoA dehydrogenase (MCAD) deficiency, carnitine
defect/deficiency, beta-oxidation defects, and fatty acid
mobilization defects, among others. Hypoglycemia
can occur after prolonged fasting or low carbohydrate
diet. Additionally, these patients may manifest with low
ketonemia, elevated free fatty acid levels, abnormal plasma
acylcarnitine and urine organic acid levels, hepatomegaly,
cardiac abnormalities, transaminitis, myopathy, or
neurologic deficits (which may or may not resolve after
hypoglycemia). Diagnosis can be made by liver tissue
samples or gene sampling. Treatment includes a high
carbohydrate diet to maintain euglycemia and to avoid
prolonged fasting or stress induced states (such as illness
or trauma). Additionally, carnitine supplementation can be
used for specific fatty acid oxidation disorders (14,71).

GH deficiency and adrenal insufficiency

Cortisol and GH are important counter-regulatory
hormones involved with hypoglycemia. GH is related to
insulin resistance and increased lipolysis during prolonged
fasting that could aid in euglycemia (14,72). Low GH values
during hypoglycemia may be suggestive of this condition
and further evaluation with a GH stimulation test may be
indicated (14).

Inadequate cortisol production (due to primary or
secondary adrenal insufficiency) can cause decreased
gluconeogenesis causing hypoglycemia. Additional
manifestations may include hypotension, weight loss, and
fatigue. These symptoms may be more pronounced in
younger children, or during times of illness or stress. These
children have low cortisol responses to hypoglycemia and
dynamic adrenocorticotropic hormone (ACTH) testing.
Should a secondary adrenal insufficiency be identified,
children should be imaged for brain abnormalities
and screened and tested for other pituitary hormone
deficiencies. It is also important to note that pan-
hypopituitarism can present clinical picture similar to a
stress induced hyperinsulinism (73).

Ketotic bypoglycemia

This condition typically presents during the toddler years,
and is not as common after middle childhood (after 9-10
years of age). The exact specificities are not clear, as there
does not seem to be obvious defects in metabolism but it is
important to rule out other causes of hypoglycemia that can
also produce ketosis (74). It is believed that limited hepatic
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glycogen stores, coupled with limited glucose production,
and possibly limited amino acid utilization may contribute
to this disorder. Biochemical findings include low insulin
levels, appropriate cortisol and GH levels, elevated free
fatty acid and ketone levels, negative response to glucagon
stimulation testing during fasting hypoglycemia, normal
thyroid hormone levels, and reassuring metabolic panels
which rule out other defects (including plasma acylcarnitine
profile, urine organic acids, and serum amino acids). It
is also important to exclude other conditions that may
contribute to hypoglycemia such as metabolic defects,
adrenal insufficiency, or GH deficiency. Treatment
measures include avoidance of prolonged fasting, uncooked
cornstarch at bedtime, and/or close monitoring of oral
intake when in stressed states (such as illness) to avoid

hypoglycemia (14).

Other possible causes of bypoglycemia

Fructose-1,6-bisphosphatase deficiency presents with a
defect in gluconeogenesis from amino acids. This can
result in hypoglycemia, failure to thrive, ketosis, lactic
acidemia, hyperlipidemia, and increased uric acid levels.
The findings of hepatomegaly may be variable. Genetic
testing can be undertaken for diagnosis. Treatment includes
frequent feedings and avoidance of prolonged fasting
(14,75). Pyruvate carboxylase deficiency prevents a step-
in gluconeogenesis. Clinical manifestations may include
hypoglycemia (which is variable), hepatomegaly, lactic
acidosis, and/or encephalopathy. Treatment includes
frequent feeding and additional glucose support in times
of illness (14). Phosphoenolpyruvate carboxykinase
(PEPCK) deficiency affects gluconeogenesis and can cause
hypoglycemia, failure to thrive, lactic acidosis, and lipid
accumulation in the kidney and liver. Genetic testing can be
confirmatory (14).

Organic and amino acid defects include propionic
acidemia, methylmalonic acidemia, glutaric acidemia type 1,
and tyrosinemia, among others. These children can present
with severe metabolic acidosis, failure to thrive, and
hypoglycemia (especially in times of stress or illness) (14).

