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Abstract: Glucose is an essential substrate for mammalian cells; in particular, the brain 

needs glucose continuously as a primary source of energy. Hypoglycemia is the most common 

biochemical finding in the neonatal period. However, despite the common occurrence, there 

is still controversy on the definition of hypoglycemia in the newborn period. This has led to 

the development of guidelines designed to identify infants “at-risk” and the implementation 

of an “operational threshold” for physicians to consider intervention. In healthy term infants, 

the optimal hormonal and metabolic adaptations during the immediate neonatal period ensure 

an adequate energy substrate for the vital organs, whereas the abnormal glucose homeostasis 

observed in preterm and growth-retarded infants is multifactorial in origin. For these high-risk 

infants, it is important to identify, screen, and prevent significant hypoglycemia. Detailed 

investigations are warranted in infants with severe and persistent hypoglycemia. Neonatal hypo-

glycemia is a major cause of brain injury. The speculated mechanisms of cellular injury include 

excitatory neurotoxins active at N-methyl-D-aspartate receptors, increased mitochondrial free 

radical generation with initiation of apoptosis and altered cerebral energetic characteristics. This 

hypoglycemic brain injury predominantly affects parieto-occipital regions causing cognitive, 

sensory, psychomotor, and behavioral deficits in children. This state of the art review article 

covers the fetal–neonatal metabolic adaptation, glucose homeostasis in normal and abnormal 

conditions, management strategies, and late neurological sequelae of hypoglycemia.

Keywords: hyperinsulinism, hypoglycemic brain injury

Perinatal glucose physiology
Fetal blood glucose regulation
During fetal life, glucose is the principal energy substrate. Throughout pregnancy, 

the fetus receives a supply of substrates essential for growth and for the deposition 

of fuel stores required after birth through the placental circulation from the mother. 

Amino acids and lactate in addition to glucose function as energy stores in the fetus.1 

Glucose contributes nearly 65% of the total energy requirement of the fetus and the 

rest is contributed predominantly by lactate.1 Maternal hepatic glucose production 

increases by 16%–30% through gestation to supply the fetus with energy.2

By facilitated diffusion, glucose is transported across the placenta, but the fetus 

is capable of endogenous glucose production in the face of placental insufficiency.1 

The placenta transfers to the fetus only 40%–50% of the maternal glucose it receives 

and converts nearly 60% of the glucose transferred from the maternal circulation to 

lactate, which is delivered to the fetus and mother in a ratio of 1:3.3 The fetus receives 

high amounts of amino acids through the placenta leading to higher fetal amino 
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acid concentrations than in maternal blood.4 As pregnancy 

advances, the amount of glucose transported to the fetus 

increases, leading to significant deposition of glycogen and 

fat stores, especially in the third trimester.

The fetal blood glucose level normally corresponds to 

60%–80% of maternal levels.5,6 Glycogenic enzymes are 

present in fetal liver at as early as 8 weeks of gestation and the 

hepatic glycogen content increases from 3.4 mg/g at 8 weeks 

of gestation to 50 mg/g at term.5,6 Amino acids are actively 

transported to the fetus against a transplacental gradient. The 

fetal uptake of products of β-oxidation of fatty acids is greater 

than that of glucose, and the fate of these ketone bodies is 

both their incorporation into brain lipids and also their use 

as a cerebral energy source.7 Glucose is converted to fats in 

the third trimester in preparation for changes at birth.6

Fetal metabolism is an anabolic process. The fetus has the 

ability to regulate its blood glucose concentration indepen-

dently of maternal glucose levels and placental diffusion.8 

In placental insufficiency or maternal starvation, the fetus 

can activate gluconeogenesis at the expense of growth and 

storage.8 On the contrary, suboptimal control of diabetes in 

the mother will lead to increased secretion of insulin resulting 

in greater than normal fetal growth.6,8

A healthy fetus differs from adults in that there is a 

blunted insulin response to high glucose concentrations, and 

that insulin secretion is more sensitive to amino acids than 

to glucose.9 The fetus is less sensitive than the neonate to the 

glycogenolytic actions of glucagon but sensitivity increases 

with advancing gestational age.10,11 In severe and prolonged 

placental insufficiency, the ensuing failure of glucose homeo-

stasis leads to prolonged fetal hypoglycemia.12

The fetal liver is enriched with stores to the extent that 

the liver has three times more glycogen than an adult liver,13 

which can function as an energy source in the neonatal period. 

Fetal liver has the enzymes required for gluconeogenesis and 

glycogenolysis, and in the face of placental insufficiency 

or maternal starvation these enzymes becomes active. The 

ketone body production rate is low in fetal life and fetus 

dependency is more so on amino acid and glucose oxidation 

for energy rather than on ketones.13

Fetal endocrine milieu
Insulin dominates the fetal endocrine milieu. Development 

of the pancreas follows a similar sequence in all mammals, 

but the stage of gestation at which the specific events occur 

may vary among species.14 Insulin remains the main anabolic 

hormone in fetal life and islet β-cells can be detected in the 

pancreas at as early as the 10th to 12th week of gestation.15 

In the fetus, the main phase of islet cell development occurs 

in the second trimester and the remodeling of the islet cell 

continues through late gestation and early childhood, up to 

4 years of life.16,17

The glucagon secreting α-cells predominate for most 

of the gestation and are the first cell type to be identified 

clearly in the pancreas.14 Both α- and β-cells are sensitive 

to a range of stimuli including metabolites, neurotransmit-

ters, and hormones.18,19 The fetal β-cells respond well to 

changes in glucose and amino acid levels in late gestation.16 

Unlike neonatal and adult α-cells, fetal α-cells appear to 

be relatively unresponsive to changes in the glucose levels 

but they do respond rapidly to variations in amino acid and 

catecholamine levels.19

Fetal intestinal transport  
and enzyme maturation
Epithelial glucose transport has been shown in the jejunum by 

20 weeks of gestation in human embryos.20 Lactose, a disac-

charide in mammalian milk, is hydrolyzed to the monosac-

charide’s glucose and galactose by the lactase present in the 

brush border of the intestinal villi. Intestinal lactase activity is 

detectable at as early as 8 weeks of gestation in the fetal gut.20 

Lactase activity rises gradually from 8 weeks to 34 weeks, 

and then rises rapidly from that time to term gestation. With 

oral feeding in the postnatal period, lactase activity increases 

in both preterm and term infants.21,22 Intestinal lactase activity 

in the gut is directly related to the gestational age;20 hence, 

maintaining normoglycemia while on milk feeds in infants 

of varying gestational age is critical to the availability of 

lactase at the intestinal villi.

Metabolic and endocrine  
adaptation at birth
At birth, the continuous flow of energy substrates from 

mother to the fetus is curtailed with severance of the umbilical 

cord. The umbilical cord venous blood glucose concentra-

tion is 80%–90% of maternal venous blood.23 A normal term 

infant accomplishes this transition via a series of metabolic 

and hormonal adaptations which allow it an independent 

existence. This fetal–neonatal adaptation fails to a variable 

extent in both preterm and small-for-gestational-age (SGA) 

infants.

Endocrine changes occur soon after birth with a decrease 

in plasma insulin levels and increases of catecholamine and 

glucagon.10,24 The infant switches on the endogenous produc-

tion of glucose following birth until exogenous nutritional 

supply is established. After birth, an endocrine stress response 
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leads insulin and glucagon to play a different role in glucose 

homeostasis, where hepatic glycogenolysis, lipolysis, and 

ß-oxidation of fatty acids, which lead to ketone body pro-

duction and lactate generation due to proteolysis, take place, 

providing an adequate substrate for gluconeogenesis.10

Liver glycogen stores in a healthy full-term infant last for 

only 10–12 hours from birth.25 Hepatic glucose production in 

a full-term infant is 4–6 mg/kg/min, which is proportional to 

the estimated brain weight in newborn infants.26 The newborn 

infant has essential enzymes needed for gluconeogenesis 

from alanine, pyruvate, glycerol, and lactate (Figure 1).27 

Medina et al reported that lactate may be a preferred cere-

bral fuel over glucose and ketone bodies during transition to 

extrauterine life.28 Alanine and glycerol contributes 5%–10% 

of the hepatic glucose production, whereas lactate may con-

tribute up to 30% for gluconeogenesis.29 SGA infants have 

low energy stores but high levels of glucose precursors, sug-

gesting inadequacy of gluconeogenesis. It has been shown 

that insulin sensitivity is reduced in liver but increased in 

the periphery in growth-retarded infants.23 Rate of glucose 

generation and lipolysis are ineffective in SGA infants but 

gluconeogenesis from glycerol is efficient.30

Prior to initiation of breast-feeding, depot fat constituting 

15% of birth weight is mobilized for generating energy. A high 

rate of lipolysis occurs in newborn infants soon after birth 

and is stimulated by thyroid stimulating hormone (TSH) – 

a dominating lipolytic hormone – immediately after birth.31 

Changes in environmental temperature after birth cause 

thermal stimulation of the infant’s cutaneous thermorecep-

tors, leading to activation of the hypothalamic–pituitary–TSH 

axis, resulting in maximal TSH release, leading to induction 

of the lipolytic process.32 Triacylglycerol, rich in depot fat, 

undergoes hydrolysis and releases nonesterified fatty acids. 

These fatty acids following hepatic β-oxidation become an 

important energy source. Lipolysis also generates glycerol, 

which can enter the gluconeogenic pathway (Figure 1).27

The metabolism in the newborn depends greatly on 

the function of vital enzymes: hepatic glycogen phospho-

rylase for glycogenolysis, phosphoenolpyruvate carboxyki-

nase for gluconeogenesis, and carnitine acyltransferase for 

ketogenesis.8,30 Glucagon, as the major glucoregulatory 

hormone, induces glycogenolysis, gluconeogenesis, and 

ketogenesis in liver. Catecholamines, cortisol, and growth 

hormone do play a key role in glucose homeostasis as 
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Figure 1 The gluconeogenic, glycolytic, glycogenolysis, and glycogen synthesis pathways.
Abbreviations: TCA, tricarboxylic acid cycle; UDP, uridine diphosphate.
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counter-regulatory hormones. While on breast feeds, when 

blood glucose  concentrations are low, these infants will have 

high ketone body levels and the ketone bodies function as 

alternative fuels, preventing neuronal injury.8,33 Formula-fed 

infants generate low ketone body levels compared to breast-

fed infants.34,35

Gastrointestinal adaptation at birth
Gastrointestinal adaptation of the newborn is critical for 

absorption of milk feeds and, therefore, the substrate avail-

ability for energy supply to the vital cells, eg neurons. The 

introduction of milk feeds trigger the secretion of gastrointes-

tinal peptides and hormones, which in turn induce gut growth, 

mucosal differentiation, and induction of motor activity, 

facilitating digestion and absorption. Following establish-

ment of a continuous energy source through regular feeds, 

the infant successfully adapts to an extrauterine life.34,35

Glucose physiology in the immediate 
neonatal period
Following the abrupt cessation of glucose supply to the 

neonate from the mother at birth, neonatal glucose concen-

tration falls rapidly, reaching a nadir at 1 hour of age and 

then stabilizing by about 3 hours of age spontaneously or 

in response to milk feeds in healthy full-term infants.36,37 

This fall in glucose levels that is noticed after birth appears 

essential to facilitate the physiological transition for neonatal 

survival, which includes acceleration of glucose production 

by gluconeogenesis, stimulation of appetite, adaptation to 

fast/feed cycles, and promotion of oxidative fat metabolism 

using lipid from fat stores and ingested milk feeds.37 Cowett 

and Farrag reported that the range of plasma glucose con-

centrations in the neonate at delivery depends on the last 

maternal meal, the duration of labor, the route of delivery, 

and the type of parenteral fluid administered to the mother.38 

During this transient hypoglycemic phase, the plasma insu-

lin levels fall and the catecholamine and glucagon levels 

rise.39 These vital endocrine changes switch on the essential 

enzymes for gluconeogenesis, glycogenolysis, lipolysis, 

and ketogenesis.

The low insulin/glucagon molar ratio is critical in neo-

natal adaptation at birth for glucose homeostasis, resulting 

from the mobilization of glycogen stores. These changes in 

pancreatic hormone secretion could be due to a catecholamine 

surge following the stress of birth.40 Once the glycogen stores 

are utilized over the first 10–12 hours of birth in a term infant, 

further maintenance of plasma glucose levels depend on the 

milk feeds.25,41

Definition of hypoglycemia
A numerical definition for neonatal hypoglycemia remains 

controversial even today. Defining hypoglycemia by a single 

blood glucose value in the immediate neonatal period is ques-

tionable as the blood glucose values are a continuum. The criti-

cal level below which the incidence of brain injury increases 

depends on a number of factors including the availability of 

alternate energy fuels and the baby’s energy demands.