Diagnostic considerations

When children present with symptoms of hypoglycemia, it
is important to thoroughly investigate potential etiologies.
As stated previously, plasma glucose concentrations
<70 mg/dL should prompt evaluation, and plasma glucose
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levels approximately at or below 50 mg/dL should be
sufficient to delineate an etiology. Plasma glucose levels
should be utilized, as whole blood glucose levels may be
10-15% lower than plasma glucose concentrations (14).
Plasma glucose levels should be evaluated as soon as possible
as delayed separation can cause red cell glycolysis and
artificially decreased glucose levels by up to 6 mg/dL/hour
(11). Additionally, placing samples in ice slurry with rapid
separation can produce an accurate value, however this is not
always feasible. Various other methods have also been utilized
to obtain the most accurate glucose levels. Studies comparing
citrate and fluoride containing samples showed that samples
containing citrate produced higher diagnostic accuracy of
glucose levels, although some recent tube preparations have
a combination of these (76-79). Also, studies have shown
that utilizing various tubes for glucose concentrations do
not produce interchangeable glucose values (80). Glucose
meters offer the convenience of measuring glucose levels
rapidly in clinical context. However, there can be up to 20%
variance from plasma glucose levels, and there can be up to
10% variance in consecutive measurements and should be
confirmed with a plasma glucose level (10,14). Furthermore,
the accuracy of glucose values during hypoglycemia is limited
to 10-15 mg/dL with glucose meters (11).

Evaluation should begin when an infant has persistent
hyperglycemia past 48 hours of life as transitional
hypoglycemia can occur. However, studies are mixed on
whether long-term effects occur with hypoglycemia during
this transitional time (6,11,81). It becomes important to
identify high-risk infants after the transitional period, and
this can include infants with symptoms of hypoglycemia,
infants who are large or small for gestational age, those with
midline malformations or physical defects, perinatal stress,
prematurity, family history concerning for hypoglycemic
syndromes, or certain congenital syndromes (11,18).
Among these infants, it may be necessary to perform a
supervised 6-8 hours safety fast to ensure normal glucose
concentrations prior to going home from the nursery or
neonatal intensive care unit (NICU) (11).

When obtaining a history, certain factors should be
noted to delineate a possible etiology. Young infants are
more prone to have inborn errors of metabolism, and
ingestions or ketotic hypoglycemia can occur during the
toddler years. Hormone deficiencies can occur at nearly
every age. Additionally, dietary history at a young age can be
important as well, as certain foods can cause hypoglycemia
for some metabolic conditions. Certain states, such as
chronic disease, other associated systemic conditions (such
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as gastrointestinal symptoms), or acute illness or trauma
should be documented as well. Physical exam should
document any developmental delay, midline or other
physical defects, or possible syndromes that can contribute
to hypoglycemia (Turner syndrome, Beckwith Wiedemann
syndrome, or Kabuki syndrome, among others) (31,82-85).

Aside from clinical evaluation, it is extremely helpful
to obtain a “critical sample” at time of hypoglycemia
identified with a glucose meter. This involves obtaining
a confirmatory plasma glucose level, as well as levels of
BOHB, free fatty acids, insulin, c-peptide, GH, and cortisol
levels. This should be followed by administration of
glucagon to document glucose levels after administration.
Liver function testing, electrolyte panel, lipid levels,
creatine kinase levels, ammonia, and lactate can aid in
diagnosis. Additionally, obtaining acylcarnitine profile,
serum amino acid profile, and urine organic acid profile
can identify other etiologies as well. If a “critical sample”
cannot be obtained, a supervised hypoglycemic fasting study
may need to be undertaken to obtain a critical sample when
plasma glucose levels are below 50 mg/dL and glucagon
can be administered, in a controlled medical environment.
These testing methods should be done in coordination with
a pediatric endocrinologist if possible (11).

An exaggerated glucose response (glucose increment of
>30 mg/dL) after glucagon administration, inappropriate
levels of insulin and c-peptide respective to a low plasma
glucose level, low IGF-1 level, low levels of BOHB and
free fatty acids, and elevated glucose infusion rate (as stated
previously) points towards hyperinsulinism. At times,
insulin levels are not always low at time of hypoglycemia
and require multiple samples or other diagnostic tests for
confirmation (73,86).

Additionally, a low c-peptide level with high insulin level
can be due to exogenous insulin administration causing
hypoglycemia. However, not all insulin assays may be able
to detect different types of insulin preparations (11). If
hyperinsulinism is identified and it is not thought to be
transient in nature, genetic testing can be performed to
elucidate strategies in management. A fatty acid disorder
is due to the inability to utilize free fatty acids and can
be detected by elevated free fatty acid levels and minimal
ketosis (BOHB). A low cortisol level during and shortly
after hypoglycemia points towards adrenal insufficiency, and
an ACTH stimulation test should be performed to evaluate
for this condition. A low GH level during hypoglycemia
points towards possible GH deficiency and stimulated GH
testing may be necessary. It is important to perform a brain
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MRI and screening for other pituitary deficiencies if ACTH
or GH deficiency is diagnosed. A suggested algorithm
is seen in Figure 1 (note: algorithm is not inclusive of all
disorders). Findings specific to other metabolic conditions
have been discussed individually above (11). If the etiology
cannot be identified through preliminary testing, a referral
to an endocrinology or metabolic specialist may be needed,
along with other possible testing.