As the newborn infant is transitioning between the com-

plete dependence of the fetus and the complete independence 

of the adult, the glucose concentration decreases rapidly 

during the first few hours of life, which is physiological. 

During pregnancy, the lower limit of fetal glucose level is 

3 mmol/L, and the glucose level declines to approximately 

2.8 mmol/L by 2 hours and equilibrates at 3.9 mmol/L by 

72 hours of life.42,43 Euglycemia following this depends on the 

availability of substrates (glycogen, amino acids, lactate, and 

glycerol); intactness of the glycogenolytic, gluconeogenic, 

and lipolytic pathways; and production of the glucose-

regulating hormones insulin, glucagon, adrenaline, growth 

hormone, and cortisol.43

Hypoglycemia should be considered as a failure of the 

metabolic adaptation and a more pragmatic approach has 

been adopted at defining operational thresholds, which might 

help guide the clinician in terms of practical management.

An “operational threshold” is that concentration of plasma 

or whole blood glucose at which clinicians should consider 

intervention, based on the evidence currently available in 

the literature.44 In an expert recommendation by Cornblath 

et al, it had been suggested that in any infant who shows 

neurologic symptoms or signs suggestive of hypoglycemia, 

intervention should be taken if the blood sugar values are less 

than 2.5 mmol/L. In asymptomatic “at-risk” infants, urgent 

interventions should be considered to raise blood sugar levels 

if they are less than 2.0 mmol/L on two consecutive occasions 

or if a single blood sugar level is less than 1.0 mmol/L.44 

Cornblath and Reisner suggested that a blood glucose con-

centration less than 2.2 mmol/L or more than 6.9 mmol/L 

after 3 days of life is abnormal.45

Srinivasan et al published data on blood glucose concen-

tration after evaluating term infants who were appropriate 

for gestational age weighing between 2,500 and 4,000 g. In 

this data, nadir of blood glucose was between 1 and 2 hours, 

and there was a significant rise during the 3rd hour. They 

suggested “cut off values” for blood glucose concentration of 

less than 1.9 mmol/L in the first 3 hours, 2.2 mmol/L between 

3 and 24 hours, and 2.5 mmol/L after 24 hours of postnatal 

life to be considered in the hypoglycemic range.37
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Heck and Erenberg evaluated the blood glucose 

concentration in term infants during the first 48 hours of 

life and concluded that values of 2.2 mmol/L from 3 to 

24 hours and 2.5 mmol/L after 24 hours should be consid-

ered as hypoglycemia. However, in infants with suspected 

hyperinsulinemic hypoglycemia (HH) due to lack of alterna-

tive energy fuels, the blood glucose levels should be main-

tained .3.5 mmol/L.46

Definition, method, site of sampling, symptomatology, 

significance of asymptomatic status, and management and 

its effect on neurodevelopmental outcome are the areas of 

disagreement in neonatal hypoglycemia.47,48 Cornblath et al 

described four possible approaches to define hypoglycemia 

in the neonate: clinical; statistical; neurophysiological; and 

neurodevelopmental.44 Clinical manifestations in neonatal 

hypoglycemia are not unique as similar symptomatology can 

be seen in a wide variety of pathological conditions. So the 

authors suggested Whipple’s triad (reliable glucose measure-

ment; signs and symptoms consistent with hypoglycemia; 

and resolution of the signs and symptoms on restoration of 

normal blood glucose values) to be fulfilled to attribute the 

clinical manifestations to hypoglycemia in infants.49,50 The 

concern with this approach is that several asymptomatic 

infants have extremely low blood glucose levels and the 

coexisting conditions often seen in these infants, like hypoxic 

ischemic encephalopathy, sepsis, and metabolic disorders, 

limits its use in neonates.

In the statistical approach, a blood glucose concentration 

of .2 standard deviations below the mean is considered as 

hypoglycemia based on the normal distribution curve of 

blood glucose levels for healthy term and preterm infants. 

Other factors to be considered when using this approach 

include gestational and postnatal age of the baby, physiologi-

cal state (pre-feed or post-feed), and the type of milk given 

(breast milk or formula milk). Above all, feeding practices 

and unit management policies to low glucose levels are vari-

able, limiting this approach.51

The physiological response approach was based on 

changes in neurophysiological functions, cerebral blood 

flow, and hormonal responses relative to different glucose 

concentrations.52,53 Koh et al evaluated the same using an 

auditory evoked response waveform on patients in hypogly-

cemic and euglycemia states.53 Other studies failed to show 

a similar response in both auditory evoked response and 

electroencephalogram.54,55 The data on the approach based 

on neurodevelopmental outcome relative to symptomatic or 

asymptomatic hypoglycemia is limited. Lucas et al made a 

landmark observation in this approach.56 Using Bayley motor 

and mental developmental scores, they evaluated 661 preterm 

neonates at 18 months of age and scores were assigned 

blindly. Two-thirds of these infants had hypoglycemia for 

a period of 3–30 days. These scores were correlated with 

their glucose levels in the newborn period. They noted the 

highest regression coefficient at a plasma concentration of 

less than 2.6 mmol/L, and if these glucose levels remained 

low for 5 or more consecutive or separate days, the scores 

were less than 70, indicating higher neurodevelopmental 

deficits. On the contrary, a 15-year follow-up of a cohort of 

less-than-32-week gestation preterm infants with frequent 

hypoglycemic episodes in the first 10 days of life with 

matched controls by Tin et al did not provide valid data on 

the neurodevelopmental outcome.57

Causes of neonatal hypoglycemia
Neonatal hypoglycemia can be transient or persistent. The 

most common cause of transient hypoglycemia is failure of 

metabolic adaptation in the “at-risk” infant during the period 

of establishment of feeding (Table 1). Transient forms can 

follow perinatal stress/asphyxia or sepsis, or be due to tran-

sient hyperinsulinism in infants of diabetic mothers (IDM) 

and SGA (birth weight ,10th percentile for the gestational 

age) infants. In perinatal asphyxia, increasing metabolic and 

energy demands is achieved transiently by increasing glucose 

production through glycogenolysis.58 Due to hypoxia, the 

infant switches to anaerobic metabolism, resulting in rapid 

exhaustion of glycogen stores, hypoglycemia, and lactic 

academia.

Hyperinsulinism has also been reported as a cause of 

hypoglycemia in perinatal asphyxia.59 In sepsis, the hypo-

glycemia results from an imbalance between the increasing 

demand and the supply of glucose as the energy substrate. 

Infants with polycythemia often present with hypoglycemia. 

It is thought to be due either to increased glucose consumption 

Table 1 infants at risk of hypoglycemia

Maternal conditions
 Diabetes in pregnancy (pregestational/gestational)
 Medication (β-blockers)
Neonatal conditions
 Prematurity
 intrauterine growth retardation
 Large for gestational age – infant of diabetic mother
 Perinatal asphyxia
 infection
 Polycythemia
 Hypothermia
 Parenteral nutrition
 Syndromes – Beckwith–wiedemann, Timothy, Laron, Sotos
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by the increased red cell mass, or reduced plasma volume 

and, therefore, decreasing glucose carrying capacity.60 The 

pathogenesis of hypoglycemia in IDM is multifactorial. It 

might be due to fetal hyperglycemia due to poor maternal 

glycemic profiles in pregnancy leading to increased fetal 

pancreatic β-cell function causing hyperinsulinism.61 Abrupt 

cessation of maternal glucose supply in the background of 

hyperinsulinism in IDM leads to hypoglycemia. But the 

question still remains as to why the IDM who had tightly 

controlled diabetes, as shown by normal HbA
1c

 levels, have 

hypoglycemia.62 This is attributed to unrecorded HbA
1c

 lev-

els while having intermittent hyperglycemia in pregnancy.63 

Defective counter-regulatory hormonal regulation and lower 

endogenous glucose production has been implicated in 

the pathogenesis of hypoglycemia in IDM.64,65 In addition, 

excessive maternal glucose infusion during the intrapartum 

period can lead to hypoglycemia in the immediate postnatal 

period due to increased insulin secretion and blunting of the 

glycogenolytic and gluconeogenic response of the newborn 

infant.66 Transient neonatal hypoglycemia often resolves in a 

few days.58 The metabolic and endocrine causes of neonatal 

hypoglycemia are summarized in Table 2.27

Prolonged HH is a recognized entity in SGA infants.67 

These infants respond well to therapy with diazoxide and 

a complete resolution occurs over a few months.58 The 

etiology of prolonged HH in SGA infants could be due to 

a lack of exogenous substrate supply, depletion of hepatic 

glycogen stores, defective gluconeogenesis, hyperinsulin-

ism and increased sensitivity to insulin, or adrenocortical 

insufficiency.67 The possible genetic etiology of prolonged HH 

due to growth restriction in SGA infants is still unclear.68

Congenital hyperinsulinism (CHI) is the most common 

cause for persistent or recurrent hypoglycemia.58 CHI is a rare 

genetic disorder characterized by inappropriate and unregu-

lated insulin secretion in the face of severe hypoglycemia. 

Mutations in the nine different key genes (ABCC8, KCNJ11, 

GLUD1, GCK, HADH, SLC16A1, HNF4A, HNF1A, and 

UCP2) regulating insulin secretion have been identified in 

patients with CHI. Pancreatic β-cell glucose metabolism 

raises the cytosolic adenosine triphosphate (ATP):adenosine 

diphosphate ratio, which closes the ATP sensitive K
ATP

 

channel (heterooctameric complex composed of sulfonylu-

rea receptor [SUR1] and potassium channel pore-forming 

[Kir6.2] subunits, encoded by ABCC8 and KCNJ11 genes) 

leading to cell membrane depolarization and influx of Ca+ 

into the cell via voltage gated calcium channels. This increase 

in intracellular calcium triggers insulin release from the 

β-cells.58,69 Focal and diffuse forms are the two histological 

types of CHI. Diffuse forms of CHI are most commonly due 

to recessive mutations in ABCC8/KCNJ11, whereas focal 

CHI is due to a paternally inherited ABCC8/KCNJ11 muta-

tion and somatic loss of heterozygosity for the 11p allele 

inside the focal lesion.69

Hyperinsulinism–hyperammonemia syndrome is the 

second most common form of CHI caused by activating 

Table 2 Metabolic and endocrine causes of neonatal hypoglycemia

Hyperinsulinism Transient 
  infant of diabetic mothers 

Perinatal asphyxia 
Rhesus hemolytic disease 
intrauterine growth restriction 
Beckwith–wiedemann syndrome

Congenital 
  Mutations in 

  ABCC8, KCNJ11, GLUD1, GCK, HADH  
SLC16A1, HNF4A, UCP2 genes

Deficiency of counter-
regulatory hormones

Isolated growth hormone deficiency 
Congenital adrenal hyperplasia 
ACTH deficiency 
Familial glucocorticoid deficiency 
Cortisol deficiency

Disorders of  
gluconeogenesis

Fructose-1, 6-bisphosphatase deficiency 
Phosphoenolpyruvate carboxykinase deficiency 
Pyruvate carboxylase deficiency

Disorders of galactose 
metabolism

Galactosemia

Disorders of hepatic  
glycogen synthesis

Glycogen storage disease

Disorders of fructose 
metabolism

Hereditary fructose intolerance

Disorders of amino acid 
metabolism

Maple syrup urine disease 
Propionic acidemia 
Methylmalonic acidemia 
Tyrosinemia

Disorders of fatty acid 
metabolism

Defects in β-oxidation 
MCAD deficiency 
LCHAD deficiency 
SCHAD deficiency

Disorders of carnitine 
metabolism

Primary carnitine deficiency 
CPT-I deficiency 
CACT deficiency 
CPT-II deficiency

Defects in ketone body 
synthesis and utilization

HMG-CoA synthase deficiency 
HMG-CoA lyase deficiency 
β-ketothiolase deficiency 
SCOT deficiency