Acute management of hypoglycemia includes oral
carbohydrate intake or intravenous fluids containing
dextrose (18), in addition to treatment of the underlying
disease. These methods should be maintained to achieve
euglycemia. Glucose levels should be monitored closely,
however, it is unclear how often this should be done (87).
The American Academy of Pediatrics guidelines for neonatal
hypoglycemia noted that among infants at risk, blood glucose
should be checked within 1 hour of life, half hour after the
feeding, and with continuous glucose checks before feeds (18).

If hyperinsulinism is suspected, glucagon may be useful but
should be used as adjunctive therapy as its effect is transient.
There has been some research in identifying CGM as a
technological tool to identify hypoglycemia. Although some
infants were briefly hypoglycemic through CGM but resolved
prior to intervention, it could potentially prevent the need
for treatment of hypoglycemia. However, it was also noted
that some patients were hypoglycemic without symptoms
and could leave to overtreatment of these infants, with more
research needed to clarify the risks and benefits (87). Studies
investigating dextrose gel have shown that while it improved
hypoglycemia among at-risk infants and prevented NICU
admissions for hypoglycemia (88), it did not significantly
change overall cognitive impairment at follow-up (89,90). It
also did not impair subsequent feeding (91). However, more
studies are needed so that they may be more generalizability to
the entire newborn population.

If transient hyperinsulinism is suspected, methods to
maintain euglycemia are undertaken, such as promoting
enteral feeds and intravenous fluids containing dextrose if
medically able. If hypoglycemia is noted to be persistent,
medical therapy can be initiated. Additionally, ""F-DOPA
PET scan may be performed to localize disease in these
patients, as the pancreatic islet typically takes ""F-DOPA,
although newer methods have been introduced, as described

above (29,53).

Conclusions

Hypoglycemia is a heterogeneous disorder with many
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Suspected
hypoglycemia after
48 hours of life

v

Obtain critical sample
if glucose <50 mg/dL
from glucometer

v

Administer glucagon I -

Consult pediatric
endocrinology
service if possible

Recheck GH and cortisol
level at 60 and 120 minutes
post glucagon
administration

1)

Abnormal GH or cortisol
level

Check plasma glucose at 15,
30, and 45 minutes post <«
glucagon administration

v

Insulin inappropriately elevated
C-peptide inappropriately elevated
BOHB, FFA low
>30 mg/dL increase in glucose level
after glucagon

GH stimulation
testing to diagnose
or rule out GH

deficiency

ACTH stimulation

testing to diagnose

or rule out adrenal
insufficiency

Consider
hyperinsulinism

Feeding and dextrose
containing IV fluids to
maintain euglycemia 1

Insulin, c-peptide level suppressed
BOHB, FFA elevated
<30 mg/dl increase in glucose after glucagon
¢ -> consider ketotic hypoglycemia (after
3 exclusion of other disorders)

Start diazoxide if necessary and adjust
doses to maintain euglycemia

If persistent hypoglycemia or unable to wean IV fluids,
consider other medical therapy or 18-F-PET DOPA
scan

: BOHB suppressed ]
FFA elevated
->consider fatty acid oxidation disorder

Note: Consider other causes: drug induced,
panhypopituitarism, insulinoma, genetic syndromes,
insulin administration

Lactate elevated
—>consider some GSD and defects in
gluconeogenesis

Other recommended labwork to obtain:
Urine Organic Acid and Serum Amino Acid Panel
Plasma Acylcarnitine Profile
Ammonia level
Lactate level
Triglyceride level
Creatine kinase level
Liver function panel
Electrolyte Panel

Recommended labwork to obtain for critical
sample:
Confirmatory plasma glucose
Insulin level
C-peptide level
Beta hydroxybutyrate level
Free Fatty Acid level
Cortisol level
Growth hormone level

Figure 1 Suggested hypoglycemia algorithm. BOHB, beta-hydroxybutyrate; FFA, free fatty acid; ACTH, adrenocorticotropic hormone;
GH, growth hormone; IV, intravenous; GSD, glycogen storage disease; DOPA, dihydroxyphenylalanine; PET, positron emission
tomography.

© Translational Pediatrics. All rights reserved. tp.amegroups.com Transl Pediatr 17;6(4):408-420



Translational Pediatrics, Vol 6, No 4 October 2017

possible etiologies, and a multidisciplinary approach is
ideal in caring for these infants and children with this
condition. Research advances have better elucidated the
complex pathophysiology, diagnosis, and management of
this disorder. Ongoing research involves further advances
on diagnosis, genotypic analysis and more accurate imaging
and surgical approaches, in the hope of further developing
specific management approaches among these infants and
children with hypoglycemia.
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