Hypoinsulinemic 
hypoglycemia

Activating AKT2 mutation

Defects in glucose 
transport

GLUT 1/2/3 transporter defects

Abbreviations: ACTH, adrenocorticotropic hormone; CACT, carnitine-
acylcarnitine translocase; CPT, carnitine palmitoyltransferase; LCHAD, long-
chain 3-hydroxyacyl-coenzyme A dehydrogenase; MCAD, medium-chain acyl-
CoA dehydrogenase; SCHAD, 3-hydroxyacyl–coenzyme A dehydrogenase; 
SCOT, succinyl-CoA:3-ketoacid-coenzyme A transferase 1.
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missense mutations in the GLUD1 gene, which encodes 

glutamate dehydrogenase enzyme.70 Patients usually pres-

ent with hypoglycemia both while fasting and following 

protein meals. Mutations in the mitochondrial HADH gene 

(which encodes the enzyme 3-hydroxyacyl-coenzyme A 

dehydrogenase (SCHAD)) causes protein induced hyper-

insulinaemic hypoglycemia. HADH catalyzes the penul-

timate reaction of the fatty acid β-oxidation cycle.69 The 

enzymes glutamate dehydrogenase and SCHAD have a 

direct protein–protein interaction, which is lost in patients 

with HADH gene mutation and can lead to severe neonatal 

or mild late-onset HH.70 HNF4α, HNF1α, and GCK gene 

mutations cause both CHI and maturity-onset diabetes of 

the young.58,69

Clinical manifestations
The symptoms of neonatal hypoglycemia are often 

nonspecific and a high level of suspicion is necessary. 

 Symptoms such as change in neurologic behavior, exagger-

ated Moro reflex, irritability, jitteriness, tremors, high-pitched 

cry, seizures, lethargy, or poor feeding should arouse suspi-

cions of hypoglycemia. Other symptoms include cyanosis, 

hypothermia, apnea, and floppiness.58,71

Diagnosis
A detailed history related to pregnancy (diabetes/diet/

insulin), delivery (asphyxia), gestational age (SGA, large 

for gestational age [LGA]), and birth weight (low birth 

weight/macrosomia) is essential. Family history of diabe-

tes (gestational/pregestational) may point toward HNF4α 

mutations and parental consanguinity might point toward a 

recessively inherited cause of the hypoglycemia. History of 

siblings having infantile seizures may indicate hypoglycemia 

as a cause for the disease.72,73

Physical examination of the infant is valuable. Late 

preterm (34–36+6 weeks), LGA, and SGA infants are at 

high risk for hypoglycemia. Macrosomia, macroglos-

sia, ear pits, hemihypertrophy, and omphalocele may 

suggest Beckwith–Wiedemann syndrome, a condition 

with uniparental disomy of chromosome 11, with a high 

predisposition for hyperinsulinism. Midline defects, 

micropenis, and hypoglycemia point to congenital hypopi-

tuitarism.74 Hypoglycemia, dehydration, and shock in the 

presence of ambiguous genitalia point to a diagnosis of 

congenital adrenal hyperplasia.58 Sudden cardiorespira-

tory collapse, acidosis, and hypoglycemia following feeds 

in an otherwise healthy neonate indicate a metabolic 

disorder.58,73

Investigations
Screening high-risk neonates
Reagent test strips are routinely used in bedside screening for 

glycemic status. These strips are not reliable at low glucose 

levels and hence laboratory plasma glucose levels should be 

obtained.75 Because of the high water content, plasma glu-

cose values are 10%–18% higher than whole blood glucose 

values.76 A recent systematic review on accuracy of blood 

glucose measurements using arterial blood gas analyzers 

observed higher blood sugar values with than with glucose 

meters using capillary or arterial blood samples.77 In “at-risk” 

infants, continuous interstitial glucose monitoring was found 

to be safe and reliable to detect more low glucose levels than 

blood glucose measurement. Blood glucose concentrations 

can change rapidly in the immediate neonatal period and, 

due to delay in glucose diffusion from blood into interstitial 

space, the glucose concentrations in the latter can lag behind 

that of blood by as long as 20 minutes. Harris et al showed a 

good correlation between continuous interstitial and blood 

glucose measurements and concluded that continuous inter-

stitial glucose monitoring can potentially be advantageous 

in measuring the duration, severity, and frequency of low 

glucose concentrations in high-risk infants.78

Screening and management strategies
Evidence for optimal timing and intervals to screen the “at-

risk” infants is limited.78 In healthy term infants, neonatal 

glucose levels fall rapidly after birth, reaching a nadir at 

1 hour of age and then stabilizing by about 3 hours of age.37 

The value of screening these infants during this period is 

limited unless they are symptomatic. In a review of neonatal 

hypoglycemia by the World Health Organization (1997), it 

was recommended to screen “at-risk” infants at 4–6 hours of 

life as no study has demonstrated any harm from a few hours 

of asymptomatic hypoglycemia.47 The Canadian Pediatric 

Society guidelines (2004) recommended that screening 

of “at-risk” infants be initiated at 2 hours of age (after an 

initial feed) and should be continued until the period of 

risk (36 hours) is considered over (level 5 evidence: expert 

opinion).79

The frequency and duration of blood glucose monitoring 

should be decided in relation to the risk factors specific to 

the individual case. Most often, the “at-risk” groups include 

IDM, SGA, and late-preterm infants. It remains controver-

sial whether to screen LGA infants born to mothers with no 

history of diabetes, as it is difficult to rule out diabetes or 

prediabetic states in pregnancy using the standard glucose 

tolerance test.80 Any infant having symptoms suggestive of 
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hypoglycemia must be screened and confirmed with plasma 

glucose as soon as possible. Asymptomatic hypoglycemia 

may develop in IDM by as early as 1 hour of life, and in 

LGA and SGA infants by 3 hours of life.76 A clinical report 

of the American Academy of Pediatrics76 recommended 

screening of “at-risk” infants within the first hours of birth. 

Late-preterm and SGA infants should be fed every 2–3 hours 

with monitoring of pre-feed blood glucose levels for mul-

tiple feed–fast cycles for at least 24 hours, and this should 

be continued only if plasma glucose levels remain below 

2.5 mmol/L. In symptomatic infants, a blood glucose value 

less than 2.2 mmol/L warrants parenteral glucose infusion 

to maintain the glucose levels above 2.5 mmol/L.76 How-

ever, in asymptomatic infants, a practical approach based 

on mode of feeding, risk factors, and age can be considered 

when treatment is planned. Glucose monitoring should be 

continued for 12 hours in macrosomic IDM and for 24 hours 

in late-preterm infants.76

Transient hypoglycemia in the immediate newborn period 

is common, which usually resolves with feeding or intrave-

nous dextrose. For infants with intractable hypoglycemia, 

appropriate samples for the hormones and intermediary 

metabolites should be collected during an episode of hypo-

glycemia (Table 3).81

Early establishment of feeding and maintaining nor-

mothermia is essential. Feed volume and frequency can be 

increased as tolerated in asymptomatic infants, if they are 

able to tolerate oral feeds, with monitoring of blood glucose.75 

Gavage feeding may be alternatively considered in infants 

who fail nippling.76 A recent report by Mola-Schenzle et al 

showed the occurrence of low interstitial blood glucose levels 

exceeding values lower than 2.5 mmol/L in asymptomatic, 

stable, healthy, developing, very-low-birth-weight infants.82 

Even though the clinical significance of these low glucose 

values is unclear, these infants should also be considered 

as high-risk.

Buccal administration of 40% dextrose gel has been 

practiced in some centers as the initial management of 

hypoglycemia as it is simple, safe, effective, and allows 

mother and baby to be together and establish breast-feeding 

early. Harris et al have recommended oral dextrose gel as 

initial management in term and late preterm infants in the 

first 48 hours of life.83 A recent randomized, double-blind, 

placebo-controlled study by Harris et al found that buccal 

administration of 40% dextrose gel compared to placebo in 

term and late-preterm “at-risk” infants with hypoglycemia is 

effective in reducing the number of treatment failures without 

any serious adverse events.83

Hypoglycemia is a common neonatal emergency. 

Treatment of symptomatic infants should not be delayed. 

In symptomatic infants with severe hypoglycemia, the 

blood glucose level must be corrected with “minibolus” of 

intravenous glucose (2 mL/kg of 10% dextrose) followed by 

gradually increasing the glucose infusion rate, as needed.76 

A glucose infusion rate of .8 mg/kg/min warrants further 

investigations for HH. A central line access should always be 

secured early, as the concentration of infused glucose might 

need to be increased.84 If hypopituitarism is suspected due 

to midline defects or biochemical workup suggests growth 

hormone deficiency, these infants should be thoroughly 

investigated for midline defects/hypopituitarism while the 

low blood glucose level is appropriately corrected. Today, 

an increasing number of countries screen newborn infants for 

inborn error of metabolism, the results of which may help to 

rule out metabolic disorder as a cause of hypoglycemia.73

Once the diagnosis of HH is confirmed (detectable insulin/

C-peptide in the face of hypoglycemia, hypoketonemia, hypo-

fattyacidemia, or glycemic response to glucagon in an infant 

receiving a glucose infusion rate of more than 8 mg/kg/min), 

diazoxide is the drug of choice (5–20 mg/kg/day given 

orally).69 A thiazide diuretic (7–10 mg/kg/day) is combined 

to combat the fluid retention side effect of diazoxide.58 

Diazoxide, being a K
ATP

 channel agonist, keeps the channel 

open and prevents depolarization of the β-cell and thereby 

insulin secretion. In diazoxide unresponsive cases, intravenous 

glucagon (5–10 µg/kg/hr) and/or octreotide (5–30 µg/kg/day) 

can be used to stabilize the blood glucose levels in addition to 

high concentrations of dextrose infusion. Long acting (once-

a-month) somatostatin analogue, lanreotide acetate, is a safe 

Table 3 investigations for cases of severe/persistent hypoglycemia

Sample Test

Blood Glucose 
insulin/C-peptide 
Ketone bodies 
Free fatty acids 
Lactate 
Ammonia 
Amino acids 
Acyl carnitine profile 
Cortisol 
Growth hormone 
Blood gas 
Bicarbonate 
Liver function test

Urine Reducing substances 
Ketone bodies 
Amino acids 
Organic acids
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alternative to octreotide pump therapy. Nifedipine, being 

a calcium channel antagonist, has been tried with variable 

response in the literature.58,69

If the patient is unresponsive to diazoxide, genetic studies 

should be done to look for the common genetic mutations in 

ABCC8 and KCNJ11 genes.69 Once the genetic study gives 

an indication of the type of disease, an [18F] fluoro-L-DOPA 

positron emission tomography/computed tomography scan 

can be done to localize the focal lesion, which is curable by 

lesionectomy.58 In diffuse disease, the treatment option is still 

a  near total pancreatectomy (95%–98%) with the morbidity 

of diabetes mellitus and exocrine pancreatic insufficiency in 

future (Figure 2).69 Preliminary reports on the use of siroli-

mus, a mammalian target of rapamycin inhibitor, in diffuse 

forms of HH is promising with clear glycemic response in 

four patients who were unresponsive to high doses of diaz-

oxide and octreotide.85

Neuroprotection during hypoglycemia
Hypoglycemia in newborn infants is a surrogate marker of 

neuronal energy deficiency. During the periods of hypogly-

cemia, several neuroprotective mechanisms are believed to 

play a role in guarding against neuronal injury.86 Substitution 

of alternative cerebral substrates – lactate, ketone bodies, 

pyruvate, amino acids, free fatty acids, and glycerol – in the 

face of low blood glucose levels is the first mechanism to 

prevent neuronal injury. These alternative energy fuels are 

transported across the blood–brain barrier by monocarboxy-

late glycoprotein transporters (MCT 1 and 2).86 Ketone bodies 

are low until milk feeds are established.

Healthy term infants can mount the counter-regulatory 

ketogenic response whereas preterm and SGA infants fail 

to trigger an adequate response.52,86 During episodes of HH, 

the ketone bodies and free fatty acids are low or undetect-

able, thereby nonavailability of alternative energy fuels leads 

to brain injury. Secondly, an increase in serum epinephrine 

concentration and the cerebral blood flow has been reported 

during hypoglycemic episodes.52,87,88 Thirdly, it has been 

postulated that an immature brain normally needs decreased 

cerebral energy fuels in the newborn period compared to a 

child or adult. As the brain matures, the need for energy fuels 

increases.86,87 Lastly, when hypoglycemic, the limited glycogen 

stores in astrocytes provide an immediate supply of glucose to 

the neurons.52,87 These mechanisms can protect the brain for 

limited periods but if recurrent and persistent hypoglycemia 

prevails, these protective mechanisms fail, resulting in perma-

nent neuronal injury. Moreover, recurrent episodes of insulin-

induced hypoglycemia have been shown to blunt or completely 

prevent the secretion of counter-regulatory hormones, termed 

as “hypoglycaemia-associated autonomic failure”.89,90

Hyperinsulinism

Response to
diazoxide

Assess fasting
tolerance and

discharge

Follow-up every 3 months.
Off diazoxide if dose is

<5 mg/kg/day 

Yes

No

Rapid genetic study for mutations in
ABCC8/KCNJ11 genes

Paternal ABCC8 or KCNJ11 or no
mutation

Homozygous/compound heterozygous 
ABCC8/KCNJ11 mutations

18F-DOPA PET
scan

Focal lesion Diffuse lesion

Lesionectomy

High glucose infusion rate
High calorie/frequent feeds

Parenteral glucagon
Octreotide/lanreotide

Near total pancreatectomy

Figure 2 Outline of the management of congenital hyperinsulinism.
Abbreviation: PeT, positron emission tomography.
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what is known about hypoglycemic  
brain injury?
Large scale prospective randomized control trials have not 

been performed to establish the safe range of blood glucose 

levels for newborn infants. Many infants who are hypogly-

cemic do not exhibit clinical manifestations, while others 

are symptomatic and at increased risk for the occurrence of 

permanent brain damage.86 No uniform diagnostic criteria 

for newborn hypoglycemic brain injury (NHBI) has been 

available.91 Wang et al has proposed the following diagnostic 

criteria for NHBI, which includes documented biochemical 

neonatal hypoglycemia: clinical symptoms such as parox-

ysmal cyanosis, tremors, convulsions, apnea, and decreased 

responsiveness; exclusion of other disorders (eg, hypoxic-

ischemic encephalopathy and infectious diseases) that may 

cause brain injury; and confirmatory findings on brain 

imaging.92

Several cohort studies have reported that persistent or 

recurrent hypoglycemia may lead to long-term neurode-

velopmental sequelae.53,56,93–97 Recurrent hypoglycemia 

(,2.6 mmol/L) was found to be associated with brain 

injury in preterm infants. In preterm infants with  recurrent 

 hypoglycemia for 5 or more days, Lucas et al found an 

increased risk of cerebral palsy, developmental delay, and 

low mental scores at 18 months of age.56 The study by 

Duvanel et al reported reduced head circumference and lower 

psychomotor scores at 3.5 and 5 years of age in preterm 

babies who had recurrent hypoglycemia.94

In term infants, even asymptomatic hypoglycemia 

(2.6 mmol/L) led to abnormal evoked potentials.53 IDM 

born at term with severe hypoglycemia (,1.5 mmol/L) had 

magnetic resonance imaging (MRI) findings of occipital cere-

bral injury between 4 and 7 days.95 Stenninger et al reported 

increased incidence of minimal brain dysfunction and 

deficits in attention, motor control, and perception at 8 years 

of age in IDM who had asymptomatic hypoglycemia.93 

Therefore, aggressive treatment needs to be considered even 

in infants with asymptomatic hypoglycemia. A 3.7-fold 

increase in corticospinal tract injury was reported at 1 year 

of age in term infants at risk of neonatal encephalopathy who 

had recurrent hypoglycemic episodes (,2.6 mmol/L).97 The 

risk factors, the threshold value for blood glucose levels at 

which NHBI occurred, and the neurodevelopmental sequelae 

are summarized in Table 4.53,56,93–97

Table 4 Risk factors and neurodevelopmental outcome of infants with hypoglycemia

No Authors Study and subjects Threshold values  
for NHBI

Findings Risk factors

1 Lucas  
et al56

Preterm 
30.5±2.7 weeks 
Birth weight ,1,850 g 
(n=661)

,2.6 mmol/L At 18 months mental developmental scores  
lower by 14 points, motor developmental  
score lower by 13 points. 
increased risk of CP or developmental delay. 
RR 3.5 (95% Ci: 1.3–9.4)

Recurrent 
hypoglycemia for 
5 or more days

2 Koh et al53 Full term 
Asymptomatic

,2.6 mmol/L Abnormal evoked potentials 
Reversible CNS injury

Asymptomatic

3 Stenninger  
et al93

iDM 
Term 38.2±1.4 weeks 
Asymptomatic (n=28)

,1.5 mmol/L At 8 years – increased minimal brain  
dysfunction and deficits in attention,  
motor control, and perception

Asymptomatic

4 Duvanel  
et al94

Preterm/SGA 
31.9 week (27–34 weeks), 
1,160 g (585–1,680 g) 
(n=85)

,2.6 mmol/L At 3.5 and 5 years of age 
•  Lower psychomotor scores
•  Reduced head circumference

Recurrent 
hypoglycemia

5 Filan  
et al95

Transient HH, iUGR,  
sepsis, iDM 
36–40 weeks (n=4)

0.7–1.5 mmol/L MRi (day 4–7) 
Occipital cerebral injury 
Motor delay, microcephaly, visual impairment  
in one patient. Three cases normal

Hyperinsulinism

6 Alkalay  
et al96

Symptomatic  
hypoglycemia (n=89)

,1.4 mmol/L CNS injury in 21% 
(95% Ci: 14–27)

Symptomatic 
hypoglycemia

7 Tam  
et al97

Term infants at risk for  
Ne (n=94)

,2.6 mmol/L At 1 year, increased corticospinal tract injury  
by 3.7-fold. 15-point lower cognitive and  
language scores

At risk for Ne

Note: Asymptomatic and symptomatic hypoglycemias have been reported to be associated with varying grades of brain injury in both preterm and full-term infants.
Abbreviations: CI, confidence interval; CNS, central nervous system; CP, cerebral palsy; HH, hyperinsulinemic hypoglycemia; IDM, infants of diabetic mothers; IUGR, 
intrauterine growth restriction; MRi, magnetic resonance imaging; Ne, neonatal encephalopathy; NHBi, newborn hypoglycemic brain injury; RR, relative risk; SGA, small for 
gestational age.
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A systemic review of 18 studies by Boluyt et al could not 

find conclusive evidence on abnormal neurodevelopmental 

outcome in infants who had hypoglycemia in the 1st week of 

life. Of the 18 studies on the basis of methodological quality, 

the authors found only two of them of high quality and hence 

recommended an optimal future study.98

The NHBI depends on the duration of hypoglycemia rather 

than its severity.91 A study of neonatal rhesus monkeys by Schrier 

et al seems to favor this concept. They found that a duration of 

6.5 hours of hypoglycemia was not associated with cognitive 

or behavioral deficits, but 10 hours resulted in motivational 

and adaptability problems at 8 months of age.99 Recurrent or 

protracted hypoglycemia seems to be a more sinister risk factor 

rather than a single low value of blood sugar.56,94 The neuronal 

injury is also influenced by the existence of other comorbidities 

such as hypoxic ischemia, prematurity, and SGA.56,94,97 Hypo-

glycemia combined with hypoxic ischemia has been more 

deleterious to the immature brain than either condition alone.86 

Experimental studies have revealed that hypoglycemia before 

hypoxic ischemia can further exacerbate brain damage whereas 

hyperglycemia can significantly reduce it.100,101

Udani et al have reported that neonatal hypoglycemia was 

the most common etiology for remote symptomatic epilepsy 

with onset in the first 3 years of life, and infantile spasms was 

the most common seizure type.102 A study by Kumaran et al 

revealed that neonatal HH of varying severity is associated 

with development of late-onset infantile spasms. As the latent 

periods before the onset of infant spasms is variable, long-

term neurodevelopmental follow-up is recommended.103

Pathological changes of NHBi
Swelling of the neuronal and glial cells, necrosis, gyrus 

atrophy, and white matter demyelination have been observed 

in association with NHBI.91,104 In some cases, changes due 

to hypoxic injury may coexist along with the changes that 

are due to severe hypoglycemia. However, the distribution 

of pathological changes is distinctly different in both the 

disorders. NHBI does not follow vascular territory and bilat-

eral posterior parieto-occipital regions are most commonly 

involved in term as well as preterm infants.91

Diffuse white matter involvement particularly in the 

watershed areas is more common with hypoxic ischemia, 

whereas cortical injury is more commonly seen in NHBI. 

In NHBI, the cerebellum and brainstem are often spared 

and hemorrhagic lesions are not present. Rarely, abnormal 

changes have been observed in the deeper gray matter nuclei 

(basal ganglia, thalami), internal capsule, splenium of the 

corpus callosum, and the corona radiata.91,104,105

Neuroimaging findings
Cranial ultrasound and computed tomography scans of the 

brain lack sensitivity and specificity, and have been replaced 

by MRI for diagnosing NHBI.106 In order to detect acute mani-

festations, MRI should be performed between 3 and 7 days 

after the hypoglycemic insult, and the study should include 

diffusion weighted imaging (DWI).105,107 DWI plays an essen-

tial role in the early diagnosis and prognosis of NHBI. Such 

images done within 7 days revealed marked parieto-occipital 

hyperintensity signals which were not detected in the T1 and 

T2 weighted images of conventional MRI scans.91,106 In a 

study, Tam et al have demonstrated pathological DWI changes 

that correlated well with abnormal performance of visual 

evoked potentials, when the investigations were done within 

7 days of the initial episode of hypoglycemia.107 Magnetic 

resonance spectroscopy studies following the acute phase of 

hypoglycemia have revealed increased lactate and free fatty 

acid peaks, reduced acetyl aspartic acid peaks, and altered 

ATP/lactic acid ratio indicating altered brain function.108

How hypoglycemia leads to brain damage
It is unquestionably clear that hypoglycemia causes neonatal 

encephalopathy and may result in permanent brain injury. 

However, the specific mechanisms responsible for the brain 

injury remain poorly defined. The exact reason for the vulnera-

bility of the occipital and parietal lobes to hypoglycemic injury 

is not clear. Animal work has suggested abnormal anatomy 

of the circle of Willis and variations in regional blood flow 

and glucose utilization during hypoglycemia.109 Increased 

blood flow to the occipital lobes has been demonstrated dur-

ing hypoglycemia.52,110 There was also a significant reduction 

of regional cerebral glucose use in the occipital lobes, which 

may render these regions more vulnerable.90,110

Other causative factors predisposing to occipital injury 

could be intensive neuronal migration and synaptogenesis 

occurring in the neonatal period.111,112 As compared against 

other areas of the cerebral cortex, the fourth lamina of the 

visual cortex is thicker with more neurons and synapses, thus 

requiring more energy and also being more susceptible to 

damage.111 Occipital lobes have well-developed excitatory 

amino acid receptors, which are excited by high levels of 

aspartate during hypoglycemia. Thus, excitatory amino 

acids play a key role in NHBI.113 Increased activation of the 

N-methyl-D-aspartate receptors due to excitatory amino acids 

induces excessive influx of sodium and calcium ions into the 

cells and alters the transmembrane ion gradient.114

Oxygen free radical injury could be another 

etiopathogenetic mechanism in NHBI. Hypoglycemia 
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results in a lack of energy substrate such as ATP and creatine 

phosphate, impairing the normal transmembrane concentra-

tion of gradient recovery for sodium and calcium ions. This 

results in excessive calcium influx into the cells and the 

cellular phosphatase and protease are activated. This alters 

the mitochondrial metabolism and triggers the formation of 

free radicals contributing to necrosis of neurons.91,105,108,114 

McGowan et al have shown significantly higher superoxide 

and hydrogen peroxide generation in mitochondria compared 

against normoglycemic controls in piglets after 2 hours of 

hypoglycemia.108 The increased mitochondrial reactive oxy-

gen species production could result in alterations in brain 

structure and function due to oxidant injury to mitochondrial 

proteins and DNA or changes in oxidant-sensitive signal 

transduction pathways in the brain.108

Additional contributing factors could be due to a regional 

developmental deficit in expression or function of the glucose 

membrane transporter proteins.112

Conclusion
Hypoglycemia remains the most common biochemical dis-

order in neonates, whilst there is still no consensus on the 

definition, diagnosis, and treatment. In infants born at term, 

transient low blood glucose levels are often noted during 

the metabolic transition to the extra uterine environment. 

The lower level of blood glucose in a neonate, which would 

impose the risk of neuronal injury and long-term neurode-

velopmental outcome, remains controversial. Screening the 

“at-risk” infants (such as SGA infants and IDM), early breast 

feeding, monitoring pre-feed glucose levels while on feeds, 

treating symptomatic infants with low glucose levels, and 

identifying and aggressively managing the persistent hyperin-

sulinemic infants can prevent neuronal injury. Hypoglycemia 

associated with elevated levels of ketone bodies and lactate 

is less damaging to the brain when compared to HH, where 

the infant has hypoketonemia and hypofattyacidemia, the key 

metabolic milieu for neuroglycopenic brain injury.
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